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1.0 | NTRODUCTI ON

1.1 BACKGROUND

This report was prepared for the U S. Environnental
Protection Agency's (EPA's) Ofice of Air Quality Pl anning and
St andards (OQAQPS) as part of the effort to develop air em ssion
nodel s for hazardous waste treatnent, storage, and di sposa
facilities (TSDF). Basic to this effort is the determ nation of
t he means by which organi c conpounds escape to the environnent
fromwaste and wast ewat er.

Organi ¢ conpounds i n surface inpoundnents, |and treatnment
facilities, landfills, wastepiles, or wastewater collection and
treatnent systens can depart through a variety of pathways,

i ncluding volatilization, biological deconposition, adsorption,
phot ochem cal reaction, and hydrolysis. To allow reasonabl e
estimates of organi ¢ conpounds di sappearance, one nust know which
pat hways predom nate for a given chemcal, type of waste site

and set of neteorol ogical conditions.

Anal ytical nodel s have been devel oped to estinmate em ssions
of organi c conmpounds via various pathways from wastewater and
wast e managenent units. Sone of these nodels have been assenbl ed
into a spreadsheet called CHEVDAT8 for use on an |BM PC, or
conpati ble, mcroconputer. A user's guide for CHEMDAT8 is
included as a separate manual. Area em ssion sources for which
nodel s are included on the diskette are as foll ows:
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. Nonaer at ed i npoundnents, which include qui escent
surface i npoundnents and open top WM tanks;

. Aer at ed i npoundnents, which include aerated surface
i npoundnents and aerated WM tanks;

. Di sposal i nmpoundnments, which include nonaerated
di sposal i npoundnents;

. Land treatnment; and

. Landfills.

These nodels can be used to estinate the nagnitude of site
em ssions for regulatory purposes. Sanple cal cul ations using
each nodel are also included in this report.

A conputer program "WATER8" is available for estimting the
fate of organic conpounds in various wastewater treatnent units,
i ncluding collection systens (Chapter 4), aerated basins (Chapter
5), and other units (Chapter 6). WATER8 is witten to run under
M crosoft's di sk operating system DOS wi thout the need to
purchase ot her prograns (W ndows or spreadsheets). WATER3
contains useful features such as the ability to |link treatnent
units to forma treatnent system the ability for recycl e anong
units, and the ability to generate and save site-specific
conpound properties.

The ternms "volatile" and "semvolatile" are used to describe
t he tendency of an organic waste conponent to partition into the
headspace of the waste container. WAste constituents simlar to
benzene and net hyl ene chloride have rel atively high vapor
pressures (>10 mm Hg) and relatively high Henry's |aw constants
(>10 nole fraction vapor/nole fraction liquid) and are consi dered
volatile. Oher waste constituents simlar to phenol do not have
hi gh vapor pressures or Henry's |aw constants, but are considered
sem vol atil e because sone part of the semvolatiles can be | ost
to the atnosphere during waste handling and treating operations.
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1.2 SCOPE

This report briefly describes the chem cal and physi cal
pat hways for organi c conpounds and di scusses their inportance for
different types of sites and sets of conditions. Mbddels
devel oped for estimating the rel ative magnitude of environnental
release in the presence of conpeting pathways are presented, and
physi cal
characteristics of the paraneters that serve as inputs to the
nodel s are identified.

The nodel s provide an estimate of the relative magnitude of
organi ¢ conpounds pat hways on a conpound-specific basis. Mdels
for aerated and nonaerated inpoundnents, |agoons, landfills,
wastepiles, and land treatnment facilities have been installed in
an integrated spreadsheet program CHEVDAT8, which allows a user
to calculate the partitioning of organic conmpounds anpbng vari ous
pat hways dependi ng on the particular paraneters of the facility
of interest. The programis structured to allow new data (e.g.,
conpounds and nodel facility paraneters) to be added (see
CHEMDATS8 user's guide). The results of the cal cul ated
partitioning may be used to identify those characteristics that
are inportant in determning relative organi c conpounds | oss
rates.

Source variability will significantly influence the relative
i nportance of the pathways. For highly variable sources, it my
be possible to exclude insignificantly small pathways from
consideration. The relative magni tude of these pathways can
then be conpared by applying the nethodology to a nodel facility
to determne relative differences anong vari ous conpounds.

1.3 REPORT ORGANI ZATI ON

Chapter 2 describes each of the potential pathway nmechani sns
that determ ne the fate of various chem cal species. Chapter 3
di scusses the inportance of the pathways for surface inpoundnents
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and aerated and non-aerated WM facilities, land treatnent sites,
and landfills/wastepiles.

Chapter 4 presents air em ssion nodels that are applicable
to collection systens. A nunber of different collection system
el enents are presented and a di scussion of the use of the nodels
IS provided.

Chapter 5 presents air em ssion nodels that are applicable
to conventional wastewater treatnent units. A discussion of the
estimates of the effects of biological reactions on the air
em ssions and water quality is presented. Recommendations for the
use of nodels are al so present ed.

Chapter 6 presents air em ssion nodels for trickling
filters, cooling towers, and APl separators. |In addition, this
section provides recommendations for the use of the air em ssion
nodel s for a variety of waste managenent situations.

Chapters 7 and 8 describe the em ssion nodels applicable to
| andtreatnment and landfill sites. Models for estimating
em ssions fromtransfer, storage, and handling operations are
described in Chapter 9. Chapter 10 conpares treatnent em ssion
nodel predictions with the field data that are avail able. Chapter
11 conpares collection system nodel predictions with the field
data that are available fromcollection systens.

This report conpares relative rates of organic conpounds
destruction and volatilization to determ ne the nost significant
pat hways. The rate of organi c conpounds vol atilization
destruction for any one pathway is calculated so that it can be
expressed as a fraction of the | oss/destruction from al
pat hways.

APPENDI X A presents an overview of the literature and
APPENDI X B presents conprehensive source |list that includes
pertinent literature in addition to that cited in the sections
and Appendi xes of this report.
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Properties of conpounds of interest to TSDF pat hways and
em ssion estimation are presented in APPENDI X C. A subset of
t hese conpounds is a part of CHEVDAT8. The user's qguide,
avai |l abl e separately, describes the procedures that are used in
estimati ng em ssions usi ng CHEMDAT8 or WATER8 and ot her
procedures presented in the body of the report. The user's guide
al so contains instructions for nodifying CHEMDAT8 to i ncl ude
addi tional conpounds using the CHEMB conpound characteristics
presented in APPENDI X C.
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2.0 DESCRI PTI ON OF PATHWAYS

2.1 GENERAL

A pathway is considered here to be any process that renoves
vol atile organics froma site. The renoval may be physical (as
in volatilization of a solvent froma surface inpoundnent) or
chem cal (as in oxidation of an alcohol in a wastewater treatnent
pl ant).

Pat hways nay be considered as rate processes, with rate
often strongly dependent on concentration of the di sappearing
species and tenperature of the system Rates vary in order from
zero to mxed, with first order predom nating at |ow
concentrations, that is:

rate = i k,C (2-1)

wher e,
c = concentration of disappearing substance, g/L;
t =tinme, s; and
k, = volatilization constant, s

Half-l1ife, the time required for one-half of the substance
to disappear, is a useful concept. It provides an easily
visualized neasure of the tinme required for di sappearance. For a
first-order rate process:



t,, = (1n2)k, ' =0.693k,* (2-2)

where, t,, = half-life, in seconds.
The half-life of a second-order equation is as foll ows:

ty, =Kk * Coil (2-3)

S

wher e,

k, = second-order volatilization constant, L/(ges); and

G = initial concentration, g/L.
Note that first-order half-lives are independent of initial
concentration while second order half-lives are not.

Much of the following material is taken fromICF.? The
pat hways descri bed are physical (volatilization, adsorption,
m gration, and runoff) and chem cal (biological deconposition,
phot ochem cal deconposition, hydrolysis, oxidation/reduction, and
hydr oxyl radical reaction).
2.2 VOLATI LI ZATI ON

Vol atilization occurs when nol ecul es of a dissol ved
subst ance escape to an adj acent gas phase. The driving force for
this process in nonturbulent liquids is nolecular diffusion.
Equation (2-1) shows the rate of volatilization of an organic
chem cal fromwater. For this case, the rate constant can be
esti mat ed: ?

K ol 1 RT !
VoL c m c)n
kol 2 (106)kai (2-4)
I D|O g DwW
9
wher e,
L = mxing depth of water, cm

k®, = mass transfer coefficient of oxygen in water, cnls;
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D = diffusion coefficient of the chemcal (c) or oxygen (0)
in water, cn¥/s;

m = |liquid turbul ence exponent, 0.5 to 1, dinensionless,
from TABLE 2-1;

R = ideal gas constant, atm cn®/ (nol «K);

T = tenperature, K

T
I

Henry's | aw constant, atm n#/ nol;
k“ = mass transfer coefficient for water vapor in air,cnis;

D, = diffusion coefficient of the chemcal (c) or water (w)
inair, cn¥/s; and

n = gas turbul ence exponent, 0.5 to 1.0, dinensionless,
from Table 2-1.

Equation (2-4) requires values of diffusion coefficients and
Henry's | aw constants. |If tabul ated values are not avail abl e,
the follow ng estimations can be used. For the diffusion of a
chemical in air:3

D, - 0. 0067T %5 (0.034+ M%) %% MO Y[ (M2 5d)°%+1.81] 2 (2-5)

wher e,
T = tenperature, degrees Kel vin;
M = nol ecul ar wei ght of chem cal, g/g nol;
d = density of liquid chenical, g/cn?.

For diffusion coefficients in water:
D, = 1.518 (104 V;ﬂﬁ (2-6)

where V., = nolar volune of chenmical, cn¥/ g nol

Thi s equation assunes the systemtenperature to be 300 deg.
K. For other tenperatures, a nore rigorous formof the equation
shoul d be used, as in Perry.* Mdlar volune is estimted as the
rati o of nolecular weight to liquid density at roomtenperature.
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TABLE 2-1. VALUES OF CONSTANTS FOR USE | N EQUATI ON 2- 45

Val ue

Const ant Ri vers Lakes
L (cm 200 200
ke, (cmrs1) 0. 0022 0. 0005
m 0.7 1.0
T (K 293 293
RT (nBeat menol -1) 2.40 x 10?2 2.40 x 10?2
K% (crms 1) 0. 58 0. 58
n 0.7 0.7
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| f ideal gases and solutions are assuned, Henry's |aw
constant can be estimated from

H=F(14./S) (2-7)
wher e,
P = pure conmponent vapor pressure, psia; and
s = solubility of chemical in water, g nol/n?.

Val ues for other terns in Equation 2-4 have been tabul ated
by ICF and are given in TABLE 2-1.

In general, equations are available to estimate
vol atilization fromwastewater treatnent systenms and surface
i npoundnents.®’ In the case of land treatnent and landfills, the
nodel s for volatilization are nuch I ess well devel oped and the
supporting data are nore limted than those of the aqueous
systens. The rate of volatilization at a soil-air interface is a
function of the concentration and properties of the escaping
chem cal, soil properties (noisture, tenperature, clay, and
organic content), and properties of the air at soil |evel
(tenperature, relative humdity, and wi nd speed).?
2.3 ADSORPTI ON

Adsorption takes place when nol ecul es of a dissol ved
chemcal (in a liquid-solid system) becone physically attached to
el emrents of the solid phase. Chem cal bonding may al so occur
(chem sorption). An exanple of adsorption is nolecul es of
sol vent being sorbed by particles of silt in a surface
i mpoundnent. |If the adsorptive capacity of the solid material is
reached, no further net sorption will occur. Wth reductions in
concentration in the bulk liquid of the chem cal being sorbed
(adsorbate), desorption may take place. The anount of nateri al
adsor bed depends on (1) the concentration of adsorbate, (2) the
anount of solid phase (adsorbent), and (3) the tenperature. For
systens with constant adsorbent properties, primarily surface
area per unit mass, the anount of material adsorbed at a
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particul ar concentration and tenperature is proportional to the
mass of adsorbent. For exanple, the Freundlich adsorption

i sotherm equation allows prediction of anount adsorbed as
fol |l ows:

;:Kfcl/n (2'8)

m

x = mass of chem cal adsorbed, g;
m = mass of adsorbent, g;

Ki = Freundlich adsorption coefficient, (g sorbate/
g sorbent)/(g sorbate/g solution);

C = concentration of chemcal in solution at equilibrium
g sorbate/g solution; and
n = enpirical constant, ranging fromO0.7 to 1.1, typically

1.0 for soils, dinensionless.

A Langnuir adsorption isothermcan be derived froma kinetic
rate theory describing the adsorption and desorption rates. The
rate of adsorption is proportional to the rate of collisions
bet ween adsorbate nol ecul es and free adsorbent surface. The rate
decreases with | owering adsorbate concentration and with
decreasing surface sites available for adsorbing nolecules. The
follow ng rate equation applies:

Rate of adsorption =K, C(1-1) (2-9)

wher e,
k, = rate constant for adsorption, g/s;

f = fraction of adsorption sites occupied, dinensionless;
and

C = concentration of chemcal in solution at equilibrium
g sorbate/g solution

For desorption:

Rat e of desorption = k.f (2-10)
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wher e,

f = fraction of adsorption sites occupied; and

k, = rate constant for desorption, g/s.

At equilibriumthe two rates are equal, and

1 2

Adsorption rates are usually rapid conpared to the other
processes di scussed here. However, mass transfer limtations may
reduce effective rates, especially for poorly m xed systens.
Lack of sorbent and its saturation may al so reduce the
ef fecti veness of adsorption.

For estimating adsorption partitioning, a |linear
relationship is assumed (n = 1 or k,C << k,). The equilibrium
relationship for biomass is estimated from an equation of Mtter-
Mul | er,® based on the | ogarithm of the octanol-water partition
coefficient, LOWNW For land treatnment and land-fills, the only
partitioning of inportance to fate predictions is gas-liquid
partitioning.

2.4 M GRATI ON

M gration occurs when chemcals applied to soils are
transported through the soils to groundwater. Leaching and
percol ation are the nmechani sns that physically renove chem ca
nmol ecul es froma point of deposit and carry themtoward a water
table. Capillary flowis a resisting nmechanismthat noves the
mol ecul es upward through the soil. The |eachability of a
chem cal is a function of soil texture and cation exchange
capacity, anount of soil organic content, anpunt and intensity of
rainfall, and nmechani cal placenent and adsorptive properties of
t he chem cal .

2.5 RUNOFF

Chem cal s at or near the soil may be washed away by rain

The rate depends on soil and chem cal characteristics and on
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rainfall rates and frequency. Cark, Viessman, and Hammrer?!!
state that runoff in any drainage area is a function of climate
and the physical characteristics of the area. Significant
factors include precipitation type; rainfall intensity, duration,
and distribution; stormdirection; antecedent precipitation;
initial soil noisture conditions; soil type; evaporation;
transpiration; and, for a given drainage area, its size, shape,
sl ope, elevation, directional orientation, and | and use
characteristics. |If rainfall is heavy shortly after application
of a chem cal, runoff and erosion can physically renove it. The
chem cal may be dissolved in runoff water, carried along by it,
or adsorbed on eroding soil particles that nove with runoff. For
pesticide applications, about 3 to 10 percent of the applied
materi al appears in runoff water. Below a certain intensity,
rainfall will pronote | eaching of nonadsorbed chem cal into the
ground rather than result in runoff.
2.6 BIOLOd CAL DECOWPCOSI TI ON

Bi ol ogi cal deconposition takes place when m crobes break
down organi c conpounds for netabolic processes. The rate of
deconposition depends on the structure of the conmpound and on the
needs of the mcrobes. |If the conmpound is present in excess, the
rate of population increase is as foll ows:

dx/dt = Rx (2-12)
wher e,
t = tinme, sec;
X = concentration of biomass, g/L; and
R = specific growh rate coefficient, st
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| f the conmpound is present in limted anount, the rate becones a
hyperbol i c saturation function of the conpound (substrate)
concentration: '?

dx/ dt

= R_ S/ (K +9) (2-13)

Rex = maxi mum specific growh rate coefficient (where
substrate is in excess) s

= concentration of substrate, g/L; and

S
K., = substrate concentration at which the rate of substrate
utilization is one-half of the maxi mumrate, g/L.

Because the mi crobial population increases at the expense of the
conpound, the growth rate is proportional to the conpound's rate
of di sappearance. The rate process may be of zero, first, or
m xed order depending on concentration of the substrate. In the
presence of multiple substrates, kinetics becone conpl ex.

For the case of S nuch greater than K;, the equation
approaches zero order, and Equation (2-13) becones:

dx/ dt
X

- Rrrax : (2' 14)

For cases where S is nuch less than K,, the equation
approaches first order:

dx/ dt
X

- SRrrax/ K (2' 15)

S

wth R,/K being the first-order rate constant.
For internediate values of S, the equation is m xed order,
with the order dependent on values of the constants R, and K..
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2.7 PHOTOCHEM CAL DECOVPOSI Tl ON

Phot ochem cal deconposition may occur in tw ways. A
chem cal may absorb Iight and react (direct photolysis), or the
chem cal may react because of |ight absorption by surrounding
el ements (indirect photolysis).

For direct photolysis, the rate of reaction of a dilute
solution of chemcal in pure water is as foll ows:

Kp:bNE,SIS[C] (2-16)
wher e,

Ky = rate of direct photolysis, g/(L s);

b = uni t conversion constant, 3.8 x 102 g nmol cnf/
(L photon);

N = reacti on quantumyield, dinensionless;

»8 = I i ght absorption coefficient at wavel ength
interval 8, L/ (g nolocnm;

| g = [ight flux at wavel ength interval 8,
phot ons/ (cn¥fes); and

C = concentration of the chemcal in water g/L.

Lymant® refers to Zeep and Cine;* Zepp;*® and Mabey, MII,
and Hendry!® for details of rate calculations in aquatic systens.
In these systens, the rate constant K, varies with the
distribution of sunlight and its intensity. Tine of day, season,
cloud cover, and latitude all affect k, so that a reference
condition nust be stated; e.g., a light flux of photons per
second corresponding to a cloudl ess yearly average at a | atitude
of 40°N

Reacti ons may be photocatal yzed. For exanple, a TiO0,
catal yst can be photoexcited by |ight at wavel engths | ess than
360 mMmm A lis'” exam ned the degradati on of hal ogenated
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hydrocarbons with this catalyst and found a rate equation of the

form
1 1, 1 (2-17)
dd/ dt kIO kabC
wher e,
Kp = phot ol ysis rate constant, g chem cal/ (Leseg
catal yst); and
K, = apparent binding constant of a reaction
i nternmedi ate adsorbed on the illum nated catal yst

surface, L/g chem cal

For 11 hal ocarbons, values of k ranged from5.8 x 10® to 2.3 x
106 g/ Leseg of catalyst, with nost about 2.8 x 107 to 1.7 x 106
A twel fth hal ocarbon had a k value of 2.3 x 104  Val ues of k,
for the 12 conpounds ranged from2 to 20 L/g.
2.8 HYDROLYSI S

Hydrol ysis occurs when a chemcal reacts with water. For
or gani ¢ conpounds, the reaction usually replaces a functional
group (X) with a hydroxyl:1®

RX + H,0=R0OH + HX. (2-18)

Reaction rate constants may be pH dependent; for a specific

pH
ky=k, [HT +k_ +k [OH] (2-19)

wher e,

Ky = first-order hydrolysis rate constant, s

K, = second-order rate constant for acid-pronoted

hydrolysis, L/ (g nol°s);
[H] = hydrogen ion concentration, g nol/L;
K, = first-order rate constant for pHindependent

neutral hydrolysis, s

2-11



Kk, = second-order rate constant for base-pronoted
hydrolysis, L/ (g nolos); and

[OH] = hydr oxyl ion concentration, g nol/L.

Equation (2-19) can be transforned to:

k,=[HT[OH] (2-20)
where k, = ionization constant for water =~ 10 g nol %/ L2

The rate constant kH depends on system pH and on the rel ative
val ues of k, k, and k,.

k,=k [HT +k, +kk/[H] . (2-21)

2.9 OXI DATI ON REDUCTI ON

Organi ¢ conpounds in aquatic systens nmay be oxidi zed by
oxygen (particularly as singlet oxygen, 'Q) or other oxidants
such as hydroxyl radicals (OH) and peroxy radicals (RGO). The OH
radicals tend to be very reactive, but present only in | ow
concentrations. The RO, radicals are less reactive than the OH
radi cal s, but are present in greater concentrations. Singlet
oxygen is highly reactive, but also selective. It has an affinity
for electron-rich structures such as dienes and substituted
ol efins.

The oxidation rate can be cal cul ated as:'®

*C

w¢ = C | Keo, [RO] + kg [70,] + K, [X] (2-22)
wher e,

Kircgy = rate constant for peroxy radicals, L/(g nol-s);

[ RO2] = concentration of peroxy radicals, g nol/L;

Kso = rate constant for singlet oxygen, L/(g nol-s);

[10] = concentration of singlet oxygen, g nol/L;

K, = rate constant for "other" oxidants, L/(g nol-s); and
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[ X] = concentrations of "other" oxidants, g nol/L.

I n anaerobi c environnents, reduction reactions nay take
pl ace. Organochlorines are particularly affected. The reduction
rate can be cal cul ated as: ?°

*

*_i -CcY, k; [R]  (2-23)

wher e,
k; = rate constant for reductant i, L/g nol.s; and
[R] = concentration of reductant i, g nol/L.

2. 10 HYDROXYL RADI CAL REACTI ONS

Hydr oxyl radical reactions may occur through addition of a
hydroxyl radical, abstraction of a hydrogen atom or both. In the
addition, reaction nolecules with high electron density portions
attract electrophilic hydroxyl radicals. Hydrogen abstraction
t akes pl ace when a carbon-hydrogen bond in an organic nolecule is
easily broken; it is controlled by electronic configuration and
nunber of hydrogen reactions in the nolecule. The rate constant
for the reaction is often in the range of 6 to 60 x 108
L/ (g nol -s).

A hydroxyl radical reaction rate can be cal cul ated as:?

*C .
= - C kg, [OH™ ] (2-24)
wher e
Kew = rate constant for hydrogen abstraction or hydroxyl

addition, L/(g nol-s).
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3.0 | MPORTANCE OF PATHWAYS

3.1 | NTRODUCTI ON

The i nportance of the nine pathways described in Chapter 2.0
for surface inpoundnents, open tanks, land treatnent facilities,
landfills, and wastepiles is described in this section. The
di scussion centers on the pathways used in the em ssion nodels
described in subsequent sections. The pat hways described in
Chapter 2.0 are repeated bel ow for conveni ence:

. Vol atilization

. Adsor ption

. M gration

. Runof f

. Bi ol ogi cal deconposition

. Phot ochem cal deconposition
. Hydrol ysi s

. Oxi dati on/ reduction

. Hydr oxyl radical reaction.

Section 3.2 presents the relative inportance of these
pat hways based on the theoretical discussions appearing in
Chapter 2.0, the data appearing in the literature, and
engi neering judgnent. Section 3.3 sunmarizes in tabular formthe
results of the em ssion nodel analyses in Chapters 5.0 through
6.0 and the pathways formng the basis for the em ssion nodels.

3.2 THEORETI CAL BASI S



The rel ative inmportance of the nine pathways for TSDF is
di scussed in the follow ng text and summari zed in Table 3-1.

TABLE 3-1. PATHWAYS FOR HAZARDOUS WASTE AREA EM SSI ON SOURCES?

Wast ewat er
treatnent plants

Sur f ace Non- Land
Pat hway i npoundnents Aerated aerated treatnent Landfill

Vol atilization [

Bi odegr adati on I I I I S
Phot odeconposi tion S N N N N
Hydr ol ysi s S S S N N
Oxi dat i on/ N N N N N
reducti on
Adsor ption N S S N N
Hydr oxyl N N N N N
radi cal
reaction
M gration® N N N N N
Runof f © N N N N N
| = Inportant.

S = Secondary.
N = Negligible or not applicable.

[\

I ndi vidual chemcals in a given site type may have dom nant
pat hways different fromthe ones shown here.

b Water migration and runoff are considered to have negligible
effects on ground and surface water in a properly sited,
operated, and mai ntained RCRA permtted hazardous waste
treatnment, storage, and disposal facility.
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These data were used as the basis for the em ssion nodels
cont ai ned i n CHEVDATS.

Results of exercising these nodels to identify pathways of
i nportance are discussed in Chapters 4.0 through 10.0 and are
summari zed in Section 3.3. A short discussion of the theoretical
basis for pathways selection foll ows.
3.2.1 Surface | npoundnents

Data reported by |ICF show predom nant renoval nechani sns and
hal flives for 71 chemcals. Table 3-2 lists the nechanisns and
statistics for six surface water pathways. Average half-lives
range fromabout 1/2 to 8 days, with predom nant nechani sns bei ng
vol atilization and bi odegradation. The rate of photo-
deconpositi on depends on the depth of the surface inpoundnent.
The rate is negligibly low for depths as great as 3 neters and is
indicated in Table 3-1 as S for a secondary effect.

3.2.2 Aerated and Nonaer at ed Wastewat er Treat nent

As in the case of the surface inpoundnents, volatilization
and bi odegradation are potentially significant nmechani sns. The
relative rates of these nmechani snms depend on the particular
conponent and treatnent system Phot odeconposition is not
expected to be a significant pathway due to the opacity of the
system the depth of the liquid, and the residence tinme of the
processes. Adsorption is not expected to be significant except
for large | oadi ngs of suspended solids and oils in the
wastewater. The concentrations for nmany organi c conpounds are
expected to be roughly the same in the biomass as in the aqueous
phase.

3.2.3 Land Treat nent
Based on avail able em ssion data and literature sources,

vol atilization and bi odegradation are expected to be inportant in
| and treatnent.2® For highly volatile constituents,

vol atilization is expected to be the predom nant pathway; for | ow
vol atil e constituents, biodegradation is expected to be the
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predom nant pat hway. Adsorption of organic conpounds onto
organic carbon in the soil also occurs at land treatnent sites.
However, cal culations of land treatnent air em ssions both with
and wi t hout consideration of adsorption show a difference of only
10 percent. Therefore, adsorption is not considered a major
pat hway for organics renoval

The met hod of waste application and incorporation into the
soil influence the inportance of photochem cal reactions in the
degradation of organic wastes in land treatnment facilities.’
Phot odeconposition can occur in |and treatnent between
application and tilling (usually 24 hours), although exposure to
sunlight is limted to daylight hours. Wile exact rates of
phot odegr adati on are not known, they are expected to be low The
oil in which the hazardous materials are suspended is sem opaque
to sunlight, which would tend to keep phot odeconposition | ow
After tilling, photodegradation is nonexistent because sunlight
does not penetrate the soil surface.® Consequently,
phot odeconposition is not expected to be significant.
3.2.4 Landfills

Vol atilization is expected to be a prinmary organi c conpounds
pat hway for landfills. Biodegradation is expected to be
negligi ble for hazardous waste landfills. The toxic properties
of the water are expected to inhibit biological processes and
t heref ore bi odegradati on.®

Rates of diffusion in the gas phase may be inportant.
Conmponents can di ffuse through unsaturated soils (air pockets
present). Control of liquid infiltration into the landfill is
expected to keep mgration into the soil at a negligible |evel.

3.3 EM SSI ON MODELS
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Based on the exercise of CHEMDAT8 in predicting and
conpari ng pat hways for TSDF processes, the pathways shown in
Tabl e 3-3 are used as the basis of the nodels. [Insignificant
em ssions or inadequate data upon which to devel op the node
rel ati onships are the principal reasons for Iimting the nodels
to the pathways shown in Table 3-3.

It should be noted that CHEMDATS8 includes provisions to
activate the unused pat hways should further investigations and
field tests indicate the desirability of incorporating additional
pat hways in the em ssion nodels.

TABLE 3-2. STATI STICS FOR SURFACE WATER PATHWAYS

Pat hway
Oxi da-

Vol a- Bi o- Phot o- tion/

tiliza- degr ada- deconpo- Hydr o- reduc-

tion tion sition? lysis tion Adsor pti on
Range of 0.9-15 0. 04- 96 0. 04- 900 0. 0003- 35 0.1-5 0.04-1.5
hal f-1ives,

days

Aver age 2.24 8.05 76.3 5. 39 2.05 0.55
hal f-life 1.37
St andard 2.85 19.4 259.0 10.8 2. 40 0.83
devi ati on 1.82
Nunmber of 38 26 12 11 4 3
chem cal s

aStatistics are given for chemcals with and without an outlier.
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TABLE 3-3. PATHWAYS FOR TSDF SI TES

Type of facility Pat hways i ncl uded i n nodel

Qui escent storage and treatnent inpoundnents Vol atilization

Mechani cal | y aerated i npoundnents Vol atilization

Bi odegr adati on
Qui escent di sposal i npoundnents Vol atilization
Land treatnment facilities Vol atilization

Bi odegr adati on

Closed landfills Vol atilization
(di ffusion
t hrough cap)
Barometric

punpi ng

Active landfills Vol atilization
(di ffusion
t hrough wast e)

Wast epi | es Vol atilization
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4.0 COLLECTI ON SYSTEM Al R EM SSI ONS

4.1 | NTRODUCTI ON

This chapter presents the nethods used to estimate air
em ssions fromwastewater collection systens. Air em ssion
factors are devel oped that can be used to predict the rel ease of
volatiles to the atnosphere fromliquid wastes di scharged in the
waste collection system As a waste streamcontaining a volatile
waste constituent is discharged into a collection system the
vol atil e constituent can be emtted into the atnosphere through
t he nechani sm of mass transfer to the air flow ng through the
collection system Air can enter and | eave a collection system
by openings in drains, open channels, channels with grates,
openi ngs i n manhol e covers, junction boxes, sunps, and ot her
openings. Estimation of the flow of air in a collection system
unit (drain, manhole) relative to the flow of wastewater fl ow ng
under the collection systemunit permts an estimation of the
fraction of the volatile constituent lost to the atnosphere as it
passes under the unit.

The assunptions that were nade to characterize chem ca
col l ection conduit designs include the follow ng:

. The design depth in the drain channel is assuned to be
hal f full.
. The flow in the channel for estinmating fractional

em ssions is assuned to be 80 percent of design depth.
(Lower depths result in higher em ssions.)

. The air exiting the systemis assuned to be at
equilibriumw th the volatiles in the channels.



. A typical wind velocity is assuned to be 1.6 nm's
(3.5 MPH)

The assunption of equilibriumin wastewater collection units
i's considered an appropriate approxi mation for national em ssion
estimates. For certain site specific em ssion estinmates nass
transfer may be a nore suitable nethod. Additional information
concerning the unit to be nodeled will be needed if the nass
transfer approach is taken.

The em ssion factors for the collection units are sensitive
to the magnitude of the flowrates in the channels. The |oss of
vol atiles in the channels could be |l ess than the equilibrium
anount if the rate of mass transfer fromthe bul k of the
wastewater to the air was slow enough. This mass transfer rate
is expected to be sensitive to the depth in the channel, with
equi librium not achieved for high flows of air across deep
channels. For the case of channel depths at a fraction of the
design depths and relatively low air rates (manhole covers and
encl osed col |l ection systens), the assunption of equilibriumis
expected to be appropriate.

The assunption of equilibriumin wastewater collection units
is expected to be nore accurate for systems with restricted
headspace ventilation. Mass transfer is not expected to be the
rate controlling mechanismin the situation of restricted
ventilation, and the assunption of equilibriumwlIl [imt air
em ssions to the equilibriumval ue.

Since the air em ssion factors are sensitive to
environnental factors such as tenperature, humdity, and w nd
pressure, the neasured air em ssions fromwastewater collection
systens are expected to be variable. Mnte Carlo nethods are
used to sinmulate the effect of variable environnental factors on
a waste collection system Because of the degree of difficulty
in performng the Monte Carlo calculations with site specific
cal cul ations, a short-cut technique using unit em ssion factors
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is presented here. The fraction |ost fromwaste passing under
specific units is estimated for common unit types and waste
constituents of varying volatility.

For the nodel systens a tenperature difference of 5 degrees
Cel sius was chosen as a tenperature difference between the
anbient air and the collection systemtenperature. This
tenperature difference was used to estimate gas flows due to air
density differences. The actual tenperature differences would be
site specific.
4.2 COLLECTI ON SYSTEM EM SSI ON FACTORS
4.2.1 The Use of Em ssion Factors

The em ssion factors developed in this docunent are
expressed in terns of the fraction of material in the collection
conduit main emtted per unit. The collection conduit is the
subsurface pipe or covered trench that the wastewater flows in by
gravity fromunit to unit on the path of the waste to the
wast ewat er collection system \When the path of the waste pl aced
in the collection systemis specified, the amount of materi al
remaining in the original waste streamis recal cul ated each tine
the waste flows under a unit with a potential em ssion source
(drain connection, manhole, |ift station, sunp, etc.):

Em ssions fromunit = anount present x unit em ssion factor
New anmount present = anount present - em ssions fromunit.

Table 4-1 illustrates how the tol uene em ssions froma waste
di scharge into a collection systemcan be estimted. The waste
flows into an open trench drain. Forty feet downstream
additional waste flows into the trench for an additional 20 ft.
The flowin the trench discharges into a drain. The subsurface
channel in the collection conduit has an additional drain
connection and a manhol e before discharge into a covered sunp
wth a vent.

This application of the unit em ssion factors to a
wast ewat er collection systemfor toluene wastes indicates that a
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substantial fraction of the original toluene in the waste can be
| ost due to mass transfer to the air that flows in the collection

TABLE 4.1 EXAMPLE OF THE USE OF EM SSI ON FACTORS

Anpbunt
Em ssi on present, Em ssi ons,

Uni t factor (9) (9)
Open trench drain (40 ft) 0.045 100 4.5
Open trench drain (20 ft) 0.022 95.5 2.1
Drain 0. 08 93.4 7.5
Drai n connection 0. 08 85.9 6.7
Manhol e at junction 0. 0083 79.2 0. 66
Covered sunp with vent 0.11 78.5 8.6
Overall collection units 0. 30 70 30

system Another way of interpreting these data is that for every
70 g of toluene that enter the wastewater treatnent plant, 30 g
are emtted in the collection systembefore the waste reaches the
wast ewat er treatnment plant (43 percent).

These em ssion factors for wastewater collection systens
are not expected to be applicable for all systens. They are for
a wastewater collection systemdesigned to aerate the wastewater,
either for safety, for corrosion reduction, or for odor control.
There are a nunber of equi pment changes that can reduce the air
em ssions to levels nmuch | ower than can the system presented
here. Em ssions can be reduced by using covers for sunps,
manhol e covers with fewer and small er openings, seals on drain
openi ngs, or solid netal covers for trenches; by purging the
systemw th excess water; and by other nethods. |Increasing the
external wind speed will increase em ssions fromthe collection
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systens, according to the nodels. The collection systemair

em ssions can be increased by any discharge of steaminto the
col l ection conduit, the presence of open sunps or open junctions,
and the presence of a conplex collection systens with many units
(potential em ssion sources) before discharge.

Comput ati onal techni ques that have been used to inprove the
accuracy of the estimates of em ssion factors include considering
mass transfer at the liquid-gas interface and using Monte Carl o
simul ation of collection system characteristics.

4.2.2 Collection System Units

Ten cases for induced airflowin collection conduits are
illustrated with cases Al-Dl1. Cases Al, A2, and A3 illustrate
potential airflows from process drains. Cases Bl, B2, and B3

illustrate air em ssions from manholes. Cases Cl, C2, and C3
illustrate airflow out of collection conduit lines. Case D1
represents emssions froma covered sunp with an open vent, and
Case D2 illustrates airflow out of drain grates. The follow ng
bri ef explanations describe sonme of the assunptions used in
estimating the induced flow of air for each of these units:

. Case Al estimates airflow into a drain annulus induced
by water flow. The air drawn in will escape sonewhere
and be in equilibriumwth the water at that point.

. Case A2 estimates airflowinto a collection conduit
through a drain annulus. No water is flowing into the
drain. The air conmes to equilibriumw th the water
flowng in the collection conduit and escapes at sone
poi nt upstream or downstream of the drain.

. Case A3 estimates airflow fromsaturated air rising
froma drain annulus due to a density difference
between the air in the collection conduit and the
anbient air. No water is flow ng through the drain.
The air is drawn in at a point upstream or downstream
of the drain and reaches thermal and chem cal equi -
libriumwith the wastewater flowing in the collection
conduit by the tine it reaches the drain.
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. Case Bl estimates airflow from manhol e cover vents
caused by a density difference between air in the
collection conduit and the anbient air. The air
flow ng out of the vents is in thermal and chem cal
equilibriumwith the water flowing in the collection
conduit at that point.

. Case B2 estimates airflow through manhol e cover vents
i nduced by wind blowing in the upstreamend of a
collection conduit that is blocked off after the
manhole. The air is in equilibriumwith the water in
t he manhol e.

. Case B3 estimates the airflow from manhol e cover vents
i nduced by wind blowing in one end of a collection
conduit and fl ow ng past the manhole to sone point
dowmnwi nd. The air is in equilibriumwth the water in
the collection conduit at the manhole. No drains or
vents are in the line between the upwi nd coll ection
conduit end and t he nmanhol e.

. Case Cl estimates the airfl ow i nduced by wi nd bl ow ng
in one end of a collection conduit and out another.
The air is in equilibriumwith water at the downw nd
end of the collection conduit.

. Case C2 estimates the airflow into the collection
conduit froma junction box induced by water flow
t hrough the junction box. This air escapes sonewhere
(e.g., the next junction box downstream in equilibrium
with the water flow ng through at that point.

. Case C3 estimates airflow fromthe discharge end of a
partially filled collection conduit resulting from
density differences between the anbient air and the
warm humd air in equilibriumwth the wastewater.

. Case D1 estimates the airflow i nduced through a stack
on an enclosed sunp. Air is in equilibriumwth the
wastewater and is drawn into the system at some point
upstream or downstream of the sunp.

. Case D2 estimates airflow froman open trench based
upon mass transfer in the rapid fl ow ng water.

Enviromega of Burlington, Ontario, Canada recently neasured
air emssions froma |aboratory sinulation of industrial
wast ewat er coll ection system el enents!. The new neasurenent data
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has been used to test and refine existing anal ytical procedures
used to estimate em ssions fromair and water sources. Mbddels
for four separate cases are devel oped on the basis of data
coll ected by Environega. The nodels are as foll ows:
. Case El1 estimates air em ssions fromwastewater in a J
trap without wastewater flow into the trap,

. Case E2 estimates air enm ssions fromthe wast ewater
flowng into a J trap,

. Case E3 estimates air emssions froma lift station
where the punp is periodically lifting wastewater from
a splash filled covered sunp, and

. Case E4 estimates air em ssions fromwastewater flow
i nto open sunps or junction boxes.

4.2.3 A Listing of Em ssion Factors

Air em ssions factors are presented for induced airflow in
coll ection conduit systens accepting hazardous agueous waste. The
maj or sources of induced airflowinto and out of a collection
conduit system are process drains, manhol es, and junction boxes.
Tabl es 4-2 through 4-8 describe the estimated fraction of the
organic emtted fromthe three units of the collection conduit.
The em ssion factors are listed for five different organic
conpounds that differ in volatility: 1, 3-butadiene, toluene,
napht hal ene, 1-butanol, and phenol.

The airflow i nduced by the wind is sensitive to the geonetry
of the source, the direction of flow of the wnd, and the
velocity of the wind. Because of the |arge nunbers of
significant factors that could conceivably influence the rate of
em ssions due to wind, the em ssion estinmates are presented as a
range, with zero as the | ower bound of the range and a
conbi nati on of values fromthe three cases as the upper range.
The upper range is not the greatest possible value of the
estimated em ssi ons, because higher collection system
tenperatures or higher wind speed could increase the em ssion
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rate. The choice of a specific value to be used for estimating
em ssion factors frominduced airflowin the collection conduit
conponent is also presented in Tables 4-2 to 4-8. |In sone cases,
the effects of the various nechanisns for airflow can be
additive, but in sone cases the effects would tend to cancel each
ot her.

The summary of the result of the nodel weir calculations are
presented in Table 4-8.

TABLE 4-2. AR EM SSI ON ESTI MATES FOR DI LUTE AQUEQUS
1, 3- BUTADI ENE SOLUTI ONS FLOW NG THROUGH WASTE COLLECTI ON
SYSTEM NETWORKS?

(FRACTI ON EM TTED)

COLLECTI ON
CASE DRAI NS MANHOLES CONDUI TS
(A (B) (O
Case 1 0.63 0. 087 0. 95
Case 2 0.73 0.21 0.79
Case 3 0.54 0. 147 0.56
Typi cal 0. 63 0.15 0.77
val ue
a Case A1 is Unit Awith Case 1 conditions. For a
di scussion of units and cases, see the di scussion on
pages 4-6 and 4-7.
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TABLE 4-3. AR EM SSI ON ESTI MATES FOR DI LUTE AQUEQUS
TOLUENE SOLUTI ONS FLOW NG THROUGH WASTE COLLECTI ON SYSTEM
NETWORKS? ( FRACTI ON EM TTED)

COLLECTI ON
CASE DRAI NS MANHCLES CONDUI TS
(A (B) (O
Case 1 0.073 0. 0045 0. 48
Case 2 0.113 0.0123 0. 148
Case 3 0. 053 0. 008 0. 057
Typi cal 0. 08 0. 0083 0. 23
val ue
a Case A1 is Unit Awith Case 1 conditions. For a

di scussion of units and cases,

pages 4-6 and 4-7.

see the discussion on

TABLE 4-4.

Al R EM SSI ON ESTI MATES FOR DI LUTE AQUEQUS

NAPHTHALENE SOLUTI ONS FLOW NG THROUGH WASTE

CCLLECTI ON SYSTEM NETWORKS?

(FRACTI ON EM TTED)

COLLECTI ON
CASE DRAI NS MANHCLES CONDUI TS
(A (B) (0
Case 1 0. 014 0. 0008 0.14
Case 2 0. 022 0. 0022 0. 03
Case 3 0. 0098 0. 0014 0.02
Typi cal 0. 015 0. 0015 0. 06
val ue
a Case A1 is Unit Awith Case 1 conditions. For a

di scussion of units and cases,

pages 4-6 and 4-7.

see the discussion on
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TABLE 4-5.

Al R EM SSI ON ESTI MATES FOR
DI LUTE AQUEQUS 1- BUTANCL SOLUTI ONS

FLOW NG THROUGH WASTE CCLLECTI ON SYSTEM NETWORKS?
(FRACTI ON EM TTED)

COLLECTI ON
CASE DRAI NS MANHCLES CONDUI TS
(A (B) (O
Case 1 0. 0001 0. 000006 0. 00123
Case 2 0. 00017 0. 000017 0. 00023
Case 3 0. 00007 0. 000011 0. 00008
Typi cal 0. 00012 0. 00001 0. 0005
val ue
a Case A1 is Unit Awith Case 1 conditions. For a

di scussion of units and cases,

pages 4-6 and 4-7.

see the discussion on

TABLE 4-6.

Al R EM SSI ON ESTI MATES FOR
DI LUTE AQUEQUS PHENOL SOLUTI ONS

FLOW NG THROUGH WASTE CCLLECTI ON SYSTEM NETWORKS?
(FRACTI ON EM TTED)

COLLECTI ON
CASE DRAI NS MANHCLES CONDUI TS
(A (B) (O
Case 1 0. 0000053 3 107 0. 000063
Case 2 0. 0000086 8.5 107 0. 000012
Case 3 0. 0000038 5.5 107 0. 0000041
Typi cal 0. 000006 6 107 0. 000026
val ue
a Case A1 is Unit Awith Case 1 conditions. For a

di scussion of units and cases,

pages 4-6 and 4-7.

see the discussion on
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TABLE 4-7.
WASTEWATER | N AN OPEN TRENCH SECTI ON

Al R EM SSI ON ESTI MATES FOR

FLOW NG THROUGH WASTE CCLLECTI ON SYSTEM NETWORKS?
(FRACTI ON EM TTED)

PARTI Tl ON FRACTI ON
COEFFI ClI ENT EM TTED TO

COVPOUND (YI'X) Al R

1, 3- But adi ene 7900 0. 059

Tol uene 371 0. 045

Napht hal ene 65. 6 0. 025

But anol 0. 494 0. 0004

Phenol 0. 0252 0. 0002

a These conpounds represents different conpound types,

according to the value of the partition coefficient or
Henry's | aw const ant.

TABLE 4-8. FRACTI ON OF A VOLATI LE COVPONENT

EM TTED FROM A MODEL VEI R

Conponent Fraction Emtted
1, 4 But adi ene 0. 35

Tol uene 0. 20

Napht hal ene 0. 056

1- But anol 0. 00062
Phenol 0. 000033
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4.3 AR EM SSI ON MODELS
4.3.1 Case Al Air Flow Induced by Waste Flow into Drain
Case Al considers airflowinto a drain induced by wastewater

di scharged to the collection conduit through a pipe inserted in
the drain. The air is assunmed to be drawn into the annulus with
a velocity equal to that of the flowing water at the air/water
interface. The velocity of the induced air is assuned to
decrease to zero at the wall of the drain. The assuned air
velocity profile has not been experinentally confirnmed. The air
drawn into the drain is assuned to escape at sone other point in
the systemafter comng to equilibriumwith the wastewater. In
relatively tight systens or systenms with long runs of collection
conduit between openings, the resistance to airfloww !l inhibit
this mechanismof air induction. An illustration of this case is
presented in Figure 4-1.

The cal culation requires the followng inputs: flow rate of
wastewater, ratio of wastewater pipe area to drain pipe area,
partition coefficient applicable to the pollutant of interest at
the wastewater tenperature, concentration of wastewater stream
and tenperature of the anbient air. The nolar air density is
cal cul ated at the anbient tenperature based on the ideal gas |aw
assum ng an anbi ent pressure of one atnosphere. The influent
flowrate of organics is calculated fromthe mass flow rate of
wast ewat er and the mass fraction of organics in the wastewater.
The influent air linear flowrate is calculated as one-fourth the
linear wastewater flow rate based on the assuned airflow profile.
This is converted to a nolar airflow rate by nmultiplying by the
area ratio (drain pipe area to wastewater pipe area) and the
nol ar density of air.

The fraction emtted is calculated by multiplying the
di mensi onl ess partition coefficient by the ratio of nolar flows
of air to the total nolar flow of air and water.
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Air

Waste
L
T wasgflow  —— |

Par anet er Synbol Units Val ue
Ratio of the area of Arr di mensi onl ess 4
waste to area of air
flowin drain
Fraction of entering F 0.21
organic lost to
at nosphere
Partition coefficient K nmol fraction gas 371

per nol fraction
liquid
Tenperat ure Ta degrees K 298
Tenper at ure T(O degrees C 25
Figure 4-1. Case AlL. Air flow induced by waste flow into drain.
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Arr 0.25.9;9133 K

F- Ta (4-1)

Arr 0,25 9:9121 . 5 0555

The above synbols are defined in Figure 4.1. Note that,
within the limts of the assunption, a smaller wastewater pipe
flow ng at an equi valent volunetric flowrate will induce a
greater airflow (and cause greater em ssions) due to its higher
I inear velocity.

Note also that slightly greater em ssions will occur on
cool er days because nore noles of denser anbient air will be
drawn in (it is assuned that this air will conme to thernal
equilibriumwi th the wastewater before it escapes fromthe
systen).

The calculation results are presented in Table 4-9.

4.3.2 Case A2 Air Flowin Drain Due to Wnd Pressure
Case A2 considers airflowinto a drain and through the

collection conduit. No water is flow ng down the drain. The
pressure creating the airflowis due to changes in wind velocity.
The air pressure is estimated fromthe maxi num pressure obtai ned
fromwind flowng at 160 cmis (3.5 nph) with the pitot tube
pointed into the wwnd. The drain would not normally be oriented
into the wind, but wind flow patterns and pressures are expected
to be influenced by the location of the drain relative to w nd,
bui | di ngs, sunps, etc. An illustration of this case is presented
in Figure 4-2.

The air flowng into the drain is assunmed to escape at sone
other point in the systemafter comng to equilibriumwth the
wastewater. The frictional drag on the drain and in the headspace
of the collection conduit wll determne the flowof air in
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response to the pressure exerted by the wind. The general
assunptions about case A2 are presented in Table 4-10.

TABLE 4-9. RESULTS OF CALCULATI ONS FOR Al R EM SSI ONS
FROM A DRAI N.

arr K Ta T(O F
4 371 298 25 0.21
4 371 273 0 0. 23
4 0.5 298 25 0. 00037
4 0.5 273 0 0. 0040
13.7 371 298 25 0. 48
13.7 371 273 0 0. 50
13.7 0.5 298 25 0. 00125
13.7 0.5 273 0 0. 00137
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Air

Air
T waseflow  —— |

Par anet er Units Val ue
Length of collection conduit m 12.2
Length of drain m 0. 61
Underfl ow rate n¥/ s 0. 042
D aneter of drain m 0. 203
Radi us of underfl ow conduit m 0. 3048
Depth of liquid in underflow m 0. 244
Wnd velocity nms 1.56
Rel ative humdity per cent 50
Col | ection systemtenperature deg. C 25

Figure 4-2. Case A2.

Air flow induced by w nd
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TABLE 4-10. GENERAL ASSUMPTI ONS AND

CALCULATI ONS FOR CASE A2

Air tenperature

Rel ative humdity

Col I ection conduit tenperature
Friction factor for air

Wnd velocity

Radi us of collection conduit

25 °C

50 percent

30 °C

0. 006

156 cm's (3.5 MPH)
30.48 cm (12 in)

Depth of liquid in collection conduit 24.4 cm (9.6 in)
Headspace hydraulic radius 10.9 cm
Fl ow of water in collection conduit 42,000 cni/s
Headspace area in collection conduit 1,830 cnt
Density of air at 25 °C 0. 0012 g/cn?
K partition coefficient (Y/ X 371
Wei ght fraction organics in water 0. 0005
Fl ow of organics in collection conduit water 21.1 g/s
Mol ar density of air in collection 0. 00004 nol / cnt.

condui t
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The maxi mum pressure exerted by the wind is cal cul ated

based on a solution of the Bernoulli equation:
D
)P =< (4-2)
C
wher e,
P = cal cul ated pressure, g force/cnt;
= wi nd velocity, 156 cnis (3.5 nph);
D = density of air at 25 °C, 0.0012 g/cn?; and
g. = 980. 665 g-cm gF-s2.
1562 0.0012 g force
P = = 0.015 =———
) 2 980. 665 cm?

This val ue of the maxi mum pressure is equated to the energy
of the air velocity in the collection conduit and the frictional
| osses in the collection conduit:

P 4 FL 4 F L2 <?
)T:(lJrKeJr 5 Arr2+=D2 + K1) X (4-3)
wher e,
AP = pressure, 0.015 g force/cn¥;
D = density of air, 0.0012 g/cn?;
Ke = di anet er change coefficient, 0.31;
= friction factor of air, 0.006;
L = I ength of collection conduit, (1,220 cmfor
exanpl e case A2); and
D = equi val ent di aneter of the headspace in the

col l ection conduit, 40.4 cm (four tinmes the
hydraul i ¢ radius).
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Arr = area ratio of collection conduit segnent,

0. 219

L2 = length of drain, (61 cmx 2 drains = 122 cm
for Case A,

D2 = di aneter of drain, 20.3 cm

K1 = | oss coefficient, 5

Jc = 980. 665 g-cnl gF-s2

Solving for <, the velocity of air in the drainis 62 cn's
(122 ft/mn). The sectional area of the drain is 324 cn?
permtting a calculated airflow of 20,000 cn¥/s.

M=DQ = 0.81
wher e,
M = molar flowrate of air, nol/s;
D = density of air, 4 10° nol/cn®; and
Q = volunetric flowrate, 2 10% cn¥/s.

The nolar flow rate of the air is then calculated as 0.81 nol/s.
The flow rate of organics in the air at equilibriumwth
the initial concentration of organics in the water is as foll ows:

O= MK C Mv (4-4)
2.7 = (.81)(371)(0.0005)(18)

wher e,
@) = nmolar flowrate of organic in air, nol/s;
M = nmolar flowrate of air, 0.81 nol/s;
K = organic partition coefficient 371 nol/nol;
C = concentration of organic, 0.0005 g/g water;
and
Mv = nmol ecul ar wei ght of water, 18 g/ nol.

The flow of organic in the exit air is then 2.7 g/s.
The fraction of organics present in the air at equilibrium
f, Is independent of concentration (as long as Kis a constant).

4-19



The fraction of organics in the air is the ratio of the mass fl ow
in the air divided by the sumof the mass flowin the air and

wat er :
f = O/ (O + M) (4-5)
f =2.7/(21.1 + 2.7)
f = 0.11.

The fraction of organics present in the air is also the fraction
| ost as air em ssions.

4.3.3 Case A3 Airflow Induced by Density Differences
Case A3 considers airflow up froma drain induced by

density differences between the anmbient air outside the manhole
and the warmhumd air in the collection conduit. No water is
flowwng in the drain. The wastewater in the collection conduit
is assuned to be flowng in a direction perpendicular to the
airflow through the vents; the air is assuned to be saturated
with water and at chem cal and thermal equilibriumwth the
wastewater. In the case considered, the drain is assuned to be
10 cm (4 in.) in dianeter and 61 cm (2 ft) long. Frictional

| osses through both the drain and the collection conduit are
consi dered, based on a friction factor of 0.06. The hei ght of
the "stack" is assuned to be 61 cm (2 ft). This is the vertical
di stance between the |l evel of the water in the collection conduit
and the drain. Anbient conditions are assuned to be 25 °C and 50
percent relative humdity. The wastewater tenperature is assuned
to be 30 °C, and a greater difference in the anbient tenperature
and the sewer tenperature would tend to increase the effect of
density differences. An illustration of this case is presented
in Figure 4-3. The assunptions about Case A3 are presented in
Tabl e 4-11. These assunptions are used for the calculations in
this section.
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Air

&
<

waste flow  — |

Par amet er Units Val ue
Length of collection m 12.2
condui t
Drain length m 0. 61
Underflow rate nt/ s 0. 042
Length of drain m 0. 203
Radi us of underfl ow m 0. 3048
condui t
Depth of liquid in m 0. 244
under f | ow
Anbi ent tenperature deg. C 25
Rel ative humdity per cent 50
Col l ection system deg. C 30
t enperat ure

Figure 4-3. Case A3.

Air flow induced by
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TABLE 4-11.

GENERAL ASSUMPTI ONS AND CALCULATI ONS FOR CASE A3

Air tenperature

Rel ative humdity

Col l ection conduit tenperature
Friction factor for air

Radi us of collection conduit

Depth of liquid in collection conduit
Headspace hydraulic radius

Fl ow of water in collection conduit
Headspace area in collection conduit
Density of saturated air at 40 °C
Density of air at 25 °C

K partition coefficient (Y/ X

Wei ght fraction organics in water

Fl ow of organics in

col l ection conduit water

Mol ar density of air in collection conduit

25 °C

50 percent
30 °C

0. 006
30.48 cm
24.4 cm
10.9 cm
42,000 is
1,828 cn?

0. 00117 g/cc

0. 0012 g/cc
371
0. 0005

21.3 g/s
0. 00004
nol / cn?®.
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The densities of anmbient air and warm hum d col |l ection
conduit air are calculated, and the density difference across the
drain systemis cal culated as 0.0000839 g/cn?¥. The maxi mum
pressure fromdensity differences is the product of the density
di fference and height. This value of the maxi num pressure from
density differences is equated to the energy of the air velocity
in the collection conduit and the frictional |osses in the
col l ection conduit:

2g9.)P
< AFL ° 4F L2 (49
(1+Ke+ Arr2+T+Kl)
wher e,
< = the velocity of air exiting the drain hub
(cm's);
AP = pressure, 0.0019 g force/cnt;
D = density of air, 0.0012 g/cn?;
Ke = di anet er change coefficient, 0.31;
F = friction factor of air, 0.006;
L = | ength of collection conduit, 610 cm
= equi val ent di aneter of the headspace in the
collection conduit, 43.6 cm (four tinmes the
hydraul i ¢ radi us);
Arr = area ratio of collection conduit segnent,
0. 219;
L2 = l ength of drain, 61 cm
D2 = di aneter of drain, 20.3 cm
K1 = | oss coefficient, 3; and
0. = 980. 665 g-cnl gF-s2.
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Solving for <, the velocity of air in the drain hub is 26.9
cnms (53 ft/mn). The sectional area of the drain hub is 324 cn2
permtting a calculated airflow of 8,716 cnf/s. The nolar density
of the air is 4.0 10° nol/cnf. a nolar airflowrate is then
calcul ated as (8,716 cn¥/s)(4.0 10° nol/cn?), or 0.35 nol/s. The
flowrate of organics in the air at equilibriumwth the initial
concentration of organics in the water is cal cul ated using
Equation 4-4:

O=(0.35 nol/s)(371)(0.0005 g/g) (18 g/ nol).
O=1.17 ¢g/s.

The fraction of organics present in the air at equilibrium
i s independent of concentration (as long as Kis a constant). The
fraction of organics in the air is the ratio of the mass flow in
the air divided by the sumof the mass flowin the air and water:

f O/ ( O + M), where the variables are as
previously defined in case A2,

1.17 / (1.17 + 21.3)
0. 053.

-  —h
I

4.3.4 Case Bl Manhole venting due to density effects

Case Bl considers airflow fromthe vents in a manhol e cover
i nduced by density differences between the anbient air outside
t he manhole and the warm hum d air in the collection conduit. An
illustration of this case is presented in Figure 4-4. The
wastewater in the collection conduit is assuned to be flowing in
a direction perpendicular to the airflow through the vents; the
air is assuned to be saturated with water and at chem cal and
thermal equilibriumwth the wastewater. |In the case considered,
t he manhol e cover is assunmed to have four vent holes of 2.5 cm (1
in.) dianmeter. Frictional |osses through the manhol e are assuned
negligible relative to | osses through the manhol e cover vents.
The height of the "stack” is assunmed to be 67 cm (2 ft). This is
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the vertical distance between the |level of the water in the
coll ection conduit and the manhol e cover.

<
<

_—
waste flow —

Par amet er Units Val ue
Length of collection m 12.2
condui t
cross-sectional area of cnt 20

vent hol es

Underflow rate n¥/ s 0. 0425
Hei ght of manhol e cover m 0. 61
above surface

Radi us of wunderfl ow conduit m 0. 3048
Depth of liquid in m 0. 244
under f | ow

Anmbi ent tenperature deg. C 25
Rel ative humdity per cent 50
Col |l ection system deg. C 30

t enper at ure

Figure 4-4. Case Bl1. Manhole venting induced by density
di fferences
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Anbi ent conditions are assuned to be 25 °C and 50 percent
relative humdity. The wastewater tenperature is assuned to be
30 °C

The densities of anmbient air and warm hum d col |l ection
conduit air are calculated, and the density difference across the
manhol e cover is determ ned. The gas velocity through the manhol e
cover vents was then calculated fromthe density difference using
the equation for a sharp edged orifice:

<-0.61(2g, h 2o (4-7)
wher e,

< = linear velocity through the vent hole, cnis;
g. = Gravitational constant, 981 cm s?
h = hei ght of manhol e above conduit, 61 cm (2 ft);
AD = density difference of air above and

bel ow manhol e, 3.2 10°° g/cn?; and
D = density of warmhumd air, 0.00117 g/cnt.

(Frictional |osses through the thickness of the cover are
negligi ble.)

3.210°% |%°

0. 00117
The air velocity is converted to a volunetric flow rate by

<=0.61| 2( 981) 61

mul ti plying by the cross-sectional area of the vent holes, 20 cnt

< =349 &M
S

(0.022 ft?) by the vent velocity 34.9 cm's. Based on this
airflow, 710 cm¥/s, the wastewater flow in the collection
conduit, and a partition coefficient appropriate for the conpound
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of interest at the wastewater tenperature, the fractional

em ssion is calculated. (The wastewater flowis 2,360 nol/s and
was cal cul ated froman assuned col |l ection conduit size, slope,
roughness, and an assuned wastewater depth in the collection
conduit.) The fraction emtted is calculated as

F=GK(GK+ 1) (4-8).
£ - 0. 0285 x 371
0.0285 x 371 + 2360
F = 0.0045
wher e,
F = fraction emtted through cover vents,
di mensi onl ess;

G = airflowrate fromthe cover vents, 0.0285 nol/s;
K= 371, air/water partition coefficient for conpound

of interest at wastewater tenperature,
di mensi onl ess; and

L = wast ewater flow rate through collection conduit,
2,360 nol/s.

4.3.5 Case B2 Manhole Venting Due to Wnd
Case B2 estimates airflow through manhol e cover vents resulting

fromw nd blowing into the upstreamend of a collection conduit.
An illustration of this case is presented in Figure 4-5. The air
fl ows down the collection conduit to the manhol e where further
airflowis obstructed. This m ght occur where a collection
conduit ends at a punp sunp or where a change in pipe size or
slope results in a conpletely filled pipe with no air space. The
airflowrate is estimated by calculating the air velocity through
t he manhol e cover vents that would result in a frictional head

| oss equal to that available fromthe wind blowing into the
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Air

S N
waste flow  —— —

Parameter Units Vaue
Length of collection conduit m 12.2
cross-sectional area of vent holes cny? 20
Underflow rate m¥/s 0.042
Height of manhole cover above surface m 0.61
Radius of underflow conduit m 0.3048
Depth of liquid in underflow m 0.244
Wind velocity m/s 1.56
Collection system temperature deg.C 30

Figure 4-5. Case B2. Manhole venting due to wind
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upstream end of the collection conduit. Frictional |osses
t hrough the collection conduit, the manhol e, and the cover
t hi ckness are assunmed to be negligible in conparison to | osses
t hrough the cover vents.
Frictional |osses through the cover vents are cal cul at ed
usi ng an equation for flow through a sharp-edged orifice:

D 0.5
< =0.61 [ <} =2 ) (4-9)
DS
wher e,

< = linear velocity through vent cover, cms;

<y = wi nd velocity, 156 cnis (3.5 nph);

Da = anbient air density, 0.0012 g/cn¥; and

Ds = density of warmhumd air in collection

conduit, 0.00117 g/cnt.
Substituting into Equation 4-9 to estimte the velocity out
of the manhol e vent cover openings,

0.5
. 0012
<=0.61 | 156> ——==
[ 00117 )

< =96.3 cms (2.1 nph)

The manhol e cover is assunmed to have four vents of 2.5 cm
(1 in.) dianmeter. The wind velocity in the direction of the
collection conduit is assunmed to be 156 cm's (3.5 nph). The
factor of 0.61 is an orifice coefficient that wll be
approxi mately constant for the range of flows consi dered.

The nolar airflow rate can be calculated fromthe |inear
vel ocity through the cover vents (96.3 cm's) by nultiplying by
the total area of the four vents, 20 cn? (0.022 ft?), and by the
nmol ar density at the warm hum d coll ection conduit conditions,
0. 00004 nol / cnt.

0.078 nmol/s = (96.3 cnm's) (20cnt) (0. 00004)
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The wastewater flowrate in the collection conduit is inplicitly
specified on the basis of assuned collection conduit depth,
di aneter, slope, and roughness (2,360 nol/s).

The fractional em ssion of organics is calculated from
Equation 4-8, using the nolar flow rates of air and water, and a
di mensi onl ess partition coefficient appropriate for the conpounds
of interest at the wastewater tenperature:

_ GK
GK + L
wher e,

G = airflowrate, 0.078 nol/s;
K = 371, dinmensionless partition

coefficient; and
L = water flow rate, 2,360 nol/s.
F = (0.078)(371)/ [(0.078)(371)+ 2360]
F = 0.121

4.3.6 Case B3 Manhol e venting due to w nd underfl ow

Case B3 considers em ssions from manhol e cover vents over a
flowing, partially filled collection conduit. Air resulting from
wi nd blowing in one end of the collection conduit is flowng in
t he upper portion of the collection conduit. The direction of the
airflowrelative to the water flowis not considered; it is
assunmed that the air in the collection conduit is at thernmal and
chem cal equilibriumwth the wastewater at the | ocation of the
manhole. An illustration of this case is presented in Figure 4-6.

The air velocity resulting fromthe wind pressure is
calculated froma Bernoulli equation based on frictional |osses
through the unfilled section of the pipe;

< =| " s (4-10)
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wher e,

< = [ inear velocity of air through unfilled
section of collection conduit, 80 cm's
(1.79 nph);

<y = velocity of wind, 156 cnis (3.5 nph);

Da = density of anbient air, 0.0012 g/cn¥;

Ds = density of humd air in collection conduit,

0. 00117 g/ cnt;

f = friction factor for air, assuned constant at
0. 006, di nensi onl ess;

L = | ength of collection conduit, 4,570 cm and

= equi val ent dianeter (four tinmes the
hydraulic radius) of unfilled section of
collection conduit, 40.4 cm

. 0012 0-5
1562 =<
_ 00117
. . 4(.006) (4570)
40. 4

< =80 cms (1.79 nph).
The velocity is then used to calculate the pressure drop
t hrough the shorter length of collection conduit between the
manhol e and the di scharge end of the collection conduit:

4 L, <? Dy
29D
wher e:
)P = pressure drop through collection conduit between

manhol e and di scharge end, g force/cnR

Ls = length of collection conduit between manhol e and
gas exit, 3,050 cm

O gravitational constant, 981 g cnig force-52
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Air

+— >
waste flow  —— ]

Parameter Units Vaue
Length of collection conduit m 45.7
Length after manhole m 30.5
cross-sectional area of vent holes cny? 20
Underflow rate m¥/s 0.042
Height of manhole cover above surface m 0.61
Radius of underflow conduit m 0.3048
Depth of liquid in underflow m 0.244
Wind velocity m/s 1.56
Collection system temperature deg.C 30

Figure 4-6. Case B3. Manhole venting due to wind underflow
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4 (.006) (3050) (80)2 (.00117)

P = 2 (981) (40.4)

)P = 0.0069

This pressure (0.0064 g force/cnR) is then used as the driving
force in the equation for flow through a square-edged orifice to
calculate the linear velocity of air emtted fromthe manhol e
cover vents:

<, =0.61 (2 gczéi)QS

S

<. = I inear velocity through the cover vents, cnis
0.61 = worifice coefficient (dinensionless) appropriate
for the velocity range expected.

_ <% 05
<C—O.61(4fLSF)

<, = 65.7:%§

Note that the above equations can be conbi ned:

(.0069) |>°

< =0.61|2 (981
c =06 (981) (.00117)

The linear velocity can be converted to a nolar flow rate by
mul ti plying by the cross-sectional area of the vents, 20 cn?
(four vents each 2.5 cm[1 in.] in dianeter assuned in the
exanple), and the nolar density of warmhumd air at
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t he wastewat er tenperature, 4¢10°° nol/cnf. The wastewater flow
rate, 2,360 nol/s, has been inplicitly specified in the exanple
fromthe depth, dianeter, slope, and roughness of the collection
conduit. The fraction of organics emtted is calculated from
Equation 4-8, using the nolar flow rates and a di nensionl ess
partition coefficient appropriate for the conpound of interest at
t he wastewat ers' tenperature:

E - GK
GK + L
wher e,
F = fraction of organics emtted through manhol e cover
vent s;
G = airflow rate through manhol e cover vents, 0.053
nmol / s;
K= partition coefficient, 371, dinensionless; and
L = wast ewater flow rate, 2,360 nol/s.

_ (. 053)(371)
(. 053) (371) + 2360

F =0.008

4.3.7 Case Cl1 Conduit air flow due to w nd
Case Cl1 considers air blowing directly into one end of a
col l ection conduit, reaching thermal and conpositional

equilibriumw thin the collection conduit and exiting a junction
box. An illustration of this case is presented in Figure 4-7.
The general assunptions of Case Cl are presented in Table 4-12.
The maxi mum pressure exerted by the wind is cal cul ated
based on a solution of the Bernoulli equation (see Equation 4-2):
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+—

wase flow ——

t enper at ure

Par amet er Units Val ue
Length of collection m 45.7
condui t
cross-sectional area of cnt 20
vent hol es
Underflow rate n¥/ s 0.042
Hei ght of manhol e cover m 0.61
above surface
Radi us of underfl ow conduit m 0. 3048
Depth of liquid in m 0. 244
underf | ow
Wnd velocity nms 1.56
Rel ative humdity per cent 50
Col l ection system deg. C 30

Figure 4-7. Case Cl. Conduit air flow induced by w nd
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TABLE 4-12. GENERAL ASSUVPTI ONS AND CALCULATI ONS FOR CASE C1:

Air tenperature 25 °C

Rel ative humdity 50 percent
Col l ection conduit tenperature 30 °C
Friction factor for air 0. 006

Wnd velocity 156 cm's (3.5 MPH)
Radi us of collection conduit 30.48 cm (12 in.)
Depth of liquid in collection conduit 24.4 cm (9.6 in.)
Headspace hydraulic radius 10.9 cm

Fl ow of water in collection conduit 42,196 cnt/s
Headspace area in collection conduit 1,828 cnt
Density of air at 25 °C 0. 0012 g/cn?
K partition coefficient (Y/ X 371

Wei ght fraction organics in water 0. 0005

Fl ow of organics in collection conduit water 21.1 g/s
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Mol ar density of air in collection conduit 0.00004 nol/cn?.

P = <2 2ng
wher e,
P = cal cul ated pressure, g force/cnt;
= wi nd velocity, 156 cnis (3.5 nph);
D = density of air at 25 °C, 0.0012 g/cn?; and
g. = 980. 665 g-cm gF-s2.

_156< 0.0012 _ 0. 015 9 force

=)
) 2 980. 665 cm?

This val ue of the maxi mum pressure is equated to the energy
of the air velocity in the collection conduit and the frictional
| osses in the collection conduit:

)P 4FL, <
22 - (1 4-11
5 (1T 5y (4-11)

wher e,
AP = pressure, 0.015 g force/cn¥;
D = density of air, 0.0012 g/cnf?;
F = friction factor of air, 0.006;
L = | ength of collection conduit, 4570 cm
D

= equi val ent di aneter of the headspace in the
col l ection conduit, 40.4 cm (four tinmes the
hydraul i ¢ radius), and

Jc = 980. 665 g-cm gF-s2.

Solving for <, the velocity of air in the collection
conduit is 80 cms (1.8 nph). The sectional area of the headspace
is 1,828 cnt permitting a calculated airflow of 146,000 cn¥/s.
The nol ar density of the air is 4 10° nol/cnf; a nolar airflow
rate is then calculated as (1.46 10° cn?/s) (4 10°° nol/cn¥), or
5.8 nmol/s. The concentration of organics in the air at equi-
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libriumwith the initial concentration of organics in the water
is as follows:
(5.8 nol /s)(371)(0.0005 g/g)(18 g/nol) or 19.4 g/s .

The fraction of organics present in the air at equilibrium
i s independent of concentration (as long as Kis a constant). The
fraction of organics in the air is estimated with Equation 4-8,
using the ratio of the mass flowin the air divided by the sum of
the mass flowin the air and water:

f O/ ( O + M), where the variables are as
previously defined in case A2,
19.4 / (21.1 +19.4)

f

f 0. 48.
4.3.8 Case C2 Conduit Air Flow Induced by Water Fl ow
Case C2 estimates airflowinto a collection conduit froma

junction box, induced by water flowin the collection conduit.
This air reaches thermal and conpositional equilibriumwthin the
col l ection conduit and is discharged fromthe collection conduit
at the next junction box. An illustration of this case is
presented in Figure 4-8. The assunptions are presented in Table
4-13.

The velocity profile for the surface of the water in the
collection conduit is assunmed to be given by the foll ow ng
enpirical rel ationship:

< =8.5+25I n[=i) [ Y>el (4-12)
wher e: ¢
<t = velocity quotient, the ratio of the velocity to
the friction velocity,
e = surface roughness, cm
Y = di stance froma point on the surface to the

nearest wall surface interface, cm
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Air

waste flow —

Par anet er Units Val ue
Underfl ow rate ny/ s 0. 042
Radi us of wunderfl ow conduit m 0. 3048
Depth of liquid in m 0. 244
under f | ow

Figure 4-8. Case C2. Conduit air flow induced by water flow
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TABLE 4-13.

GENERAL ASSUMPTI ONS AND CALCULATI ONS, CASE C2.

Air tenperature

Rel ative humdity

Col l ection conduit tenperature
Friction factor for air

Radi us of collection conduit

Depth of liquid in collection conduit
Headspace hydraulic radius

Fl ow of water in collection conduit
Headspace area in collection conduit
Density of air at 25 °C

g partition coefficient (Y/ X

Wei ght fraction organics in water

25 °C

50 percent
30 °C

0. 006

30.48 cm
24.4 cm
10.9 cm
42,196 cni/s
1,828 cnt

0. 0012 g/cn?
371

0. 0005

Fl ow of organics in collection conduit water 21.1 g/s

Mol ar density of air in collection conduit

Reynol ds nunber for airfl ow

Aver age velocity of water

Surface velocity of water

Roughness of collection conduit wall
Sl ope of collection conduit

0. 00004 nol/cn?

2,100

39 cm's
42 cm's
0.21 cm
0. 000431.
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The average velocity in the collection conduit is estimted
as 38.7 cnm's integrating the above equation for average flow. The
average surface velocity was 42.2 cm's. The perineter of the
surface was 60 cm and the perineter of the collection conduit
headspace was 108 cm The average velocity of the airflow was
established as foll ows:

cm 60 cm
S 60 cm + 108 cm

This average air velocity of 15.07 cms is 36 percent of

cm
<(—) =42.2
(<0

the water velocity in the collection conduit. This estimated
ratio of air velocity to water velocity conpares favorably to a
reported percentage of 35 for lamnar airflow due to liquid
drag?. The esti mated Reynol ds nunber for the above flow
condi ti ons suggests that the flow of air may be in the
transitional zone. The assunption of lamnar flow of air may have
overestimted the flow of air by 20 percent.

The estimated velocity of air in the collection conduit is
15 cms (0.33 MPH). The sectional area of the headspace is 1,828
cn2 permtting a calculated airflow of 27,000 cn?/s. The nol ar
density of the air is 4 10°° nol/cn¥; a nolar airflowrate is then
calculated as (2.7 10% cn?¥/5)(4 10° nol/cn¥), or 1.08 nol/s. The
flowrate of organics in the air at equilibriumwth the initial
concentration of organics in the water is as foll ows:

(1.08 nol/s)(371)(0.0005 g/g)(18 g/nol) or 3.61 g/s .

The fraction of organics present in the air at equilibrium
i s independent of concentration (as long as Kis a constant). The
fraction of organics in the air is estimated with Equation 4-8,
using the ratio of the mass flowin the air divided by the sum of
the mass flow in the air and water:
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—h
1

O/ ( O + M), where the variables are as
previously defined in case A2,

3.61/ (21.1 + 3.61), and
0. 146.

-  —h
I

4.3.9 Case C3 Conduit air flow due to density differences
This cal culation considers airflow fromthe di scharge end
of a partially filled collection conduit to the influent end of

the collection conduit resulting froma density difference
bet ween the cool er anbient air and the warmhumd air in equilib-
riumwith the wastewaters. The air flowng fromthe collection
conduit is assunmed to be in thermal and chem cal equilibriumwth
the wastewater. Air and water flow countercurrently. An
illustration of this case is presented in Figure 4-9.

The anbi ent tenperature and relative humdity and the
wast ewat er tenperature are used to calculate the density
difference; the slope and length of the collection conduit are
used to calculate the elevation difference producing the "stack
effect." Based on the length, dianmeter, and depth in the
collection conduit, the frictional resistance to airflowis
determned as a function of air velocity. The air velocity is
cal cul ated froma bal ance of the "stack effect” and the
frictional |osses using a formof the Bernoulli equation (see
Equation 4-6):

2g. )bh 0.5

D(1+4_I';'-) (4-13)

wher e,
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Air

waste flow ——

t enper at ure

Par amet er Units Val ue
Length of collection m 45.7
condui t
Underflow rate n/ s 0.042
El evation of exit relative m 0. 006
to entrance
Radi us of underfl ow conduit m 0. 3048
Depth of liquid in m 0. 244
under f | ow
Anbi ent tenperature deg. C 25
Rel ative humdity per cent 50
Col l ection system deg. C 30

Figure 4-9. Case C3. Conduit air flow induced by air density

di f ferences
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< = velocity of air through the collection conduit
headspace, 5.3 cnis;

g. = accel eration of gravity, 981 cm s?

)D = density difference between anbient air and warm
hum d air in collection conduit, 3.2 10° g
forcel/ cng;

h = el evation difference determ ned from
coll ection conduit |ength and sl ope,

2 cm

D = density of warmhumd air in collection conduit,
0. 00117 g/ cn;

F = friction factor for airflow through

coll ection conduit, assuned const ant
at 0. 006, dimensionless;

L = collection conduit length, 4,570 cm and

= di aneter of circle having equival ent
area to the cross section of the
col l ection conduit headspace, 40.4
cm

This velocity is converted to a nolar flow rate by
mul ti plying by the equation cross-sectional area of the headspace
in the collection conduit, 1,828 cnt and the nolar density of air
at the wastewater tenperature, 4.0 10° nol/cnt.

M=DAV = 0.387

wher e,
= nmolar flowrate of air, 0.382 nol/s;
= density of air, 0.00004 nol/cn?;
cross-sectional area, 1828 cnt; and

< >» O Z
I

= velocity, 5.3 cnis

The water flowrate (2,360 nol/s) is specified inplicitly
by the slope, dianeter, depth, and roughness of the collection
conduit. The fraction of influent organics that is emtted is
calculated fromthe nolar flowrates of water and air and the
di mensi onl ess partition coefficient for the conmpound of interest
at the wastewater tenperature. Air emtted fromthe collection
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conduit is assunmed to be in equilibriumwth influent wastewater.
The fractional enm ssions are cal cul ated as:

F=GK/ (GK+ L) = 0.057,

wher e,
G = airflowrate, 0.387 nol/s;

A
I

371, dinmensionless partition coefficient for
conpound of interest; and

L = wastewater flowrate, 2,360 nol/s.

4.3.10 Case D1 Stack Vent Air Flow
Case D considers em ssions froma stack on a sunp. The

stack was designed to pronote the discharge of funes above
wor kers' heads so that their exposures to environnental releases
woul d be reduced. Case DI uses a nethod identical to Case A3 to
estimate the airflow due to the stack effect. An illustration of
this case is presented in Figure 4-10. The assunptions are
presented in Table 4-14.

Case DI considers airflow up froma sunp; through a vent
i nduced by density differences between the anbient air outside
the sunp and the warmhumd air in the collection conduit. The
wastewater in the collection conduit is assuned to be flowing in
a direction perpendicular to the airflow through the vents; the
air is assuned to be saturated with water and at chem cal and
thermal equilibriumwth the wastewater. |In the case considered,
the vent is assuned to be 10 cm (4 in.) in diameter and 366 cm
(12 ft) long. Frictional |osses through both the drain and the
col l ection conduit are considered, based on a friction factor of
0.06. The height of the "stack"” is assumed to be 366 cm (12 ft).
This is the vertical distance between the top of the sunp and the
vent top. Anbient conditions are assunmed to be 25 °C and 50
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Par anet er Units Val ue
Length of collection m 30. 48
condui t
Underfl ow rate n¥/ s 0. 042
Stack length m 3. 66
St ack di aneter cm 20
Radi us of wunderfl ow conduit m 0. 3048
Depth of liquid in m 0. 244
under f | ow
Anbi ent tenperature deg. C 25
Rel ative humdity per cent 50
Col I ection system deg. C 30
tenperature

Figure 4-10. Case D1.

Cl osed junction box vent

density differences fromopen exit conduit.
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TABLE 4-14. GENERAL ASSUMPTI ONS AND CALCULATI ONS, CASE D1
Air tenperature 25 °C
Rel ative humdity 50 percent
Col l ection conduit tenperature 30 °C
Friction factor for air 0. 006
Radi us of collection conduit 30.48 cm
Depth of liquid in collection conduit 24.4 cm
Headspace hydraulic radius 10.9 cm
Fl ow of water in collection conduit 42,000 cn?/s
Headspace area in collection conduit 1,830 cnt
Density of saturated air at 30 °C 0. 00117 g/cn?¥
Density of air at 25 °C 0. 0012 g/cn?
K partition coefficient (Y/ X 371
Wei ght fraction organics in water 0. 0005
Fl ow of organics in
coll ection conduit water 21.3 g/s
Mol ar density of air in collection
condui t 0. 00004
nol / cn?.
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percent relative humdity. The wastewater tenperature is assuned
to be 30°C.

The maxi mum pressure froma warm hum d col | ecti on conduit
air is calculated fromthe product of the density difference and
hei ght. This val ue of the maxi mum pressure fromdensity
differences is equated to the energy of the air velocity in the
collection conduit and the frictional |osses in the collection
conduit (see Equation 4-3):

P 1 ike+2EL Az AFE2 gy S
D D D2 29,
wher e,
P = pressure, 0.0117 g force/cnt;
D = density of air, 0.0012 g/cn?;
Ke = di anet er change coefficient, 0.378;
= friction factor of air, 0.006;
L = | ength of collection conduit, 3,048 cm
D = equi val ent di aneter of the headspace in the
col l ection conduit, 43.6 cm (four tinmes the
hydraul i ¢ radi us);
Arr = area ratio of collection conduit segnent, 0.055;
L2 = l ength of drain, 366 cm
D2 = di aneter of vent stack, 10 cm
Kl = | oss coefficient, 3; and
g, = 980. 665 g-cnl gF-s2.

Solving for <, the velocity of air in the vent stack is 62
cms (118 ft/mn). The sectional area of the vent is 324 cnt
permtting a calculated airflow of 20,000 cn¥/s. The nol ar
density of the air is 4.0 10° nol/cn?. a nolar airflowrate is
t hen cal cul ated as (20,000 cn¥/s) (4.0 10°° nol/cn¥), or 0.8 nol/s.
The flow rate of organics in the air at equilibriumwth the
initial concentration of organics in the water is as foll ows:

(0.8 nol /s)(371)(0.0005 g/g)(18 g/nmol) or 2.7 g/s .
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The fraction of organics present in the air at equilibrium
i s independent of concentration (as long as Kis a constant). The
fraction of organics in the air is the ratio of the mass flow in
the air divided by the sumof the mass flowin the air and water:

f O/ ( O + M), where the variables are as
previously defined in case A2,

f =271/ (21.3 + 2.7)
f = 0.11.
4.3.11 Case D2 Stack Vent Wbrking Loss
Case D2 considers em ssions froma stack on a sunp due to

wor king | osses in the encl osed headspace of the sunp. An
illustration of this case is presented in Figure 4-11. The stack
is designed to pronote the discharge of working |oss funes above
wor kers' heads so that their exposures to environnmental releases
woul d be reduced. Case D2 assunes that the working | osses are
assunmed to be saturated wth water and at chem cal and therma
equilibriumw th the wastewater. In the case considered, the
sunp has a working loss due to flow variability in the system

Q=1.15710°V T

wher e,
Q = flowrate of air fromvent, L/s;
\% = vol unme of headspace in the sunp, 10,000 L; and
T = turnovers of headspace, 3 per day.

Q = 1.157 10° (10,000L) (3 per day)

Q=0.35 L/s (350 cn¥/s).
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Par anmet er Units Val ue
Length of collection m 30. 48
condui t
Underflow rate n¥/ s 0. 252
Stack length m 3. 66
Stack di aneter cm 20
Radi us of underfl ow conduit m 0. 3048
Depth of liquid in m 0. 244
under f | ow
Tur novers per day 3
Vol une of system n¥ 10
Col I ection system deg. C 30
tenperature

Figure 4-11. Case D2. dCosed junction box vent induced by

wor ki ng | osses fromwater sea
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The nol ar density of the air is 4.0 10° nol/cnB; a nolar airflow
rate is then calculated as (350 cn?/s)(4.0 10° nmol/cn¥), or 0.014
nmol/s. The flow rate of organics in the air at equilibriumwth

the initial concentration of organics in the water is as foll ows:

(0.014 nol/s)(371)(0.0005 g/g)(18 g/nol) or 0.047 g/s .

The fraction of organics present in the air at equilibriumis

i ndependent of concentration (as long as Kis a constant). The
fraction of organics in the air is estimted from Equati on 4-8,
using the ratio of the mass flowin the air divided by the sum of
the mass flowin the air and water:

—h
1

o/ (O + M), where the variables are as
previously defined in case A2,

0.047 / (21.3 + 0.047)
f = 0.0022.

—h
1

4.3.12 Case D3 Trench volatilization |oss

Case D3 considers em ssions fromopen trenches around
process equi pnment. These trenches are used to collect process
wast es, tank cleaning wastes, unplanned |eaks, and water. Air
bl ows across the top of a grate covering the open top channel of
the trench. An illustration of this case is presented in Figure
4-12.

The mass transfer coefficient of the gas phase is estimted
froma nodified "j factor" equation. The average velocity is
required for that equation. The average wi nd speed is estinmated
as one half the specified wind speed. The nodified equation
converts a specified wind speed to an estimated average w nd
speed.
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Parameter Units Vaue
Length of trench m 12.2
Flow velocity m/s 0.4572
Depth of liquid in trench m 0.0762

Figure 4-12. Case D3. Open trench.

The nodified equation is as foll ows:

kg =2.310°

mass transfer coefficient,
1.6 10°° gnol/cnt s

0.804 -0.194 0. 667
Vv ! D,

w nd velocity, 447 ms;

characteristic |ength,
di ffusi on coefficient,
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The liquid mass transfer coefficient is cal culated by Onens,
Edwar ds, and G bbs?3.

Kal = 21.6 %ﬁi:; %% (4-14)
wher e,
Kal = liquid mass transfer coefficient, 176 /day;
Y = velocity, 1.5 ft/s;
H = depth, 0.25 ft; and
K/ Ko = ratio of mass transfer coefficients of

toluene and air, 0.477.

Equati on 4-14 was devel oped for highly volatile conponents and
therefore provides the liquid mass transfer coefficient. Because
the overall mass transfer coefficient is needed for nore general
use, the overall mass transfer coefficient is obtained by

nodi fyi ng Equation 4-14. The desired overall equation is
obt ai ned by sunm ng the resistance of the two regions of nass
transfer in series:

1 H
@ =| %aT * [cKg K 0.000736) (4-13)
wher e:
Ka = the overall mass transfer coefficient, 150/ day,
cal cul ated fromthe above equation
Kal = 176, cal cul ated from Equation 4- 14,
H = 0.25 ft;
c = a conversion factor, 24 x 3,600 / 12 / 2.54 x 100
(ft/day) (s/m;
Kg = 0. 00325 ni's;
0.00736 = a conversion factor; and
K = 371 (Y/ X).
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The residence time in a 40-ft length of channel is 40 ft / 1.5
ft/s) or 27 s or 3.1 10* days. The fraction lost during flow
t hrough the 40-ft channel is estimated with the foll ow ng

equat i on:
f = 1- EXP (-Ka t)
f = 1- EXP {-(150/day) (0.00031 days)!
f = 0.045,

where f and Ka are defined above, and t is the tinme in days.
Therefore, 4.5 percent of toluene is estimated to be emtted over
the 40-ft section of channel.

4.3.13 Case E1 J Trap Sealed with Wastewater with No WAst ewat er
Fl ow

Case E1 applies to the case where a waste fl ows
periodically into a drain hub wwth a J trap. Wste is retained
in the J trap and em ssions occur by diffusion and air flow out
of the drain hub. Air flow out of the hub is generated when
changes in the level of the liquid in the J trap displaces air in
t he col umm above the waste. Fluctuations in the liquid |evel are
caused by pressure changes in the collection systeminduced by
either wind fluctuations or wastewater flow rate fluctuations.
The air displaced fromover the surface in the J trap mxes with
the air in the drain hub in the proposed theoretical nodel. An
illustration of this case is presented in Figure 4-13.

Air emssions froma J trap during the tinme when no
wastewater flow is occurring into the hub can be described by the
foll om ng equati ons.

The equation for air loss is:

Dogs = — (4-16)
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Par amet er Units Val ue
Depth of |iquid under top m . 457
of drain hub
Cross-section area of drain cnt 81
Period of level fluctuation m nut es 0.5
di stance of |evel cm 7.62

fluctuation

Figure 4-13. Case E1l. Open J drain trap with waste: no waste
flow.
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wher e,
(D = t he
h
t

t he

effective diffusivity, cn¥/s;

the waste di splacenent, cm and

period of the displacenent, s.

This equation can be used to estimate the em ssion rate with the

foll ow ng equati on:

eff
© 4
wher e,
D.s+ = t he
d = t he
t he
A = t he
e = t he

A (4-17)

effective diffusivity, cn¥/s;

di stance fromthe waste to the top of
hub, cm

hub cross-section open area, cnt; and
em ssion rate, cn¥/s.

The em ssion rate in units nore conventient for em ssions

estimation is estimated from Equati on 4-18.

E=K 2414800 (4-18)
wher e,
K = the partition coefficient, y/Xx;
18 = the weight of a nol of water, g/nol;
24400 = t he volune of a nol of gas, cn¥/ nol;
e = the em ssion rate, cn¥/s; and
E = the em ssion rate, g/s per weight fraction
in the wastewater.
The foll ow ng exanple calculation illustrates the use of

these equations to estinmate em ssions of toluene froma 4 inch

di amet er hub.
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The followi ng conditions are assuned for Case EL.

h = 7.62 cm (3 in)
t = 30 s (0.5 mn)
d = 45.7 cm (1.5 ft)
A = 81 cnt
K = 357 (y/x)
The effective diffusivity, Dy, 1S calculated as foll ows:
_(7.62)2 cm?
Degr = —35 1.935 s

The value of the em ssion rate, e, is estimated.

_ (1.935) (81) cm?

45. 7

e = 3.43

The em ssion rate Eis calculated as foll ows.

_ (357) (18) (3.43)
24, 400

The ratio of the em ssion rate of toluene to the underflow rate
is (0.9034 g/s)/ (2833 g/s), or .00032.
4.3.14 Case E2 J Trap Water Sealed with WAstewater Fl ow

Case E2 applies to a case where a waste flows continuously

E = 0.9034-g-per'weight fract. toluene water

into a drain hub wwth a J trap. An illustration of this case is
presented in Figure 4-14. The flow of waste is exposed to the
wi nd for a short distance over the top of the drain hub. The
nmodel approach is to identify correlations of the mass transfer
coefficients with the drain characteristics. These correlations
wer e devel oped enpirically using Environega data! rather than
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Parameter Units Value
Depth of liquid under top of drain hub m 457
Cross-section area of drain hub opening cm? 81
waste flow rate cm’/s 250
diameter of waste pipe cm 5
drop distance cm 3.81

Figure 4-14. Case E2. Open Jdrain trap with waste flow.
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fromfirst principles. Extrapolation beyond the range of waste
fl ow and physical dinmensions upon which the correlation is based
shoul d be used with caution.

This case can be described by the foll ow ng equations. The
equation for the gas phase mass transfer coefficient is conposed
of an enpirical constant with a correction for the gas diffusion
coefficient.

k =-.178 ( %s ]'66 (4-19)
9 0. 088
wher e, Kq = t he gas phase nass transfer coefficient, nis,
0. 088 = the reference gas diffusion coefficient,
cnt/s, and
D, = t he gas phase diffusion coefficient, cnt/s.

The equation for the liquid phase mass transfer coefficient
is conposed of an enpirical constant with a correction for the
liquid diffusion coefficient and a correction for the waste
velocity. The mass transfer coefficient is assuned to be
proportional to the velocity of waste entering the hub.

D . 66
k,=.0041V|—— ' 4-20
! 00 [ 0.0000088) ( )
wher e,
K = the liquid phase mass transfer coefficient,
n's,
\% = the waste velocity, cm
0. 0000088 = the reference liquid diffusion coefficient,
cnt/s; and
D = the liquid phase diffusion coefficient,
cnt/ s.

The overall mass transfer froma two-resi stance nodel, K, ,
is a conbination of the gas and the |liquid mass transfer
coefficients:
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The air
foll ows:

| osses,

b ) ! (4-21)

the overall mass transfer coefficient based
upon the liquid concentrations (ms);

the liquid phase nass transfer coefficient
(m's);

t he gas phase nass transfer coefficient
(ms); and

the partition coefficient (atmn¥/ nol).

fa., fromthe two-resistance nodel are as

EXP ( - K‘(’JA) (4-22)

the overall mass transfer coefficient based
upon the liquid concentrations (cnis);

the liquid flowrate (cn¥/s);

the area of the exposed surface (cnf);

the fraction of the conponent emtted to the
air.

The area of the mass transfer surface is assuned to equal

t he product of the circunference of the inlet pipe and the depth

of fall of the wastewater stream before it enters the hub.

The foll ow ng exanple calculation illustrates the use of

these equations to estinmate air em ssions of tol uene.

The assumed conditi ons are:
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K = 357 (y/x)

q = 250 cn¥/ s
pi pe di aneter = 21in

pi pe cross section area = 20. 27 cnt
pi pe circunference = 15.96 cm

di stance from pipe exit to hub inlet 3.81 cm(1.5 in)

The waste velocity can be cal cul ated as foll ows:

3

250 CM
S

V = - 12.33 &M
(20. 27 cm?) S

The values of the gas and liquid diffusivities are al nost
identical to the reference values in the correlations, and the
rati o can be assuned to equal unity. The |liquid phase nass
transfer coefficient can be estimated as foll ows.

k, = (0.0041) (12.33)(1) ® = 0.05.2 .

This value of the liquid phase mass transfer coefficient is
approximately 6 tinmes greater than an estimate for the turbul ent
zone of an agitated aeration basin.

The gas phase nass transfer coefficient can be estimated:

kg::(o.178)(1)ﬁ6::o.178=£.

This value of the gas phase mass transfer coefficient is
approximately 25 tinmes as nuch as the mass transfer surface of a
qui escent i npoundnent. The higher value for the gas phase mass
transfer coefficient may be related to the forminduced eddies
around the stream of water and the nmuch small er eddy size near
the fl om ng water when conpared to the quiescent inpoundnent.

The overall mass transfer coefficient can be cal cul ated as
follows (based on liquid concentrations).
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1
1 1 m
K = =0.024 — .
0 (0.178) (357/ 55555) (40.9)  0.05 s

The distance fromthe pipe exit to the entrance of the hub is
3.81 cm (1.5 in). The circunference of the pipe opening is 15.96
cm(2 in dia.). The value of the area of mass transfer is the
product of these two val ues, 61 cnt.

The fraction emtted is estimted as foll ows:

~(2.4)(61)

f-1-E
e Xp[ 250

) = 0.44

4.3.15 Case E3 Lift Station wth Periodi c Punpi ng of Wast ewat er
Case E3 applies to a case where a waste flows continuously

into an encl osed sunp. The wastewater is |ifted by punp fromthe
sunp to a collection main at higher elevation. The punp rate is
substantially greater than the typical wastewater flow rate
(providing excess capacity). The wastewater flows into the sunp
by splashing at |east part of the time. The gas flows out of the
headspace as the sunp fills. The nodel approach is to assune a
fractional approach to equilibriumin the sunp and in the exiting
gas. This fractional approach is assuned to be 50% based in
part upon data provided by Environegal. An illustration of this
case is presented in Figure 4-15.

This case can be described by the foll ow ng equations. The
equation for the concentration in the gas phase is obtained from
the partition coefficient:

THC,

R 4-23
9 0.0244 ( )

wher e,

G = t he gas phase concentration of the constituent,
nol es/ nt gas;
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C = the liquid phase concentration of the constituent,
nol es/ n¥ wast ewat er;

H = the partition coefficient, atmn?® /nol; and
f = the fractional approach to equilibriumin the gas
phase.

The fraction emtted fromlift stations is estimated from
the ratio of the concentration in the gas to the concentration in
the liquid, since it is assuned that the volunetric flow rate of
gas out of the sunp equals the volunetric flow rate of the
wast ewater into the sunp.

C fH
foo < ~0o2a (4-24)

The foll ow ng exanple calculation illustrates the use of
these equations to estinate air em ssions of toluene. The
assunmed conditions are:

H 0. 00643 at m n¥/ nol

f = 0.5
The fraction of toluene that is emtted as air emssions is
estimted as foll ows:

_ (0.5)(.00643)

f
© 0. 0244

=0.13
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Parameter

Units

Vaue

Fraction equilibrium for headspace

0.5

Figure 4-15. Case E3. Lift station with periodic pumping.
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4.3.16 Case E4 Open Surfaces in Sunps
Case E4 applies to a case where a waste flows continuously

into a sunp or junction box and the surface of the waste in the
sunp or junction box is open to the atnosphere. Environega
collected data for two situations?!, (1) flow of waste bel ow the
surface and (2) the flow of waste into the surface froma
partially filled inlet wastewater conduit. The nodel approach is
to identify a method for applying the turbulent flow nmass
transfer nodel (trench nodel) to flow in sunps and junction
boxes. The Environmega data®! was used as the basis of the

devel opnent of this extension of the trench nodel. The equation

devel oped here may be applicable to other open surfaces in sunps

and junction boxes. An illustration of this case is presented in
Figure 4-16.

This case can be described by the foll ow ng equations. The
equation for the liquid phase mass transfer coefficient is
conposed of an enpirical constant with a correction for the
liquid diffusion coefficient, the depth of flow, and the waste
velocity in the sunp. The trench nodel for |iquid phase nmass
transfer is nodified, equating the depth of flow to the depth of
entrance flow The width of flowis assuned to equal the square
root of the surface area:

4 V- 67 D| 83
k, = 1.41 107 —— ( 5 000021] (4-25)
wher e,
K = the liquid phase nass transfer coefficient, nis;
\% = the waste velocity, cm's, equals the flowrate
cn?/s divided by both the depth and the wi dth;
d = the depth of liquid flowinto the sunp, cm

0. 000021 = the reference liquid diffusion coefficient, cnt/s; and
D =the liquid phase diffusion coefficient, cnt/s.
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Par anet er Units Val ue
Depth of inlet flow base m .19
Flow rate of inlet waste ny/ s 0.00188
Area of surface nt 1.77
Depth of sunp liquid m 1.37

Figure 4-16. Case E4. Open junction box with subnerged flow.
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The equation for the gas phase mass transfer coefficient is
conposed of the enpirical nodel devel oped by MKay*

The overall mass transfer froma two-resi stance nodel, K, ,
is a conbination of the gas and the |liquid mass transfer
coefficients:

1 1 .
AR T
wher e,
K, = the overall mass transfer coefficient based
upon the liquid concentrations (ms);
K = the liquid phase nass transfer coefficient
Kq = Eﬂgséés phase mass transfer coefficient
(ms); and
H = the partition coefficient (atmn¥ nol).
The air | osses, f,,, fromthe two-resistance nodel are as
fol | ows:
f. = —ngé—— (4-27)
arr Ko A +Q
wher e,
K, = the overall mass transfer coefficient based upon
the liquid concentrations (n's);
q = the liquid flowrate (n¥/s);
A = the area of the exposed surface (n¥); and
far = the fraction of the conponent emtted to the air.

The area of the mass transfer surface is the area of the
surface of the wastewater in the sunp or junction box.
The foll ow ng exanple calculation illustrates the use of these
equations to estimate air em ssions of toluene.
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The assumed conditi ons are:

H = 0. 00643 atm nB/ nol, 357 (y/Xx);

q = 0. 001888 nt/ s;

d = 19 cm (15 cminside pipe dianeter + 4 cm
subnerged) pipe fraction full on surface
inlet = 0.5;

h = 1.37 m and

A = 1.77 n2.

In the case where the waste di scharges bel ow the surface of
the sunp, the water is assunmed to flow across the entire cross
section of the sunp. As an approximation, the cross sectional
area of that flow is assuned equal to the product of the square
root of the sunp area (the sunp width) and the depth of
wastewater in the sunp. The waste velocity in the subsurface
fl ow case can be cal cul ated as foll ows:

v- 49 001888 - 0.0074 T .

AY2d  (1.77Y2) (.19
where V = the waste velocity across the surface of the sunp, ms.

| f the waste discharges froma pipe that is |ocated at the
surface of the sunp, the water will flow across the surface of
the sunp. The depth of flow, d, is one half of the pipe
di aneter, or 0.075 neters. As a rough approxinmation, the cross
sectional area of that flow is assuned equal to the product of
the width of the sunp and the depth of flowin the entrance
conduit. The waste velocity in the surface flow case can be
estimated as foll ows:

v-_a . . 001888 - 0. 01892 g .

AY2d  (1.77)Y2 (0.075)

The values of the gas and liquid diffusivities are al nost
identical to the reference values in the correlations, and the
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rati o can be assunmed to equal unity. The liquid phase nass
transfer coefficient can be estimated as foll ows using Equation
4- 25.

k, - 1.41 104 2™
199

667 [ 0. 0000086

.83
-4.5210°% M
0. 000021 ) s

The overall mass transfer froma two-resistance nodel, K, ,
is obtained froma conbination of the gas and the liquid nmass
transfer coefficients:

K -0.00521 ™
9 S

The air | osses, f,,, fromthe two-resistance nodel are
estimated using the follow ng equation with the previously
defined terns:

K - 1 1

1 =4510°
o = 752 10°% * (40.9) (0.00521) (0.00643)

f. =_—°
air K0A+q

(4.5 10°%) 1.77

air = = 0.00422
(4.510° 1.77 + 0.001888
4.3.17 Case F1 Primary Clarifier Weir
An illustration of this case is presented in Figure 4-17.

Al bert Pincinci® (11/7/89) presented equations for the air
em ssions froma primary clarifier weir:

4-69



In (r) =0.042 70872 g0-509 primary (4-28)

In(r) =0.077 7062 9066 secondary (4-29)
wher e,
r = C/Co deficit ratio;
C = inlet concentration;
Co = outlet concentration;
Z = distance of fall (m; and
g =flowrate per length of weir (nB/h-m.

The fraction lost to the air over the weir is cal cul ated
fromthe ratio r:

1
fair =1- _r (4- 30)

The equivalent liquid mass transfer coefficient is as foll ows:
Kl = (ms) =f,, g/ (3600 2) (4-31).
The overall mass transfer froma two-resistance nodel, K,
is a conbination of the gas and the |liquid mass transfer
coefficients:

1 1 ,
K = il - 1
o U % " a9k K’
wher e,
K, = the overall mass transfer coefficient based
upon the liquid concentrations (ms);
K = the liquid phase nass transfer coefficient
(m's);
Kq = t he gas phase nass transfer coefficient
(ms); and
K = the partition coefficient (atmn®/ nol).
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Parameter Units Vaue
Drop distance of waterfall m 1.22
Flow rate of water over the weir m¥/s 0.065
Length of weir m 2
Tail water depth m 1

Figure 4-17. Case F1. Flow over aweir.
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The air | osses, f,,, fromthe two-resistance nodel are as

fol |l ows:
T 1 - EXP ( KOZ)
alr q
wher e,
K, = the overall mass transfer coefficient based upon
the liquid concentrations (ns);
o} = the liquid flowrate per length of the weir
(n?¥/ h-m;
Z = the distance of fall (n); and
far = the fraction of the conponent emtted to the r.
The input paranmeters are as foll ows:
D ameter of clarifier, d 19.5 m
Dept h 2.4 m
Flow of liquid, q 0.07 nB/s
Hei ght of waterfall, Z 0.3 m
Clarifier weir/circunference 1
Partition coefficient (Y/ X) 305

The circunference of the clarifier is B d = 61.30 m

KI from secondary clarifier nodel 1.05 x 10-3 g-nol/cnR-s
The gas mass transfer coefficient 1.13 x 10-5 g-nol/cnR-s
The area of the waterfall (61 n) (0.3 m 18.4 n?

1
o) 1 . 1
0.00105  (1.13x107% (305)

K, =80 x 104 g-nol/cnm-s (1.44 x 10* nmis )
The fraction of VOlost to air is
far, =1 - EXP [-Ko (area)/(]
=1- EXP (-1.44 x 100* x 18.4/0.07)
= 0.0371
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4.3.18 Case F2 Secondary Carifier Weir
Al bert Pincinci®! presented the follow ng equation for the

air emssions froma secondary clarifier weir:

In (r) =0.077 2%%% q°%% ( secondary)

wher e,

Ci/Co deficit ratio;
inlet concentration;

outl et concentration;

di stance of fall (m; and
flowrate per length of weir (nB/h-m.

-ONQD'q
I

4.3.18 Case F3 CGeneral Wir Mode
The preceding two nodels were obtained by Princinci for

vol atiles flowing over clarifier weirs. For the general weir
nodel , the nodel presented by Nakasone® is adapted for use for
weirs. The nodel is nodified to account for gas phase
resi st ance.

In (r) =0.0785 z"3 g% 428 h0 310 (4-33)

wher e,

,
I

Cs/(Cs-Co) deficit ratio, assunmes that there is no
oxygen before the weir;

= satur ated oxygen concentration
outl et oxygen concentration;

= di stance of fall (m, includes 1.5 tines the
di stance fromthe weir top to the critical depth
above the weir;

NQ B

flowrate per length of weir (nB/h-m; and

h = the tailwater depth (n).

The constants in the above equation are a function of the
flowrate and the distance of fall. Table 4-15 presents

o]
I

constants that can be used in the above equati on.
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It is assuned that the rate limting step for the diffusion
of oxygen is the mass transfer in the liquid phase (oxygen is
only slightly soluble in the water). Fromthis equation, a value
of the liquid phase mass transfer coefficient can be estinmated
for organics, after correcting for the relative diffusion
coefficient of the organic and oxygen in water.

D
_ 9 Iv \ 0.66 hr
K, = =2 ( — In( r S -
vz g () (35555 (4-34)
wher e,
K = the mass transfer coefficient of the organic
in water (nms);
I n(r) = the natural log of the deficit ratio for
oxygen in the water flow ng over the weir;
D, = the diffusion coefficient of the organic in
wat er (cnR/s);
Z = di stance of fall (m, includes 1.5 tines the
di stance fromthe weir top to the critica
dept h above the weir; and
o} = flowrate per length of weir (nB/h-m.

The gas phase nass transfer coefficient of the flow at the
weir is assunmed to equal 0.05 for benzene. This is approximtely
the magni tude for nechanically aerated systens. The assunption
of a gas phase mass transfer coefficient of this nagnitude wll
| oner the estimate of the oxygen transfer fromthe correlation by
only a few percent. Significantly |ower gas phase mass transfer
coefficients wll lower the predicted oxygen transfer to an
extent not predicted by the correlation.

D
ky, =0.05 ( D=9V)°-66 (4-35)
go
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wher e,

Kg = the mass transfer coefficient of the organic in
air (ms);
Dgv = the diffusion coefficient of the organic in air
(cnk/s)
Dgo = the diffusion coefficient of the reference
material in air (0.088 cnk/s); and
0.05 = t he assuned mass transfer coefficient of a
turbul ent surface.
TABLE 4-15 . PARAMETERS FOR USE | N THE EQUATI ON OF
H.  NAKASONE
appl i cabl e range const ant Z exponent q
exponent
Z <=1.2 g<=235 0.0785 1.31 0. 428
m
Z>1.2m g<=235 0. 0861 0. 816 0. 428
Z<=1.2 m g >235 5.39 1.31 - 0. 363
Z >1.2 m g >235 5.92 0. 816 -0. 363
The value of the overall mass transfer coefficient is

estimated by conbi
coefficients.

wher e,

AN A
I

1
KOZ(TIJr

t he over al

__r
40.9 K_K

ning the liquid and gas nmass transfer

)—l

mass transfer coefficient based upon
the liquid concentrations (ns);

the liquid phase mass transfer coefficient (ms);

t he gas phase nass transfer coefficient (nis);

the partition coefficient (atmn®/ nol).
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The fraction of the conponents that are emtted to the air
is estimated by the follow ng rel ationshi p:

Ko Z 3600 sec

. =1-EXP(- - ) (4-36)
wher e,
K, = the overall mass transfer coefficient based upon
the liquid concentrations (ns);
o} = the liquid flowrate per length of the weir
(nt/ h-m;
Z = the distance of fall (n); and
far = the fraction of the conponent emtted to the air.

In the exanpl e case of toluene, the deficit ratio is
cal cul ated using the foll owm ng equati ons:

I n (r) _ O 0861 ZO.816 q0.428 h0.310

where the above constants are for the situation where Z > 1.2 m
and q < 235 (See TABLE 4-15).

r = Cs/(Cs-Co) deficit ratio, assunes that there
i's no oxygen before the weir;

Cs = satur ated oxygen concentration
Co = out| et oxygen concentration;
Z = di stance of fall (1.219 m, includes 1.5

tinmes the distance fromthe weir top to the
critical depth above the weir;

q = flowrate per length of weir (117 n8/ h-m;
and
h = the tailwater depth (1 nm.

The natural log of the deficit ratio, In(r), is calculated
as 0.7769. Next, the liquid phase nass transfer coefficient is
esti mat ed.

hr

3600 S’ (4-37)

D
Ky == (54)®In(r) (

lo
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v 1.129 ( 02.856 )% 0.7769 (ﬁ)
K, =0.0102 2
TABLE 4-16 . PLANT PARAMETERS FOR A MODEL WEI R
Par anet er Units Synbol Val ue
di stance of fall m Z 1.22
flow rate nB/ s Q 0. 065
l ength of weir m 2
flowrate per length nB/ h-m o} 117
tail water depth m h 1

Using (0.86/2.5) as the ratio of the diffusion coefficients of

t ol uene and air,

Next ,

the estinmated val ue of Kl
t he gas phase nass transfer coefficient of toluene is

is 0.0102 m s.

esti mated, based upon the reference mass transfer coefficient of

benzene.

wher e,

D
k, =0.05( =% )06®
g D

go

the mass transfer coefficient of the organic
inair (ms);

the diffusion coefficient of the organic in
air (0.087 cnk/s);

the diffusion coefficient of the reference
material in air (0.088 cnk/s); and

the assuned mass transfer coefficient of a
tur bul ent surface.
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0. 087 ) 0- 66

k =0.
0.05( 0. 088

¢

kK =0.0496 M
g S

The estimated gas phase mass transfer coefficient is 0.0496.

Next, the overall mass transfer coefficient is cal cul at ed:

1

1 1
K =( — + =
o U %, " a9k K’
wher e,
Ko = the overall mass transfer coefficient based
upon the liquid concentrations (ms);
K = the liquid phase mass transfer coefficient
(0.0102 m's);
Kq = t he gas phase nass transfer coefficient
(0.49624 m's); and
K = the partition coefficient (0.00668 atm
n¥/ nol ) .
1 1 ,
K, = ( )t

0.01024  (40.9) (0.0496) (0.00668)

K, = 0.00583
S

The overall mass transfer coefficient is 0.00583 nis.
Next, the fraction of air em ssions are estimated.

3600 sec

hr )

K, Z
far =1 - EXP (- =2
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Ko, = the overall mass transfer coefficient based upon
the liquid concentrations (0.00583 nis);

q = the liquid flowrate per length of the weir(117
nt/ h-nj;

Z = the distance of fall (1.2192 m; and

far = the fraction of the conponent emtted to the air.

0. 00583 1. 219 3600 sec

f. =1 -EXP(- )

air

The fraction of toluene that is eﬁ%%%ed to thehgir is 0.20.

f. =0.2

alr
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5. 0 SURFACE | MPOUNDMVENTS AND OPEN TANKS

This section discusses the approach used to estimate air
em ssions from surface i nmpoundnents and open top tanks. The
em ssion nodels are described, nodel facilities are defined, and
exanpl e cal cul ati ons are presented.
5.1 NARRATI VE DESCRI PTI ON OF EM SSI ONS AND MODEL UNI TS

Em ssions from surface i npoundnments and open tanks originate
fromthe uncovered |liquid surface that is exposed to the air. The
nodel used to estimate em ssions fromthe liquid surface is based
on an overall mass transfer coefficient that incorporates two
resi stances to mass transfer in series--the |iquid-phase
resi stance and the gas-phase resistance. Nunerous correlations
are available to estimate the individual mass transfer coeffi-
cients (or resistances), and they depend upon the conpound's
properties and the systenis paraneters. The recommended
correlations and their applicability are described in subsequent
sections. The em ssion estinmating procedure al so incorporates a
fl ow nodel that describes the nethod of operation. For
fl owmt hrough systens, the inpoundnent's or tank's contents may be
conpletely m xed, plug flow, or sonewhere in between with varying
degrees of backm xing or axial dispersion. Biologically active
i npoundnents and aeration tanks can be designed for either
conpletely mxed or plug flow, and both types of flow nodels are
di scussed for these types of systens. For disposal inpoundnents,
the contents are assuned to be well m xed, and the bul k
concentration is expressed as a function of tinme. An expression
for biodegradation is incorporated for those units specifically
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desi gned for biodegradati on, such as treatnent inpoundnents or
wast ewat er treatnment tanks. For these units, the relative rates
of air em ssions and bi odegradation are determ ned to assess the
predi cted extent of each nechani sm

The general approach that is used to estinmate em ssions
conpares the relative rates of air em ssions, biodegradation, and
removal with the effluent. Several different types of nobdel units
are presented and include mass transfer to the air from qui escent,
mechani cally aerated, diffused-air, and oil-filmliquid surfaces.
The other major difference anong the types of nodel units is the
type of flow nodel that is used. For flowthrough systens, the
degree of m xing can range fromconplete mxing to plug flow (no
m xi ng), and both cases are presented. For disposal units wth no
flow out, em ssions are a function of time, and average em ssions
are estimated for some specified tinme since disposal. The mgjor
difference in the em ssion equations is the |iquid-phase
concentration that is used for the driving force for mass transfer
to the air. The sinplest case is represented by well-m xed
systens in which the driving force is represented by Ci, t he
I i qui d- phase concentration in the bulk liquid, which is al so equal
to the effluent concentration. Relative renoval rates can be com
pared for this well-m xed case froma sinple material bal ance.

For plug flow, integration is required because the driving
force for mass transfer changes as the liquid flows through the
system This concentration is a function of |ocation or tinme
(which are equivalent in plug flow) and is expressed as Ct
(denoting a dependence on tine). The effluent froma plug flow
systemis denoted as Cé. For di sposal inmpoundnents, the driving-
force concentration changes with tine and is also denoted as C
however, there is no effluent froma disposal inmpoundnment. The
integration required for plug flowis fromt = 0, when the
material first enters the unit, tot = residence tine, when the
material |eaves the unit. For disposal units, the integration is
fromt = 0, when the material is first placed in the unit, to
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t = time since disposal, which nust be specified to estinate
average em ssions. The integrated forns of these em ssion equa-
tions are very simlar.

The wel |l -m xed fl ow nodel is recomended and is the node
used in the conputer program acconpanying this report. This flow
nodel is nore generally applicable than plug flow, the
calcul ations are nore straightforward, and the two types give
simlar results. The only exception is a flow hrough i npoundnent
with an oil filmsurface, which uses the plug flow nodel because
the oil filminhibits mxing. Both nodels yield an estinmate of
air em ssions, biodegradation, and the quantity leaving with the
effluent. It is inportant to recognize that the quantity | eaving
with the effluent may al so eventually contribute to air em ssions,
especially for treatment units in series or for discharges to
streans or publicly owned treatnent works.

Equations are presented for estimating the various renoval
rates, and exanple calculations for different types of
i npoundnents are al so provided. Exanple cal cul ations are not
presented separately for open tanks because the procedure is
anal ogous to that used for inpoundnents. |In general, open tanks
wi |l have different input paraneters that will account for
differences in em ssion rates conpared to i npoundnents. For
exanple, the liquid surface area for open tanks wll be |less, and
the fetch-to-depth (F/D) ratio will be much |ower for tanks. |If
the open tank has a wnd barrier to reduce the wind velocity, the
reduced wi nd velocity can be used in the mass transfer
correlations. |In addition, the nodeling approach accounts for the
shorter retention tines in tanks (on the order of hours) conpared
to i mpoundnents (on the order of days). For open tanks, the nass
transfer correlation of Springer is recommended for w ndspeeds
less than 3.25 mls, and the correlation of MacKay and Yeun is
recomended for w ndspeeds greater than 3.25 mis. Both are
di scussed in the foll ow ng section.
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5.2 QU ESCENT SURFACES W TH FLOW
5.2.1 Em ssion Mdel Equations

The primary focus on em ssions frominpoundnents and
wast ewater treatnment tanks is on aqueous sol utions contam nated
W th organi cs because aqueous waste is the nobst common waste type
handled in these facilities. For aqueous systens, the basic
rel ati onshi p describing mass transfer of a volatile constituent
fromthe open liquid surface to the air is:

E = KACL (5-1)
wher e,
E = air emssions fromthe liquid surface, g/s;
K = overall mass transfer coefficient, nis;
A = liquid surface area, n?; and
Ci = concentration of constituent in the liquid phase,

g/n§.

The overall mass transfer coefficient (K) is estimated from a
t wo- phase resistance nodel that is based on the |iquid-phase nass
transfer coefficient (kL in ms), the gas-phase mass transfer
coefficient (kG in ms), and Henry's |l aw constant in the formof a
partition coefficient (Keq). The two resistances act in series
and the overall resistance is expressed as:

K=k * kgkKeg (5-2)
wher e,
K = overall mass transfer coefficient, nms;
kg = I'i qui d-phase mass transfer coefficient, nis;
kG = gas- phase mass transfer coefficient, ms; and
Keq = equi libriumconstant or partition coefficient,

concentration in gas phase/concentration in liquid
phase where both concentrations are in the sane
units.
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Henry's | aw constant (H in atn?nglg nmol) is estimated for the
constituents of interest by dividing the constituent's vapor
pressure (in atnospheres) by its solubility in water (in
g nnl/ng). The equilibriumconstant is estinated by:

Keq = HRT (5-3)
wher e,
H = Henry's | aw constant, atnwnglg nol ;
R = uni versal gas constant, 8.21 x 10'5 atn?nglg nol «K
and
T = tenperature, K

For a standard tenperature of 25 °C, the expression for Keq
reduces to:

Keg = 40.9 x H (5-4)

The units associated with K, in Equation (5-4) are the ratio of
gas- phase to |iquid-phase concentrations and require that both be
expressed in the sane units of nmass/vol une.

Several mat hematical nodels have been devel oped to estinate
t he individual |iquid- and gas-phase mass transfer coefficients.
The nodel s are based on different systens, constituents, and
sonetinmes different theoretical considerations. Many of these
nmodel s yield simlar results. The procedures used in this section
to estimate the individual mass transfer coefficients rely
primarily on existing mass transfer correlations that are believed
to be generally applicable.

The |i qui d- phase mass transfer coefficient (kL) has been
shown to be a function of the constituent's diffusivity in water,
w ndspeed, and |iquid depth.l’2 Work perfornmed at the University
of Arkansas by Springer et aI.3 confirmed these effects and
resulted in the correlations given in Table 5-1. Springer used
simulation studies in a wind tunnel water tank of a constant fetch
(2.4 m and variable depth (4.7 cmto 1.2 n). Fetch is defined as
the linear distance across the liquid surface in the direction of
the wind flow, and the F/Dratio is defined as the fetch divided
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by the depth of the inpoundnent. Ethyl ether was used as the

vol atil e conponent in the desorption experinments, in which the
wind velocity and F/D ratio were varied. Springer's results shown
in Table 5-1 yield three different correlations for kL t hat depend
upon the conbi nati on of wi ndspeed and F/D ratio of interest.
Springer's nodel inplies that kL is constant for w ndspeeds of O
to 3.25 nfs. Although Springer exam ned only the nass transfer of
ethyl ether, his results are extrapol ated to ot her conpounds by
the ratio of the conpound's and ether's diffusivities in water to
the 2/3 power. The w ndspeed in Springer's correlation is defined
as the wi ndspeed 10 m above the liquid surface. For practical
application of his correlation, typically reported val ues of

w ndspeed are used. Springer's nodel does not include the case in
which the F/Dratio is less than 14 and the wi ndspeed is greater
than 3.25 m's. For this specific case, kL was estimated from
MacKay and Yeun's correlation shown in Table 5-1.7’8 MacKay and
Yeun9 did not address the effect of depth; however, their
correlation is based on data from 11 organi c conpounds in a well -
m xed system the conpounds represent a broad range of Henry's |aw
constants, and their general correlation is applicable for the
case descri bed above that is not covered by Springer's
correl ation.

The gas-phase coefficient (kcﬁ was estimated fromthe
correlation of MacKay and Matasugu as shown in Table 5-1.10 Thi s
correl ation was devel oped from experinents on the evaporation of
i sopropyl benzene, gasoline, and water into air. These
researchers verified that previous work, which assuned that the
wi nd velocity profile follows a power |law, could be used to
quantify the rate of evaporation froma snooth |iquid surface.
The result was a correlation that expressed kG as a function of
w ndspeed and the fetch or effective dianeter of the liquid
surface.

The individual mass transfer coefficients estimated fromthe
correlations in Table 5-1 are used in Equation (5-2) to estimate
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TABLE 5-1. EQUATI ONS FOR CALCULATI NG | NDI VI DUAL MASS
TRANSFER COEFFI Cl ENTS FOR VOLATI LI ZATI ON OF ORGANI C

SOLUTES FROM QUI ESCENT SURFACE | MPOUNDIVENTS

Li qui d phase

=~
I

=~
I

Springer et aI.4 (for all cases except F/D3.25 ms):
2/ 3
_6*Dw*
2.78 x 10 7 i x (0 < Uy < 3.25
*~et her * (Al'l F/Dratios)
-9 -7 « Dw =
[2.605 x 107° (F/D) + 1.277 x 10°] U5, 5 x
*~et her *
>3.25) (ms) (14 < F/ D <51.2)
2/ 3
2.611 x uT7L€O§D%V§ (%OiiﬁQBig;)
et her :
= w ndspeed at 10 m above the liquid surface,

D
F/ D

et her =
= fetch-to-depth ratio (fetch is the linear distance

Gas phase

= diffusivity of constituent in water, cn?/s;

diffusivity of ether in water, cnf/s: and

across the inpoundnent).

MacKay and Matasugu (in FMangS):

kg 4.82 x 1073 U0 78 50.0-67 g 011 ()
wher e,
U = W ndspeed, nis;
: _ B L e
Scg = Schm dt number on gas side = Do &
Hg = viscosity of air, g/cnes;

2/ 3

ms;

(conti nued)



TABLE 5-1 (continued)

0.5
m and

DG = density of air, g/cng;
Dh = diffusivity of constituent in air, cn?/s;
de = effective dianmeter of inpoundnent = z%—:,
A = area of inpoundnent, n?.
Li qui d phase

MacKay and Yeun6 (for F/D 3.25 ms):

k, =
k, =

1
1

0 x 10'6

6 *2.2

0x 109 + 144 x 1004 U

L

friction velocity (m's) = 0.01 U10 (6.1 + 0.63 U

w ndspeed at 10 m above the liquid surface,

2

ScL = Schm dt nunber on liquid side = D Dw

L
viscosity of water, g/cmes;
density of water, g/cng; and

diffusivity of constituent in water, cn?/s.

+34.1x 104U s¢ 792 (U>0.3) (nts)
sc, %% (U'<0.3) (ms)

ms;

10)

0. 5.
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the overall mass transfer coefficient. The equilibrium constant
for a constituent dissolved in water at 25 °Cis estimted from
Equation (5-4). However, an estinate of the concentration in the
i quid phase (Ci) is needed in Equation (5-1) to estimte

em ssi ons.

The concentration Ci in Equation (5-1) is the driving force
for mass transfer. For an inpoundnent that is instantly filled
with waste, the driving force (Ci) is the initial concentration
in the waste. However, this concentration will decrease with
tinme as the constituent is lost to the air, which suggests that
em ssions nmay al so decrease with tine (assum ng constant K and
A). For flowhrough systens, the concentration may be cycli cal
if the | oading of the process is cyclical. Continuous
fl owt hrough systens nay attain sone equilibriumconcentration.

The fl ow nodel assumed for qui escent inpoundnents and tanks
wi th no biodegradation is that the contents of the systemare
wel | m xed and that the bul k concentration (driving force) in the
systemis equal to the effluent concentration, Ci. A materi al
bal ance around this systemyields:

QG = KAG + QO (5-3)
C = QC/(KA+Q (5-6)

or

wher e,

= volunetric flow rate, m3/s;

= initial concentration in the waste, g/ng;

= equi l i brium or gglk concentration in the
i npoundnent, g/ n;

= overall mass transfer coefficient, nis; and

> A 0.0 O
|

= liquid surface area, n?.

The wel | -m xed assunption is made for the sake of sinplicity
and assunes that bul k convection and w nd-i nduced eddi es conbi ne
to mx the basin contents. Axial dispersion in the flow
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direction is al so possible, and sone systens may be desi gned
specifically for plug flow (e.g., sone biological treatnent
tanks). An assunption of plug flow instead of well-m xed fl ow
woul d yield slightly higher estimates of em ssions; however, the
difference is small. Calculations presented by Thi bodeaux for an
aerated basin that was well-m xed or had plug flow showed t hat
the plug-flow assunption yielded estimates that were higher by
11 percent for acetal dehyde, 5 percent for acetone, and O percent
for phenol.11

The approach described to estimte em ssions from qui escent
i npoundnents with no bi odegradation includes the foll ow ng steps:

1. Estimate the individual nass transfer coefficients from
Tabl e 5- 1.

2. Estimate the equilibriumconstant from Equation (5-3).

3. Estimate the overall nass transfer coefficient from
Equation (5-2).

4. Estimate the |iquid-phase concentration from Equati on
(5-6).

5. Esti mate em ssions from Equation (5-1).

The maj or assunptions associated with this procedure are:
. The two-resi stance nodel and the correlations for the
i ndi vidual mass transfer coefficients are applicable to
the system of interest.
. The i nmpoundnent's contents are well m xed.

. There is no significant renoval by biodegradati on,
seepage, adsorption, or other fornms of degradation.

. The waste material of interest is aqueous waste with no
separ ate organi c phase.

. The estimate of Henry's |aw constant (equilibrium
partitioning between the vapor and liquid) is
reasonabl y accur ate.

The reconmended procedure for quiescent inpoundnents is to

assunme that the liquid is well mxed. This assunption is used in
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the conmputer nodel acconpanying this report and is illustrated in
t he exanpl e cal cul ati ons. However, inpoundnents and tanks with
gui escent surfaces can also be designed for plug flowwth the
use of baffles or other design techniques to reduce the extent of
backm xing. In a plug-flow system the rate of air em ssions at
any point in the systemchanges as the material flows through the
system There is no uniformliquid concentration wthin the
plug-flow unit as there was in the well-m xed system and the

| onest concentration occurs in the effluent (i.e., there is no
backm xi ng of the effluent with the influent). For plug flow,
the rate of disappearance of a conmpound by air em ssions is given

by:

qctV)
- - KAC, (5-7)
ot
wher e,
Ct = concentration after the plug has traveled t seconds;
t = time, s;
V = vol une, n§;

and with the other synbols as previously defined.

Rearrangi ng Equation (5-7) yields:

ot -
c v (5-8)

t

| ntegrating Equation (5-8) fromCt =C at t =0to C = CL at
t = VQ (one residence tine) gives:

C .l KA
(E)—EXP[ T) (5-9)

wher e Ci = effluent concentration, g/ng,and wi th the other
synbol s as previously defined.
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The residence tinme, J in seconds, equals V/Qand V = AD
(area tinmes depth); consequently, A/Q= J/D. Substituting into
Equation (5-9) yields an equival ent expression:

Sl ., (k=
(2] (%) (510

The ratio C‘L/Ci represents the fraction renoved with the
effluent; therefore, 1 - C‘L/Ci represents the fraction that is

emtted (fair) fromthe plug-flow system

fair:[l—%):l—EXP[—%) (5-11)

The average em ssion rate is calculated from

E = fair Q Ci (5' 12)
wher e,
E = em ssions, g/s;
fair = fraction emtted from Equation (5-11);
Q = flow rate, n§/$ and
q = i nfluent concentration, g/n§.

5.2.2 Model Plant Paraneters for Quiescent |npoundnents

A nodel facility was devel oped for quiescent inpoundnments to
illustrate the em ssion estimating procedure. A 1981 survey
conpi l ed by Wsstatl2 showed that the nedian surface area for
st orage i npoundnents was approxi mately 1,500 n? and that the
medi an depth was 1.8 m Detention tinmes ranged from1l to 550
days, with over half of the values at 46 days or less. For this
exanple, a detention tine of 20 days was chosen. The area and
depth yield a total volunme of 2,700 n§, and the detention tinme of
20 days yields a flowrate of 1.6 L/s (0.0016 n§/s).

Met eor ol ogi cal conditions are al so needed as i nput
paraneters for the em ssion nodels. For this em ssion estimate,
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a standard tenperature of 25 °C and a wi ndspeed of 4.47 nis
(10 m/h) were used. Benzene was chosen as an exanple
constituent at a concentration of 10 g/n§ (10 ppm to estinate
em ssions fromthe nodel facility. The properties of benzene
that are used include Henry's |aw constant (5.5 x 10'3
atmnt/g mol), diffusivity in air (0.088 cnf/s), and diffusivity
in water (9.8 x 10'6 cn?/s). Table 5-2 lists the input
paraneters for the estimte of em ssions given in Section 5.2.3.
5.2.3 Exanple Calculation for Storage |npoundnents

This section presents a step-by-step exanple cal cul ation for
em ssions from storage i npoundnents. The equations described in
Section 5.2.1 are used with the nodel unit paraneters given in
Section 5.2.2 to estimate em ssions from an aqueous waste
cont ai ning 10 g/n§ of benzene.

a. Cal cul ate |iquid-phase mass transfer coefficient, k
Springer's nodel (see Table 5-1):

L Use

0.5 0.5

:*Area*xzz*l,SOO* Xx 2 = 43.7 m

B B

Ef fective di aneter

F/ID = Effective dianmeter/depth = —— = 24.3

W ndspeed = 4.47 nm's (U10 > 3.25 ms)
F/ID=24.3

7 2

10

k, =[2.605 x 107 (F/D) + 1.277 x 10°/] U

wher e,
U,n = W ndspeed = 4.47 m's
10 -6
QN 9.8 x 10 cn?/s (benzene)
ether = 85 x 1078 = cnf/s (ether)

F/ID = 24. 3.

O
|
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TABLE 5-2. | NPUT PARAMETERS- - STORAGE | MPOUNDMENT

Ar ea

Dept h

Vol une

Retention tine

Fl ow

Tenperature

W ndspeed

Consti t uent

I nfl uent concentration
Henry's | aw const ant
Diffusivity in air (benzene)
Diffusivity in water (benzene)
Diffusivity in water (ether)
Viscosity of air

Density of air

1,500 nf

1.8 m

2,700 nf

20 days

0.00156 n/s

25 °C

4.47 ni's

Benzene in water
10 g/ nf

5.5 x 10 Sat mn13/g mol
0.088 cnf/s

9.8 x 1079 cnf/s
8.5 x 10°% ¢cnfr/s
1.81 x 10°4 g/ cms
1.2 x 10°3 g/cn§
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0. 67
* - 6%
k= [2.605 x 10"9(24.3) + 1.277 x 10" '] (4.47)2 -8 x 10 &
*8.5 x 10 ~=*
- -9 -7 2
k, =[2.605 x 10°° (24.3) + 1.277 x 10" '] (4.47)° (1.1)
k, =4.2x 10°° nis.
b. Cal cul at e gas-phase mass transfer coefficient, kG‘ Use
MacKay and Matasugu (see Table 5-1):
- -3 ,0.78 o.-0.67 -0.11
kG-4382 x 10 U SCG de (m's)
wher e,
U = wi ndspeed, 4.47 m's
Sc.. = Schm dt No. _ vi scosity of gas
G for gas (gas density)(diffusivity of i in gas)
Gas = air
Viscosity (air) = 1.81 x 10°4 g/ cmes
Density (air) = 1.2 x 1073 g/cn§
Diffusivity (benzene in air) = 0.088 cnf/s
1.81 x 10 '4g/cnws
Sc = ! =1.71
(1.2 x 10°3 g/cnP) (0.088 cnf/s)
de = effective dianmeter = 43.7 m
Then,
kg = (4.82 x 1073) (4.47)0- 78 (1.71)70-67 (43.7)"0- 14
=7.1x 103 ms
C. Cal cul ate overall mass transfer coefficient (K) from
Equation (5-2):
1 1 1
— = — +
K KI Km kG
wher e
-3 3
Kequ_ - 5.5x 10 meatn nol - 0. 225
RT 3
(8.21 x 10°°)( 3LMM ) (298 K)
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Then,

-t s ! = 2.39 x 10°
K 4.2x10% (0225(7.1x 1079
K=4.2x 10% ms

Estimate em ssions for a well-m xed system
QCI = KCOA + QCO (frommaterial balance of Equation (5-5))
&L
C. = it nH
o] KA + Q

Retention tine = 480 h

Vol ume = 2,700 nP
Wher e,

3
2,700 m°x £ 1 h x _ |
20 hTE %3500 s = 0.00156 n/s;

flowrate =

O
I

CI = 10 g/m3; and
6

K=42x 10°% ms.
c - (0. 00156 ni/s)(10 g/ nP) - 198 g/rf
O (4.2 x 10°°% ms)(1,500 nf) + (0.00156 nt/s)

A = 1,500 nf
Air em ssions = KCOA (Equation 5-2)

= (4.2 x 10°% ms)(1.98 g/nP) (1,500 nf) = 0.012 g/s
= 3.8 My/yr

Estimate em ssions for a plug-flow system

fair =1- exp (-KIJ/D (Equation 5-11)
K=4.2x 10% m's (Step c)
J=1480 h =173 x 10% s
D=1.8m
fa, =1- exp (-4.2x 10°° nfse1.73 x 10%/1.8 m) = 0.98
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E=1f Q Cb (Equation 5-12)

air
f, =0.98
Q = 0.00156 ni/s; and
_ 3
Cb = 10 g/m:
E = (0.98)(0.00156 ni/s)(10 g/ nP)
E =0.015 g/s = 0.47 My/yr.

5.3 Bl ODEGRADATI ON

This section identifies sone of the major design features of
bi ol ogi cal treatnent processes, such as activated sludge units
and i npoundnents desi gned for biodegradation. ©Mathenati cal
nmodel s for biodegradation are al so presented and i ncorporated
into predictive fate nodel s.
5.3.1 Description of Biological Active Systens

The activated sludge process is an aerobic biol ogi cal
treatnent in which the pollutants are degraded by m croorgani sns
suspended uniformy in the reaction tank. Oxygen is introduced
by mechani cal neans, and the m croorgani snms are naintai ned by
recycling the activated sludge that is fornmed. |In nost units,
the sludge is renoved by settling in a separate unit, a portion
of the sludge is recycled, and a small portion is wasted (renoved
fromthe system on a continuous basis. Oxidation or stabiliza-
tion i npoundnents and aerated i npoundnents are used to treat
entire plant wastes as well as to polish the effluent from other
treatnment processes. Solids usually settle out in the
i npoundnent or are renoved in a separate vessel. Generally, the
solids are not recycled; however, if the solids are returned, the
process is the same as a nodified activated sl udge process.13

Typi cal design paraneters for an activated sludge process
are given in Table 5-3. Two of the nobst commonly used paraneters
are the food-to-mcroorganism (F/ M ratio and residence tine.
The F/Mratio describes the organic |oading on the biological
systemand is cal cul ated as the wei ght of BCDB (bi ochem cal
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14
TABLE 5- 3. DESI GN PARAMETERS FOR ACTI VATED SLUDGE PROCESSES

M2
kg BOD kg Loadi ng, M_SS, b Ret enti on
Process bi omasseday kg BOD/ m3-day g/ L time, h
Convent i onal © 0.2-0.4 0.3-0.6 1.5-3.0  4-8
csTRY 0.2-0.6 0.8-2.0 3.0-6.0 3-5
Cont act 0.2-0.6 1.0-1.2 1.0-3.0% 0.5-1°
Stabi | i zation 4.0-100  3-6'
Ext ended aeration0.05-0. 15 0.1-0.4 3.0-6.0 18-36
O, systens 0.25-1.0 1.6-3.3 6.0-8.0 1-3

4F/M = Food to ni croorgani smratio.
bI\/LSS = M xed |iquor suspended solids.
Cpi ug fl ow desi gn.

dCSTR = Conti nuous stirred-tank reactor.
€contact unit.

"Solids stabilization unit.
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oxygen demand froma 5-day test) that enters the systemin a 24-
hour period divided by the total weight of biological solids in
the system The biological solids may be roughly estimated from
the m xed |iquor suspended solids (M.SS) if substanti al
guantities of inorganics (such as silt) are not present. |If
inorganic solids are present, the biological solids may be better
approxi mated by the m xed |liquor volatile suspended solids
(NLVSS).15 For muni ci pal wastewater systens, the volatile solids
conpri se about 60 to 80 percent of the total suspended solids in
t he sl udge; consequently, in the absence of a direct neasurenent
of M.VSS, the biological solids in nunicipal wastewater can be
estimated as 60 to 80 percent of the total suspended solids.16
Conventional plants, which use an activated sl udge process that
has | ong and narrow basins designed to approach plug flow,
operate with an F/Mratio of 0.2 to 0.4, but values as | ow as

0.05 are not unusual. Hi gh F/Mvalues indicate a high | oading,
as froma sudden influx of organics or the | oss of biological
solids, and will lead to a deterioration in effluent quality.17

Aeration tanks are usually constructed of reinforced
concrete, are open to the atnosphere, and are usually rectangul ar
in shape. Treatnent plants may consi st of several tanks,
operated in series or parallel. Sonme of the |argest treatnent
pl ants may contain 30 to 40 tanks arranged in several groups or
batteries.18

Typi cal paraneters associated with biologically active
i npoundnents are given in Table 5-4. The | oading paraneter is
expressed in terns of area or volune, and typical retention tines
in aerated i npoundnents range from7 to 20 days. The |evel of
suspended solids in these inpoundnents is over an order of
magni tude | ess than the level in activated sludge processes.

Al t hough the paraneters in Table 5-4 are listed as "typical,"
| arge variations exist anong real facilities, and at a single
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TABLE 5-4. | MPOUNDMVENTS DESI GNED FOR Bl ODEGRADATI QN 20
Typical dally
| oadi ng, Retention Typical Suspended
Type Appl i cation kg BCD%/ngoday time, day depth,m solids, g/L
Facul tative Raw muni ci pal wast ewat er 0.0011 - 0.0034% 25-180 1.2-2.5 0.11-0.40
Effluent fromprimry
treatment, trickling
filters, aerated ponds,
or anaer obi ¢ ponds
Aer at ed | ndustrial wastes 0.008 - 0.32 7-20 2-6 0. 26-0. 30
Overl oaded facultative
ponds
Situations where limted
| and area is avail abl e
Aer obi ¢ CGenerally used to treat 0. 021 - 0.043b 10- 40 0.3-0.45 0.14-0. 34
effl uent from ot her
processes, produces
effluent low in soluble
BOD. and high in al gae
soIFds
Anaer obi ¢ | ndustrial wastes 0.16 - 0.80 20-50 2.5-5 0. 08-0. 16

4Based on a typical depth of 2 m

b

Based on a typical

depth of 0.4 m
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facility the values may change wwth tinme. For exanple, a study
conducted over 12 nonths at an aerobic inpoundnent used to treat
muni ci pal wastewater reported suspended solids levels of 0.02 to
0.1 g/L and vol atile suspended solids of 0.01 to 0.06 g/L.21

Anot her study of eight quiescent inpoundnents at four
different sites with confirnmed biol ogical activity estinmated
active biomass concentrations fromthe rate of oxygen
consunption that ranged from0.0014 to 0.22 g/L wth an average
of 0.057 g/L. 22

The bi omass concentration is an inportant paraneter in
estimating bi odegradation rates. The best value to use for a
specific site is a direct neasurenent such as volatile
suspended solids for the systemof interest. In the absence of
site-specific data, a nunber may be chosen fromthe ranges for
suspended solids given in Tables 5-3 and 5-4. Alternatively,
typical or default values for biomass concentration given in
Tabl e 5-5 may be used.

TABLE 5-5. TYPI CAL OR DEFAULT VALUES FOR Bl OMASS CONCENTRATI ON?

Uni t Bi onass concentration, g/L
Qui escent i nmpoundnents 0.05b
Aer at ed i npoundnent s 0. 25°
Activated sludge units 4.0d

“These values are recommended for use in the em ssion equa-
tions when site-specific data are not avail abl e.
b

Based on the range (0.0014 to 0.22) and average (0.057)
fromactual inpoundnents as discussed in the text.

CFromthe data in Table 4-4 for aerated i npoundnent s.
Assunes bi omass is approxi mated by the suspended solids
level. Range is typically 0.05 to 0.30.

dM drange value from Table 4-3 for CSTR based on m xed
I i quor suspended solids.
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The maj or nechani sns of organic renoval in biologically
active systens include biodegradation, volatilization, renoval
with the effluent, and renoval by adsorption on the waste
sludge. A study by Petrasek et al. of purgeable volatile
organics in a pilot-scale wastewater treatnent system showed
that |l ess than 0.4 percent (generally less than 0.1 percent) of
the volatiles were found in the waste-activated sludge.23
Bi shop, in a study of nunicipal wastewater treatnent, concluded
that only a nodest anobunt of purgeable toxics were transferred
to the sludge.24 Hannah et aI.25 found that the concentrations
of volatile organics in sludges frompilot-scale systens were
generally conparable to or |l ess than the correspondi ng concen-
trations in the process effluent. This indicated that volatile
organics do not have a high affinity for wastewater solids and
do not concentrate in the sludges. Kincannon and Stover found
that 0 to 1 percent of three conpounds (1, 2-dichl oroethane,
phenol, and 1, 2-di chl orobenzene) was adsorbed on the sl udge.
Mel cer, in a review of biological renoval studies, concluded
t hat pol ycyclic aromatic hydrocarbons, pyrene, anthracene,
fl uorant hene, and chrysene were the nost commonly occurring
priority pollutants found in sludges.27 These studi es suggest
that the conpounds nost likely to be emtted to the air
(vol atiles) do not concentrate on sludges; however, sone of the
relatively nonvol atile organics may be adsorbed. Consequently,
t he nodel i ng approach presented in this section assunes that
the renoval of volatile organics with the waste sludge is not
significant. The major renoval nechanisns that are considered
i nclude vol atilization, biodegradation, and renmoval with the
ef fl uent.

26
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5.3.2 Rate of Biodegradation

Numer ous nodel s have been proposed for the renoval of
organi ¢ conpounds by bi odegradati on and i ncl ude design
equations for activated sludge systens and stabilization or
oxi dati on inpoundments.28’29 There is general agreenent in the
l[iterature that, for high organic |oadings relative to bionass,
t he bi odegradation rate is zero-order with respect to
concentration (i.e., the rate is independent of organic
concentration). For lower residual levels, the rate
beconmes first order with respect to concentration or follows
Monod-t ype kinetics.go’gl’32 The Mnod-type bi odegradati on
rate equation can be witten as foll ows:

rg = V Km by & (K+GQ) (5-13)

wher e,
rg = bi odegradation rate, g/s;

V = vol une, n§;

bi = bi omass concentrati on, g/n§;
K = maxi numrate constant, g/s-g bionass;
max
Ci = conponent concentration, g/n§; and
KS = half saturation constant, g/

The Monod nodel was originally devel oped to describe
m crobial growh rates for a single mcrobial population
based upon a single, rate-limting substrate. A yield
coefficient was subsequently enployed to determ ne the
utilization rate of that substrate. For conveni ence of use,
t he bi odegradation rate nodel given in Equation (5-13) has
been witten directly for conponent di sappearance in terns of
overal | biomass concentration. It is assumed that Equation
(5-13) applies to each organic constituent in the waste
(al though the rate constants will be different for each
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constituent), and that the bi odegradati on of any one
constituent is independent of the concentrations of other
constituents. Subsequent references to the Monod or the
Monod-type nodel in this report refer specifically to
Equation (5-13). The significant features of this nodel are:

1. At high concentrations (specifically, C >> KS), C
dom nates the denom nator and can, therefore] be

elimnated fromEquation (5-13). The

bi odegradation rate is then i ndependent of (i.e.,
zero order with respect to) the conponent
concentration.

2. At | ow concentrations (C < KS,_and t he _
bi odegradation rate beconmes “directly proportional
(i.e., first order with respect) to the conponent
concentration. The apparent first-order rate
constant is: K1 = Knax/Ks'
Theoretical Monod curves for several different conpounds
are presented in Figure 5-1 to illustrate these features.
Aliterature review was conducted to determ ne
appropriate rate constants for the Monod nodel. References
that served as primary sources of biodegradation rate data
i ncl uded: Pitter,33 Ki ncannon et al.,34 Petrasek et al.,35
and Hannah et aI.36 Dat a obtai ned from each reference
included rate constants as reported, influent concentrations,
ef fl uent concentrations, biomass concentration, retention
time (RT), and fraction of the anount of conponent renoved by
bi odegr adati on (FB). Using this information and field data
col l ected during specially designed biodegradation rate
studi es, Coburn et al. devel oped a base of conponent-specific
bi ol ogi cal renoval rates that contains nearly 500 entries and
removal data for 90 different organic constituents.37
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Figure 5-1. Theoretical relationship between concentration
and bi odegradation rates normalized by the anmount of bionmass
as predicted using the Monod nodel for phenol, benzene, and
chl orof orm
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Appendi x C contains a listing of the Monod paraneters
for 88 conmpounds. Sonme of these 88 conpounds do not have a
listing for both Monod paraneters. The val ues of the Mnod
paraneters presented in Appendix C were selected primarily
fromthe Coburn data base. The foll ow ng paragraphs describe
how t hese biorates were derived.

For nobst conpounds, there were inadequate bi odegradati on
rate data to determine the Monod rate constants using
traditional nethods (e.g., Lineweaver-Burke plot). However,
when reported, values for K.S were generally between 1 and 10
nmg/L for a variety of different conpounds. Thus, the Mnod
const ant, Knax’ was cal cul ated from organi c renoval data when
hi gh concentrati ons (Ci > 10 ng/L) were enployed by assum ng
strict zero-order kinetics as foll ows:

Kax = Fa(G - Q)/L(RT) b;] (5-14)
wher e,
FB = the fraction of conponent renoval attributed
t o bi odegradati on;
Cb = inlet concentration, g/n§;
CL = bul k liquid and effluent concentration, g/n§;
and
(RT) = resi dence tine, s.

Note that, wth zero-order kinetics, Equation (5-14) applies
to both continuous, well-mxed systens and to plug-fl ow and
bat ch syst ens.
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The hal f-saturation constant KS was estimated (know ng
Knax) fromthe apparent first-order rate constants when | ow
concentrations were present (specifically, KS = Knax/Kl)'

The equation used to cal culate the apparent first-order rate,
Kl’ depends on the type of experinental systemthat was

enpl oyed. For continuous, well-m xed systens, K1 was

cal cul ated as foll ows:

a(G - Q/I(RNb Gl - (5-15)

For batch systens and for continuous, plug-flow systens, the
equation used to cal cul ate K1 was:

Ky = Fg In(Cb/Ci)/[(RT)bi] : (5-16)
Usi ng this approach, rate constants for specific

conpounds in the biodegradation rate data base were

determ ned. These rate constants are provided in Appendi x C,

Table C-2. Upon evaluating the biodegradation rate data from

several different |aboratory and field studies, it is

recogni zed that biodegradation rates can vary widely from

site to site. Therefore, the following priority schedule is

provi ded as guidance in determ ning the appropriate

bi odegradation rate constants to be enployed in the em ssion

nodel s:

. Use site-specific biodegradation rate data in
experinments controlled for air em ssions where
avai |l abl e.

. Use the rate constants suggested in Appendi x C,

Table G2, as avail abl e.

. Estimate the bi odegradation rate constants using
the foll om ng net hodol ogy:
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- - Approxi mate K, fromavailable data for K, for
conpounds of simlar structure and/or
functional groups; and

-- Appr oxi mat e K1 ei ther by using the
correl ation:

=3.75 x 1078 k_0-38

Kl ow

(5-17)
wher e

Kow = Octanol -water partitioning coefficient,or by
using the default (average) value for K;, which is:
K. =1 L/h/g (2.78 x 107 nt/s/g), and then cal cul ate

K, as: K, = K/ K.

The correlation provided in Equation (5-17) was devel oped
based upon the assunption that biodegradation was primarily an
intracel | ul ar phenonmenon. As such, the first-order
bi odegradation rate can be limted either by the rate of the
internal reaction or by the rate of diffusion of the chem cal
t hrough the cell nenbrane and into the cell. [If the internal
conponent concentrations are assunmed to be proportional to the
concentration of conponents absorbed onto the cell nenbranes,
then, regardless of what Iimts the first-order biodegradation
rate, the limting first-order biodegradation rate will be
directly proportional to the concentration of constituent
absorbed onto the nmenbrane. Because the octanol -water parti-
tioning coefficient has been used to correlate the absorption
partitioning of organic chem cals onto bionass,38’39 it foll ows
that the octanol-water partitioning coefficient may al so be used
to correlate the limting first-order biorate constant since the
observed biorate is based on bulk liquid concentrations. To that
end, the limting first-order rate constants for a variety of
conpounds were plotted versus their correspondi ng octanol - wat er
partitioning coefficient. The results, presented in Figure 5.2,
indicate a fair correlation between the octanol -water
partitioning coefficients and the limting first-order rate
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constants for nost conpounds. The primary di screpancies are for
i oni zabl e or pol ar conpounds.

The sinple correlation with Kom/should be used with caution.
Figure 5-2 indicates a range of 25, with nost of the data
scattered between a line five tines the correlation and anot her
line one-fifth of the correlation. Some conpounds may
biologically react slowly. For those conpounds, the KOW
correlation would significantly overpredict the biorate.

Activated sludge biorates are published in the literature
and can be a useful data source. Published biorates can be
useful if the biorate accounts for volatilization, if the waste
treatnent systemis the sane as the systemused for the published
biorates, and if the waste and operational paraneters are simlar
to the systemas used for the published biorates. The biorate is
expected to be a strong function of several system vari ables.

The recommended priority schedule for the selection of biorates
reflects procedures that are based on an average biorate for many
different systenms. It is possible that the literature biorate
may not accurately reflect the performance of specific systens,
and the error could possibly be greater than sone of the sinple
correlations presented in the priority schedul e.

Assum ng continuous, steady-state operation for a system
that is well-m xed, a nmass bal ance on the system can be witten
as follows:

QG = QO + VKipy D O/ (Ks+CQ) + Koiher V Q (5-18)
wher e,
Q = flowraie,réla
Kother = Sum of apparent first-order rate constants for

conpeti ng nechani sns, 1/s;
and the other synbols are as previously defined.
Note that Equation (5-18) was witten in a general fashion

so that, if desired, the rate of renoval via adsorption onto
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bi omass solids can be included. For nost volatile organics,

however, the adsorption pathway is negligible so that KOther IS
dom nated by the volatilization rate. Consequently,

Kot her = KAV (5-19)
wher e,

K = overall mass transfer coefficient, nis; and

A = area, n?.

To determine the fraction of the organic conpound emtted or
bi odegraded using the Monod nodel, one first has to solve for the
ef fl uent concentration. The effluent concentration can be
determ ned by rearrangi ng Equation (5-18) as foll ows:

K'CL +[KK +(V/Q)KrraX| - CI]CL KSCI =0 (5-20)
wher e

K= (Kother)

Equation (5-20) is easily solved using the quadratic formula
as follows:

(VQ + 1, dinensionless.

c =1[-b+ (b% - 4ac)?>]/2a (5-21)
wher e,
a=K = (Kype)(VQ + L
b:I<K +(VH3&mXI- q; and
¢ = -KG .

S
The plus sign is selected in Equation (5-21) to ensure
positive effluent concentrations. Note that, because all of the
rate constants and concentrations nust have positive val ues, the
constant, c, nust be negative so that the quadratic equation
al ways has real, positive roots.
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Once the effluent concentration is calculated, the fraction
of the conmponent feed emtted to the air (fair) i S:

far =KAG/IQG . (5-22)

Em ssions (E, g/s) are calculated from
E = fairQq : (5-23)

Simlarly, the fraction of the conponent feed bi odegraded (fbio)
i S:

foio = YmaxPi G/L(K+CIQGT . (5-24)

| f the biological systemis operated with plug flow, the
treated wastewater does not mx with the influent. The
bi odegradation rate and air em ssion rate change as the treatnent
progresses toward conpletion. For plug flow, the rate of
di sappearance of a conpound by bi odegradati on and air em ssions
IS given by:

-d G (V) VK o b G
g = T+ KAC (5- 25)

wher e,
Ct concentration at tine = t; and

t =tinme, s.

and with the other synbols as previously defined. Due to the
nonlinear nature of the biodegradation rate term Equation (5-25)
cannot be directly integrated. Therefore, it is further assuned
that first-order kinetics dom nates the system s bi odegradati on
Equation (5-25) can then be rearranged as foll ows:

d Ct

—— = (-Kgb;y - KA'V) dt (5-26)

G
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wher e K1 = Krrax/ KS, m3/g bi onmass.

I ntegrating Equation (5-26) fromCt = q at t = 0to Ct = CL
(effluent concentration) at t = V/Q (one residence tine) gives:

Co/Cy = exp (-K;b;VIQ- KN Q . (5-27)

The ratio C‘L/Ci represents the fraction leaving with the
effluent; consequently, 1 -~C‘L/Ci represents the sum of the
fractions that are biodegraded and emtted to the air. The
fractions of conponent feed emtted to the air and bi odegraded
are calculated fromtheir relative rates:

faip = (1 - CU/C)(KA)/ (KA + Kb, V) (5- 28)

frio = (1 - C/C) (Kb V)/ (KA + Kb V) (5-29)

The average em ssions rate (E, g/s) is:
E = fair Qq : (5-30)

5.3.3 Exanple Calculation for Qui escent |npoundnents

The application of the biodegradati on nodel to qui escent
i npoundnents is presented in the formof an exanpl e cal cul ati on.
The cal culation is based on the quiescent inpoundnent's operating
paraneters from Table 5-2. For other types of inpoundnents, the
application of the biodegradation nodel is illustrated in
subsequent sections.

The waste stream for the exanple calculation is defined as
cont ai ni ng benzene at 10 ppmwith a total organic content of
250 ppm (0.25 g/L). The resultant organic |oading on the
i npoundnent on a daily basis is 12.8 kg/ 1, 000 n§. The active
bi omass is assuned to be 0.05 g/L froma reported range from
ei ght qui escent inpoundnents of 0.0014 to 0.22 g/L.

a. Cal cul ate the effluent concentration of benzene for a
wel | - m xed system from Equation (5-21):

= [-b + (b2 - 4ac)9 2] /2a
G
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= K = (KAV) (VQ + 1 =KAQ+ 1
= KSK' + (VIQ Krrax bi - CI

= -KsG i

= 4.2 x 10

a

b

C

< 6
A = 1,500 nf
Q

K

ms (Section 5.2.3, Step ¢)

= 0. 00156 n/s

= 19 ng/g/L = 5.28 x 10
Tabl e G 2)

K. = 13.6 ng/L = 13.6 g/n13(fromAppendix C

Table C2), ks = kwd ki

bo = 0.05g/L =50 g/nd

2,700 n?

100 ppm = 100 g/m3

6

6 g/g/s (from Appendi x C,

=

(4.2 x 10°% ms) (1,500 nf) = 6.3 x 103 nf/s
K = (6.3 x 10°3 nP/s)/(0.00156 nt/s) + 1 = 5.0
(13.6 g/nP)(5.0) + (2,700 nP/0.00156 ni/s)
(5.28 x 10°°% g/g/s) (50 g/nP) - (100 g/ )
- 425 g/ nP
= -(13.6 g/ nP) (100 g/nP) = -1,360 g2/ nP

{-[425 g/nP] + [(425 g/nP)2 - 4(5.0)(-1,360

g%/ )19}/ [2(5.0)]
(-425 g/n® + 455.9 g/nP)/ 10
3.09 g/nf

8

T o
I

0o oo

Calculate the fraction emtted for a well-m xed system
from Equation (5-22):

fai ro- KACL/(QCO)
wher e,

fa, = (6.3x 1073 nP/s)(3.08 g/nP)/
[(0.00156 nf/s) (100 g/ nP)]
fai , = 0.124
Cal cul ate benzene em ssions for well-m xed system
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E(g/s) fair QC0

(0.124) (0. 00156 nt/s) (100 g/ nP)

1.93 x 1072 g/s = 0.61 My/yr.

For a plug-flow system calculate fraction renoved with
the effluent from Equation (5-27):

G/C =exp (- K b VIQ- KNQ

wher e,

K; = 1.4 L/g-h = 3.89 x 10/ n13/g-s (from Appendi x
C, Table C1);

b. = 0.05 g/L = 50 g/ nb;

i
V = 2700 nb
Q = 0.00156 nP/s
G

= 10 ppm = 10 g/m3;
K=42x 10'6 m's; and
A = 1,500 nf.
KybiV = (3.89 x 10" 7 nP/s/g bionass) (50 g/nP) (2,700 nt)
= 5.25 x 10°2 nPls
KA = (4.2 x 1008 mis)(1,500 nf) = 6.3 x 1073 nf/s

-2 -3 .3
CL/Clzexp:'5'25X10 n13/s_ 6.3 x 10 " m7/s

1.56 x 10°° nP/s  1.56 x 10 S nPls

CL/C| = exp (-37.7) = 0.00 .
Cal cul ate fraction emtted from Equati on (5-28):

(1 - C/C)(KA/(KA + K b V)

—h
1

air
fa, =(1-0)(6.3x 1073 ni/s) / (6.3 x 1073 nP/s +
5.25 x 10" 2 nP/s)
f,., =0.107

Cal cul ate benzene em ssions for plug flow
B(gls) = fair ch

(0.107) (0. 00156 nP/s) (10 g/ nb)
3

1.67 x 10

g/s = 0.053 My/yr.
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5.4 MECHANI CALLY AERATED | MPOUNDMENTS AND ACTI VATED SLUDGE
UNI TS

Sone i npoundnents and tanks are nechanically agitated to
inprove mxing or to transfer air to the liquid (e.g., treatnent
t anks designed for biodegradation). The agitation creates a
turbulent liquid surface that enhances nmass transfer to the air.
A significant difference fromthe approach for quiescent surfaces
di scussed in Section 5.2 is the appropriate correlations for the
i ndi vi dual mass transfer coefficients.

5.4.1 Em ssion Mdel Equations

The cal cul ation of the overall mass transfer coefficient for
mechani cal |y aerated systens considers that the liquid surface is
conposed of two zones, quiescent and turbulent. The individual
mass transfer coefficients for the turbul ent zone are based on
the correl ations of Thibodeaux40 and Reinhardt.41 Thi bodeaux' s
nodel was devel oped from accepted interphase nmass transfer
concepts, published rate coefficient correlations, and existing
operating data on 13 aerated basins at 11 pulp and paper mlls.
The basins represented a wi de range of design and operating
paraneters, in spite of being fromonly one industry type. The
si mul ati on enpl oyed 11 organic chem cal species comon to
i ndustrial wastewater.

Rei nhardt absorbed ammoni a i n aqueous sulfuric acid to
measure the gas-phase mass transfer coefficient associated with
flat-bl ade surface agitators in developing his correlation to
cal cul ate the gas-phase mass transfer coefficient.42

Tabl e 5-6 sunmarizes the correl ati ons devel oped by
Thi bodeaux and Rei nhardt. These correlations are used to
estimate the individual mass transfer coefficients for the
turbul ent portion of the liquid surface. The individual
coefficients are then used in Equation (5-2) to calculate an
overall mass transfer coefficient for the turbulent zone. An
overall mass transfer coefficient for the qui escent zone is
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TABLE 5-6. EQUATI ONS FOR CALCULATI NG | NDI VI DUAL MASS TRANSFER
CCEFFI Cl ENTS FOR VOLATI LI ZATI ON OF ORGANI C SOLUTES FROM
TURBULENT SURFACE | MPOUNDMVENTS

Li qui d phase
Thibodeaux:43’44
k, =[8.22 10 23(POWR) (1.024)1"20 o 10 /(Va.D,)] (D./D
L=L8. - t My vPL WP o, w
wher e,
kL = mass transfer coefficient based on liquid, (ms);
J = oxygen transfer rating of surface aerator, |b
C&/h-hp;
POANR = total power to aerators, hp
T = wat er tenperature, °C
a = oxygen transfer correction factor;
NML = nmol ecul ar wei ght of [|iquid;
vV = volunme affected by aeration, ft3;
a, = surface-to-volune ratio of surface inpoundnent,
ft
D = density of |iquid, g/cng;
L
QN = diffusivity of constituent in water, cn?/s; and
D = diffusivity of oxygen in water = 2.4 x 10 '? cm %,
CE,M/
Gas phase
Relnhardt:45’46
_ -7 51.42 0.4 0.5 -0.21
kG = 1.35 x 10 Re p SCG Fr DaM/\é/d (m's)
wher e,

_ 42 _ ' :
Re =d wDa/ua = Reynol d' s nunber
d = inpeller dianeter, cm

w = rotational speed of inpeller, rad/s;

(conti nued)
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TABLE 5-6 (continued)

density of air, g/cm3;

viscosity of air, g/cms; i
4.568 x 10 " T(°C) + 1.7209 x 10

P QC/(DLd*Swg) = power nunber;

4,
I

power to inpeller, ftsl bf/s

.85 (PONR) (550 ftel bf/s-hp)/nunber of aerators,

where 0.85 = efficiency of aerator notor;
gravitation constant, 32.17 | bm-ft/52/I bf;
density of liquid, Ib/ftS;
i npel l er dianeter, ft;
Schm dt nunber on gas side = ua/ Da Da;

d*vv2/ Jc = Froude nunber ;

diffusivity of constituent in air, cn12/s; and

nol ecul ar wei ght of air.

5-38



cal cul ated as described in Section 5.2. The two overall
coefficients are conbined to obtain a single coefficient for
the system based on the relative areas of the turbulent and
qui escent zones. For exanple, if 25 percent of the surface of
t he i mpoundnent is turbulent, the overall coefficient would be
the sum of 25 percent of the value for the turbulent area
coefficient plus 75 percent of the value for the quiescent
zone.

The nodel for nechanically aerated systens al so i ncorporates
bi odegradati on as a conpeting nmechanism The extent of
bi odegradation is difficult to predict in a generally applicable
form because it is very dependent upon the constituent of
interest, the waste matrix, the design and operation of the
bi odegradation unit, and the concentrations and properties of the
m cr oor gani sns.

5.4.2 Model Plant Paraneters for Mechanically Aerated
| npoundnent s

The di nensi ons of the treatnent inpoundnment used as an
exanple to estimate em ssions were derived fromthe Westat data as
described in Section 5.2.2 for storage inpoundnent. A nedian area
of 1,500 n? and a depth of 1.8 mwere chosen, which yields a total
vol ume of 2,700 n§. The retention time in treatnment inpoundnents
is expected to be less than the retention time in storage
i mpoundnents. Two design manuals listed typical retention tines
for aerated (biologically active) ponds as 7 to 20 days47 and 3 to
10 days.48 For the exanple case, a retention tine of 10 days was
chosen fromthe design range of 3 to 20 days. The resulting flow
rate is 3.1 L/s (0.0031 nP/s).

The correl ations of Thi bodeaux and Rei nhardt given in
Tabl e 5-6 require values for the paraneters that describe the
mechani cal aeration system Mtcalf and Eddy, Inc.,49 suggest a
range of 0.5 to 1.0 hp/1, 000 ft3 for mxing in an inpoundnent.
However, nore power may be needed to supply additional oxygen or
to mx certain treatnment solutions. A review of trip reports
showed power usage as high as 3.5 hp/1, 000 ft3 at a specific TSDF
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i npoundnent . %® For this analysis, a mdrange val ue of
0.75 hp/1, 000 ft3 fromMetcalf and Eddy was used to generate an
estimate of 75 hp required for mxing in the nodel unit.

Data from Reference 51 indicated that five aerators with 15-
hp notors and 61-cm di aneter propellers turning at 126 rad/s woul d
agitate a volune of 441 n§ (15, 590 ft3). Assumi ng a uni form depth
in the inmpoundnent of 1.8 m the agitated surface area was
estimated as 245 n? (441/1.8). The agitated surface is assuned to
be turbul ent and conprises 16 percent (245/1,500)(100) of the
total area. The bal ance of the surface area of the inpoundnent
(84 percent) is assuned to be quiescent. As a conparison
Thi bodeaux reported a turbulent area of 5.22 n?/hp and
investigated a range of 0.11 to 20.2 n?/hp. The val ue of 5.22
n?/hp and a total of 75 hp yields an estimted turbul ent area of
392 n? (26 percent), which is greater than the 16-percent
turbul ent area cal cul ated by the above procedure.52 (Very few
data are available on the distribution of turbulent areas for
aerated inmpoundnents. The extent of turbul ence depends in part on
t he nunber, size, and placenment of aerators. The exanple is based
on typical aerator requirenents to mx the contents of the
i mpoundnent . )

Typi cal val ues were chosen for the oxygen transfer rating of
the aerator and the oxygen transfer correction factor. A value of
3.0 Ib C&/hp/h was chosen for oxygen transfer rating froma range
of 2.9 to 3.0.53 A val ue of 0.83 was used for the correction
factor froma typical range of 0.80 to 0.85.54 The transfer of
power to the inpeller was assuned to be 85 percent efficient,
yielding an estimate of 64 hp for the inpeller power.

The nodel for biodegradation requires the systeni s biomass
concentration as an input paraneter. The concentration of bionmass
in real systenms can be highly variabl e dependi ng upon the systems
desi gn and nethod of operation. For this analysis, the specified
bi omass is assuned to be actively degrading the constituent of
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interest. A value of 250 g/n§ (0.25 g/ L) of biomass was chosen
fromthe values presented in Table 5-5.

The exanpl e constituent (benzene) and the neteorol ogical
condi tions chosen for the exanple calculation are the sane as
t hose chosen for storage inpoundnents. |nput paraneters for
the mechanically aerated nodel unit are summarized in
Tabl e 5-7.

5.4.3 Exanpl e Cal cul ation for Mechanically Aerated Treatnent
| npoundnent s
The exanple calculation for em ssions froma mechanically

aerated i nmpoundnent includes an estimate of the overall nass
transfer coefficient for the turbulent zone. The overall nass
transfer coefficient for the qui escent zone for storage

i npoundnents is calculated as illustrated in Section 5.2.3 and
wi Il not be repeated here. Biodegradation is included as a
conpeting renoval nechani sm

a. Cal cul ate turbul ent 1iquid-phase nass transfer coefficient,
k Use Thi bodeaux (Table 5-6):

L
0.5
-9 T-20 6 * DW *
k (m's)=[8.22 10 J(POAR) (1.024) 0,10 M"U(VavDL)]EDO x
1W2
wher e,

J = O2 transfer rating, use 3.0 Ib C&/h-hp
POAR = 75 hp

T = water tenperature = 25 °C
O = O2 transfer correction factor, use 0.83
NML = nolecular wt of liquid (water) = 18 g/ g nol

* ft2 *
(vav) = agitated area in ft2 = 240.0 n12 *0. 0929 ﬁ?*
= 2,583 ft?

DL = water density =1 g/cn§
D =9.8x 10 % cnf/s
D. = 2.4 x 10°° cnf/s
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TABLE 5-7. | NPUT PARAVETERS- - TREATVENT | MPOUNDNVENTS
( MECHANI CALLY AERATED)

Area: 1,500 n? Nunber of inpellers: 5
Depth: 1.8 m Total power: 75 hp

Vol une: 2,700 n§ Power to inpeller: 13 hp
Retention tine: 10 days | npel | er speed: 126 rad/s
Flow. 0.0031 n§/s | rpel l er diameter: 61 cm

Tur bul ent area: 240 n? (169
C& transfer: 3 Ib/h/hp
Qui escent area: 1,260 n? C& correction factor: 0.83

Tenperature: 25 °C
W ndspeed: 4.47 nis

Viscosity of air: 1.8 x 10°4 g/ cmes

Density of air: 1.2 x 1073 g/cn§

Diffusivity of O, in water: 2.4 x 10°> cnf/s
Density of liquid: 1 g/cnd

Mol ecul ar wei ght of liquid: 18 g/ genol

Mol ecul ar weight of air: 29 g/ genol

Constituent: benzene with other biodegradable organics in water
Concentration (benzene): 100 g/n§ (100 ppm
Concentration (total organics): 250 g/n§ (250 ppm

Henry's | aw constant (benzene): 5.5 x 10'3 atn?nglg nol
(conti nued)
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TABLE 5-7 (continued)

Diffusivity in air (benzene): 0.088 cn12/s
Diffusivity in water (benzene): 9.8 x 1078 cnfrs
Maxi mum bi orate (benzene and ot her organics):

19 ng/h/ g of biomass = 5.28 x 1078

g/ g bi omasses
Limting first-order biorate constant:
1.4 L/h/g = 3.89 x 10"/ n13/s/g bi omass

Bi onass concentration: 0.3 g/L = 300 g/m3
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0.5

- * 6 ~ T 6,
k, = (8.22 x 107 9)(3)(75) (1.024)>5(0-83)(107)(18) 1 9.8 x 10.%
(2,583) (1) - .2.4 x 10~ -
=7.7x 103 ms
b. Cal cul ate turbul ent gas-phase nass transfer coefficient, kG
Use Rei nhardt (see Table 5-6):

_ -7 1.42 0.4 0.5 -0.21
kG(nis) = 1.35 x 10 Re p SCG Fr Da M/\é/d
wher e

2. D
Re = Reynol d's nunber = d”w “a
Ha
d = inpeller dianeter = 61 cm
w = inpeller speed = 126 rad/s
D, = 1.2 x 103 g/cn?
My = 1.81 X 1074 g/ cres
i -
Re = (619 (126) (1.2 x 10 3l a1 1d
1.81 x 10
" Pl 9¢
p = power nunber = —5—=
D d ~w?
550 ft Ibf
P, =12.8 hp S*Fp = 7,040
| beft
g. = 32.17 5+
c s? Ib,
D, = 62.37 I b/ft3
L_ .
d* = inpeller dianeter in feet = 2.0
w = 126 rad/s
(7,040) (32.17) _ 56 x 10" °

(62.37)(2°) (126°)
Sc~=1.71 (from Section 5.2.3, part b)
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Fr = Froude nunber =(i£f = ﬁ%%;%%ﬁlz = 9.9 x 102
Db = 0.088 cn?/s (benzene)
NM% = 29 g/ g nol

d =inpeller dianeter in cm= 61 cm

1.42

k- = (1.35x107) (3. 1x10% (5. 6x10°) 0 4(1. 719 2(9. 9x16 j0- 21

G
(0. 088) (29)/ 61
2

kG=5.7x10 m s

C. Cal cul ate overall mass transfer coefficient for turbul ent
area, K
1 1 1 1 1
- = + = + = 208
Kok Keg kg 7.7 x 103 (0.225)(5.7 x 10 9)
K = 0.0048 ns .

d. Cal cul ate overall mass transfer coefficient for combi ned
qui escent and turbul ent areas, K
From Section 5.2.3, K for quiescent area = 4.2 X 10'6 ns;
FromPart C, K for turbulent area = 4.8 X 10'3 ms;

Tur bul ent area = 240 n?; and
Qui escent area = 1, 260 n?.

-6
_ (4.2 x 10 ") (1, 260)+(0.0048) (240)_ -4
K(nms) = (1,260 + 240) 7.7 x 10 ms.
(wei ghted by area)
e. Cal cul ate the effluent concentration for benzene for a well -

m xed system from Equation (5-21):

c =1[-b+ (b% - 4ac)? 7 /2a
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K = (KANV) (VQ + 1 =KANQ+ 1
= KK+ (VQ K. b - C
= KS CO

7.7 x 1004 mi's

1,500 nf

0.0031 nP/s

= 5.28 x 10°° g/ s/ g bi omass

0.3 g/L = 300 g/nt

2,700 nt

= 100 ppm = 100 g/n§

= /Ky

- (5.28 x 10°9 g/s/g)/(3 89 x 10"’ nP/sig)
- 13.6 g/ nP

(7.74 x 100% ms)(1,500 nf) = 1.16 ni/s
K =(1.16 nP/s)/(0.0031 nP/s) + 1 = 375
(13.6 g/ nP)(373) + (2,700 nP/0.0031 nP/s)
(5.28 x 10" g/s/g) (300 g/nd) - (100 g/ nd)
6,352 g/ nb
-(13.6 g/nP) (100 g/nP) = -1,360 g2/ nP
= {-[6,352 g/nP] + [(6,352 g/nb)?
- 4(373) (-136 g2/ nP)19- % [2(373)]
(-6,352 g/nd + 6,509 g/nt)/746
0.021 g/nb .

Cal cul ate the fraction emtted for a well-m xed system from
Equation (5-22):

fair = KA&i/(be)

wher e
f, = (1.15 nP/s)(0.21 g/nP)/[(0.0031 nP/s) (100 g/ nP)]
fair = 0.78

Cal cul ate benzene em ssions for well-m xed system

E(g/s) :fair QCO
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= (0.79)(0.0031 nP/s) (100 g/ nd)
=0.24 g/ls =7.7 Mylyr

For a plug-flow system calculate the fraction renmoved with
the effluent from Equation (5-27):

CL/C| = exp (-K1 b. VIQ- KA Q

K; = 3.89 x 107 wd s/ g bi onmass

b, = 0.3 g/L = 300 g/n®

V = 2,700 nt

Q = 0.0031 nP/s
CI = 10 ppm = 10 g/m3

K=1.0x 103 nis

A= 1,500 nf
Kyb;V = (3.89 x 1077 nP/s/g bionass) (300 g/nP) (2,700 nt)
= 0.315 nP/s
KA = (7.7 x 100% ms)(1,500 nf) = 1.15 ni/s
ClC =exp -0:315g/s _ 115 s o
L | 0.0031 nt/s  0.0031 nP/s

Cal cul ate fraction emtted from Equation (5-28):

(1 - CU/C)(KA)/ (KA + Kb, V)

—h
1

air
fa, = (1- 0)(L.15 nP/s)/(L.15 nP/s + 0.315 ni/s)
f, =0.78

Cal cul ate benzene em ssions for plug flow

B(gls) = fair ch
(0.78) (0.0031 ni/s) (100 g/ n)
0.24 g/s = 7.7 Myl yr
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5.4.4 Exanple Calculation for Activated Sludge Unit

As discussed in Section 5.2, an activated sludge unit usually
consists of a concrete tank that is aerated and contains a
relatively high concentration of active biomass. A nodel unit is
defined in this section for this process, and the results of
internmediate and final calculations are given. Detailed exanple
cal cul ations are not presented because the approach is exactly the
sanme as that used for the nmechanically aerated i npoundnent. The
only significant difference in the nmethod of operation is the
recycle of solids back to the activated sludge unit, which results
in a higher biomass concentration. For this nodel unit, a bionmass
concentration of 4 g/L (4,000 g/n§) was chosen fromthe range of
1.5to 6 g/L in Table 5-3 and the recomended val ues in Table 5-5.
Q her differences between the aerated i npoundnent and activated
sludge tank include, for the tank, a smaller surface area, a
shorter retention time, a greater turbulent area, and a snaller
F/IDratio. 70 percent of the unit surface is assuned to be
turbulent. The aerated surface area was estinmated as described in
Section 5.4.2. An aerator with a 7.5-hp notor will agitate a
vol une of 56.9 n§ (2,010 ft3). For a uniformdepth of 4 m the
agitated volune yields an agitated surface area of 14.2 n?
(56.9 n§/4 m. The input paraneters are defined for this nodel
unit in Table 5-8, and the results of the calculations are
presented in Table 5-9.

5.5 DI SPOSAL | MPOUNDMENTS W TH QUI ESCENT SURFACES
5.5.1 Em ssion Mdel Equations

A di sposal inpoundnent is defined as a unit that receives a
waste for ultimate di sposal rather than for storage or treatnent.
This type of inpoundnent differs fromthe storage and treat nent
i npoundnents in that there is no liquid flow out of the
i npoundnent (seepage into the ground is neglected). For this
case, the well-m xed systemwith a bulk concentration that is at
equi librium (i.e., the bulk concentration does not change
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TABLE 5-8. | NPUT PARAMETERS- - MECHANI CALLY AERATED
ACTI VATED SLUDGE UNI' T

Area: 27 n?

Depth: 4 m

Vol ume: 108 n?

Retention tine:, 4 h

Flow 0.0075 ni/s

Tur bul ent area: 19 n? (70%

Qui escent area: 8.0 n?

Total power: 7.5 hp

Power to inpeller: 6.4 hp

| mpel I er speed: 126 rad/s

| mpel l er diameter: 61 cm
transfer: 3 Ib/h/hp

Eg correction factor: 0.83

Tenperature: 25 °C
W ndspeed: 4.47 nis

Viscosity of air: 1.8 x 10:3 g/ crmes
Viscosity of water: 9 x 1Q ™ g/gms

Density of air: 1.2 x 10 © g/c .5
Dffusivity of C% in water, 2.4 x 10 cn?/s
Density of liquifl: 1 g/cnb

Mol ecul ar wei ght of liquid: 18 g/ genol

Mol ecul ar wei ght of air: 29 g/ genol

Constituent: benzene wth other ,bi odegradabl e organics in water
Concentration (benzene): 10 g/n§ (10 pp
Concentration (total organics): 250 g/ (250 ppm

Henry's | aw constant (benzene): 5.5 xm%O'3 atn?nglg-nnl
Diffusivity in air (benzene): 0.088 c /§6

Diffusivity in water (benzene): 9.8 x 10 cn?/s i
Maxi mum bi orate (benzene and ot her organics): 5.28 x 10 g/slg
bi omass _7

Limting first-order biorate constant = 3.83 x 10 n§/s/g bi omass
Bi onass concentration: 4.0 g/L = 4,000 g/

6
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TABLE 5-9. | NTERVEDI ATE AND FI NAL CALCULATI ON RESULTS
FOR ACTI VATED SLUDGE MODEL UNI'T

Qui escent zone:

k, =6.5x 10°°% ni's

kg = 8.9 1073 ni's

K=65x 10°% ms
Tur bul ent zone:

k, = 9.7 x 1072 ni's

kg = 4.3 1072 ni's

K=14.88x 102 m's

3

Overall mass transfer coefficient = 3.4 x 10 ° m's

For well-m xed system

CL = 3. 17
fair = 0.391
Em ssions = 0.30 g/s = 9.3 My/yr
For plug-flow system
fair = 0.391
Em ssions = 0.30 g/s = 9.3 My/yr
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with time) is not applicable. The quantity of a constituent in a
di sposal i npoundnent will decrease with tinme after the waste is
pl aced in the inpoundnent because of the loss of volatiles to the
air.

The cal cul ation of the overall mass transfer coefficient is
the sanme as that presented for inpoundnents with qui escent
surfaces. |If the disposal inpoundnent is aerated, K is cal cul ated
as described for aerated inpoundnents in Section 5.4. The
em ssion estimating procedure differs in the calculation of the
i qui d- phase concentration that is the driving force for mass
transfer to the air. For a disposal inpoundnent that is filled
with a batch of waste, the rate of di sappearance of a conpound by
bi odegradation and air em ssions is described by Equation (5-26).

| ntegrating Equation (5-26) fromCt = q at t =0to Ct =
Ct at t =1t gives:

Ct/Ci = exp (-Klbit - KAL/V) . (5-31)

For an inmpoundnment with a uniformdepth, VA = D. Substituting
V/A = Dinto Equation (5-31) yields:

C/C = exp (-Kb, t - Ki/D) (5- 32)

When Equation (5-32) is evaluated after sone fixed tinme t, the
ratio Ct/Ci represents the fraction of the conpound remaining in
t he i npoundnent; consequently, 1 - Ct/Ci represents the fraction
t hat has been renoved by bi odegradation and air em ssions. The
fractions emtted to the air and bi odegraded after sone tinme (t)
are calculated fromtheir relative rates:

fair = (1 - Ct/Ci)(KA)/(KA + Klbiv) (5-33)
fbiO = (1 - Ct/Ci)(KlbiV)/(KA + Klbiv) (5-34)

The quantity emtted after sonme time (t) is given by:
Emtted quantity (g) = fair Vv q : (5-35)

The average em ssion rate over the period of time =1t is:
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E(g/s) =f,, VCIt . (5- 36)

Al ternatively, a sinplifying assunption may be nmade that,
because the inpoundnent is designed for disposal, al
significantly volatile conpounds are eventually emtted to the
air. Em ssions under this assunption would sinply be QCi where Q
equal s the disposal rate in cubic neters/second. This assunption
is probably valid for volatile conpounds; however, conpounds that
are relatively nonvolatile may be renoved slowy and the
assunption may result in an overestimate of em ssions.

5.5.2 Model Plant Paraneters for Disposal |npoundnents

The Westat data summary for inpoundnents indicated that
di sposal i npoundnents generally have hi gher surface areas and
shal | oner depths than storage and treatnent inpoundnents. The
medi an surface area for disposal inpoundnents was approxi mately
9, 000 n? (conmpared to 1, 500 n? for storage inpoundnents), and the
medi an depth was approximately 1.8 m The di sposal inmpoundnment is
assuned to be filled with waste every 6 nonths (two turnovers per
year).

The meteorol ogi cal conditions and type of waste (water
cont ai ni ng benzene and ot her organics for the exanple cal cul ation
are the sane as those used for qui escent and aerated i npoundnents
wi th bi odegradation. The inputs for the exanple cal cul ati on of
em ssions from di sposal inpoundnents are sunmari zed in Table 5-10.
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5.5.3 Exanple Calculations for Disposal |npoundnents

Exanpl e cal cul ations are presented bel ow for the nodel

defined to represent disposal inpoundnents.

a.

Cal cul ate |iquid-phase mass transfer coefficient, kL
Springer's nodel (see Table 5-1):

0.5 0.5

Ef fective dianeter = EA%QQE X 2 = EQL%QQE X 2 =

3 . . _ 107 _
F/ID = Effective dianeter/depth = T8 ° 59.5
W ndspeed = 4.47 nm's (U10 > 3.25 m's)

- L0.67
« 2611 x 107 U2 E_w i m's
L 10 ID'etherI
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TABLE 5-10. | NPUT PARAMETERS- - DI SPOSAL | MPOUNDMVENTS

Area: 9,000 nf

Depth: 1.8 m

Vol ume: 16, 200 nt
Turnovers per year: 2

Tenperature: 25 °C
W ndspeed: 4.47 nis

Diffusivity in water (ether): 8.5 x 10°° cnf/s
Viscosity of air: 1.81 x 10°4 g/ crmes
Density of air: 1.2 x 1073 g/cn§

Constituent: benzene with other biodegradable organics in water
Concentration (benzene): 100 g/n§ (100 ppm

Concentration (total organics): 250 g/n§ (250 ppm

Henry's | aw constant (benzene): 5.5 x 10'3 atn?nglg nol
Diffusivity in air (benzene): 0.088 cn?/s

Diffusivity in water (benzene): 9.8 x 1078 cnfrs

Limting first-order biorate constant: 3.89 x 10'6 n§/s/g bi omass
Bi onass concentration: 0.05 g/L = 50 g/n§
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TABLE 5-11. | NPUT PARAMETERS- - DI FFUSED Al R ACTI VATED SLUDGE UNI' T

Ar ea: 27 n?

Depth: 4 m

Vol ume: 108 nf

Retention tine: 5 4 h

Flow 0.0075 ni/s

Qui escent area: 8.0 n?
Diffused air rate: 0.04 nd/s

Tenperature: 25 °C
W ndspeed: 4.47 nis

Viscosity of air: 1.81 x_:;L‘O'4 g#cn?s
Density of air: 1.2 x 10 © g/c .5
Dffusivity of C% in water, 2.4 x 10 cn?/s
Density of liquifl: 1 g/cn§

Mol ecul ar wei ght of liquid: 18 g/ genol

Mol ecul ar weight of air: 29 g/ genol

Constituent: benzene with otherngiodegradable organics in water
Concentration (benzene): 100 g/ (100n$pnj
Concentration (total organics): 250 g/ (250 ppm

Henry's | aw constant (benzene): 5.5 xm%O'3 atn?nglg-nnl
Diffusivity in air (benzene): 0.088 c /§6

Diffusivity in water (benzene): 9.8 x 10 cn?/s i
Maxi mum bi orate (benzene and other organics): 5.28 x 10 g/slg
bi omass _7

Limting first-order biorate constant: 3.83 x 10 n§/s/g bi omass
Bi onass concentration: 4.0 g/L = 4,000 g/

6
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U~ = W ndspeed = 4.47 m's;

= 9.8 x 10°% cnfrs (benzene); and

= 8.5 x 100 = cnf/s (ether).

O
O
In

7 2 ,9.8 x 10-6

*

*8.5 x 10

0.67

k = 2.611 x 10" ' (4.47)

63

6

=57 x 10 " ms

Cal cul at e gas- phase mass transfer coefficient, k. . Use
MacKay and Matasugu (see Table 5-1): 9

3 0.78 -0. 67 d -0.11

K G e

= 4.82 x 10 ° U Sc (n's)

G
wher e,
U= windspeed = 4.47 nm's

Sc.. = Schm dt No. _ vi scosity of gas
G for gas = (gas density)(diffusivity of i in gas)

Gas

Viscosity (air)

Density (air)

Diffusivity (benzene in air)

air

1.81 x 10°4 g/ cms
1.2 x 1073 g/cn§
0.088 cnf/s

1.81 x 10°4 g/ cms
(1.2 x 10°3 g/cnP) (0.088 cnf/s)

Sc =

G =171

de = effective dianeter = 107 m

Then,
kg = (4.82 x 1073) (4.47)
3

0.78 -0. 67 -0.11

(1.71) (107)

= 6.5 x 10 ° ms

Cal cul ate overall mass transfer coefficient, K

1 _ 1, 1
K = R[ Keq k

G
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wher e,

-3
keq = H = 5.5 x 10 m3-atrgrm| _ 0 295,
(8.21 x 107°)FALMME (208 K)
Then
L= L 1 5 = 1.76 x 10°
5.7 x 10 (0.225)(6.5 x 10°9)
K=57x10% ms

Cal cul ate the fraction remaining fromEquation (5-32). The

i mpoundnent is filled wwth waste initially, and 6 nonth |ater
it will be filled again. Calculate the fraction remaining
after the initial 6-nmonth period:

Ct/C| = exp (-Klb- t - Kt/D);

i
3.89 x 10/ n§/s/g bi onass;
50 g/n§;

K1

b

t =6 m = 1.58 x 10’ s:
C =100 g/ nP;

K=57x 10°°

ns;
D=1.8m

Kybit = (3.89 x 1077 nP/s/g bionass) (50 g/nP)(1.58 x 107 s);
= 307,

Kt/ D 6

ms)(1.58 x 10’ s) / 1.8 m= 50.0; and
C/C = exp (-307 - 50) =0

(5.7 x 107
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f. Cal cul ate the fraction emtted from Equati on (5-33):

f

(1- G/C)(KA) | (KA + Kb V)

air
CIC =0
KA = (5.7 x 10" % mi's) (9,000 nf) = 0.051/nP/s

Since the concentration is high enough for zero-order
ki netics, Klbiv is replaced with Knax

f

(1 - 0)(0.051 nP/s) / (0.051 n/s + 0.315 ni/s)

air
fair =0.14
g. Cal cul ate the average em ssion rate over the 6-no period from
Equati on (5-36):
E (g/s) = fair Vv QIt
= (0.14) (16, 200 nP) (100 g/nP)/1.58 x 10’ s
= 1.4 x 1072 g/s.

5.6 DI FFUSED Al R SYSTEMS
5.6.1 Em ssion Mdel Equations

Sone i npoundnents and open tanks (e.g., activated sludge
units) are sparged with air to pronote bi odegradation or air
stripping. To estimate em ssions fromdiffused air systens, the
nodel assunes that the air bubbling through the Iiquid phase
reaches equilibriumwth the |iquid-phase concentration of the
constituent. The em ssions leaving with the diffused air are
estimated by:

E = QK.G (5-37)
wher e,
E = emssions, g/s;
C% = air flowrate, n§/$
Keq = equilibriumconstant; and
Ci = concentration in the liquid phase, g/n§.
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Em ssions can al so occur fromw nd bl ow ng across the
surface. |If the air sparging creates a very turbulent surface
simlar to the surface of nechanically aerated systens, then the
em ssion rate should be based on val ues of K typical for
mechanically aerated systens. |If the air sparging rate does not
result in a turbulent surface, then K can be estimated fromthe
correlations given for quiescent surfaces in Section 5.2.

The approach to estinmate total em ssions for flow hrough
tanks and i npoundnents sparged with diffused air is simlar to
t hat described for quiescent and aerated systens. Because the
unit is sparged with air, the liquid phase is assuned to be well
m xed and the plug-flow nodel is not used. A material bal ance
around this well-m xed systemis identical to Equation (5-18) in

Section 5.3.2, but now Kother

= (KA + QKeq)/V (5-38)

iS:
Kother
where all of the synbols have been previously defined. The

steady-state liquid phase concentration (Ci) is then cal cul ated
usi ng Equation (5-21). Air emssions are estimated as the sum
fromw nd bl owi ng across the surface and fromthe diffused air:

E = KACL + C% Keq CL : (5-39)

The fraction of the conponent feed emtted to the air (fair)
fai P (KCLA + QaKeqCL)/CX:I. (5-40)

For disposal inpoundnents with diffused air systens, the
st eady-state assunptions of the flow hrough nodels do not apply.
Em ssions are greatest when the waste is first placed in the
i npoundnent and gradual |y decrease with time. To incorporate the
contribution to mass transfer fromdiffused air, an equival ent

mass transfer coefficient is defined:
Kp = KeqQy/ A (5-41)
wher e
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KD = equi val ent mass transfer coefficient for diffused air,
ms and all of the other synbols are as previously defined.

The mass transfer coefficient for wind bl owm ng across the
surface (K) is calculated as described previously for flow hrough
systens. A conbined overall mass transfer coefficient (KC) IS
defi ned as:

Ke = K+ K . (5-42)

The overall mass transfer coefficient (KC) is used in the
equations for disposal inpoundnents (Section 5.5.1) to estimte
the fraction emtted (Equation 5-33) and the average em ssion rate
(Equation 5-36). The conbined overall mass transfer coefficient
defined above includes the mass transfer effects from both renoval
mechani snms (wi nd and diffused air).
5.6.2 Model Unit Paranmeters for Activated Sludge Unit with
Diffused Ar

A nodel unit for the activated sludge process was defined in
Section 5.4.4 and Table 5-8. The sane dinensions are used here to
define an activated sludge unit that uses diffused air instead of
mechani cal aeration. The only additional paraneter that nust be
specified is the diffused air rate, which typically ranges from
0.3to0 0.5 n§/s per 1,000 n§ of volune (20 to 30 ft3/nin per 1,000
13 of volune).®® For the nodel unit with a volume of 108 nP, an
estimate of 0.04 n§/s i s recommended based on the m d-point of the
design range. The nodel unit input paraneters are sunmarized in
Tabl e 5-11.
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5.6.3 Exanple Calculation for Diffused Air Activated Sludge Unit
An exanple calculation is presented below for the nodel unit
defined in Table 5-11.

a.

Cal cul ate the |iquid-phase, gas-phase, and overall nass
transfer coefficients. This procedure was illustrated
for quiescent surfaces and the results for this nodel
unit are given in Table 5-9:

6

k. =6.5x 10 © nis;
kg =87 x 103 m's; and
K=342x 102 s (wei ghted by area).

Cal culate the equilibriumconstant, Keq. The conpound
is benzene in water, and Keq has been presented as 0. 225
in the previous sanple cal cul ations (from Equati on 5-5).

Cal cul ate the equilibriumliquid concentration in the
uni t (Ci) from Equation (5-21):
Q = 0.0075 nP/s
C =100 g/n?
K=2342x 103 m's
A =27 nf
Qa = 0.04 ni/s
Keq = 0. 225
Kiax = 5-28 X 10”6 g/ s/ g bi omass
-6 -7
KS = Kax! K1 = (5.28 x 10 g/s/g)/(3.89 x 10
e/ s/ g)
= 13.6 g/nf
b, = 4,000 g/n?
V = 108 n?

QC =(0.0075 nP/s) (100 g/nt) = 0.75 g/'s
KA =(3.42 x 10°3 ms)(27 nf) = 9.23 x 10" 2 n¥/s
K., =(0.04 nt/s)(0.225) = 9.0 x 10 ° mi/s
Kother =(KA + Q Keq)/V (from Equati on 5-38)
(9. 23%10° n?/s)+(9 0x10™ 3 nf/s)]/ (108 nd)
9.39 x 1004 1/s
V/ Q =(108 nP)/(0.0075 nP/s) = 14,400 s
a=K =(9.29 x 1004 1/5)(14,400 s) + 1 = 14.5
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b = (13.6 g/ nP)(14.5)+(14, 400 s)(5.28 x 10 °

(4,000 g/nP) - 100 g/nf
= 401 g/ nP

9/ s/ g)

¢ = -(13.6 g/nP) (100 g/nP) = -1,360 g2/ nP

C = {[-401 g/nP] + [(401 g/nP)2 - 4(14.5)
(-1,360 g2/ nP)19-°1/12(14.5)]
= [(-401 g/nP) + (490 g/nP)]/29
3.06 g/nb .

d. Cal cul ate air em ssions from Equation (5-39).
3

(9.23 x 10°2 nP/s)(3.06 g/nP) + (9.0 x 10
nP/s) (3. 06 g/ nt)

E

= 0.31 g/s =9.7 My yr.
5.7 AL FILM SURFACES

Sone wastes di scharged into inpoundnents may contain volatile
organics and oil. Mny volatile organics wll partition nostly
into the oil, so the oil phase can contain nost of the volatiles.
The oil phase will rise to the surface of the inpoundnent where it
i s exposed to the atnosphere.

Sone i npoundnents may have a floating filmof oil on the
surface. A rigorous approach to estimating em ssions fromthis
type of source would consider three resistances acting in series:

. From t he aqueous phase to the oi
. Through the oi
. Fromthe oil to the air.

Such an approach would require estimtes of these three

resi stances and estimates of the equilibriumpartitioning between
both the aqueous and oil phases and the oil and air phases.
Because these estimtes are not generally available, a sinplifying
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assunption is that the oil filmis relatively thin, that the oi
originally contains the volatile constituents, and that nass
transfer is controlled by the gas-phase resistance. For this
case, Equation (5-2) reduces to:

K = kG Keq (5-43)

wher e kG is calculated fromthe correl ation of MacKay and Mat asugu
(Table 5-1) and Keq is calculated fromRaoult's | aw by:

Keq = P D, MAL. /(D MAP) (5-44)
wher e

Keq = dinensionless equilibriumconstant

P = vapor pressure of the volatile conmpound
of interest, atm

P. = total pressure, 1 atm

D

D

= density of air, g/cn§
L= density of oil, g/cn§
'W\é)il = nol ecular weight of oil, g/g nol
M/\éz nmol ecul ar wei ght of air, 28.8 g/g nol.

The val ue of K cal cul ated above is substituted into the equations
for flowthrough systens to estimate em ssions. For the well-
m xed fl ow nodel s, q and CL in Equations (5-1) and (5-6)
represent the organi c conpound concentration in the oil phase
(entering and | eaving the inpoundnent, respectively), and the
flowate Qis the volunetric flowrate of oil. Biodegradation is
negl ect ed because the oil filminhibits the transfer of oxygen.

The procedure descri bed above assunes that the oil layer in
t he i mpoundnent is well mxed. For exanple, changes in w nd
direction in units with retention tinmes on the order of days may
tend to nove the oil layer in different directions and result in
m xi ng. However, sonme systens may be designed for or
characterized by plug flow This flow nodel assunes that the oi
filmnoves across the inpoundnent's surface w thout backm xing.
For plug flow of the oil filmin flow hrough i npoundnments and
tanks, the fraction of organic conmpound in the oil layer emtted
to the air is given by Equation (5-11), and air em ssions are
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estimated from Equation (5-12). In these equations, Ci is the
organi ¢ conpound concentration in the oily effluent, q is the
initial concentration in the oil layer entering the inmpoundnent, J
is the residence tine, Dis the oil-filmthickness, and Qis the
volunetric flowate of oil

For an oil filmon a disposal inpoundnment, emni ssions are
cal cul ated as described in Section 5.5. However, biodegradation
i's neglected and Equation (5-32) reduces to:

CL/C| = exp (-Kt/D) (5-45)

and the fraction emtted to the air is:

fair =1- exp (-Kt/D) (5-46)

C. = concentration in the oil filmat tinmne = t;
initial concentration in the oil film and
oil-filmthickness.

e

O
I

and with the other synbols as previously defined. The average
em ssion rate E, in units of g/s, over the period of tine equal to
t is:

E=f_,  VCIt (5-47)

where V = volune of oil in the inpoundnent, n§ and with the other
synbol s as previously defined. An exanple calculation of this
approach is given in Section 7.0 for applying an oil filmto soil,
whi ch is anal ogous to an oil filmon a disposal inmpoundnment
because there is no flow out in either case and em ssions are a
function of the tine since disposal.

5.8 DI SCUSSI ON OF ASSUMPTI ONS AND SENSI TI VI TY ANALYSI S
5.8.1 Renoval Mechani sns

The organic constituents present in wastes that are treated,
stored, or disposed of in surface inpoundnents and open tanks may
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| eave the unit by any of several nechanisns. Because of the |arge
open surface area and relatively high volatility of many organic
constituents, emssions to the air may be a primary renoval

mechani smfor certain constituents. Qher constituents may be
destroyed in inpoundnents and tanks specifically designed for

bi odegradation. Aeration is often used to supply oxygen to
biologically active systens. Unfortunately, aeration also greatly
enhances the mass transfer of organic constituents to the air.

O her renoval nechani sns i nclude adsorption on solids, seepage

t hrough the ground, or degradation (e.g., by photolysis or

hydrol ysis). For flowthrough systens, the organic constituents
may | eave the unit with the effluent that will subsequently be
treated, stored, or disposed of.

Initial studies suggest that em ssion to air is a primry
removal mechani sm especially for volatile constituents.

Bi odegradation in specific systens, particularly for

semvol atiles, may al so be significant. For flowthrough systens,
the renmoval of semvolatiles with the effluent nay al so be a
primary renmoval nmechanism Oher forns of degradation, adsorp-
tion, and seepage are neglected in this analysis for several
reasons. These nechanisns are not believed to be significant for
nost systenms and nost constituents; however, they nmay be renova
routes in a specific systemor for a specific constituent. For
exanpl e, an open tank nmay be designed specifically for |iquid-
phase carbon adsorption. These nmechanisns are also difficult to
nodel in a manner that is generally applicable considering the
relatively sparse data on such renoval nechani sns, especially in
hazar dous waste i npoundnents and tanks. Consequently, the
nodel i ng effort focuses on mass transfer to the air and sone
consi deration of biodegradation.

Nuner ous studi es have been conducted to assess mass transfer
to the air; these include theoretical assessnents, correlations
based on | aboratory and bench-scal e neasurenents, and field
measurenents at actual sources. Additional data on specific
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wast es have been collected in air- stripping studies as nore air-
stripping colums have been used to renobve organi c constituents
fromwater. The result is that the state of know edge of nass
transfer fromthe liquid to the gas phase (e.g., anbient air) is
probably advanced conpared to the state of know edge of ot her
renmoval nmechani sns. The |evel of confidence in the air em ssion
nmodel s i s probably highest for the volatile constituents because
of very high mass transfer rates. The level of confidence is
sonewhat | ower for the relatively nonvolatile constituents because
of potentially significant rates of renoval by other nmechani sns.
Much of the data on the perfornmance of systens designed for
bi odegradation are reported as total renoval from neasurenent of
the influent and effluent concentrations. This total would
i nclude renoval to the air and bi odegradati on. Sonme studi es have
been conducted in closed systens in which the biodegradation rate
may be neasured directly (loss to the air is deliberately
prevented). These data are useful for conparing the relative
rates of renoval by bi odegradati on anong constituents and nake
possi bl e a ranking of these constituents with respect to
bi odegradability. In addition, the estinated rate of
bi odegradati on may be conpared to the estimated rate of air
em ssions to assess the relative extent of each.
The bi odegradati on nodel has not been validated and is used
in this report as an approxi mate neasure of the extent of
bi odegradati on. For any specific treatnent system neasurenents
of actual biodegradation rates should be used if available. Any
user of the bi odegradati on nodel should be aware that the
predicted rate is very sensitive to the choice of values for the
bi orate, biomass concentration, and the concentration of organic
constituents in the waste. An environnentally conservative
approach with respect to air em ssions would be to negl ect
bi odegradation (assune the rate is zero). This approach is
probably valid for volatile constituents in aerated systens;
however, the approach nmay tend to overesti mate em ssions of
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relatively nonvol atile constituents that are destroyed in treat-
ment systens specifically designed for biodegradation.
5.8.2 Major Assunptions

An inherent assunption in the em ssion estimting procedure
is that the mass transfer correlations chosen earlier are
general ly applicable. A paper that conpares several different
nodel s concludes that, in nost cases, many different nodels yield
conparable results for volatile constituents.56 The choi ce of
nmodel s may affect the estimted mass transfer coefficients for
semvol atiles nore than those for volatiles. The cal cul ations
indicate that em ssions of volatiles are controlled by the |iquid-
phase resistance. Consequently, the value for the overall mass
transfer coefficient (K) is primarily determ ned by the
correlation used for the |iquid-phase mass transfer coefficient
(kL). For constituents with decreasing volatility, both the
I i qui d- phase and gas-phase resistance begin to contribute to the
overall resistance to nmass transfer. For these constituents, the
choi ces of correlations for both kG and kL becone i nportant, and
the choice of correlations may significantly affect the em ssion
esti mat es.

The fl ow nodel chosen for storage and treatnent inpoundnents
assunes that the inpoundnent's contents are well m xed and that
the systemis operated at steady-state conditions. The flow for
specific facilities may be better represented by plug flow or a
nmodel that accounts for axial dispersion. The choice of flow
nmodel does not nmake a significant difference in the estimted
em ssions. However, if the |oading of the inpoundnent is cyclical
or intermttent instead of continuous, the em ssions fromthe
i npoundnent are likely to be cyclical or intermttent. Estimates
of short-termem ssion rates are very dependent upon the nethod of
operation of the system For disposal inpoundnents, peak
em ssions occur when the waste is first placed in the inpoundnent
and then decrease with tine. The approach used in this report
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estimates the average em ssion rate over a given period of tine
and does not provide an estimate of the initial peak em ssions.

The cal culation of Henry's |aw constant al so contai ns
i nherent assunptions. The approach is valid for dilute solutions
and has been applied successfully in the design of air-stripping
colums. However, specific mxtures may deviate fromHenry's | aw
because of conponent interactions or because of concentrations
outside the range of applicability. Errors in applying Henry's
| aw are generally environnentally conservative; i.e., the actual
gas- phase concentration is not likely to be underesti mated.

For concentrated m xtures of organics in a separate oi
| ayer, the use of Raoult's law is recomended. This approach is
valid for mxtures of constituents with simlar properties,
especi ally when the concentration of the conponent of interest is
very high. A preferred approach would be to avoid the use of
Henry's law or Raoult's |aw and actually nmeasure the equilibrium
partitioning between the |liquid and gas phase of a waste.
However, very few data are available for equilibriumpartitioning
that can be applied generally to hazardous waste m xtures.
5.8.3 Sensitivity Analysis

The em ssion correlations were evaluated for sensitivity to
each of the input parameters.57 In the anal ysis, each input
paraneter was varied individually over the entire range of
reasonabl e values. The effect on em ssions was noted, and the
nost sensitive paraneters were identified.

Detention tinme is an inportant paraneter that affects
em ssions fromthe inpoundnent. The em ssion estimates for
vol atile constituents are sensitive to short detention tines, and
the estimates for semvolatiles are sensitive to | ong detention
times. Essentially all of the volatile constituents are emtted
for longer detention tinmes (several days), and very little of the
semvolatiles are emtted for short detention tines (a few days).
However, significant em ssions of the semvolatiles may occur for
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|l ong detention tinmes in storage inpoundnents or in disposal
i npoundnent s.

The val ue of Henry's |aw constant was not inportant for
vol atile constituents. The correlations indicated that these
constituents are controlled by the |iquid-phase resistance, which
is not affected by Henry's | aw constant. The value of Henry's |aw
constant has a direct effect on the em ssions of semvolatiles
(such as phenol), and the greatest effect is on those relatively
nonvol ati |l e conpounds for which mass transfer is controlled by the
gas- phase resi st ance.

W ndspeed has a direct effect on the em ssion estimates for
gui escent surfaces and has little effect on those from aerated
systens. The results showed that a standard w ndspeed of 5.5 m's
was reasonabl e conpared with the results for w ndspeed
di stributions at actual sites.

Tenperature did not affect the em ssion estinates for the
vol atile constituents. However, tenperature did affect the
em ssion estimates for nonvol atile constituents with mass transfer
controlled by the gas phase. The tenperature dependence of
Henry's | aw constant accounts for this effect.

The diffusivity in air and water for a wide variety of
constituents spans a rel atively narrow range of values. The
anal ysis showed that the em ssion estimtes were not sensitive to
the choice of values for diffusivity.

For mechanically aerated systens, the choice of values for
i npel l er dianmeter, inpeller speed, oxygen transfer rate, and
oxygen correction factor did not affect the em ssion estinmates
significantly. The total horsepower and turbulent area had a
direct effect on em ssions of semvolatiles (e.g., phenol).
However, there was no significant effect on em ssions of volatile
constituents because the nodels predicted that they woul d be
stripped al nost conpletely fromthe water over the full range of
aeration val ues.
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The bi odegradati on nodel was very sensitive to all paraneters
investigated. The sensitive paraneters include organic
concentration, biomass concentration, and biorate.

Two net eorol ogi cal paraneters required in the nodels are
tenperature and w ndspeed. The em ssion estimates are based on a
standard tenperature of 25 °C and a w ndspeed of 4.47 m's
(10 m/h). These standard val ues were eval uated by estimating
em ssions for w ndspeed/tenperature conbinations at actual sites
based on their frequency of occurrence. Over a 1l-yr period, the
results fromsite-specific data on w ndspeed and tenperature were
not significantly different fromthe results using the standard
val ues. Consequently, the standard val ues were judged adequate to
estimate annual em ssions. For short-term em ssions, the actual
tenperature and w ndspeed over the short-terminterval should be
used to avoid underestimati ng em ssions during high-w ndspeed
/ hi gh-tenperature conditions.

A sensitivity analysis was perforned for three inpoundnent
nmodel units (storage, nechanically aerated, and di sposal)
presented in the exanple calculations in this section. Three
conpounds were chosen to represent relatively nonvol atile
conpounds (p-cresol), noderately vol atile conpounds (acetone), and
relatively volatile conpounds (benzene). Each of these conpounds
can be biodegraded. The results are given in Tables 5-12, 5-13,
and 5-14. The key input paranmeters identified in the tables were
i ncreased by 50 percent fromthe base case to determ ne the effect
on the percent of the conpound in the waste that is emtted to the
air.

For each of the different types of inpoundnents, the
volatility appears to be inportant only for the low volatility
category. As discussed previously, the w ndspeed (air turbul ence)
has a direct effect for each of the conpounds in a storage
i npoundnent and does not affect the nechanically aerated unit's
results. The low volatility conpounds are the nost sensitive to
changes in depth and bi omass concentration for all three types of
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i npoundnents. An assunption of no bi odegradation also has the
nost dramatic effect on the low volatility conpound with smaller
effects observed for the higher volatility conpounds. The effects
of retention tinme are small except for the results shown for the
di sposal i npoundnent after 5 days. The disposal i npoundnment
results show that for short times, the tinme since disposal is an

i nportant paraneter affecting em ssions.
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TABLE 5-12. RESULTS OF SENSITIVITY ANALYSI S FOR
QUI ESCENT STORAGE | MPOUNDMENT

Percent emtted for given Henry's
| aw constant, atnen?/ nol e

Key emi ssion nodel inputs 10"/ 10°° 1073
Base case? 2.9 58 59
50- percent increase from base caseb
Vol atility 4.2 (45)¢ 61 (5) 59 (0)
Ai r turbul ence 4.0 (38) 72 (24) 76 (29)
Retention tine 3.2 (10) 62 (7) 62 (5)
Dept h 2.1 (-28) 50 (-14) 49 (-17)
Bi onass concentration 2.1 (-28) 52 (-10) 52 (-12)
No bi odegr adat i on® 10 (245) 74 (28) 80 (36)

4 This corresponds to the nodel unit for storage
i npoundnents used in the exanple cal cul ation.

b Each paraneter is increased individually by 50
percent fromits base case val ue.

©  values in par ent heses are percent change fromthe
base case.

d

Base case wth no bi odegradati on.
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TABLE 5-13. RESULTS OF SENSITIVITY ANALYSI S FOR
MECHANI CALLY AERATED | MPOUNDMENTS

Percent emtted for given Henry's
| aw constant, atnen?/ nol e

Key emi ssion nodel inputs 10"/ 10°° 1073
Base case? 2.7 79 99
50- percent increase from base caseb
Vol atility 3.9 (44)¢ 85 (8) 99 (0)
Ai r turbul ence 2.8 (4) 80 (1) 99 (0)
Wat er turbul ence 3.6 (33) 85 (8) 99 (0)
Retention tine 2.7 (0) 80 (1) 99 (0)
Dept h 1.8 (-33) 73 (-8) 98 (-1)
Bi onass concentration 1.8 (-33) 73 (-8) 98 (-1)
No bi odegr adat i on® 20 (640) 94 (28) 100 (1)

4 This corresponds to the nodel unit for nechanically aerated
i npoundnents used in the exanple cal cul ati on.

b Each paraneter is increased individually by 50 percent fromits
base case val ue.

© values in par ent heses are percent change fromthe base case.

d

Base case wth no bi odegradati on.
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TABLE 5-14. RESULTS OF SENSI TIVITY ANALYSI S FOR DI SPOSAL
| MPOUNDMENTS

Percent emtted for given Henry's
| aw constant, atmn?/ nole

Key emi ssion nodel inputs 10"/ 10°° 1073
Base case? 13 93 92
50- percent increase from base case
Vol atility 18 (38)° 94 (1) 92 (0)
Air turbulenceC 17 (31) 96 (3) 96 (4)
Retention tine 2.3 (-82) 55 (-41) 72 (-22)
Dept h 9 (-31) 89 (-4) 88 (-4)
Bi onass 9 (-31) 89 (-4) 89 (-3)
No bi odegr adat i on® 84 (550) 100 (8) 100 (9)

4 Based on the dinmensions given in the exanple
cal culation, 100 ng/L of the constituent in 1,000 ng/L
total organics, and a tinme since disposal of 12 nonths.
b Val ues i n parentheses are percent change from base
case.
C Aretention time of 5 days was sel ected here to show
the sensitivity to retention tinme soon after disposal.
d

Base case wth no bi odegradati on.

5-74



5.9

10.
11.

12.

13.

REFERENCES

Lunney, P. D. Characterization of Wnd and Depth Effects
Upon Liquid Phase Mass Transfer Coefficients: Sinulation
Studies. Mster's thesis, University of Arkansas,
Fayetteville, AR January 1983. p. 1109.

Springer, C., P. D. Lunney, and K T. Valsaraj. Em ssion
of Hazardous Chemicals from Surface and Near Surface

| npoundnents to Air. U S. Environnental Protection Agency,
Solid and Hazardous Waste Research Division. Ci ncinnati,
OH  Project Nunber 808161-02. Decenber 1984. p. 3-4 to
3-16.

Ref erence 2, p. 3-16 to 3-109.
Ref erence 2, p. 3-18.

Hvang, S. T. Toxic Em ssions from Land Di sposal
Facilities. Environnental Progress. 1:46-52. February
1982. N

Mackay, D., and A. Yeun. Mass Transfer Coefficient
Correlations for Volatilization of Organic Solutes from
Water. Environnental Science and Technol ogy. 17:211-217.
1983. -

Ref erence 6, p. 214.

GCA Corporation. Ar Em ssions for Quiescent Surface

| npoundnent s- - Em ssi ons Data and Mbdel Review. Draft

Techni cal Note. Prepared for U S. Environmental Protection
Agency. Contract No. 68-01-6871, Assignnment 49. August
1985. p. 5-1 and 5-2.

Ref erence 8, p. 4-4.

Ref erence 5, p. 47

Thi bodeaux, L. J. Air Stripping of Oganics from
Wastewater. A Conpendium Air/VWater. p. 373. (In
publ i cation.)

Westat Corporation. National Survey of Hazardous Waste
Cenerators and TSDF' s Regul at ed Under RCRA in 1981.
Prepared for the U S. Environnental Protection Agency.
Contract No. 68-01-6861. April 1984.

Metcal f and Eddy, Inc. Wastewater Engineering. New York,
MGawH | I. 1972. p. 542-554.

5-75



14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

Eckenfel der, W, M Goronszy, and T. Quirk. The Activated
Sl udge Process: State of the Art. CRC Critical Reviews in
Environnmental Control. 15(2):148. 1984.

Beardsley, M, and J. Coffey. Bioaugnentation: Optim zing
Bi ol ogi cal Wastewater Treatnent. Pollution Engineering.
Decenber 1985. p. 32.

Ref erence 13, p. 586.
Ref erence 15, p. 32.
Ref erence 13, p. 520-521.

U.S. Environnental Protection Agency. EPA Design Manual :
Muni ci pal Wastewater Stabilization Ponds. Publication
No. EPA-625/1-83-015. Cctober 1983. p. 3.

Ref erence 13, p. 557.

Engl ande, A. J. Performance Eval uation of the Aerated
Lagoon Systemat North Gul fport, M ssissippi. Prepared for
U.S. Environnmental Protection Agency. Publication No. EPA-
600/ 2- 80- 006. March 1980. p. 39-41.

Allen, C. Project Summary: Site Visits of Aerated and
Nonaer at ed Surface | npoundnents. Prepared for U. S.
Environnental Protection Agency. Contract No. 68-03-3253.
Assi gnnent 2-8. June 1987. p. 2.

Petrasek, A., B. Austern, and T. Nei heisel. Renoval and
Partitioning of Volatile Organic Priority Pollutants in
Wastewater Treatnment. Presented at the Ninth U. S -Japan
Conf erence on Sewage Treatnent Technol ogy. Tokyo, Japan.
Septenber 1983. p. 16.

Bi shop, D. The Role of Muinicipal Wastewater Treatnent in
Control of Toxics. Presented at the NATO CCMS Meeti ng.
Bari, Italy. Septenber 1982. p. 18.

Hannah, S., B. Austern, A FEralp, and R Wse. Conparative
Renoval of Toxic Pollutants by Six Wastewater Treatnment
Processes. Journal WPCF. 58(1):30. 1986.

Ki ncannon, D., and E. Stover. Fate of O ganic Conpounds
During Biological Treatnent. Presented at ASCE
Envi ronnment al Engi neering Conference. 1981. p. 6.

Mel cer, H. Biological Renoval of Organic Priority
Pol lutants. Presented at Hazardous Substances in
Wast ewat er Seni nar. Toronto, Canada. Novenber 1982.
p. 20.

5-76



28.
29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Ref erence 19, p. 75-146.
Ref erence 13, p. 481-573.
Ref erence 14, p. 119.

Bailey, J. E., and D. F. dlis. Biochem cal Engineering
Fundanentals. New York, McGawH Il. 1977. p. 343-349.

Ki ncannon, D., and E. Stover. Determ nation of Activated
Sl udge Bi oki netic Constants for Chem cal and Plastic

| ndustrial Wastewaters. Prepared for U S. Environnental
Protection Agency. Publication No. EPA-600/2-83-073a.
August 1983. p. 18-20.

Pitter, P. Determnation of Biological Degradability of
Organi c Substances. Water Research. 10:231-235. 1976

Ki ncannon, D., A Winert, R Padorr, and E. L. Stover.
Predicting Treatability of Multiple Organic Priority
Pol | utant Wastewater from Single Treatability Studies.
Presented at the 37th Purdue Industrial Waste Conference,
West Lafayette, IN.  May 1982.

Ref erence 23, p. 4-16
Ref erence 25, p. 27-34.

Coburn, J., C. Allen, D. Geen, and K. Leese. Site Visits
of Aerated and Nonaerated | npoundnents. Revised Draft
Summary Report. Prepared for U S. Environnmental Protection
Agency. Contract No. 68-03-3253, Wrk Assignment No. 3-8.
April 1988. p. A1 to A 34.

Matter-Muller, C, W CGujer, W Gger, and W Stumm Non-
Bi ol ogi cal Elimnation Mechanisnms in a Biological Sewage
Treatment Plant. Prog. Water Tech. 12:305. 1980.

Dobbs, R, M Jelus, and K Chang. Partitioning of Toxic
Organi ¢ Conpounds on Muni ci pal Wastewat er Treat nent Pl ant
Solids. Proceedings of the International Conference on

| nnovati ve Biol ogical Treatnent of Toxic Wastewaters.
Scholze, R J., Ed. Arlington, VA June 1986. p. 585-
601.

Reference 5, p. 46
Rei nhardt, J. R Gas-Side Mass-Transfer Coefficient and
I nterfacial Phenonena of Flat-Bladed Surface Agitators.

Ph.D. dissertation, University of Arkansas, Fayetteville,
AR, 1977. 96 p.

S5-77



42.

43.
44.
45.
46.
47.
48.
49.
50.

51.

52.

53.
54.
55.
56.

57.

GCA Corporation. Em ssions Data and Model Review for
Wast ewat er Treatnent Operations. Draft Technical Note.
Prepared for U S. Environnmental Protection Agency.
Contract No. 68-01-6871, Assignnent 49. August 1985.
p. 4-3.

Ref erence 42, p. 4-2.
Ref erence 5, p. 47

Ref erence 42, p. 4-3.
Ref erence 41, p. 48.
Ref erence 19, p. 3.

Ref erence 13, p. 557.

Ref erence 13, p. 519.

GCA Corporation. Hazardous Waste TSDF WAste Process
Sanpling. Prepared for U S. Evironnental Protection
Agency. Report No. EMB/85-HNS-3. (October 1985. p. 1-11

GCA Corporation. Evaluation and Sel ection of Mdels for
Estimating Alr Em ssions from Hazardous Waste Treat nent,
Storage, and Disposal Facilities. Prepared for U S
Environnental Protection Agency. Publication No. EPA-
450/ 3- 84-020. Decenber 1984. p. 69.

Thi bodeaux, L., and D. Parker. Desorption Limts of
Sel ected Gases and Liquids from Aerated Basins. Al ChE
Sunposi um Series. 72(156):424-434. 1976.

Ref erence 51, p. 67.

Ref erence 51, p. 67.

Ref erence 13, p. 519.

Allen, C. C. Prediction of Air Em ssions from Surface
| npoundnents. Paper 3la. (Presented at 1986 Sunmer
Meeting of AlIChE. Boston, MA. August 1986.) 26 p.
Branscone, M, and A. Gtelman. Sensitivity Analysis:
Em ssion Estimtes for Surface |npoundnents. Prepared for

the U S. Environnental Protection Agency. March 1986.
67 p.

5-78



6. 0 WASTEWATER TREATMENT MODELS ( WATERS)

This section describes a series of wastewater nodels that
can be used to estimate air em ssions from m scel | aneous
wast ewater treatnment units. Many of the nodels presented in this
section are not included with CHEMDAT8 due to the nature of the
calculations that are required. Section 6.1 presents an overview
of the nodels that are included in WATER8 and sone gener al
gui dance for the use of these nodels. Section 6.2 presents a
di scussion of trickling filters and a proposed nodel for
trickling filters. Section 6.3 discusses a cooling tower nodel.
Section 6.4 discusses a nodel for an APl separator. Table 6-1
lists selected units and the appropriate nodels.
6.1 UNI TS FOR MODELI NG EM SSI ONS OF VOLATI LE COMPOUNDS

Al t hough presented as discrete units, it should be noted
that these units are present in a nunber of different treatnent
pl ants, and that nost treatnent plants can be conposed of unit
processes that fit into the broad categories of the units defined
here. For exanple, a trickling filtration unit could be used in
the treatnent train ahead of an activated sludge unit. In this
capacity, the trickling filter operates as a roughing filter to
pretreat wastewater prior to secondary treatnment and not as a
secondary treatnment process.

It shoul d be enphasized that treatnment systens vary w dely
dependi ng on the nature of the wastewater, the availability of
| and, prior regulatory pressure, the conposition and flow rate
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TABLE 6-1. REFERENCE TABLE FOR THE LOCATI ON OF WASTEWATER
TREATMENT UNI TS MODELS AND RELATED DI SCUSSI ON.

Unit Description WATERS CHEMDATS TH S REPORT
Col | ection system YES NO Section 4
Sunp YES NO Section 4
Cool i ng tower YES NO Section 6
WAst ewat er separ at or YES NO Section 6
Trickling filters YES NO SECTI ON 6
m x tanks YES YES SECTI ON 5
Activated sl udge YES YES SECTI ON 5
Agi t at ed i npoundnent YES YES SECTION 5
Di sposal i nmpoundnent YES YES SECTI ON 5
Plug fl ow system YES NO SECTION 5
Trench YES NO SECTI ON 4
Carifier YES NO SECTI ON 4
St orage tank YES NO SECTI ON 9
Waterfall or weir YES NO SECTI ON 4
Pretreat ment YES NO SECTI ON 6
Ol filmsurface YES YES SECTI ON 5
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that nay have existed at the tinme the system was desi gned, and
many other factors. The units that follow do not represent a
"typical" system The unit paraneters can be defined as those of
a specific system conponent paraneters to estimate the air

em ssions fromthat specific system conponent.

6.1.1 Conventional Activated Sludge System

A typical configuration of an activated sludge systemis
pretreatnment, optional primary sedinmentation (primary clarifier)
foll owed by the aeration process including secondary
clarification, and post treatnent. The principal treatnent
process is the aeration tank. This is a continuous fl ow,
bi ol ogi cal treatnent process characterized by the turbul ent
suspensi on of m croscopi c aerobes. The turbul ence pronotes
m xi ng and i nduces a relatively honbgenous state in which the
m crobes are able to absorb and oxi di ze sol ubl e and col | oi dal
organics. The process involves an aeration step followed by a
solid-liquid separation step in which part of the separated
sludge is recycled back to the systemfor mxing wth the raw
i nfluent.

There are many variations of the activated sludge process;
however, they generally can be reduced to | ooking at either the
| oading rates in terns of BOD or the physical arrangenent of the
process train. The loading is typically one of three basic
types. High rate takes advantage of the settleability of sludge
when the systemis |loaded at a rate of 0.80-1.15 g of BOD/ g of
m xed |iquor suspended solids per day. Conventional rate is of
the range 0.2 to 0.5 g BOD/g m xed liquor volatile suspended
solids per day. This rate is typical for nost |arger nunicipal
treatnment plants. Extended aeration rate is the | owest range of
process loading and is used in those plants which are small in
size and do not receive 24 hour supervision. As such they are
general ly conservatively designed and operate in the range of
0.05-0.15 g of BOD applied/ g of M.VSS/ day; industrial wastewaters
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vary widely in ternms of influent concentration and
bi odegradability. Thus, a wi de range of |oading rates are used
dependi ng on i ndividual circunstances.

Physi cal arrangenents are of three types; the conplete m x
activated sludge, plug flow activated sludge, and acti vated
sludge with reaeration. In the conplete m x arrangenent, the
return sludge and the wastewater are uniformy introduced into
the aeration basin through several points in order to obtain a
honmogeneous m xture. 1In a plug flow arrangenent both the
untreated wastewater and the return sludge are introduced at the
head of the plant and flow through the plant in a nodified plug
flow. Such plants are often conpartnentalized to maintain the
plug flow regine. Activated sludge with sludge reaeration
constitutes a rearrangenent of process streans. In this instance
the sludge is conpartnentalized and aerated prior to its contact
with the untreated waste.

6.1.2 Sl udge handling
Sl udge handling involves the stabilization of the

solid-water m xtures derived fromthe primary and secondary
clarifier as well as the excess biomass fromthe activated sl udge
process and chem cal reactions. These m xtures undergo

t hi ckeni ng, anaerobi c or aerobic digestion and dewatering prior
to ultimate disposal. Anaerobic digestion is designed for

m ni mal air/sludge contact. Em ssions fromthe other processes
are likely to be insignificant because the upstream processing
units wll have provided extensive opportunities for

vol atilization prior to the sludge handling operations.

6.1.3 Conventional Activated Sl udge (Mechani cal Aeration)

The principle conmponent of the nmechanical aeration systemis
the aerator. There are two types in general use today, surface
aerators and turbine aerators. The surface aerator is highly
devel oped and wi dely used, particularly in the treatnent of
i ndustrial waste. The surface aerators nay either float or be
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mount ed on supports in the aeration basin. They enhance the
entrai nnent of atnospheric air in the aeration basin by producing
a region of high turbul ence around the periphery of the aerator.
Oxygen transfer efficiency of these aerators increases with the
dept h of subnersion, as does power cost; consequently, there is a
trade off between efficiency and cost.

Since 1950, the subnerged turbine has been widely used in
the chem cal industry. It offers an attractive neans of
upgradi ng existing facilities to handle increased | oads. These
aerators are used because of inproved oxygen transfer efficiency
and | ower horsepower requirenents. Oxygen transfer efficiency
for aerators, as rated in terns of nmass of oxygen transferred per
energy input, is typically on the order of 1.2 Kg 02/ KWhr (2 IDb
02/ hp.hr). Air and energy requirenents for an aeration system
are typically on the order of 50-90 n?¥/ kg BOD renpved and 0. 040
to 0.26 Kw n? of basin volune.?

The mechani cal aerator approach is found in | arge open
basins particularly in those plants operating in a conplete m x,
conventional activated sludge node. The turbul ence introduced by
the rotary action of the aerator bl ades pronotes a honbgeneous
m xi ng and enhances the overall conplete m x node of operation.
6.1.4 Conventional Activated Sludge (D ffused Air: Coarse and
Fi ne Bubbl e)

A second approach to aeration is the use of diffuser systens

whi ch are generally used in plug flow systens and sl udge
reaeration systens, the nost conmon types of aeration systens
used in activated sludge plants. The distribution system
consists of an array of diffusers situated near the bottom of the
basin. These diffusers are designed to produce either coarse or
fi ne bubbles and are supplied with air by conpressors. In the
period from 1950 to 1978, the fine bubble systens were in w de
use. At that tine, it was felt that the increase in oxygen
transfer efficiency of the smaller bubble dianeter (8 percent vs.
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5 percent for the coarse bubble) was inportant. Later, however,
i nefficiencies such as cl oggi ng decreased the overal
attractiveness of these systens.

The nost conmon type of fine bubble diffusers are nylon or
Dacron socks and saran w apped tubes. Oher systens include
porous ceram c plates that generate small di aneter bubbl es.
Coar se bubble diffusers can be tubes covered with synthetic
fabric or wound with filaments, and sprayers with nultiple
openings created by drilling holes in pipes or |oosely attaching
pl ates or discs to a supporting piece of pipe. Although the
oxygen transfer efficiency is |lower, coarse bubble diffusers do
not suffer from clogging and have lower initial cost and
mai nt enance. Many treatnment plants are reported to have sw tched
to the coarse bubble systens in order to take advantage of these
features.?
6.1.5 Aerated Lagoons (Mechanical Air)

Aer ated | agoon systens are nedi um depth basi ns desi gned for

bi ol ogi cal treatnent on a continuous flow basis. They are
equi pped with surface aerators and are primarily used to treat
wastes of | ow nmedium strength in areas where |land is inexpensive.
They are not as wdely used as stabilization ponds, but their
feasibility has been fully denonstrated and they may represent an
upgr adi ng of an oxidation pond.

Aer ated | agoons have detention tines on the order of 3-
10 days. Aerated | agoons are staged in series and are designed
to achieve partial mxing. Consequently, aerobic and anaerobic
stratification can occur. A large fraction of the incom ng
solids may in fact settle out near the head of the plant.?
6.1.6 Spray Evaporation Ponds

Spray evaporation ponds are used primarily to reduce the
anount of water contained in a waste. These are basically ponds
equi pped with subnersible punps attached to vertical pipes ending
in standard irrigation spray headers. Water is punped through
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this systemand dispersed in the air. As the droplets fall back
to the pond they are enriched with oxygen and subjected to
evaporative processes. These ponds occur primarily in waste
treatment systens involving |arge quantities of recycled water.
Evaporati on ponds w thout spray headers are terned sol ar
evaporation ponds and are not intentionally aerated.
6.1.7 Dissolved Air Flotation (DAF)

Di ssolved air flotation is wdely used in industry to renove

suspended solids by flotation. The flotation of the particul ate
i's induced by mcroscopic air bubbles attaching to the
particul ate or agglonerate and giving it buoyancy. Particles are
floated to the surface where they are renoved by skinmmers for
further treatnent.

The DAF system generates a supersaturated sol ution of
wast ewater and air by pressurizing either the influent wastewater
(or a side streamof the influent wastewater) and introducing
conpressed air. The pressure is then released in the detention
tank generating the numerous m croscopi ¢ bubbl es which adhere to
particul ates or are trapped by any floc which may be present.
6.1.8 Neutralization (Equalization) Process

Al t hough neutralization and equalization units perform
different functions, i.e., pH neutralization vs. flow
equal i zation, these operations can be considered together as they
permt simlar nodes of air/water contact. Primarily, these
units are open basins or tanks with varying size dependi ng upon
the desired retention tine. Mechanical agitation by stirrers is
used to assure a honogeneous m xture. The design criteria for
t hese processes are dependent on the variation in influent
conposition. For exanple, when the objective is equalization,
nore erratic fluctuations in the influent conposition
necessitates | onger residence tines.

6.1.9 M scel aneous Physical - Chem cal Treatnent Systens
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Physi cal -chem cal processes are generally defined as those
operations which effect the renoval and/or destruction of
undesi rabl e constituents in wastewater by neans other than
bi ol ogi cal degradation or biol ogical conversion.
Physi cal -chem cal processes include a wi de array of
traditional and innovative processes. These processes include
di ssolved air flotation, and nechanically agitated
equal i zati on/ neutral i zati on basins. These processes can be used
as adjuncts to the nodel plant flow charts presented in this
section. |If appropriate, an open agitated tank nodel can be used
to characterize sone of the m scel aneous wastewater treatnent
oper ati ons.

6.2 AR EM SSI ONS OF VOLATI LE COMPOUNDS FROM TRI CKLI NG FI LTERS

The typical trickling filter plant consists of the foll ow ng
units: pretreatnment, primary clarifier, trickling filter,
secondary clarifier and post-treatnent unit (see Figure 6-1).
The heart of the systemis the trickling filter itself, which
consists of a circular basin 1-2.4 m deep packed with a bed of
either rock or plastic nedia, over which wastewater is sprayed.
A zoogleal slime which attaches to the nedia assim |l ates and
oxi di zes the organics in the wastewater. Oxygen and organic
matter diffuse into the zoogl eal mass and end products of
oxi dation counter-diffuse back into the flowwng liquid or to the
voi d spaces. The treated water and any particul ates fromthe
filter bed are collected in an underdrain system and sent to
secondary clarifiers for sedi nmentation.

The packing nmedia is typically dosed with a rotary
di stributor which sprays the waste over the nedia. The nedia my
be either plastic or rock. The rock nmediumrepresents a
traditional approach; the plastic however, offers advantages such
as |l ower specific weights and higher void spaces and is anenabl e
to above ground installation.
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The performance of the unit is affected by many factors such
as hydraulic and organi c | oadi ngs, depth and physi cal
characteristic of the nmedia, the method of wastewater
distribution, ventilation, and characteristics of the applied
wast ewat er.? Minici pal wastewater and a wi de variety of
i ndustrial wastewaters are anenable to treatnment in trickling

filters.
inlet water recycle to filter
Clarifier
exit water
underflow from filter
Figure 6-1. Illustration of a trickling filter.
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The principal conmponents of the trickling filter process
are:

1 The distribution system

2. The filter nedia

3 The underdrain

4. Fi nal sedi nentati on.
The rotary distributor consists of two or nore horizontal arns
mounted on a turntable assenbly anchored to a center colum. The
wastewater is uniformy distributed over the nedia through
orifices located in the arnms. The principal drive nmechanismfor
these arns is the reaction force fromthe spray on the radial
arnms. The arns are sized to limt velocities to 1.2 nisec at
maxi mum flow. The rotation speed of the arns varies with fl ow
rate in the range of 0.1-2 rpm

Ventilation is extrenely inportant in achieving efficient
filter operation. Usually, if the underdrain is properly sized,
the differences in air and water tenperature will provide a
natural driving force for ventilation. An air flow rate of
approximately 0.03 ni¥/nt filter area per mnute is required to
sustain aerobic conditions within the bed. Wen forced
ventilation systens are required, they are typically designed to
provide an air flow of 0.3 n?/nt of filter area per mnute.

Organic and hydraulic | oading determ nes the classification
of the filters: lowrate, high-rate, or roughing-rate. Lowrate
filters are generally not equipped with recirculation an are
rarely used. High-rate filters use recirculation to dilute the
influent organic strength and to flush the nedia voids. This
permts higher BOD | oadi ngs per volune of nedia and pronotes the
return of activated organisns as a seed. The high-rate filters
are generally designed to accept a continuous flow of wastewater
and may be either single stage or two staged. Hi gh-rate filters
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al so have a nunber of nodifications of the basic recircul ation
schene.

Roughing rate trickling filters provide an internedi ate
stage of treatnent and are used frequently to precede activated
sl udge units or second stage filters. The purpose of this
operation is to reduce high organic |oadings prior to further
treatnent. This internmediate stage is typical for industrial
systens.

The trickling filter nodel is based on a design currently in
operation in a US. nunicipality.? It represents a single train
of a multi-train high rate process. The operating conditions and
specifications fall wthin the range expected for industrial
waste treatnment. The design paraneters are given in Table 6-2.

6.3 AIR EM SSIONS OF VOLATI LE COVPOUNDS FROM COCLI NG TOVWERS

Cooling towers are used in the chem cal industry and in the
pul p and paper industry to cool the wastewater before biol ogical
treatment. Excessively high wastewater tenperatures can cause
t he biological treatnment plant to fail to perform as designed.
Cooling towers have been used in pulp mlls, even in the cool er
climate of the north central United States. Part of the
wast ewat er evaporates, cooling the wastewater. An illustration
of a cooling tower is presented in Figure 6-2.

Cooling towers may not be needed to cool high tenperature
wastewater if aeration basins are | ocated before the biol ogical
units. It has been observed in several plants that only part of
t he wastwat er has been diverted to the cooling tower. The
overall tenperature of the conbi ned wastewater should be |ess
than 50 °C. A cooling tower is typically a forced air cooling
tower where the wastewater is contacted wwth anbient air. 1In the
mass transfer with the anbient air, volatile organics can
transfer to the air along with the water.
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TABLE 6-2. MODEL PLANT OPERATI ONAL PARAMETERS: TRI CKLI NG FI LTER

Par amet er Val ue
Pl ant Fl ow 6.4 MG (0.28 ni/s)
Pl ant Perfornmance 85 percent BOD Renoval
75 percent Suspended Solids Renoval
| nfl uent BOD 183 ng/ 1
| nfl uent Suspended 188 ng/ 1
Sol i ds
Trickling Filter Di anet er 190 ft (58 m
Dept h 5ft (1.5 m
Area 28353 ft? (2640 n¥)
Vol une 141764 ft3 (3960 nf)
Hydraul i c | oadi ng 29 MED acre
(1.1 nB/nt-hr)
Reci rcul ation 190 percent
Clarifiers Di anet er 100 ft (30 m
Dept h 9.2 ft (2.8 m
Area 7854 ft2(730 nt)
Wi r hei ght 1 ft (30 cm
Sur face | oadi ng 1350 gal /ft? day
(0. 47 ¥/ nt- day)
Detention tine 1.2 hours
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Figure 6-2. Cooling tower.
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6.3.1 Cooling Tower Default Paraneters

The typical operating conditions of cooling towers at pulp and
paper mlls are presented in Table 6-3.°3
6.3.2 Performance Data of Cooling Towers

Reference 3 indicates in the abstract that 25 percent to 30

percent BOD reduction (presunmably predom nantly methanol) can be
achi eved by cooling tower treatnent. This corresponds to

physi cal stripping of volatile conponents at a rate of 60,000 |Ib
BOD/ day or 11,000 tons BOD/year froma Kraft |inerboard mll of
850 ton/day. The wastes treated included the pulp mll
condensates, the decker filtrate, turpentine decanter underfl ow,
and the condenser waters froma baronetric type evaporator.

The BOD renoval in a |laboratory cooling tower was related to
the liquid to gas ratio. Lower liquid rates permtted a cooling
tower to renove up to 70 percent of the BOD. There was sone
evi dence of bi odegradation contributing to the renoval of BOD in
the cooling tower, up to 15 percent of the total BOD renoval. It
was denonstrated that the main renoval nmechanismwas air
stri ppi ng.

Figure 6-1 illustrates a cooling tower with recycle. Sone
of the cooled water is recycled to the entrance of the cooling
tower. This permts nultiple passes of part of the wastewater
being treated with the cooling tower. basins are | ocated before
the biological units. 1t has been observed in several plants
that only part of the wastwater has been diverted to the cooling
t owner .

6.3.3 Air Em ssion Mddeling for Cooling Tower

The net hod selected for the nodeling of air em ssions froma
cooling tower is to nodel both the mass transfer of water and the
mass transfer of methanol by the same nechanism The predicted
performance of the cooling tower would then be subject to
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TABLE 6-3 TREATMENT OF SELECTED | NTERNAL KRAFT M LL WASTES
IN A COCLI NG TONER

Par anmet er

Val ue

Air velocity

200-600 ft/mn

Wast e | oadi ng

1-4 gal/mn-ft?

I nl et tenperature

50 C

Exit tenperature

32 C

Recycle ratio for treatnent

0.8 gal recycled/gal |eaving
t he tower

Bl owdown

15 percent to 20 percent of
tower flow

Recycle ratio for cooling

none, assuned for current case
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verification and nodel paraneter adjustnent by tenperature
measurenents. The overall mass transfer of the nethanol in the
cooling tower is given by the two resistance nodel. |In the case
of water, the resistance of the |liquid phase is negliable.

Kof(i*;] ' (6-1)
K, 409K, H
where, the above equation has the follow ng variables and units:
K, cni's overall mass transfer coefficient;
K cni's i quid phase mass transfer coefficient;
Kq cm's gas phase nmass transfer coefficient;
H at m n8/ nol Henry's | aw constant; and
40.9 nol /atm nB 1/RT (at 25C, Ris the gas constant).

For conputati onal purposed, the cooling tower is divided
into ten equal sections by partitioning with imaginary hori zont al
pl anes. The nunber of noles transferred in each vol une el enent
of the cooling tower is given by the foll ow ng equation:

dm _ K Y
FRR AU (6-2)

where, the above equation has the follow ng variables and units:

dm nols mol s transferred to the gas phase;

t sec tinme;

K, cni's overall mass transfer coefficient;

A cnR wetted surface area in tower section
X)L nmol fraction methanol in water;

18 cnls per nol/cn2-s-nol fraction;

K yl x Henry's | aw constant; and

y nmol fraction nmethanol in the gas.

The mass transfer is calculated for each of the ten segnents
in the cooling tower. The values of the tenperature of the gas,
the tenperature of the liquid, the equilibriumconcentration of
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wat er vapor, the flow rate of the gas phase, and the Henry's | aw
value is calculated separately for each of the segnents in the
cool i ng tower.

6.3.4 WMaterial Balance with Recycle

The followi ng terns describe the cooling tower recycle
concentrations:

X; = the inlet nol fraction of the wastewater;

Xout = the outlet nol fraction of the treated wastewater;

f = +the fraction of the conponent renoved each treatnent
pass;

r = the recycle fraction of the cooling tower water;

C = the ratio of x,; to X;; and

= the overall fraction renoved by the cooling tower.

The overall renpoval nay be witten as foll ows:

C=(1-F) (6-3)

F _ A Tour (6- 4)

On a single pass the renoval is a function of the inlet and
outl et concentrations:

f (Xi (1-1) + Xou (r) - Xouw) / (Xi (1-1) + Xou (r) ) (6-5)
or,

f = (-r +cr -c¢c)/ (1-r +cr) (6-6)
Rearrangi ng the previous equation,

f-fr+fcr=1-r+cr-c (6-7)

Substituting the equation for c¢c into the above equation,
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fofr+fr(L-FH=21-r+(r-1)(1-F) (6-8)

Solving for f, an equation is obtained which relates the single
pass renoval to the renmoval wth recycle:

(1-r)F

f -
1-r+r(l1-F)

(6-9)

Reference 3 reported 20 to 30 percent renoval of nethanol
wth a recycle ratio of r = 0.8. Assum ng an average val ue of
25 percent renoval, F = 0.25. Substituting the values of r and F
into the above equation, the single pass renoval fraction f is
estimated as 0. 0625.

(1-08)0.25

0.0625 -
1-08 +08(1-.25)

Wth 15 percent renoval under the sanme conditions, the
single pass renoval fraction f is estimated as 0.034. Fromthe
avai l abl e data from Table 6-3, it is concluded that the renova
of nmethanol in the wastewater treated in a cooling tower is
between 3 and 6 percent. Geater renoval of nethanol is expected
wi th cooling tower recycle.

6.4 ESTI MATION OF AIR EM SSI ONS FROM APl SEPARATOR UNI TS

This section presents the nodel for the APl separator and
illustrates the use of the nodel with a sanple cal culation. The
APl separator nodel is conposed of three regions: the flow
di stribution region, the separation region, and the exit region
that may have flow over a weir. The total air em ssions are the
sumof the air em ssions fromthe three regions.

6.4.1 APl Separator Mdel Elenents
The APl separator is nodeled as the unit which separates oi

fromthe wast ewat er. |f additional units are used to treat the
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wast ewat er before separation in the APl unit, those additional
units shoul d be nodel ed separately. Also, if additional units
are used to dewater the oil by heating or other methods, those
additional oil units should be nodel ed separately.

6.4.1.1 Region 1 flow distribution. The mass transfer from

the wastewater in the flow distribution region is characteri zed
by the resistance of two phases, the liquid phase resistance and
t he gas phase resistance. The overall mass transfer fromthis
two-resi stance nodel, K, is a conbination of the gas and the
liquid mass transfer coefficients:

1 1 1
K =(—=—+ ——— -
° (KI 40.9KgKfp) (6-10)
wher e,
K, = the overall mass transfer coefficient based upon the
liquid concentrations (ms);

K, = the liquid phase mass transfer coefficient (nm's);
K, = the gas phase mass transfer coefficient (ns);
f, = the fraction of the conpound in the water phase; and
K = the partition coefficient (atmn¥# nol).

Ks i's estimted by:

78
K, = 0.00482 [l] [

N 67
dia)* (00012 D
100

100 0.000181

K iIs estinmated by:

2 D .67
K, - 261107 [l] [—']

100 0.0000085
wher e,
\% = the wind velocity at 10 neters over the surface (cms);
dia = the wdth of the region (cm
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D, = the gas phase diuffusivity (cnt/s); and
D = the liquid phase diffusivity (cn#/s).

The fraction of the conmpound in the water phase is used to
correct the partitioning in the gas phase. The fraction of the
conpound in the water phase is estimated fromthe octanol -water
partition coefficient.

OVWPrFCL  OllTract

OWR = - (6-11)
1 - ailfract
f = __OWR (6-12)
1 + OWR
F.=1-f1, (6-13)
wher e,
ONPC = the octanol water partition coefficient;
oilfract = the fraction of the waste that is oil and
insoluble in water;
OAR = the ratio of the amount in oil to the anmount in
t he water;
fo = the fraction of the conmponent in the oil phase;
and
f, = the fraction of the conponent in the water phase.

The air | osses, f,,;,, fromthe two-resistance nodel are as

fol | ows:
K A
fairlzl—EXP(— ° (6-14)
q
wher e,
K, = the overall mass transfer coefficient based upon the
liquid concentrations (ms);
q = theliquid flowrate (n#/s);
A = the surface area of the region (nf); and
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fura = theliquid flowrate (n¥/s),

6.4.1.2 Region 2 oil filmseparation. The mass transfer

fromthe floating oil on the wastewater surface is characterized
by a resistance of only one phase, the gas phase resistance. The
overall mass transfer fromthis one resistance nodel, K, is
estimated as foll ows:

Ko = 240 K K, (6-15)
wher e,

Ko, = the overall nass transfer coefficient based upon the
liquid concentrations (ms);

K, = the gas phase nmass transfer coefficient (identical to
region 1, ms);

Ke = the partition between the gas phase and the oil phase;
and

K = the partition coefficient (atmn¥/ nol).

The fraction of the conpound in the water phase is used to
correct the partitioning in the gas phase. The fraction of the
conpound in the water phase is estimated fromthe octanol -water
partition coefficient as described above.

The partition between the gas phase and the oil phase is
estimated as foll ows:

- 0.0012 Vp mwt

K 6- 16
= p 288 760 ( )
wher e,
V, = the vapor pressure of the pure conponent at the surface
tenperature (nmMm Hg);
mm = the nol ecul ar wei ght of the conmpound (g/g-nol); and
D = the liquid density (g/cn¥).
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The air | osses, f,,,, fromthe one-resistance nodel are as

fol | ows:
-f K A
f.,=1-EXP L) (6-17)
q

wher e

K, = the overall nmass transfer coefficient based upon the

liquid concentrations (ms);

q = the liquid flow rate (n¥/s);

fo = the fraction of the conpound in the oil phase;

A = the surface area of the region (nf); and

faro = the liquid flowrate (n¥/s).

The concentration in the oil phase on the surface is assuned
to be in equilibriumw th the concentration in the agueous phase.
The exponential formof the estimation of f,,, prevents the
possibility of estimating air em ssions that are in excess of the
total anmount present.

Sone of the conponent will be renoved with the oil that is
renmoved fromthe surface. The fraction in the oil is estinmated
with the foll owm ng equation. Conponents renoved with the oil are

not available for contributing to air emssions in region 3.
froiI - (1 _fair1> (1 _fairZ) fo (6'18)

6.4.1.3 Region 3 weir overflow. The air em ssions fromthe

weir outfall of the APl separator are estimated by a nodification
of the weir nodel presented by Nakasone.* The equations used in
this method are presented in this section.
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In (r) = 0.0785 Z13 048 o310 (6-19)

wher e,
r = Cs/(Cs-Co) deficit ratio, assunes that there is no
oxygen before the weir;
Cs = saturated oxygen concentration;

Co = outlet oxygen concentration;

Z = distance of fall (nm), includes 1.5 tinmes the distance
fromthe weir top to the critical depth above the weir;

g = flowrate per length of weir (nB8/h-m; and

h = the tailwater depth (m.

It is assuned that the rate limting step for the diffusion
of oxygen is the mass transfer in the |iquid phase (oxygen is
only slightly soluble in the water). Fromthe foll ow ng
equation, a value of the |iquid phase mass transfer coefficient
can be estimated for volatile organics, after correcting for the
relative diffusion coefficient of the organic and oxygen in

wat er .
D 0.66
K A4M -9 2| () [ (6- 20)
S Z{ D, 3600 s
wher e,
K = the mass transfer coefficient of the volatile organic
in water (nm's);
In(r) = the natural log of the deficit ratio for oxygen in
the water flow ng over the weir;
D, = the diffusion coefficient of the volatile organic in
wat er (cnt/s);
D, = the diffusion coefficient of oxygen in water

(0. 000024 cn®/s);
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Z = distance of fall (m, includes 1.5 tines the distance
fromthe weir top to the critical depth above the
wei r; and

o} = flowrate per length of weir (nf/h-m.

The gas phase nass transfer coefficient of the flow at the
weir is estimated as 0.05 nmis for benzene. This is approximtely
the magni tude for nmechanically aerated systens. The assunption
of a gas phase mass transfer coefficient of this nagnitude wll
| oner the estimate of the oxygen transfer fromthe correlation by
only a few percent. Significantly |ower gas phase nmass transfer
coefficients wll lower the predicted oxygen transfer to an
extent not predicted by the correlation.

m D 0.66
kg[—) :0.05[ —9"] (6-21)
S Dgo
wher e,
Kg = the mass transfer coefficient of the volatile organic
inair (ms);
D, = the diffusion coefficient of the volatile organic in
air (cnt/s);
D, = the diffusion coefficient of the reference material in
air (0.088 cnt/s); and
0.05 = the assumed nmass transfer coefficient of a turbulent

surf ace.

The value of the overall mass transfer coefficient is
estimated by conbining the liquid and gas nmass transfer
coefficients.

1 -1
Ky=| — +—— (6-22)
K, 409 K K

wher e,
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= the overall nmass transfer coefficient based upon the
liquid concentrations (ms);

the liquid phase mass transfer coefficient (ms);
= the gas phase nmass transfer coefficient (n's); and

AN A
I

= the partition coefficient (atmn¥/ nol).

The fraction of the volatile conponents that are emtted to
the air is estimated by the follow ng rel ationshi p:

K Z
-1 - EXP(— o = 3600 Sec) (6-23)
q hr
wher e,
Ko = the overall mass transfer coefficient based upon the
liquid concentrations (ms);

o} = the liquid flowrate per length of the weir(n¥/ h-m
z = the distance of fall (n); and
far = the fraction of the volatile conmponent emtted to

the air.
6. 4.2 Exanpl e Cal cul ation
It is assunmed that an aqueous streamw th 1 percent

di spersed oil is cleaned in an open APl separator. The oi
streamis stored in a heated fixed roof tank to renove the water
fromthe oil. The heated tank is vented wi thout a condenser to
the atnosphere. In this exanple the air em ssions of benzene is
estimated fromthe separator unit.
The open APl oil/water separator used for the exanple
cal cul ati ons was characterized as having three regions, an
entrance distribution region of 20 nf, a separation regi on where
the floating oil was renoved, and a third region wwth a weir.
Since the concentration of benzene in the wastewater is not
specified, the estimtes of air em ssions should be expressed in
fraction of inlet benzene that is lost to the atnosphere.
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6.4.2.1 Properties of benzene and unit specifications.
Properties of benzene as well as the constants needed for the

sanpl e cal cul ations are presented in Tables 6-4 and 6-5.
6.4.2.2 Region 1 Calculations. The fraction of the conpound
in the water phase is used to correct the partitioning in the gas

phase. The fraction of the conmpound in the water phase is
estimated fromthe octanol -water partition coefficient:
wher e,

OWR - OWPC .0|Ifract (6-24)
1 - oilfract
0412 = 1 - 0.588
14968 - 141.25(0.01)
1-001
OWR
F, = ———
1 + OWR
0.588 - 1.4268
1 + 1.4268

TABLE 6-4. PROPERTI ES OF BENZENE USED FOR SAMPLE CALCULATI ONS

Vari abl e Synbol Nunmber and units
Diffusivity in water D 0.98 x 10° cn¥/s
Diffusivity in air Dv . 088 cnt/s
Mol ecul ar wei ght Mnt 78 g/ g- nol
Henry's | aw const ant H 0. 00555 at m n¥/ nol
Diffusivity G in water Do 2.5 x 10° cnt/s
Vapor pressure benzene vp 95.2 mm Hg
Cct anol water partition owpc 141. 25
coefficient
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TABLE 6-5. UNIT PARAMETER NAMES AND SPECI FI CATI ONS
FOR EXAMPLE CALCULATI ONS.

Unit Specification Synbol Vari abl e Nane Val ue
Wastewater flow rate q q 0.10 n¥/ s
W nd speed v v 447 cnl's
Nunmber of wunits n n% 1
Tenperat ure T T 25 deg. C
Region 1 area area. enter 20 n¥
Regi on 2 area area. oi | 50 nt
Ol in waste fo oi | fract 0.01
Density of oil do densoi | 0.7 g/cn?
O 1 nol ecul ar wei ght mat mat oi | 180
Waterfall drop hei ght h drop 20 cm
Waterfall width w wi dt hf al | 4 m
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ONPC = the octanol water partition coefficient;

oil fract = the fraction of the waste that is oil and
insoluble in water;

OAR = the ratio of the anbunt in oil to the anpunt
in the water;

fo = the fraction of the conponent in the oi
phase; and
f, = the fraction of the conponent in the water
phase.
fp=1-1,

The effective dianeter of the region 1 surface is estimted
with the foll om ng general equations:

dia - \} Area(4) (6-25)
T

2
505 cm - J 20m() (150 cm)

In region 1, the area is 20 nt (see Table 6-5). The mass
transfer fromthe wastewater in the flow distribution region is
characterized by two phases, the liquid phase resistance and the
gas phase resistance. The overall mass transfer fromthis
two-resi stance nodel, K, is a conbination of the gas K;and the

l'iquid mass transfer coefficients K . K, is estimted by:
v \® ( dia) * [ 00012 D o
K =0.00482 | — —_— —
g 100 100 0.000181

.78 -11 &7
k - 000482 | 247 505 (0.0012) (0.088)
’ 100 100 0.000181

k, = 9.04 107 m
Sec
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K iIs estinmated by:

wher e,

67
2 D '
K =261107 || |—
100 0.0000085

the wind velocity at 10 neters over the surface
(447 cn's);

the wwdth of the region (505 cm
t he gas phase diuffusivity (0.088 cnf/s); and
the liquid phase diffusivity (0.98 105 cnt/s).

2 .67
K - 261107 [ 447] [ 0.0000098)

100 0.0000085

k = 57310° L
sec

The overall mass transfer can then be witten as foll ows:

wher e,

-1

1 1

Kol K " 200K KT
I ’ g p

the overall mass transfer coefficient based upon the
liquid concentrations (ms);

the liquid phase nass transfer coefficient
(5.736 10° m's);

t he gas phase mass transfer coefficient (9.04 103 nm's);

the fraction of the conpound in the water phase, 0.4121;
and

the partition coefficient (0.0055 atm n#/ nol).

K - 1 . 1

° (5.736) (10%  (40.9) (9.04) (10°3) (0.00555) (0.412)
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K, = 5697 - 10°
sec

The air | osses, f,,;,, fromthe two-resistance nodel are as
foll ows, using Equation 6-14:

K, A
fo,=1-EXP|-

q
wher e,
K, = the overall nmass transfer coefficient based upon the
l'iquid concentrations (5.697 10°n's);
q = the liquid flowrate (0.10 n¥/s)
A = the surface area of the region (20 n?); and
fairt = the fraction emtted to the air in the entrance

regi on.

_ 1 - gxp | - (5:697) (10°) (20)

falrl O 10

f.. = 0.001139

airl

6.4.2.3 Region 2 calculations. QI floats to the surface
of region 2, where it is renoved. Since the refinery is assuned

to be operating w thout abnormal problens, the oil is a
relatively small fraction of the wastewater and the concentration
in the oil is assuned to be in equilibriumwith the water. The

partition between the gas phase and the oil phase is estimated as
foll ows, using Equation 6-16:

wher e,
V, = the vapor pressure of the pure conponent at the
surface tenperature (95.2 mm Hg);
mat = the nol ecul ar weight of the oil (180 g/g-nol); and
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D = the oil density (0.7 g/cn?®).

0.0012 Vp mwit
& p 288 760
_ (0.0012) (95.2) (180)

K
= (0.7) (28.8) (760)
Ke = 0.00134
The mass transfer fromthe thin floating oil |ayer on the

wast ewat er surface is characterized a resistance of only one
phase, the gas phase resistance. The overall nass transfer from
this one resistance nodel, K, is estimted as foll ows:

K, = Ky K (6-27)
K, = (0.00904) (0.00134)
K, =119 - 105
sec
wher e,
K, = the overall mass transfer coefficient based upon the
liquid concentrations (ms);
K, = the gas phase mass transfer coefficient (identical to
region 1, ms); and
Ke = the partition between the gas phase and the oil phase,

0.001342.
The fraction of the conmpound in the water phase is used to
correct the partitioning in the gas phase. The fraction of the
conpound in the water phase is estimated fromthe octanol -water
partition coefficient as described above.
The air |osses, f,,,, fromthe one-resistance nodel are as
fol |l ows:
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K, A owpc
fop =1 - EXP| - ——— — (6-27)
q
. -5
f=1-EXP|- 1.19 - 10> (50) (144.2)
0.10
f., = 0.576
wher e,
K, = the overall mass transfer coefficient based upon the
liquid concentrations (1.19 10°° ms);
q = the liquid flowrate (0.10 n¥#/ s);
A = the surface area of the region (50 nt); and
far = the fraction emtted to the air in region 2.

The concentration in the oil phase on the surface is assuned
to be in equilibriumw th the concentration in the agueous phase.
The exponential formof the estinmation of f,, prevents the
possibility of estimating air em ssions that are in excess of the
total anmount present.

Sone of the conponent will be renoved with the oil that is
renmoved fromthe surface. The fraction in the oil is estinmated
with the foll ow ng equation. Conponents renoved with the oil are
not available for contributing to air emssions in region 3.

froiI - ( 1- fairl ) ( 1- fair2 ) fo (6-29)
f, = (1-0001139) (1 - 0576) 0588
f, =025

roil
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6.4.2.4 Weir cal cul ati ons. In the case of benzene, the

deficit ratio is calculated using the follow ng factors:

In () = 0.0785 Z13 0428 Lo310 (6-30)
In () = 0.0785 (0.2)13! (90)°4% (0.3)031°
In (r) = 0.04503

where the above constants are for the situation where Z < 1.2 m

and g < 235,

r = Cs/(Cs-Co) deficit ratio, assunmes that there is no
oxygen before the weir,

Cs = saturated oxygen concentrati on,

Co = out| et oxygen concentration,

Z = di stance of fall (0.2 m, includes 1.5 tines the
di stance fromthe weir top to the critical depth
above the weir,

q = flowrate per length of weir (90 nB/h-nm, and

h = the tailwater depth (.3 m.

The natural log of the deficit ratio, In(r), is calculated
as 0.20363. Next, the liquid phase nmass transfer coefficient is
esti mat ed:

m Dy, |** hr
K |2 =3) 2 In( r) (6-31)
s) z| D, 3600 s
0.66
0.003 M| - 20| 998 \™ 04503 | "
s) 02| 24 3600 s

Next, the gas phase mass transfer coefficient of toluene is
esti mated, based upon the reference nmass transfer coefficient of
benzene.
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D 0.66
kg[m] :0.05[ _QVJ
s Dy,

wher e,
Kg = the mass transfer coefficient of the volatile organic
inair (ms);
Dgv = the diffusion coefficient of the volatile organic in
air (0.088 cnk/s);
Dgo = the diffusion coefficient of the reference materia

air (0.088 cnk/s); and

0.05 = the assunmed mass transfer coefficient of a turbul ent

surf ace.

0.66
0.05| M| - 005 | 9088
5 0.083

The estinmated gas phase mass transfer coefficient is
0.05 nm's. Next, the overall mass transfer coefficient is
cal cul at ed.

-1
K -| £ .1
° K.~ 409 K K
-1
000241 = | —X_ - 1
0.003  40.9 0.05 0.00555
wher e,
K, = the overall mass transfer coefficient based upon the
liquid concentrations (ms);
K, = the liquid phase mass transfer coefficient
(0.00305 nis);
= the gas phase mass transfer coefficient (0.05 nls);
K = the partition coefficient (0.00555 atm n¥/ nol).
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The overall mass transfer coefficient is 0.00241 nis. Next ,
the fraction of air em ssions is estinated.

K Z
=1 —EXP[— 0 3600860]
q hr
wher e,
K, = the overall mass transfer coefficient based upon the
liquid concentrations (0.000868 ms);
q = the liquid flowrate per length of the weir
(90 nt/ h-m;
Z = the distance of fall (0.2 m; and
far = the fraction of the volatile conponent emtted to the
air.

~0.00241 (0.2) 3600 sec
9 hr

0.019 =1 - EXP

The fraction of benzene that is emtted to the air due to
the weir drop is 0.019.

f = frEnt * (1 B frEnt) froiI * (1 B frEnt) (1 B froil) (1 B frinoil) frvvf

airl

f = 0.0012+( 1-0.0012) .576+( 1-0.0012)( 1-0.576 )(1-.25) 0.019

airl
farg= 0.584
The overall fraction of benzene that is emtted fromthe API
separator is as foll ows:

frent = the fraction lost fromthe entrance region, 0.001139;
froil = the fraction lost fromthe separator region, 0.576
friineii = the fraction renoved by the recovered oil, 0.25; and
fow = the fraction lost fromthe waterfall; 0.019.
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The overall | oss of benzene fromthe APl separator as air
em ssions is estimated as 0.584. This does not include the
fraction recovered in the oil. Estimates of air em ssions from
the recovered oil are not included in this unit.

6.5 MODEL FOR PRETREATMENT UNI TS

In the entrance to a wastewater treatnent plant, a
pretreatnent unit can be used to renove solid objects, grit, or
other itenms that can be separated fromthe wastewater. The
followi ng nodel is reconmended for the estimation of air
em ssions froma pretreatnent unit.

This section provides the foll ow ng:

. the equations used for the estimation, and

. an exanpl e cal cul ati on.

6.5.1 Pretreatnent Equations

This section presents the nodel for the pretreatnent unit
and illustrates the use of the nodel with a sanple cal cul ation.
The pretreatnment unit has an agitated surface, and can contain
agitation by forced subnerged air. The total air em ssions are
the sumof the air em ssions fromthe surface volatilization and
the subnerged air flow

If oil is present in the unit, sonme of the volatile
materials will partition into the oil and reduce the
concentrations in the water phase.

The mass transfer fromthe surface of the wastewater in the
pretreatnment unit is characterized by the resistance of two
phases, the |iquid phase resistance and the gas phase resistance.
The overall mass transfer fromthis two-resistance nodel, K, is a
conbi nation of the gas and the liquid nmass transfer coefficients
i n Equation 6-10:

K = i + ;
[0}
K, 409 K Kf
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wher e,

K, = the overall mass transfer coefficient based upon the
liquid concentrations (ms);

K, = the liquid phase mass transfer coefficient (ms);

K, = the gas phase nmass transfer coefficient (ns);

f, = the fraction of the conpound in the water phase; and
K = the partition coefficient (atmn# nol).

Ky is estimated by

K - W [ggop » LUW462 US
g 24300[ ' NSCH 067 J
US = (6.1 + 0.0063 v)°5 —_
100
K, = 0.001
NSCH - &2
wher e,
V = the wind velocity at 10 neters over the surface (cms);

and
D, = the gas phase diffusivity (cnt/s).

The fraction of the conpound in the water phase is used to
correct the partitioning in the gas phase. The fraction of the
conpound in the water phase is estimated fromthe octanol -water
partition coefficient.
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OWR = _
1 - oilfract
fo=1-1,
foo OWR
° 1+ OWR
wher e:
ONPC = the octanol water partition coefficient,
oilfract = the fraction of the waste that is oil and
insoluble in water,
OAR = the ratio of the anmount in oil to the anmount in
t he water,
fo = the fraction of the conmponent in the oil phase,
and
f, = the fraction of the conponent in the water phase.
The air | osses, f,,, fromthe two-resistance nodel are as
foll ows, from Equation 6-14:
K, A
f,p =1 - EXP|-
q
wher e,
K, = the overall mass transfer coefficient based upon the
liquid concentrations (ms);
q = the liquid flowrate (n¥s);
A = the surface area of the region (nf); and
farn the liquid flowrate (n#/s).

OWPC ailfract

6.5.2 Pretreatnent Exanpl es

I t
is pretr

i s assuned that an aqueous streamw th no di spersed oi
eated in a bar screen unit. The open-bar screen unit
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used for the exanple calcul ations was characterized as having a
turbul ent region of 20 nf. Since the concentration of benzene in
the wastewater is one part per mllion by weight. Properties of
benzene as well as the constants needed for the sanple

cal cul ations are presented in Tables 6-6 and 6-7.

The fraction of the conpound in the water phase is used to
correct the partitioning in the gas phase. The fraction of the
conpound in the water phase is estimated fromthe octanol -water
partition coefficient.

OWR - C“NPCI.oHﬂaj
1 - oilfract
f,=0
foo OWR
° 1+ OWR
F, =0
% =1 -1,
% =1
wher e,
ONPC = the octanol water partition coefficient;
oilfract = the fraction of the waste that is oil and insoluble
in water;
OAR = the ratio of the anmount in oil to the anmount in
t he water;
fo = the fraction of the conponent in the oil phase; and
fo = the fraction of the conponent in the water phase.
The effective dianeter of the region 1 surface is 20 nt. The

mass transfer fromthe wastewater in the flow distribution region
is characterized by two phases, the |iquid phase resistance and
t he gas phase resistance. The overall mass transfer fromthis
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two-resi stance nodel, K, is a conbination of the gas K;and the
l'iquid mass transfer coefficients K. K; is estimated by the
follow ng cal culations. (See TABLE 4-1) The Schm dt nunber, Ny,
and the friction velocity U* are needed for the cal cul ati on of

Kg-

TABLE 6.6 PROPERTI ES OF BENZENE USED FOR SAMPLE CALCULATI ONS

Vari abl e Synbol Nunmber and units
Diffusivity in water D 0.98 x 10° cn¥/s
Diffusivity in air Dv . 088 cnis2
Mol ecul ar wei ght Mnt 78 g/ g- nol
Henry's | aw const ant H 0. 00555 at m n8/ nol
Diffusivity Q2 in water Do 2.5 x 10° cnt/s
Vapor pressure benzene vp 95.2 mm Hg
Cct anol water partition owpc 141. 25
coefficient
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TABLE 6-7. UNIT PARAMETER NAMES AND SPECI FI CATI ONS FOR EXAMPLE

CALCULATI ONS.

Unit Specification Synbol Vari abl e Nane Val ue
Wastewater flow rate q q 0.10 n¥/ s
W nd speed % % 447 cnl's
Nunmber of wunits n n% 1
Tenper ature T T 25 deg. C
Region 1 area area. enter 20 n¥
Ol in waste fo oi | fract 0. 00
Density of oil do densoi | 0.7 g/cn?
G| nol ecul ar wei ght mat mat oi | 180
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447

U = (6.1 + 0.0063 447 )05 220
100
U* - 1335
« ~ 100 (g . 0000462 1335
9 24300 1.7067

upon evaluation, the liquid nass transfer coefficient is
speci fi ed:

A
[

= 0001 (m/s)

2
[

2.178 10° (g mol/cm2-9)

The overall mass transfer can then be witten as follows, from
Equation 6-10:

1 1 ,
“ U T mek k)
wher e,
K, = the overall mass transfer coefficient based upon the
liquid concentrations (ms);
K, = the liquid phase mass transfer coefficient (0.001 nm's);
K, = the gas phase mass transfer coefficient (2.187 102 nm's);
f, = the fraction of the conpound in the water phase, 1; and
K = the partition coefficient (0.0055 atm n#/ nol).
548 104 M - (L. 1 1

sec 0.001  (40.9) (2.187) (107 (0.00555) (1)
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The air losses, fair, fromthe tw-resi stance nodel are as
foll ows from Equati on 6-14:

f

K, A
=1 - EXP (- )
g

airl

wher e,
K, = the overall mass transfer coefficient based upon the
liquid concentrations (5.48 104 s);
q = the liquid flowrate (0.10 n¥/s);
A = the surface area of the region (20 n?); and
fara = the fraction emtted to the air in the entrance
regi on.
B (5.48) (104 (20)
f.,=1-EXP (- 510 )
farr = 0.104
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7.0 LAND TREATMENT

This chapter presents the approach used to estimate air
em ssions fromland treatnent operations. A mathematical nodel
for diffusion in porous nmedia wi th sinmultaneous sorption and
bi odegradation is presented for estimating em ssions froml and
treatnent operations. This nodel is also applicable to spills,
excavations of contam nated soils, solid waste transfer
operations, and other situations involving the diffusion of
vol atile organics in porous nedia. Analytical nodels to estimate
the air em ssions, representative values of |and treatnent nodel
i nput paraneters, and exanpl e cal cul ations are included.

7.1 NARRATI VE DESCRI PTI ON OF LAND TREATMENT Al R EM SSI ONS

Land treatnment is one of several |and di sposal nethods used
for final disposition of hazardous wastes. At |and treatnent
facilities, wastes are either spread onto or injected into the
soil, after which they are normally tilled into the soil. Oher
activities likely to occur at land treatnent facilities include
storage of wastes in tanks or surface inpoundnents, |oading and
unl oadi ng of wastes in vacuum trucks or dunp trucks, and
dewatering of wastes using filtration devices. Al of these
activities have em ssion points associated with them The
fol |l owm ng paragraphs descri be anal ytical nodels used to estimate
em ssions fromthe application, tilling, and final disposition of
hazardous waste at a |land treatnent disposal site. Em ssions
fromother land treatnent activities, such as truck | oading,
storage tanks, and fugitive em ssions fromtransfer and handli ng

7-1



operations, are estimated using procedures described in Chapter 9
of this report.

Estimating em ssions fromland treatnment may involve one to
t hree i ndependent steps depending on operating practices at a

land treatnent site. |If waste is applied froma vacuumtruck to
the soil surface, allowed to remain on the surface for a period
of tinme, and then tilled into the soil, em ssions are estinated

in three steps: (1) during application of waste onto the soi
froma vacuumtruck, (2) after waste application and before

tilling, and (3) after tilling the waste into the soil. |If waste
is applied to the soil surface and imedi ately tilled into the
soil, emssions are estimated in only two steps: (1) during
waste application, and (2) after tilling. |If waste is applied by

subsurface injection and i mMmedi ately tilled, only one step is
required to estimte em ssions.

This section presents three separate anal ytical nodels that
can be used to estimate air em ssions from separate | and
treatment activities. Primary enphasis is given to the RTI |and
treatment nodel that is used to cal culate em ssions fromwaste
that is mxed with the soil. This condition may exi st when waste
has been applied to the soil surface and has seeped into the soi
or when waste has been injected beneath the soil surface or has
been tilled into the soil. The RTI land treatnent nodel is
descri bed bel ow in Subsection 7.2.1, which includes separate
di scussions of the foll ow ng topics:

Subsecti on Topi ¢
7.2.1.2 Bi odegradati on
7.2.1.4 Effective diffusivity
7.2.1.5 Waste partitioning
7.2.1.10 Model selection rationale

After waste is applied to the surface of the soil by spray
application, it seeps into the soil. Wile the waste is on the
surface, the concentrations at the surface can be approxi mated by
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the concentration in the waste. During this short period that
the waste covers the surface of the soil, the maxi num short-term
em ssion rate is expected. For this special case, em ssions are
estimated as the product of an overall mass transfer coefficient,
constituent concentration, and surface area of the | and treatnent
site. The nodel for estimating the mass transfer coefficient
fromthe surface to the wi nd was devel oped by McKay and Mat suga
and is briefly discussed in Subsection 7.2.3.

Em ssions froma waste streamas it is applied onto the soi
surface froma vacuumtruck, regardl ess of waste type, are also
cal cul ated as the product of an overall nmass transfer
coefficient, the surface area of the waste stream and the
concentration of a specific constituent. Prelimnary
cal cul ations indicate that em ssions fromthe sprayi ng waste
application are relatively small and can be ignored in nost
situations. Even so, a brief discussion of a nodel for
estimating these em ssions is presented in Subsection 7.2.2, and
t he nodel can be used if desired. Also included in this section
are Subsection 7.2.4, which discusses representative val ues of
i nput paraneters for the anal ytical nodels, and Subsection 7.2.6,
whi ch presents exanple cal cul ations using each of the three
nodel s present ed.

At many existing land treatnent sites, waste is applied onto
the soil froma vacuumtruck and is allowed to remain for about
24 hours before being tilled into the soil. Under these
conditions, three separate cal cul ations may be needed to estimte
air emssions. Emssions during waste application could be
estimated using the waste application nodel described in
Subsection 7.2.2; em ssions after application but before tilling
woul d be estimated using the RTI |and treatment nodel as
described in Subsection 7.2.1 (or, if a visible oil filmexists
on the soil surface, the oil filmsurface nodel as presented in
Subsection 7.2.3); and em ssions after tilling would be estinmated
using the RTlI land treatment nodel. At other existing sites,
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waste is injected into the soil using subsurface injection and is
imedi ately tilled. At these sites, only one calculation is
needed to estimate em ssions. In this situation, the RTI |and
treatment nodel woul d be used.

7.2 LAND TREATMENT
7.2.1 Land Treatnent Em ssion Mdel Descriptions

7.2.1.1 Analytical Correlations. Emssions fromland
treatnent after waste is applied to the soil are estinmated using
a nodel devel oped by Cark Allen of Research Triangle Institute
(the RTI nodel). This nodel assumes that em ssions fromthe
surface of the soil/waste mxture are [imted by the diffusion of
vapors through the pore spaces in the soil/waste m xture and
further assunmes that an equilibriumconcentration of organic
vapors exists at all times within the pore spaces. The nodel is
based on Fick's second |law of diffusion applied to a flat slab as
descri bed by Crank1 and includes a termto estinmate biol ogical
decay assunming a decay rate that is first order wiwth respect to
waste | oading in the soil.

The solution to the diffusion equation devel oped by Crank is
for diffusion out of a slab that initially has a uniform
concentration of diffusing material throughout and that has equal
concentrations of diffusing material at each surface.

The general solution to the diffusion equation for those
conditions, as presented by Crank, is:

[e o)

M 8 -D (2n+1) 2B%t
F = :_']_-E exp* * 7-1
M n=o  (2n+1) 282 P2 (-1
wher e,
F = fraction of initially applied material that has
diffused out of the slab at tine t;
h4 = mass of material that has diffused out of the slab at
time t;
N% = initial mass of material present;
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D = diffusion coefficient;
| = distance fromcenter to surface of slab; and

t = time after initial distribution of diffusing materi al
into the slab.
This series solution converges very slowy for small val ues of
time (i.e., Dt/l2 i mredi ately after waste application or
tilling), Crank presented an alternative solution that is valid
during this short time. The follow ng equation is obtained from
the alternative solution for Dt/Il <.213:

Equation (7- 2) amﬁrOX|£a eBtthe Crank sol ution but excludes a

smal | error ffu ncK[bﬁ EG?II n used by Crank. (7-2)
To verify the valldlty of Crank's solution for short tines

and to test the accuracy of an approximtion for use over |onger

times, the values predicted by the solution for short tines and

the val ues obtained using the first termof the series solution

[ EQuation (7-3)] are conpared to the val ues obtained using the

first three ternms of the series solution. Table 7-1 presents the

resugts for a range of values of the dinensionless paraneter,

Dt/

M 2
Fo_t_1_8 & - Din (7-3)
M0 P

Table 7-1 shows that, for values of the di nmensionless
paraneter greater than 0.213, the first termof the series
solution, Equation (7-3), can be used to estimate total
em ssions. The table also shows that the solution for short
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TABLE 7-1.

COMPARI SON OF THE ESTI MATED FRACTI ON

EM TTED USI NG THREE DI FFERENT EQUATI ONS

(I NTEGRATED FLUX FROM SOl L)

Ti me Sho[t term First te[ of .

par arnet er sol utr1 on series solutron ¢ rgérfgr
Dt 1/ 2 2 oP Fe[l €s
2:———21 1 - 8 eXp:_EIB * solution

(Dt/12) * Bl T
0. 000 0. 000 0. 189 0. 067
0. 025 0.178 0. 238 0.179
0. 050 0. 252 0. 284 0. 252
0. 075 0. 309 0. 326 0. 309
0.100 0. 357 0. 367 0. 357
0.125 0. 399 0. 405 0. 399
0. 150 0. 437 0. 440 0. 437
0.175 0.472 0.474 0.472
0. 200 0. 505 0. 505 0. 504
0.213 0.521 0.521 0. 520
0. 250 0. 564 0. 562 0. 562
0. 275 0. 592 0. 589 0. 589
0. 300 0. 618 0. 613 0. 613
0. 325 0. 643 0. 636 0. 636
0. 350 0. 668 0. 658 0. 658
0. 375 0. 691 0.679 0.679
0. 400 0.714 0. 698 0. 698
0. 425 0. 736 0.716 0.716
0. 450 0. 757 0. 733 0. 733
0. 475 0.778 0. 749 0. 749
0. 500 0. 798 0. 764 0. 764
0. 525 0. 818 0.778 0.778
0. 550 0. 837 0.791 0.791
0. 575 0. 856 0. 804 0. 803
0. 600 0. 874 0. 816 0. 816
0. 625 0. 892 0. 827 0. 827
0. 650 0. 910 0. 837 0. 837
0. 675 0. 927 0. 847 0. 847
0. 700 0. 944 0. 856 0. 856
0.725 0. 961 0. 864 0. 865
0. 750 0.977 0. 873 0. 873
0.775 0. 993 0. 880 0. 880
0. 800 1. 009 0. 887 0. 887
0. 825 1.025 0. 894 0. 894
0. 850 1. 040 0. 900 0. 900
0. 875 1. 056 0. 906 0. 906
0. 900 1.070 0.912 0.912
0. 925 1. 085 0. 917 0. 917
0. 950 1.100 0.922 0.922
0. 975 1.114 0. 927 0. 927
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tinmes, Equation (7-2), is valid for values of the di nensionless
paraneter below 0.213. Equations (7-2) and (7-3) give identical
results for a paraneter value of 0.213. This conparison

i ndi cates that sufficient accuracy can be attai ned under al
conditions if the equation for short tinmes is used for val ues of
t he di mensi onl ess paraneter below 0.213 and the first termof the
general solution is used for values above 0.213. It is observed
that the fraction of material that diffuses out of the slab is
linear with respect to the square root of tinme up to the point
where approxi mately 50 percent of the diffusing material is
Iost.2

The conditions defined for the above sol utions by Crank
are anal ogous to diffusion of volatile organics out of a surface
| ayer of a soil/waste m xture as happens in | and treatnent
operations. Because of the symmetry of conditions on which the
above sol utions are based, an inpenetrable plane could, in
theory, be inserted at the m dpoint of the slab w thout changing
the solution. One-half of the slab with an inpenetrabl e boundary
| ayer on the bottom would represent the surface | ayer of soi
into which waste is m xed during | and treatnent.

In a land treatnent operation, the applied materi al
partitions into several phases including evaporation into a vapor
phase, adsorption onto soil particles, and absorption into oil
and water in the soil/waste mxture. Only the vapor phase is
avail able for diffusion out of the soil/ waste m xture.
Therefore, to apply the above equations to land treatnent, the
anount of material in the vapor phase nust be known. The anount
of material that partitions into the vapor phase can be estimated
by calculating equilibriumconditions within the soil/waste
m xture. This equilibriumis estinmated by defining Keq, the
rati o of the anmount of organics in the vapor phase to the total
anount of organics in the soil/waste m xture. The instantaneous
em ssion rate, E, at any tinme, t, can be estimated by the
foll ow ng Equations (7-4) and (7-5), which are obtai ned by
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differentiating Equations (7-2) and (7-3) and adding the
equi libriumconstant, Keq, and a termto account for
wast ebi odegr adati on, (-t/tb):

Mo 1/2
(short times) E = — *%@i e | and (7-4)
(longer times) E = M 245§24: expz'Keq D;é tz e !/t (7-5)
| 4]

wher e tb = the biol ogi cal degradation tinme constant.

The above equations account for the renoval of organic
material fromthe soil/waste m xture both biol ogi cal degradation
and air emssions. In a land treatnent operation, the primry
objective is to dispose of organic materials by bi odegradation;

t hus, significant quantities of waste would be expected to be
depleted fromthe soil by biological degradation. O her
mechani snms of renoval such as | eaching and photolysis also are
possi bl e but are not accounted for in this nodel because of the
estimated small anobunt of materials |ost by these processes.
7.2.1.2 Biodegradation. Biodegradation at |and treatnent
sites is generally considered to be a first-order process with
respect to waste concentration in the soil up to the point where
saturation is achieved.3 In addition to literature sources that
make such statenents, comments on a draft of this docunent
provi ded by Chevron Research Conpany offer further evidence of
the first-order nature of biodegradation at |and treatnent
sites.4 A first-order decay process is defined in the literature

as having the foll ow ng form5
dM -
at_ - - KbM y
wher e,
M = mass of organic material in the soil; and

Kb = bi ol ogi cal decay constant.
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I ntegrating and using the boundary conditions M = Nb at t = 0O
results in:

- = -K.dt o,

b
| og M=-Kbt +C1 :

or

wher e Cﬁ and Cé are constants of integration. Substituting the
boundary conditions gives:

M = N%e

Kb has units of s'1 and can be expressed as the reciprocal
of the biological decay tinme constant, 1/tb. The exponential was
introduced directly into the rate rel ationship, Equations (7-4)
and (7-5), to reduce the anount of material available for air
em ssions by the fraction of material renoved by biooxidati on.

7.2.1.3 Estimation of equilibriumcoefficient, Keq.
Partitioning of volatile constituents in the waste is assuned to
occur between the vapor space in the soil/waste m xture,
adsorbent solids in the soil, and absorbent liquids in the soi
and waste. Using 1 cn§ of the soil/waste m xture as a basis for
calculation, the total volunme of gas (i.e., void space) in the
cubic centinmeter is described by the air porosity, " a Usi ng the
i deal gas law, the nunber of noles of gas in 1 cn§ of the
soil/waste mxture is P,a/(RT), where P is the pressure*of a
constituent in the gas phase and is usually equal to XP (X is
the nole fraction of the constituent in the |iquid phase and P*
is the pure conponent vapor pressure). The noles of constituent
in the gas phase in 1 cn§ of the soil/waste m xture is thus
XP*,a/(RT). Ol loading in the soil/waste m xture in units of
grans of oil per cubic centinmeter of mxture is L (goillcn§
m xture), and the total noles of constituent per cubic centineter
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of the mxture is XL/NM%iI. The equilibriumcoefficient, Keq, is
defined as the noles of constituent in the gas phase per unit
volurme of the soil/waste m xture divided by the total noles of
constituent per unit volune of the soil/waste m xture.

Therefore, the foll ow ng equation can be witten:

This equation differs fromthe usual equation for equilibrium
coefficient by the factor " q which is included to account for
the limted air space available within the soil/waste m xture.
The ratio of noles per nole and grans per gram can be used
i nterchangeably in this equation. The value of Keq can be
cal cul ated from neasurenents, if available, of constituent con-
centrations in the pore space and in the soil/waste m xture.

In a simlar manner, it can be shown that Keq can be
estimated for agqueous wastes with an assuned value of the Henry's

| aw constant, H_:

-
H 10% |
Keq = a
9= RrT
wast e
wher e
swast e - the volune fraction of the soil/waste m xture that

i's occupi ed by waste.

In the above equations, it is assunmed that equilibriumis
controlled by Raoult's law for oily wastes and by Henry's |aw for
agueous wastes. An aqueous waste is assuned to contain water and
organi c constituents that are dissolved in water. An exanple of
an aqueous waste is a sludge containing 10 percent solids,

5 percent acetone, 1 percent nmethanol, 500 ppnw benzene, and the
remai nder water. |If the waste contains oil mxed with the water,
or the waste contains volatile constituents at concentrations
greater than the solubility in water, it is nodeled as an oily
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waste. It is inportant to specify the nolecul ar weight of this
separate organi c phase for this Raoult's |aw cal cul ati on of Keq.

7.2.1.4 Estimation of effective diffusivity. The
diffusivity of specific conpounds, as reported in the literature,
assunes that the diffusion occurs in free air. 1In a land
treatment operation, diffusion of vapors out of the soil nust
take place within the confines of the air-filled voids within the
soil. This characteristic of soil is referred to as the air
porosity. The ratio of effective diffusivity of a constituent in
the soil to its diffusivity in air can be described by the

foll ow ng equation:6
10/ 3
P _ -a
D, 2 ’
a ,T
wher e,
De = effective diffusivity of constituent in soil;
Da = diffusivity of constituent in air;
ra - air porosity of soil; and
T T total porosity of soil.

When air porosity and total porosity are the sane (i.e., for
dry soil), this equation reduces to:

- 43
D > a '

Total porosity refers to the fraction of the |land treatnent

medi umthat i1s made up of nonsoil (or nonsolid) materials, i.e.,

the sum of the void space, water-filled space, and space occupied

by the oil in the applied waste.

Soi|l air porosity undergoes substantial changes over tinme as
soil dries out and when noisture is added by rainfall or by
watering. As a result, accurately accounting for soil porosity
in an analytical nodel is difficult. The use of average or
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typi cal values of soil porosity nay be the npbst practica
appr oach.

7.2.1.5 Waste partitioning. A |large percentage of wastes
that are disposed of by land treatnent are refinery sludges.
These wastes are nostly sludge enul sions and consi st of varying
fractions of water, oil, and inorganic solids, where oil
represents the total organic portion of the waste including
vol atil e conpounds. A much smaller anount of |and-treated wastes
are dilute aqueous solutions of water and organi c conpounds.
When wastes are applied to a land treatnent area, volatile
materials in the soil have the potential for partitioning into
four different phases--a vapor phase, an oil phase where volatile
material is dissolved in the oil, a water phase where volatile
material is absorbed in the soil noisture, and a soil phase where
vol atile material is adsorbed by organic carbon within the soil.
For oily wastes, VO conmpounds will preferentially dissolve in oi
rather than water so that the fraction of volatile materials in

the water phase is estimated to be very small. Partitioning of
volatile materials into the soil phase by adsorption is a
function of the anpbunt of organic carbon in the soil. It is also

estimated to account for only a small fraction of the applied
organi cs because the surfaces in the soil are expected to contain
oil fromthe application and tilling of waste material s that
contain oil. This oil in the soil is expected to both absorb the
vol atile constituents and to interfere with the relatively | ower
adsorption rates on soil surfaces. For high nol ecul ar wei ght
constituents present in aqueous wastes, adsorption may be nore
inportant. An equilibriumequation can be witten that takes al
four phases into account in the estimation of equilibrium vapor
concentration in the soil. However, as presented here, the
equilibriumequation in the RTI nodel includes only two phases.
Cal cul ati ons by one researcher | ooked at the difference in
estimated em ssions using two-phase partitioning of waste into an
oi | phase and vapor phase and using four-phase partitioning. The
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results of these conparisons are given in Table 7-2 and show for
the conditions considered that, for soils having an organic
carbon content of up to 10 percent, the estimted fraction of
applied organics emtted using four-phase partitioning is only
about 10 percent less than the estimated fraction emtted using
t wo- phase partitioning. 1In a given situation, the anount of
mat eri al adsorbed by organic carbon in the soil is relatively
constant; thus, in soils with high organic carbon content,
adsorption of materials in the soil may becone nore significant
if low loading rates of oil or aqueous wastes are used. One of
t he products of biodegradation is organic carbon; thus, |and
treatnent sites that have been active for an extended tine may
have el evated concentrations of organic carbon. Even so, with

the normal oil loading used in land treatnent, it is
likely that a large fraction of the avail able adsorption sites
woul d be occupied by the oil itself, thus limting the effects of

adsorption on em ssions of the lighter constituents.

For oily sludges, Keq is cal cul ated using vapor pressure and
waste |l oading is cal cul ated exclusive of water content. For
di l ut e aqueous waste, partitioning is estimated to be in a water
phase and a vapor phase, and the paraneter Keq is cal cul ated
using Henry's | aw constant; waste |oading is cal cul ated using the
total waste applied. Keq nay be calculated fromsite-specific
|l and treatnent soil, vapor, and solids analyses if avail able.
Tabl e 7-3 sunmari zes the equations that make up the RTI | and
treat nent nodel

7.2.1.6 Em ssions at Short Tines.

When a sludge containing volatile organics is applied onto or
tilled into the soil at a land treatnment site, the maxinmnumrate
of air emssions will occur imediately after application or
tilling. Volatile organics will |eave the surface and enter the
envi ronment through wind currents. Although the RTI nodel is
based on the prem se that em ssions fromland treatnent are
[imted by vapor diffusion through the soil, the maxi numrate of
air emssions imediately
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TABLE 7-2. EM SSI ON ESTI MATES USI NG TWO DI FFERENT EQUATI ONS

FOR THE VAPOR- SO L PARTI TI ON COEFFI Cl ENT/

Organi ¢ carbon Esti mat ed em ssion Esti mat ed em ssion
content of soil fraction--two-phase fraction--four-phase
(fraction) partitioning partitioning

0 0.622 0.622

0. 001 0.622 0.621

0. 010 0.622 0.614

0. 100 0.622 0. 559
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TABLE 7-3. RTI MODEL FOR LAND TREATMENT EM SSI ONS

Em ssion rate equations
Short-termsolution (K, t <.22)

E = M 1 eit_b

I ea Tt S
N
Ko Ke D, K,
Long-termsolution (K, t > 0.22)

2
E:Mo[zKlegDe] exp[ Kquentti]

Fraction air em ssions
Short-term solution (K, t <0.22)

K D t 1 t
Fa = —— 2|1-< =
T |2 3 tb

Long-termsolution (K, t > 0.22)

-1
Fo-2 1+t 1-exp| - K t-—~ || +1878
s Ka b L

Long-termsolution (Fa <0.33 and Kt, <0.22)

Fat:Fa(l—exp[ —Kdt—ti])
b

Very long-termsolution (t - ) (K.dtb > 0.62)
_ O.811dK bt
a (Kd ty + 1)

F + 0.1878

Very long-termsolution (t - ) (Kdtb< 0. 62)

a

5
Keq De tb
| 2

(conti nued)
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TABLE 7-3 (continued)

*
P MY -
R

Keq = L (used for oily sludges) a
Fk 6 ’a .
Keq = — (107) ——— (used for dilute aqueous waste)
RT *wast e
Sc. = M2
G DaDa
NB = LIC
Kqué
Kv = > (vol atilization constant)
I
2

Ke =2 K

| f both air porosity and total porosity are known:

D. = (4A/B)°5

- 4/ 3 . : , .
Do =D, 5 (if only air porosity is known)
. _ 4.83 (107
b B

Wioi W .
L = o\ E— (for oily sludges); L = ﬁr-(for di l ut e aqueous waste)

aEquilibriumequations are adjusted to account for vol une
fractions of air and waste within the soil. (conti nued)
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TABLE 7-3 (continued)

Vari abl e

Keq

Kg

Definition
Equi | i brium coefficient of constituent
in the soil (dinensionless)

Gas- phase nmass transfer
coefficient(cm sec)

Concentration (weight fraction) of
constituent in the oil phase or (for
di l ute aqueous waste)in water

Di f fusi on,coefficient of constituent
in air,cn?/s

Ef fective diffusion coefficihent of
constituent in the soil, cnf/s

Em ssion rate of constituent, g/cn?/s

Henry'
at mc

| aw constant for constituent,
/g nol

Depth to which waste is mxed in the
soil, cm

O 1 or aqueous waste | oading
in the soil,g/cn?
Air em ssigns of constituent fromthe

soil, g/c

Initial |oading of constituent on the
land treatnent site, g/c

Aver age nol ecul ar wei ght of the oil,
g/g nol oil

Mol ecul ar wei ght of constituent,
g/ g nol

Pure conponent vapor pressure of
constituent, atm

| deal gas ;gnstant,
82.1 atmcmi’/ g nol «K

Dat a source

Cal cul at ed

Cal cul at ed

Definition
Dat a base
Cal cul at ed

Cal cul at ed

Dat a base

Facility
operation
Cal cul at ed
from annua
t hr oughput
Cal cul at ed

Cal cul at ed

Esti mat ed

Dat a base

Dat a base

Literature
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TABLE 7-3 (continued)

Vari abl e

Ly

7a

s T

PANNre

Definition

Ti me constant for biological decay of
constituent, sP

Tinme after waste application to the
land treatnent site, s

Tenperature of vapor in soil, K

Vol une fraction of air-filled voids
in the soil (soil air-filled porosity)
(di mensi onl ess)

Total porosity of the soil (equival ent
to dry basis bulk density divided by
soil particle density) (dinmensionless)

Vol une fraction of waste in the soi
wast e (di nmensi onl ess)

Bi orate of constituent, ng VQ geh

Vol atilization constant for constituent,
S

Modi fied volatilization constant, s'1

Bi gdegradation constant for constituent,

S

Fraction of constituent emtted to the
air after a long tine

Fraction of constituent emtted to the
air at tine t

Dat a source

Li terature,
or site
specific

Facility
operation

Assuned

Esti mat ed
fromlitera-
ture data

Esti mat ed

Cal cul at ed

Dat a base

Cal cul at ed
Cal cul at ed

Cal cul at ed

Cal cul at ed

Cal cul at ed

Fraction by weight of applied waste that

is oil (organic)

W ndspeed, nis

Definition

Esti mat ed

“Tine constant is the tine required for
bi odegradati on of 63.2 percent of a pollutant.
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TABLE 7-3 (continued)

Vari abl e

W

A

Sc
de

pa
Da

Definition

Total waste applied to | and treat nent
site, ¢

Area of land treatnegt site to which
Mﬁ?te is applied, c

( in cal culation of de)

Schm dt nunber (gas phase)

Ef fective dianeter of |and treatnent
area, m

Viscosity of air, g/cnes

Density of air, g/cm3

Dat a source

Definition

Definition

Cal cul at ed

Cal cul at ed
Literature

Literature
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after application or tilling will be limted by the gas-phase
mass transfer coefficient, kG Wthin a few hours after
application or tilling, the rate of air em ssions fromthe

vol atil e conponents will be substantially |ess than the maxi mum
rate because the volatiles at the surface have been renoved by
the wind and the remaining volatiles nmust diffuse up through a

| ayer of porous solids, a relatively slow process.

The | and treatment nodel can be used for short-term em ssions.
The em ssions fromthe short-termuse of the |land treatnent nodel
wll be somewhat | ess than the oil-filmnodel, although the
initial rate fromboth of these nodels is equivalent. The oi
filmnodel is used to estimte maxi mum em ssion rates and the
| and treatnment nodel is used to account for surface drying during
short-termem ssion estimations. The equation for the em ssion
rate i Mmedi ately after application or tilling is:

E = % 1 ex - i
I €a . ’ Tt Ty (7-6)
kG Keq De Keq

The basis of the above equation is a resistance in series nodel
where the resistance (inverse of the mass transfer coefficient)
is the sumof the resistance of the soil and the resistance at
the wi nd-porous solid interface. The nass transfer coefficient
of the soil is defined in

. . 1/ 2
Equation (7-4) in the term (Kgqlm

The resistance of the soil to mass transfer is the inverse of

t he above or (Keq D/ Bt ) Y2 ., The resistance at the air-soi
interface is defined by 1/ Keq kG . Because Keq has previously
been defined as containing a factor to account for soil porosity,
this factor (soil porosity) nust be included in the above
equation to maintain a consistent definition of Keq throughout
this discussion. The revised resistance is represented by

.ol Keq kG . Summ ng the two resistances and substituting into
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Equation (7-4) gives Equation (7-6). The gas-phase mass transfer
coefficient, kG’ is calculated as described in Table 4-1 for a
surface i npoundnent.

7.2.1.7 Estimating the fraction emtted at short tines.
The fraction of a constituent emtted to the air after sone tine,
t, can be estimated by integrating the equation for air em ssions
fromtinme O to tine t:

1/2 .t

« Keqg D, ) -t/t
Fatziiz; ftllze bdt
B I o]

The exponential term can be replaced by a series,

e BT S S I Y i
b b b b

whi ch can be substituted into the above integral, and each of the
individual terns integrated. The results of these integrations
are:

This series solution converges with only a fewterns for yal ues

of t/tFl e_sE '?emg'e.)im o fire ffprie[’_tt]:;e ioLli)}i_ngl_sﬁ rjjlsi ficatlion can
at FH

be used to esti Have the fyactiok leni t1®d ). e42 [ htlegrate
em ssions) at short tines:

F —iKquillzztllzil it 3 (7-7)
at TF 7 ¢ Fl-ogg s

The resistance to em ssions presented by gas-phase mass transfer
at the soil surface is only considered inportant for the
estimation of the emssion rates imedi ately after application or
tilling. This resistance is omtted in the above equation with
little loss in accuracy.

The above equation is used to predict the fraction of a
constituent emtted to the air when Kvt is less than 0. 22.

7.2.1.8 Estimating the fraction emtted for |onger tines.
For longer tines, when nost of the constituent is not present in
the soil, the short-termsolution (Equations (7-4) and (7-7))
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will overestimate air em ssions. Under these conditions,
Equation (7-5) can be integrated to estimate the fraction renoved
by volatilization. Equation (7-5) can be sinplified by

Keq Dé B2
defining the constant, Kd, as ———— .
4 |
Mp8Ky

Integrating fromtine O to t gives:

1
F.=8_ (14 _lf ) *1- exp (- K¢ - t/t )=+ 0.1878. (7-9)

at 82 Kd b

In the above equation, terns after the first (n > 0) in the
series solution are replaced by the constant 0.1878. This
equation is used for estimating air em ssions when Kvt is greater
than or equal to 0.22.

When Kvt is less than 0.22, the followng sinplification can
be used to estimate air em ssions at longer tines. An
exponential decay factor is established to relate the fraction
emtted at any tinme, t, to the fraction emtted at very |ong
times (i.e., t - «) as estimated using Equation (7-12), which
follows. The resulting equation is:

For = Fy [1 - exp (-Kgt - t/ty)] (7-10)

wher e
Fa = fraction of constituent emtted at very long tines (t - o).

For very long tines (i.e., t - «), the fraction emtted can
be estimated using the follow ng procedure. The integrated form
of the general solution wthout dropping terns is:

. s Ef 1 - exp{-(2n+f) Kyt - t/t,)
at 82 n=0 (2n+1)2 + 3 K
b<d
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This equation can be sinplified using the follow ng rational e:
For large values of t, the exponential terns are negligibly

smal |, and for |arge values of n, 1/(tbKd) beconmes negligibly
smal | conpared to (2n+1)2. | f these conditions are true for al
terms where n > 0, the sinplified equation is:
* t *
-8 x 'p 0. 2317%

a BZ * Kdtb + 1
The val ue of 0.2317 was obtained by evaluating the first 125
terms of the series for n > 0 with negligibly snmall val ues of

1/ (t Ky

125
— = 0.2317
n=1 (2n+1)

Combi ning ternms and sinplifying, the equation becones:

_ 0.81057Kdtb
a Kdtb + 1

F + 0.1878. (7-11)

The assunptions used in devel opi ng Equation (7-11) are not
valid for small val ues of Kdtb (Kdtb approxi mated by the
foll owi ng rel ati onshi p:

_ J Keg Do (7-12)

This relationship was established by using nultiple terns of the
general solution to calculate values of F for a series of input
val ues for the paraneters Kqu /I : mhlch is identified as the
vol atilization constant, Kv, and tb and then using a curve-
fitting routine to derive the relationship in Equation (7-12) for
Kdtb'

Tabl e 7-4 presents the results of cal culations of the | ong-
termfraction emtted (i.e., t - «) using 100 terns of the
general solution and inputting several values of the
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di nensi onl ess ratio, Kvtb, designated as T. This ratio is an
i ndicator of the relative rates of volatilization and
degradation. Table 7-4 also shows the results if the above
approxi mati ng equations are used to calculate the |long-term
fraction emtted, and it shows good agreenent between these
results and the results obtained by the general solution.

Table 7-5 shows a conparison of the estimated em ssion
fractions for a range of val ues of Kvt and t/tb using the first
100 terns of the general solution and using the approxi mations
given in Equations (7-7) and (7-9). This table shows good
agreenent between the approxi mating equations and the rigorous
sol uti on.

To cal cul ate the anmount of waste remaining in the soil at
any tinme, it is necessary to know both the amount emtted to the
air and the anount bi odegraded. At very long tines (i.e., t -
«), all waste is assuned to disappear fromthe soil. Thus, the
fraction of waste emtted plus the fraction bi odegraded nust be
equal to 1 if other nmechani sns of renoval are ignored.
Therefore, at very long tines:

F,=1-F, , (7-13)
wher e b a

Fy = fraction of constituent that is biodegraded after a
long tinme (i.e., t - o).

7.2.1.9 Tilling. To apply the nodel to a situation where
the land treatment plot is retilled after the initial waste
application and tilling, estimates of the anount of waste emtted
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TABLE 7-4. ESTI MATED Al R EM SSI ON FRACTI ON AT LONG TI MES

Value of T Esti mat ed
*T = Kvtb; fraction Estimate Esti mat ed b
(rigorous equation) fraction fraction

0. 050 0. 222 0. 224 0.277
0. 100 0. 313 0. 316 0. 348
0. 150 0. 381 0. 387 0. 407
0. 200 0. 435 0. 447 0. 456
0. 250 0. 480 0. 500 0. 497
0. 300 0.518 0. 548 0. 533
0. 350 0. 551 0. 592 0. 563
0. 400 0. 579 0. 632 0. 590
0. 450 0. 604 0.671 0.614
0. 500 0. 626 0. 707 0. 635
0. 550 0. 646 0. 742 0. 654
0. 600 0. 664 0.775 0.672
0. 650 0. 680 0. 806 0. 687
0. 700 0. 694 0. 837 0.701
0. 750 0.708 0. 866 0.714
0. 800 0.720 0. 894 0.725
0. 850 0.731 0.922 0. 737
0. 900 0.741 0. 949 0.747
0. 950 0. 751 0. 975 0. 750
1.000 0. 760 1.000 0. 765
1. 050 0. 768 1. 025 0.773
1.100 0.776 1. 049 0. 780
1.150 0. 783 1.072 0. 787
1.200 0. 789 1. 095 0.794
1.250 0. 796 1.118 0. 800
1. 300 0. 802 1.140 0. 805
1. 350 0. 807 1.162 0.811
1. 400 0.813 1.183 0. 816
1. 450 0. 818 1.204 0.821
1.500 0. 822 1.225 0. 826
1. 550 0. 827 1.245 0. 830
1. 600 0. 831 1.265 0. 834
1. 650 0. 835 1.285 0. 839
1.700 0. 839 1. 304 0. 842
1.750 0. 843 1.323 0. 846
1. 800 0. 846 1.342 0. 849
1. 850 0. 850 1. 360 0. 853
1.900 0. 853 1.378 0. 856
1. 950 0. 856 1.396 0. 859
2. 000 0. 859 1.414 0. 862

aF=T105

0.81057 K, t

b _ d b

Fy = Ry * 1 + 0.1878
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TABLE 7-5. RIGOROUS VS. APPROXI MATE ESTI MATES
OF EM SSI ON FRACTI ONS

Estimated Estimated Estimated

fraction fraction o fraction
t/tb Kvt Kvtb (rigorous)  (approximated by)™ (approximated by)
0.01 0.05 5.00 0. 25 0. 25 0.28
0.01 0.10 10.00 0. 35 0. 36 0. 36
0.01 0.15 15.00 0.43 0. 44 0. 44
0.01 0.20 20.00 0. 50 0. 50 0. 50
0.01 0.25 25.00 0. 56 0. 56 0. 56
0.01 0.30 30.00 0.61 0.62 0.61
0.01 0.35 35.00 0. 65 0. 67 0. 65
0.01 0.40 40.00 0. 69 0.71 0. 69
0.01 0.45 45.00 0.73 0.75 0.73
0.01 0.50 50.00 0.76 0.79 0.76
0.01 0.55 55.00 0.79 0.79
0.01 0.60 60.00 0.81 0.81
0.01 0.65 65.00 0. 83 0. 83
0.01 0.70 70.00 0. 85 0. 85
0.01 0.75 75.00 0. 87 0. 87
0.01 0.80 80.00 0. 88 0. 88
0.01 0.85 85.00 0.90 0. 90
0.01 0.90 90.00 0.91 0.91
0.01 0.95 95.00 0.92 0.92
0.01 1. 00 100. 00 0. 93 0. 93
0. 10 0.05 0.50 0.24 0.24 0. 28
0. 10 0.10 1.00 0. 34 0. 34 0. 36
0. 10 0.15 1.50 0.42 0. 42 0. 43
0. 10 0.20 2.00 0. 49 0. 49 0. 49
0. 10 0.25 2.50 0. 54 0. 55 0. 54
0. 10 0.30 3.00 0. 59 0. 60 0. 59
0.10 0.35 3.50 0. 64 0. 65 0. 64
0. 10 0.40 4.00 0. 67 0. 69 0. 68
0.10 0.45 4.50 0.71 0.73 0.71
0.10 0.50 5.00 0.74 0.77 0.74
0.10 0.55 5.50 0.77 0.77
0. 10 0.60 6.00 0.79 0.79
0.10 0.65 6.50 0.81 0.81
0.10 0.70 7.00 0.83 0. 83
0.10 0.75 7.50 0. 85 0. 85
0. 10 0.80 8.00 0. 86 0. 86
0.10 0.85 8.50 0. 87 0. 88
0.10 0.90 9.00 0. 89 0. 89
0.10 0.95 9.50 0. 90 0. 90
0.10 1.00 10.00 0.91 0.91
0. 30 0.05 0.17 0.23 0. 23 0. 27
0. 30 0.10 0.33 0. 32 0.32 0. 34
0. 30 0.15 0.50 0. 39 0. 39 0.41
0. 30 0.20 0.67 0. 46 0. 45 0. 46
0. 30 0.25 0.83 0.51 0.51 0.52
See notes at end of table. (conti nued)
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TABLE 7-5 (continued)

Estimated Estimated Estimated

fraction fraction a fraction b
t/tb Kvt Kvtb (rigorous)  (approximated by)™ (approximated by)
0. 30 0.30 1.00 0. 56 0. 56 0. 56
0. 30 0.35 1.17 0. 60 0. 60 0. 60
0. 30 0.40 1.33 0.63 0. 64 0. 64
0. 30 0.45 1.50 0. 67 0. 68 0. 67
0. 30 0.50 1.67 0.70 0.72 0.70
0. 30 0.55 1.83 0.72 0.73
0. 30 0.60 2.00 0.75 0.75
0. 30 0. 65 2.17 0.77 0.77
0. 30 0.70 2.33 0.79 0.79
0. 30 0.75 2.50 0. 80 0. 80
0. 30 0.80 2.67 0.82 0. 82
0. 30 0.85 2.83 0.83 0.83
0. 30 0.90 3.00 0. 84 0. 84
0. 30 0.95 3.17 0. 85 0. 86
0. 30 1.00 3.33 0. 86 0.87
1.00 0.05 0.05 0.19 0.17 0. 25
1.00 0.10 0.10 0. 26 0.24 0. 30
1.00 0.15 0.15 0. 32 0. 29 0. 35
1.00 0.20 0.20 0. 37 0. 34 0. 40
1.00 0.25 0.25 0.42 0. 38 0. 44
1.00 0.30 0.30 0. 46 0.41 0. 47
1.00 0.35 0.35 0. 49 0.44 0.51
1.00 0.40 0.40 0.52 0.48 0.54
1.00 0.45 0.45 0. 55 0. 50 0. 56
1.00 0.50 0.50 0.58 0.53 0.59
1.00 0.55 0.55 0. 60 0.61
1.00 0.60 0.60 0.62 0.63
1.00 0.65 0.65 0. 64 0. 65
1.00 0.70 0.70 0. 66 0. 67
1.00 0.75 0.75 0. 68 0. 68
1.00 0.80 0.80 0. 69 0.70
1.00 0.85 0.85 0.71 0.71
1.00 0.90 0.90 0.72 0.72
1.00 0.95 0.95 0.73 0.74
1.00 1.00 1.00 0.74 0.75
a - : - Y
Approximated by: Fo = 1.128 VRt (1-1/3 t/t})
b - 8 1 oL
Approxi mated by: F_,=— %1+ — * *1- exp;-Kdt - t/tb;;4 0.1878.
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to the air and the anount bi odegraded are required. Wen

retilling occurs, the amount of material remaining in the soil at
the tinme of retilling is estimated using the foll ow ng equation:
—_ 1 't/t
Fg=(1- Fy) e b (7-14)
wher e,
FS:: fraction of constituent remaining in the soil; and
F' = fraction of material emtted to the air at tine t

at assum ng no bi odegradation (F ¢ _can be estimated by
setting t/tb = 0 in Equation (?-7) or (7-9), whichever
IS appropriate).

To continue nodeling emssions after retilling occurs, M is set
equal to F;, M, and t is reset to zero. |If a reapplication of
waste occurs, the total waste |loading is the sumof the waste
remaining in the soil and the newy applied waste:

M, = FsM, + M, (7-15)

where M, = anount of constituent newy applied to the |and
treatnent site. To continue the nodeling after waste
reapplication and tilling, t is reset to zero.

7.2.1.10 Model selection.

The RTI nodel was selected for use in this regulatory effort
after a review of three nodels of |and treatnent em ssions. The
nodel s revi ewed were the RTI nodel, the Thi bodeaux- Hwang nodel ,
and a nodel devel oped by EPA's Ofice of Research and Devel opnent
| ocated in Ada, Cklahoma (the Ada nodel). The review considered
three selection criteria: technical basis, representativeness,
and availability of inputs. The Ada nodel is the nost anbitious
of the three in attenpting to account for mechani sns of poll utant
renmoval other than air em ssions and bi odegradati on. However,
that nodel requires detailed site-specific nodel inputs that may
not be avail able or reasonably esti mted. Because of these
characteristics of the Ada nodel, it was not considered
appropriate for use in the current effort. Both the Thi bodeaux-
Hvang and the RTlI nodel s have input requirenments that are
reasonabl y avail abl e, both have been conpared with avail abl e

7-28



measured data, and both have shown reasonabl e agreenent with the
neasurenents.8 Apparently, either of these two nodels is
satisfactory as a neans of estimating em ssion rates at specific
times for some organi c conpounds. However, if the Thi bodeaux-
Hwang nodel is used to estinate long-term steady-state

em ssions, it would predict that all of the applied volatile
organics are emtted because it does not account for biodegrada-
tion. Such a prediction would contradict data obtained from

| aboratory and field studies that indicate biodegradation of sone
organi ¢ conpounds in | and treatnent applications.9 The RTI
nodel , in contrast, estimates biodegradati on of individual
conpounds based on constituent-specific biodegradation rates.
The RTI and the Thi bodeaux Hwang nodel s predict simlar em ssion
rates for initial volatile |losses in the absence of

bi odegradation. Thus, the results of the RTI nodel show varying
| evel s of biodegradati on when used to evaluate the fate of

di fferent organi c conmpounds.

In summary, the Ada nodel has had Iimted public review,
accounts for nmultiple waste renoval nechani sns, requires numerous
det ai |l ed nodel inputs, and has no published conparisons of
estimated and neasured em ssions. The Thi bodeaux- Hvang nodel has
been publicly reviewed, accounts for one major waste renoval
mechani sm (vol atilization), requires reasonably avail abl e node
i nputs, and there are published conparisons of neasured and
estimated em ssions. The RTlI nodel has had limted public
review, accounts for the two maj or waste renoval nechani sns
(volatilization and bi odegradation), requires reasonably
avai | abl e nodel inputs, and there are published conparisons of
measured and estinmated em ssions. The peer review, en ssion
conparisons, and data availability are conpelling reasons for
usi ng the Thi bodeaux- Hvang nodel. However, the absence of
bi odegradation in that nodel is considered a major shortcom ng
because of the inportance attached to this renoval nechani sm by
i ndustry personnel and many i ndependent researchers. Em ssion
conpari sons and data availability for the RTI nodel are roughly
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equi valent to those of the Thi bodeaux- Hnvang nodel, and the RTI
nodel includes terns that account for biodegradation. The RTI
and the Thi bodeaux nodels predict simlar em ssion rates for
initial volatile losses in the absence of biodegradation. Thus,
the RTI nodel was selected for use in the standards devel opnent
process.
7.2.2 \Waste Application Mdel

At land treatnent facilities that do not use subsurface

injection with imediate tilling, em ssions may occur during the
time that waste is being applied to the soil surface and while
the waste lies on the soil before it is tilled into the soil. No

exi sting nodels were identified that predict em ssions during
application of an oily sludge to the soil surface. The approach
selected for this case was to calculate an overall nmass transfer
coefficient of volatile material fromthe surface of the stream
of sludge as it falls fromthe end of a hose to the soil surface.
The mass transfer coefficients were cal cul ated using an equati on
presented in Section 5.0 (Table 5-1). The constant in the
equation for gas-phase resistance was increased by a factor of
two in an attenpt to account for an increase in mass transfer
caused by the notion of the waste streamthrough the air. The
equations for making this calculation are presented in Table 7-6
along with the definitions of the variables used and the sources
of i nput data.
7.2.3 Q1 Film Mde

Em ssions fromwaste |lying on the soil surface are estinmated
in either of two ways depending on the formof the waste as it
| ays on the soil surface. |In typical situations where the
applied waste is spread over the surface of soil, the RTI |and
treatment nodel can be used to estimate em ssions. The equation
for short-termem ssions given above as Equations (7-4) and (7-7)
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TABLE 7-6. WASTE APPLI CATI ON EM SSI ON MODEL
Em ssi on equati ons
E = KCA
A = 2Brl
K = Keq k_ (used for oily sludges); i_ 1 + L
- A Kg y 985) KT KT Keqgk
. L G
(used for dilute aqueous waste);
-3,..0.78 -0.67, -0.11
k . = 9.64(10 U Sc de ;
G ( ) G
H .
Keq = RT (used for dilute aqueous waste)
* D i
Keq = Pp S Nrﬁnl (used for oily sludges)
o L air
k =1 (10'6) + 144 (10'4) U22 g 9% & —u—"
L L "L DD
0.5 " W W
_ L4A. . _ a
de = B ’SCG_WJa
* 0.5
U = 0.01Y(6.1 + 0.63V)
Vari abl e Definition Dat a source
E Em ssion rate for constituent, g/s Cal cul at ed
K Overall mass transfer coefficient,nls Cal cul at ed
Keq Equi I i brium coefficient, dinmensionless Cal cul at ed
H Henry's | aw constant for constituent, Literature
atmcni’/ g nol
R Uni versal gas constant, atn1cn§/ Literature
g nmol K
T Tenperature, K Measur ed
kG Gas- phase mass transfer coefficient,ms Calcul ated
P* Vapor pressure of constituent, nmm Hg Literature
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TABLE 7-6 (conti nued)
Vari abl e Definition Dat a source
P System pressure (atnospheric pressure), Definition
o n¥1LQ p ( p p )
U W ndspeed, nis Definition
SCG Schm dt nunber on gas side Cal cul at ed
ScL Schm dt nunber on liquid side Cal cul at ed
ua Viscosity of air, g/cms Literature
DW Density of water, g/cn§ Literature
Da Density of air, g/cn§ Literature
DL Density of oil, g/cn§ Esti mat ed
D Diffusivity of constituent in air, Literature
2 of
cnt/s
A Surface area of cylindrical waste Cal cul at ed
stream
r Radi us of cylindrical waste stream m Measur ed
I Length of cylindrical waste stream m Measur ed
C Concentration of constituent in the Measur ed
wast e, g/cn§
de Ef fective dianeter of waste stream Cal cul at ed

surface area, m
Mol ecul ar wei ght of air, g/g nol

Mol ecul ar wei ght of oil, g/g nol
Viscosity of water, g/cnes

DL%fusivity of conponent in water,
cnf/s

Friction velocity, ms

Li qui d- phase mass transfer coefficient,
nm s

Literature
Esti mat ed
Literature

Dat a base

Cal cul at ed
Cal cul at ed
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woul d be used for this situation. |If the applied waste has a
visible oil filmon top, em ssions imediately after spreading
are estimated by cal culating an overall nass transfer coefficient
as described in Chapter 5.0 for an oil filmon a surface
i npoundnent. The mass transfer equation was devel oped by MKay
and Matsuga and is based on data obtained from!liquid hydrocarbon
spills on | and and mater.lo The equations used to cal cul ate
em ssions under this situation are given in Table 7-7 along with
definitions of the variables used.
7.2.4 NModel Inputs

Typi cal val ues of input paraneters for the RTI node
are based primarily on a data base devel oped by EPA11 fromsite
visits and contacts with State, regional, and industry sources
suppl emented by information fromrecent literature. These val ues
were chosen as reasonably representative of average or typica
practices currently used at |and treatnment operations. GOl

loading in the soil is a nodel input that is calculated from
several other paraneters that m ght change independently.
Varying the value of the oil loading rate, thus, has the sane

effect as varying any one or any conbination of the other
paraneters. Q| loading is defined by waste throughput, the

percent oil in the waste, area of the land treatnment site, and
the depth to which the waste is mxed in the soil (tilling
depth). Typical values of oil |oading are defined from nedi an

val ues for those paraneters by which it is defined. The data
base shows annual throughput varying fromabout 2 My/yr to about
400, 000 My/yr with a nedi an val ue of about 1,800 My/yr. The area
of land treatnent sites ranges fromless than 1 hectare (ha) to
about 250 ha wth a nmedian value of 5 ha. The data base shows

tilling depth varying from15 cmto one case of 65 cm wth nost
being in the range of 15 to 30 cm The single nost frequently
reported tilling depth is 20 cm which is selected as a typica

value. This value is in line with values of 15 to 30 cmreported
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TABLE 7-7. QAL FI LM SURFACE EM SSI ON MODEL

Em ssion rate equation
E = KCtA
G =G, [exp (-Kt/D)]
K = kG Keg (used for oily sludges)

G G
sc. = Ha
G
DaDa

p Dy MY

Keq = P DLNMQir (used for oily sludges);

0
0.5
de = *ﬂﬁ;
T B
Vari abl e Definition
E Em ssion rate for constituent, g/s
K Overall mass transfer coefficient,
m s
Ct Concentration of constituent in the
oil phase at tine t
Cb Initial concentration of constituent
in the waste
Ol filmthickness, m
A Area of |and treatnent, n12
kG Gas- phase nass transfer coefficient,

m s

Dat a source

Cal cul at ed

Cal cul at ed

Cal cul at ed

Definition

Measur ed
Measur ed

Cal cul at ed
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TABLE 7-7 (continued)

Vari abl e Definition Dat a source
U W ndspeed, nis Definition
SCG Schm dt nunber--gas phase Cal cul at ed
Hgy Viscosity of air, g/cms Literature
Da Density of air, g/cn§ Literature
Da Di ffusion coefficient of constituent Literature
in air, cn?/s
de Ef fective dianeter of |and treatnent Cal cul at ed
area, m
Keq Equi | i brium coefficient of constituent
Cal cul at ed
P* Vapor pressure of constituent, mmHg Literature
PO At nospheric pressure, mm Hg Definition
NM6i| Mol ecul ar wei ght of the oil, g/g nol Definition
NMé Mol ecul ar wei ght of air, g/g nol Literature
DL Density of oil, g/cn§ Esti mat ed
R Uni versal gas constant, atn1cn§/g mol K

Literature

T Tenperature, K Measur ed
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in anot her study.!® The data base shows oil content of the waste
streans varying fromabout 2 to 50 percent, with a nedi an val ue
of about 12 percent and a node val ue of 10 percent. The 10-
percent figure is selected as typical.

Aver age nol ecul ar weight of the oil fromwhich a particul ar
constituent evaporates is one of the determning factors in the
rate of evaporation and thus nust be specified. Little data are
avai | abl e as gui dance for selecting a value for this paraneter.
The distribution of constituents by nol ecul ar weight in | and-

treated wastes is not well known. In one field nmeasurenent study
of land treatnent em'ssions,13 a value of 282 g/g nol was used as
t he average nol ecul ar weight of the oil. This value was based on

distillation of oil froma refinery sludge and identification of
the constituent corresponding to the mdpoint distillation
tenperature (i.e., the tenperature at which 50 percent of the oi
was distilled). The value 282 g/g nol is selected for use. A
sensitivity analysis using the RTI nodel shows that em ssions are
not highly sensitive to this paraneter.

Soil air porosity and total porosity inpact the effective
diffusivity of a constituent in the soil. Very little soi
porosity information has been identified. One study reported
measured val ues of soil porosity in a land treatnent plot as
ranging from43.3 to 65.1 percent,14 wi th an average val ue of
about 50 percent. The literature values are assuned to represent
air porosity. Total soil porosity would include the air porosity
and the space occupied by oil and water within the soil. One
field study reported neasured val ues of both total porosity and
air-filled porosity.15 Measur ed val ues of total porosity ranged
from54.7 to 64.8 percent, with an average val ue of 60.7 percent.
Measured values of air-filled porosity ranged from27.4 to 46.9
percent, with an average of 37.2 percent. The value of 61
percent for total porosity is assuned to be a representative
value. A value of 0.5 is used in the nodel as a default for air
porosity.
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Biorate data used in the RTI nodel data base (CHEMDATS)
represent neasured rates in aqueous systens. |In order to use the
aqueous biorate data in a |land treatnent process, a factor was
established for converting aqueous data to | and treat nent val ues
usi ng nmeasured data for benzene. A recent publication by the
Anmerican PetroleumlInstitute (APlI) reported experinentally
det erm ned val ues of biol ogical decay constants for |and
treatnent studies using two different soil types.16 Decay
constants were neasured for six conpounds including two
conpounds, benzene and tol uene, that have aqueous biorates in the
| and treatnent nodel data base (CHEMDAT8). For benzene, the
ratio of the APl data, neasured in units of day'l, and t he
aqueous data, neasured in units of ng M(ngionassohr, was
cal cul ated as 0.00179. This value is also a close approxi mation
of the ratio of the two data points for toluene, the other
conpound for which data from both sources were available. The
ot her conpounds for which data were reported by APl did not have
referenced aqueous data in the data base. The above cal cul at ed
relationship was used to cal cul ate equi val ent aqueous data val ues
for those conpounds. Reported and cal cul ated val ues of aqueous
bi orates and | and treatnent biol ogical decay constants are
presented in Table 7-8. The ratio of 0.00179 is used for al
conpounds to convert from agueous biorates to decay constants
that can be used in the land treatnment nodel. The input
paraneter for the land treatnent nodel is a biological decay tine
const ant, tb’ inunits of seconds. The equation for calculating
ty fromthe aqueous biorate is derived as foll ows.

The bi ol ogi cal decay time constant is, by definition, equal
to the reciprocol of the biological decay constant, or

(7-16)

7-37



TABLE 7-8. MEASURED AND ESTI MATED Bl ORATES AND DECAY CONSTANTS
FOR SELECTED ORGANI C CONSTI TUENTS

Cal cul ated Measur ed decay,

Aqueous decay const ant, day
Organic bi or at e, const ant, b c
constituent mg VO g bi omasseh day Nunn Ki dman
Benzene 19.0 0. 034 0. 034 0. 013
Et hyl benzene 46.4d 0. 083 0. 083 0.076
Xyl ene( - 0) 40.8d 0. 073 0. 073 0. 026
Napht hal ene 42. 59 0.076  0.076 0. 050
Tol uene 73.5 0. 132 0. 106 0. 119
Met hyl napht hal ene 24.0d 0. 043 0. 043 0. 059

ARef er ence 17.

bData obtained using a clay loamsoil (Nunn soil).
“Dat a obt ai ned using a sandy |loamsoil (Kidman soil).
dValues cal cul ated from APl experinental data.
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wher e Kb = biol ogical decay constant. The ratio, r, of decay
constant to aqueous biorate is:

1

%% 9pio " _
=B

ma—yor Kb—rB day

Substituting into Equation (7-16) gives:

_ 1
To obtain a result in seconds, this equation nust be nmultiplied
by 86,400 s/day. Making this conversion and inserting the val ue
of r (i.e., 0.00179) gives:

. _ 86,400 _ 4.83 (10')
b — 0.00179 B B

For situations in which petroleumwastes are | andfarnmed and
no information is known about the nature of the volatile
materials, it is possible to estimate a default biorate fromthe
aver age decay constant values reported in the APl investigation,
0. 07 day'l, whi ch corresponds to a biorate, B, of 40 ng/g-h
This value is between the values for benzene and tol uene in the
data base. The average value of the biological rate constant in
the two soils investigated by API was not significantly
different.

In summary, paraneters and sel ected typical values for use
in the RTI nodel are as foll ows:

Annual waste throughput = 1,800 My

Area of |and treatnent = 5 ha

O 1 content of waste = 10 percent

Aver age nol ecul ar weight of the oil = 282 g/ g nol
Soil air porosity = 0.5

Soil total porosity = 0.61

Tilling depth = 20 cm

Tenperat ure = 25 °C
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7.2.5 Estimation of Total VO Em ssions

The precedi ng di scussion has been limted to estimating
em ssions of a single constituent in a hazardous waste. Using
the nodel s presented here to estimate total VO em ssions can be
acconpl i shed using any of several approaches. The nost obvious
approach, and the one that should give the nbst accurate results,
woul d be to obtain a detailed analysis of the constituents in the
waste being land treated. The em ssion equations could be used
to cal cul ate em ssions of each constituent, and total em ssions
coul d be cal cul ated by sunm ng the em ssions of individual
constituents. In many cases, a detailed analysis of the applied
waste may not be avail able, and other, |ess accurate nethods may
be needed to estimate total VO em ssions. An alternative to the
constituent approach could make use of a boiling curve or steam
stripping test of a sanple of the waste. Experinental data
devel oped by Chevron Research C‘onpany18 indicate that a | arge
fraction of the constituents that boil at tenperatures of 400 °F
or lower will be emtted to the atnosphere and that those
constituents wth higher boiling points will tend to remain in
the soil for a sufficient tinme to undergo bi odegradati on.

Simlar results are obtained by applying the RTI |and
treatnment nodel to the constituents in the CHEMDAT8 data base.
| f a sanple of waste were subjected to a | aboratory boiling test
or other equivalent test at a tenperature of 400 °F, the fraction
of oil evaporated woul d approximate the fraction that potentially
woul d be emtted to the air in a |land treatnent operation.

A third approach to estimating total VO em ssions would
agai n make use of the experinental results generated by Chevron
Research. The test results showed that approximtely 25 percent
of the applied oil in the land treatnent test was emtted to the
air. In the absence of a detailed constituent analysis and with
no boiling or steamstripping test of the waste, a crude estinmate
of total VO em ssions could be made by assum ng that em ssions
are equal to 25 percent of the applied oil. This approximting

7-40



alternative would only apply to raw oily refinery wastes that
have not undergone any pretreatnent to renove VO
7.2.6 Exanple Calcul ations

7.2.6.1 Emssions fromland treatnent soil. The follow ng
cal cul ati on denonstrates the use of the RTI nodel to calcul ate
the long-termfraction of applied material emtted to the
at nosphere and to cal cul ate the short-termand | ong-term em ssion
rates and em ssion fractions. The calculations are nmade for
benzene at a concentration of 2,000 ppm by weight in a waste
streamthat is 10 percent oil.
| nput val ues are:

Land area 2.5 ha (half of total area of 5

ha assuned active)

Annual t hroughput 1,800 My

O 1 content of waste 10% ( by wei ght)
Benzene concentration in oil = 2,000 ppm (by weight) (2

mg/ g oil)
20 cm

Tilling depth

Soil air porosity 0.5

Soil total porosity 0.61

Aver age nol ecul ar wei ght of oil= 282 g/g nol
a. Cal cul ate oil | oading (Equation from Table 7-3):
6

(1,800 x 10

L = Inast e) (01 9oi |/ Iyast e

(2.5 x 10° cnf) (20 cm

= 0.036 g, lemd .

b. I dentify constituent properties of benzene:
B = 19.00 ng V(ngionassoh
0.088 cnf/s

T, O
I I

95.2 mm Hg = 0.125 atm
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C. Cal cul ate the equilibriumcoefficient (Table 7-3):

p MYl (0.125 atm) (282 g/g mol ) (0.5 cmI cmd
Kea = RT L = (82.05 atmcmi/g nol «K) (298 K)(0.036 g/cn?)
Keq = 0.02002
d. Cal cul ate the biol ogi cal degradation tinme constant (Equation
from Table 7-3):
. _4.8310") _ 4.83 (10") _, ., (108 s
b — B B 19 B
e. Cal cul ate the effective diffusivity of constituent in the
soil (Equation from Table 7-3):
10/ 3
; 10/ 3
D. =D, -2 = 0.088 cnf/s (9:2) = 0.0235 cnf/s
e a 2 2
B“KeqD,
f. Cal cul ate the val ue of Kd = —
4 |
K. = (9.87) (0.0235) cn?/s (0.02002) _ 2 9 (10-6) g1
d 4 (400) cnf
g. Cal cul ate the fraction of constituent emtted to the air

after a long tinme (Equation (7-11)):

_ 0.81 Kdtb

F. = o—+———-5— + 0.1878 = 0. 90
a Kdtb + 1

h. Calculate the long-termem ssion rate after 60 h (216, 000 s).

D_t
e _ 0.02002 x 0.0235 x 216,000 _
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Use Equation (7-5) (long-term equation):

2K D K D. n2t
E::MO[_ :Z 1 @@[ ) eq4iz) @m[ —%-)
b

_ 2.(0.72)(2)(0.02002)(0.0235) , , (-0.02002(0.0235)(9.87) (216, 000)

F 400 1, 600
X e[-216, 000/ 2. 54(10%)]
= 3.38(10° %) e(-0.627) e(-0.085) = 3.38(10°%) e(-0.712)

6) . ng
c S

C. Cal cul ate the short-termemssion rate after 15 mn (900 s):

D_t
e’ _ 0.02002 x 0.0235 (900) _

E =3.38(10"% (0.491) = 1.7(10

3, (0.78

K G

G = 4.82 (10

wher e
U = wi ndspeed = 4.47 nis
de = effective dianeter of |and treatnent area

0.5

de = *ﬂgk =178 m
Scn = HI
G Da Da
wher e

Hg = viscosity of air = 1.81(10'4) g/ cms

D, = density of air = 1.2 (10'3) g/cn§
D, = 0.088 cnf/s

1.81 (10°%
SCG . =1.71

1.2 (107 3)(0. 088)
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kg = 4.82(10% ) (4.470- 78 (1715907 (1785011
= 0.0061 mMs ( 0.61 cms )
t
E = ﬂ 1 eit_b
I Ea N Tl:t ]5
Keq kG De Keq
E=-07292ny L « (-900/ 2. 54(10%))

%% %

0.5 + DPRIPRI” ¢

1 cm2 20 cmg
*0.61 x 0.02002 ;=55 35"4 0. 02002

= 0.072 (0.0004) e(-0.0004) = 2.87 (10 °) :g
C S

Tabl e 7-9 shows estimated em ssion rates and em ssion
fractions for various tines up to 40 days (960 hours).

7.2.6.2 Emssions fromWste Application. The
followng is an exanple calculation for the application of an
oily waste to a land treatnent plot using the equations in
Table 7-6. For benzene in waste oil, the calculation is:

| nput val ues:

r = 0.038 m

L = 0.46 m

Hy = 1.81 (10'4) g/ cms

D, = 1.2 (1073 glen®

U = 4.47 ms

R = 8205aunu§/wgnm

T = 208 K

C = 200 ppm = 200 ug/g = 0.0002 g/cn® = 200 g/t
(assum ng a density of 1 g/cng)

A = 2 BrL = 2(3.14)(0.038 m)(0.457 ) = 0.11 nf

D, = 1glen®

NM% = 29 g/g nol

Nv%il = 282 g/ g nol.
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a. Cal cul ate the effective dianeter of the waste stream
surface (Equation from Table 7-6):

0.5
dez*g—A* = 0.37 m

TABLE 7-9. ESTI MATED EM SSI ON RATES AND FRACTI ONS EM TTED
VERSUS TI ME FOR EXAVPLE LAND TREATMENT CALCULATI ON

Time after Em ssi on Fraction
application _r651t e, Equat i on em tted, Equat i on
/tilling, h 10 ng/ cn12-s used fraction used
1 14. 4 Short term 0.073 Short term
2 10. 3 Short term 0.104 Short term
4 7.30 Short term 0.147 Short term
8 5.12 Short term 0.207 Short term
24 2.90 Short term 0.356 Short term
48 1.98 Short term 0.497 Short term
96 1.08 Long term 0.674 Long term
192 0. 348 Long term 0.827 Long term
480 0. 011 Long term 0.899 Long term
960 0.00004 Long term 0.901 Long term
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Cal cul ate the Schm dt nunmber (Equation from Table 7-6):

Sc. = Ha _ 1.81 (10'4) g/ cmes - 171
G D_.D a -3 n§ n? oo '
a a [1.2 (10 ~) g/cni’](0.088 cnt/s)

Cal cul ate the equilibriumcoefficient

(Equation from Table 7-6):
Keq = P Pa M (95.2 nm Hg)[1.2(10%) g/ cni] (282 g/ gl )

Po DL MY (760 mm Hg) (1 g/cnt) (29 g/ g nol)

Keq = 0. 0015.

Cal cul ate the gas-phase mass transfer coefficient
(Equation from Table 7-6):

G G
= 9.64(10 %) (4.47)0 78(1.71)70-67(0.37)-0- 11
= 0.024 s

Cal cul ate the overall mass transfer coefficient (Equation
from Table 7-6):

K = k~ Keq = (0.0015)(0.024) m's = 0.000036 m's

G

Cal cul ate enm ssions froma unit volunme of waste
(Equation from Table 7-6):

E = KCA = 0.000036 nfs (200 g/nP) (0.11) nf
=7.92 (1004 gls

Using a calculated fall tine of 0.305 s:

E = (7.92:10 % g/s)(0.30 s) = 2.38 (10° %

2

) 9

Stream vol ume = Br2L = (3.14)(0.038 m)2(0.46 m) = 0.002 nP
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= 2,073 cnt
Mass of constituent = (0.002 n§) (200 g/n§) =0.44¢g

g. Cal culate the fraction of constituent emtted to the air:
. . 2.38(10" % g
Fraction emtted = = 0.4 g = 0. 00059 = 0.06 percent.
7.2.6.3 Emssions froman oil |ayer on soil prior to
tilling. An exanple calculation for butanol-1 in an oil |ayer

on the soil surface of a land treatnent site is given bel ow
using the equation fromTable 7-7.
| nput val ues:

Hog = 1.81 (10'4) g/ cms
D, = 12(10°% gent
U = 4.47 nls
Nw%il = 282 g/ g nol
D, = Llglen®
NM% = 29 g/g nol
C = 0.0002 g/cn® = 200 g/nf
A = 25,000 nf
t = 24 h = 86,400 s
d = 0.072 m
a. Cal cul ate the effective dianeter of the soil surface

(Equation from Table 7-7):

0.5 0.5
de = *QEA& — XBZS,OOQ, - 178 m

b. Cal cul ate the Schm dt nunmber (Equation from Table 7-7):

VI -4
Scg = D? _ 1;21 (10 7) g/cms - 1.885
ala [1.2 (10°3) g/cnf](0.080 cnf/s)
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C. Cal cul ate the equilibriumcoefficient
(Equation from Table 7-7):

*
P D MV

Keq = g b1 _ (6.5 mmHg)[1.2(10 Pg/cnt] (282 g/ gnol)
Po DL MY (760 mm Hg) (1 g/cnt) (29 g/g nol)
= 1.0 (1009

d. Cal cul ate the gas-phase mass transfer coefficient

(Equation from Table 7-7):

ke 4.82(107 %) U Bt 07qe 0- 11 4 g2(1073) (4. 47§ 78(1. 89y 0- ©7
x (178y0- 11
= 5.7 (10" %)
e. Cal cul ate the overall mass transfer coefficient (Equation
from Table 7-7):
K =kgKeq = [5.7 (1072 ) ms][1.0 (1074 )] s
K =570 (107) ms.
f. Cal cul ate the fraction of constituent emtted to the air at
time t (Equation from Table 7-7):
C
f=1- L=1-¢K/D
o]

1 - exp [-5.70 (10" /) (86, 400)/0.072]

—h
1

=1- 0.50 =0.50
7.2.6.4 Exanples of the Use of the Land Treatnent Mdel for

Specific Cases. To illustrate how the | and treatnent nodel is
used to estimate | ong-term and short-term em ssions from vari ous
wast e managenent options, the follow ng case studies are
presented. Each of these exanples represents the |and treatnent
of APl separator sludge/ DAF float, with the exception of

exanple 5. The waste contains 10 percent organics and is applied
at a rate of 2,500 My of waste per year. The |oading, benzene
concentration, and porosity are identical to the exanple
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presented in Section 7.2.6.1. The land area is 35,000 square
net er s.

Exanple 1. Waste is applied nonthly for 9 nonths of the
year. No waste is applied during Decenber, January, or February

because the soil is frozen or saturated with water during those
months. The waste is applied froma vacuumtruck by spraying
onto the soil surface with a nozzle. The soil is tilled 24 hours

after application and is tilled again (no waste application)
after 2 weeks.

Two cal cul ations of air em ssions are required: after
application and after tilling. The first time period is 1 day
and the second tine period is 14 days. The anount of waste
applied is 2,520 My/9 or 280 My/application. It is assuned that
the oil content in the soil is 0.036 grans of 0i|/cn§. The
anount of oil applied each application is 0.036/9 or 0.004 g/cng.
The concentration of benzene in the waste is 2,000 ppnw and the
concentration of benzene added to the oil in the soil is 2,000/9
or 222 ppmw each application. The land area is 3,500 square
meters. After application, the liquid is assunmed to seep into
the soil to a depth of 5 cm and the oil loading in the waste on
the soil surface was assuned to be the sane as the oil content of
the soil.

To estimate the anount of air em ssions between application

and tilling, the follow ng paraneters are used in CHEMDATS:
e Concentration of benzene: 2,000 ppnw
e Tilling depth: 5 cm
e Tinme of calculation: 1 day
e Loading (10 percent oil): 0. 036 g/cng.

The fraction lost during the first day is 98 percent with 0.007
percent |ost to biological decay.

The fraction lost after the first tilling is estimted by
the use of the foll ow ng paraneters:

e Concentration of benzene: 222 ppmw
e Tilling depth: 20 cm
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e Tinme of calculation: 14 days
. Loadi ng: 0.036 g oil/cnb.

The cal cul ated fraction lost during the first tilling period is
0.89 to air emssions and 0.095 to biodegradation. This fraction
i s independent of the concentration of benzene and is expected to
al so apply to the second tilling period.

The | oss of benzene during the nonth is 97.8 percent during
t he spreading period and (1-0.978-0.0067) x 0.89 x 100 or 1.4
percent during the tilling periods, for a total air em ssion |oss
of 99.2 percent.

Exanple 2. Waste is applied weekly except when the ground
is saturated with water. Waste is applied froma vacuum truck,
and the waste is spread over the surface of the soil. The soi
istilled on the day follow ng the application and weekly between
applications. The waste is applied nonthly to the | and treatnent
pl ot throughout the year.

As in exanple 1, two cal culations of em ssions are required:
after application and after tilling. The first tinme period is
1 day and the second tinme period is 7 days. The anmount of waste
applied is 2,520 My/12 or 210 My/application. It is assuned that
the oil content in the soil is 0.036 grans of 0i|/cn§. The
anount of oil applied each application is 0.036/12 or 0.003
g/cng. The concentration of benzene in the waste is 2,000 ppnmw
and the concentration of benzene added to the oil in the soil is
2,000/ 12 or 167 ppmw each application. The land area is 3,500
square neters. After application, the liquid is assuned to seep
into the soil to a depth of 5 cm and the oil loading in the
waste on the soil surface was assuned to be the sane as the oi
content of the soil.

To estimate the anount of air em ssions between application

and tilling, the follow ng paraneters are used in CHEMDATS:
e Concentration of benzene: 2,000 ppnw
e Tilling depth: 5 cm
e Tinme of calculation: 1 day
e Loading (10 percent oil): 0. 036 g/cng.
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The fraction lost during the first day is 98 percent with 0.007
percent |ost to biological decay.

The fraction lost after the first tilling is estimted by
the use of the foll ow ng paraneters:

e Concentration of benzene: 167 ppnmw
e Tilling depth: 20 cm
e Tinme of calculation: 7 days
. Loadi ng: 0.036 g oil/cnb.
The cal cul ated fraction lost during the first tilling period is

0.80 to air emssions and 0.083 to biodegradation. This fraction
i s independent of the concentration of benzene and is expected to
al so apply to the second tilling period.

The fraction | oss of benzene during four tilling periods is
(0.805) + (0.0995)(0.805) + (0.805)(0.0995)2 + 0. 805 (0.0995)3 or
0. 89.

The | oss of benzene during the nonth is 97.8 percent during
t he spreading period and (1-0.978-0.0067) x 0.89 x 100 or 1.4
percent during the tilling periods, for a total air em ssion |oss
of 99.2 percent.

Exanple 3. The waste is dewatered prior to | and treatnent.
The paraneters are the sane as those used in exanple 1, except
the waste is dewatered and the filter cake is land-treated. The
oil content of the filter cake is 20 percent. The waste is
applied froma dunp truck and is spread by a bull dozer. The
waste is tilled into the soil on the day follow ng spreading. It
is assuned that the dewatering process renoves 60 percent of the
oil fromthe waste.

As in the preceeding exanples, two calculations of air
em ssions are required: after spreading and after tilling. The
first tinme period is 1 day and the second tinme period is 14 days.
The amount of waste applied is 2,520 My/9 or 280 My/ application.
It is assuned that the oil content in the soil is 0.036 grans of
oil/cn?. The anount of oil applied each application is 0.036/9
or 0.004 g/cnf. The concentration of benzene in the waste is
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2,000 ppmw and the concentration of benzene added to the oil in
the soil is 2,000/9 or 222 ppnw each application. The |land area
is 3,500 square neters. After application, the liquid is assuned
to be retained in the waste, and the oil loading in the waste on
the soil surface is assuned to be the sanme as the oil content of
t he waste.

To estimate the anount of air em ssions between application

and tilling, the follow ng paraneters are used in CHEMDATS:
e Concentration of benzene: 2,000 ppnw
e Tilling depth: 2 cm
e Tinme of calculation: 1 day
e Loading (20 percent oil): 0.2 g/cng.

The fraction lost during the first day is 98 percent wth 0.006
percent |ost to biological decay.

The fraction lost after the first tilling is estimted by
the use of the foll ow ng paraneters:

e Concentration of benzene: 222 ppmw
e Tilling depth: 20 cm
e Tinme of calculation: 14 days
. Loadi ng: 0.036 g oil/cnb.
The cal cul ated fraction lost during the first tilling period is

0.89 to air emssions and 0.095 to biodegradation. This fraction
i s independent of the concentration of benzene and is expected to
al so apply to the second tilling period.

The air em ssion | oss of benzene during the application
period is 98.3 percent during the spreadi ng period and (1-0.983-
0.006) x 0.89 x 100 or 1.2 percent during the tilling periods,
for a total air emssion |l oss of 99.5 percent. The air em ssions
on the basis of the untreated waste woul d depend on the recovery
of oil in the dewatering process and the air em ssions fromthe
dewat eri ng process.

Exanple 4. The waste is tilled as it is applied to the
soil. The tilling depth is 20 cm The period between tillings
is 3 days. Waste is applied nonthly.
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Only one calculation of air emssions is required: after
tilling. The amount of waste applied is 2,520 My/ 12 or 210
My/ application. It is assuned that the oil content in the soi
is 0.036 grans of oiI/cn§. The amount of oil applied each
application is 0.036/12 or 0.003 g/cng. The concentration of
benzene in the waste is 2,000 ppmw, and the concentration of
benzene added to the oil in the soil is 2,000/12 or 167 ppnw each
application. The land area is 3,500 square neters.

The fraction lost after the first tilling is estimted by
the use of the foll ow ng paraneters:

e Concentration of benzene: 167 ppnmw
e Tilling depth: 20 cm
e Tinme of calculation: 3 days
. Loadi ng: 0.036 g oil/cnb.
The cal cul ated fraction lost during the first tilling period is

0.60 to air emssions and 0.055 to biodegradation. This fraction
i s independent of the concentration of benzene and is expected to
al so apply to the following tilling periods.

The | oss of benzene during the first tilling period is 60
percent with (100-60-5.5) or 34.5 percent remaining. The |oss of
benzene during the second tilling period is 0.60 (34.5) or 20.7
percent, with a fraction of (0.345)2 or 0.119 of benzene
remai ning. The total |oss of benzene for the nmonth is
92 percent.

Exanple 5. Waste is applied nonthly for 9 nonths of the
year. No waste is applied during Decenber, January, or February

because the soil is frozen or saturated with water during those
months. The waste is applied froma vacuumtruck by spraying
onto the soil surface with a nozzle. The soil is tilled 24 hours

after application and is tilled again (no waste application)
after 2 weeks. The waste is aqueous containing 10 percent
organi cs and 2,000 ppnmw benzene. The waste contains 10 percent
solids by weight.

Two cal cul ations of air em ssions are required: after
application and after tilling. The first time period is 1 day
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and the second tine period is 14 days. The anount of waste
applied is 2,520 My/9 or 280 My/application. It is assuned that

the water content in the soil is 0.10 grans/cng. The
concentration of benzene in the waste is 2,000 ppnw and the
concentration of benzene added to the water in the soil is 300

ppmw each application. The land area is 3,500 square neters.
After application, the liquid is assuned to seep into the soil to
a depth of 5 cm and the water loading in the waste on the soi
surface was assuned to be the sane as the water content of the
soil .

To estimate the anount of air em ssions between application

and tilling, the follow ng paraneters are used in CHEMDATS:
e Concentration of benzene: 300 pprmw
e Tilling depth: 5 cm
e Tinme of calculation: 1 day
e Loading (10 percent): 0.10 g/cng.

The fraction lost to air em ssions during the first day is 99.8
percent with I ess than 0.01 percent |ost to biological decay.
7.2.7 Assunptions and Sensitivity Anal yses

The RTI nodel incorporates the follow ng assunptions to
sinplify devel opnment and use of the nodel

. Vol atilization and bi odegradati on are the predom nant
wast e renoval nechanisnms (i.e., other mechani snms can be
i gnor ed) .

. Waste is mxed uniformy wthin a surface |ayer of the
soil .

. Waste does not flowas a liquid wwthin the soil.

. The adsorption isothermof a constituent is |inear

wi thin the application surface | ayer and does not
change with tine.

. No bulk flow of gas is induced within the soil.

. The rate of biological decay/chem cal reaction is a
first-order process.

. The diffusion coefficient does not vary with either
concentration or tine.
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. The concentration of a constituent in the gas phase at
the surface of the soil is much | ower than the
concentration of that constituent in the gas phase
within the soil.

. There is no diffusion of waste into the soil beneath
t he zone of incorporation.

. Li qui d-vapor equilibriumis established at all tines

within the soil.

The RTI nodel was evaluated for sensitivity to each of the
i nput paraneters. In the analysis, each input paraneter was
vari ed over the entire range of reasonable values. The effect on
em ssions of paranmeter variations was noted, and the paraneters
showi ng the highest sensitivity were identified.

| ndi vi dual constituent properties were found to have the
nost significant inpact on |and treatnment em ssions. These
properties include vapor pressure, diffusivity in air, and
bi odegradation rate. The nore volatile conpounds are nostly
emtted to the atnosphere unless a volatile conpound al so has a
hi gh bi odegradation rate or low diffusivity. Conpounds with | ow
vapor pressures tend also to have lower diffusivities; thus, even
i f such conpounds al so have noderate or |ow biorates, they are
nmost |y bi odegraded rather than emtted to the air.

Operating and field paraneters al so have an inpact on
em ssions but to a |l esser extent than conpound properties.
Tilling depth, soil porosity, and waste |oading all have an
i npact on air emssions, with the |argest inpact on the nore
vol atil e conmpounds. Tilling depth can have a substantial i npact
on air em ssions of volatile conpounds, especially if a conpound
al so has a relatively high biorate. As tilling depth increases,
materials remain in the soil for a longer tinme and thus have a
greater chance of being bi odegraded.

Waste | oading can be varied in two ways: by increasing the
concentration of a conpound in the waste or by increasing the
anount of material applied to the soil per unit area. |If the
concentration of a conpound is changed, air em ssions change in
direct proportion to the change in concentration (i.e., the
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fraction of the conpound that is emtted to the air remains
constant). |If total waste |oading is changed, air em ssions
change in the sane direction as the change in | oading but not in
direct proportion (i.e., the fraction emtted is |ower for higher
| oading rates). These results assune that a treatnment site is
not overl oaded to the point where biodegradation ceases to be a
first-order process.

Aver age nol ecul ar weight of the oil has an effect on air
em ssions, but the magnitude of the effect is |ess than that of
the other paraneters studied. As average nol ecul ar wei ght goes
up, the fraction emtted for a specific constituent increases;
the fraction emtted decreases if the average nol ecul ar weight is
reduced.
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8.0 LANDFI LLS AND WASTEPI LES

8.1 | NTRODUCTI ON

The main facilities in this category that constitute the
nmodel plants are waste fixation units, open landfills, closed
landfills, and wastepil es.

All wastes that contain free liquids and that are destined
for disposal in a landfill must be treated to elimnate the
free liquids. This is often acconplished by adding a
"fixative" to the waste, such as portland cenment, cenent kiln
dust, or line flue dust. These materials react with water in
the waste and set up to forma dry nmaterial that encapsul ates
or binds the organic constituents of the waste. This fixation
process is nost often conducted in |ined open pits or open
tanks into which the liquid waste is poured. The fixative then
is added and the materials are thoroughly m xed, nost often
with a backhoe. Alternatively, nmechanical m xers such as
pugm lls can be used to blend the waste and fixative. Em s-
sions are generated for as long as the waste remains in the
pit. Emssions fromthis process nmay be estimated by using the
open dunp nodel .

Alandfill is a facility, usually an excavated, |lined pit,
into which wastes are placed for permanent disposal. Em ssions
fromopen landfills, those still receiving wastes, can be

estimated by applying the Research Triangle Institute (RTI)

| and treat nent m)del.1 Em ssions fromclosed |andfills, those
filled to design capacity and with a cap (final cover)
installed, can be estimated wth the RTlI closed landfill nodel.



Wast epi |l es are tenporary accunmul ati ons of waste. They
serve a storage function and have a limted |life span.
Em ssi ons fron1mastep£les can be estimated by applying the RTI
| and treat nent nodel

8.2 CLOSED LANDFI LLS
8.2.1 Em ssion Mdel Equations

The RTI closed landfill nodel is used to estimate the
ti me- dependent behavi or of em ssions fromwaste placed in a
cl osed (capped) landfill that is vented to the atnosphere and
(as a special case) open-landfill waste covered with daily
earth covers. This nodel accounts for escape of the
constituent of interest via two primary, independent
mechani snms: di ffusion through the cap and convective | oss from
baronetric punping through the vent(s). It is the purpose of
this section to describe the nodel and its evolution in a
general way and to present all nodel equations and maj or
assunpti ons.

The nodel is based primarily upon the work of Farner
et al.,® who applied Fick's first law for steady-state
diffusion to closed landfills. Farmer's equation utilizes an
effective diffusion coefficient for the soil cap based on the
work of MIlington and Quirk.* A previous EPA study® was
dedi cated to the evaluation of available nodels for estimating
em ssions from hazardous waste treatnent, storage, and di sposa
facilities (TSDF), including closed landfills. This study
endorsed the nodels of Farnmer et al.® and Thi bodeaux’ for
closed landfills, apparently because of their treatnent of
soil-pore diffusion. O the two, the Farner et al.? nodel
al one has received experinental verification (although to a
l[imted degree) via a | aboratory experinent using
hexachl or obenzene-containing waste in a sinulated |andfill.

The diffusion nodel of Farmer et al.® was subsequently
nmodi fied by RTI to allow for convective | osses of the
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constituent of interest fromthe landfill, which can occur from
baronetric punping. Furthernore, the decline in the em ssion
rate fromclosed landfills over the Iong termwas accounted for
via the incorporation of a tine-dependent decay function.

The baronetric punping em ssion nechanismresults from
changes in atnospheric pressure--as the pressure is |owered,
gas flows out of the landfill through the vent(s) to equalize
internal pressure. The contribution to total em ssions
resulting frombaronmetric punping equals the concentration of
the constituent of interest in the gas within the |andfil
multiplied by the total flow of gas fromthe landfill. It is
recogni zed that under certain conditions (e.g., the presence of
significant biomass) biogas could be generated in a landfill.

Bi ogas consists of nmethane and carbon di oxide, which is
produced fromthe action of bacteria on organic nmaterial.
Because of the convective or purging action of biogas in renov-
ing the constituent of interest in vapor form biological decay
(i1f it occurs) results in a net increase in the em ssion rate.
However, it should be noted that there is no evidence that
there is significant biomass (necessary for biogas generation)
in any chem cal waste landfill. Therefore, in this analysis it
is assuned, as suggested in the literature, that the toxic
property of the waste will inhibit biological processes and

t hus prevent biogas generation.! Hence, closed |landfill node
equations presented in this docunent account for diffusion

t hrough the cap and baronetric punping only.

The equations inherent in the RTI closed |andfill nodel
are as follows: Fick's first law for steady-state diffusion,
based on the work of Farmer et al.,! for a landfill is given
as:

J; = 'Dbi (C12i Cgi)ll (8-1)
wher e,
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J. = vapor flux of ,the constituent through the soi
surface, g/cn?-s;

Dbi = effective diffusion coefficient, cn?/s;

Céi = concentratjion of constituent in the air above the
cap, g/c air;

C%i = concentration of the gonstituent in the vapor space

beneath the cap, g/cm’; and

cap thickness, cm

(Because the concentration of the constituent at the surface is
negl i gi bl e, Céi = 0.)

Em ssi ons associated with diffusion al one (Eli’ g/s) are
obtained fromthe above equation by nultiplying by the |andfil
surface area (A) iIn cn?:

The effective diffusion coefficient of the constituent in

soil, Dbi’ is conmputed (using the expression devel oped by
MI1lington and C_uirk12 and applied by Farmer et al.13) fromthe
di ffusion coefficient of the constituent in air, Dhi’ as:
- 3.33 2
Dei = Pai Gig 7 /67) (8-3)
wher e,
Dai = vapor diffusion coefficient in air, cn?/s;
- soil cap air-filled porosity, cn§/cn§ (the actual
air-filled porosity of the noist soil); and
T = total porosity of the soil cap.

The concentration of the constituent of interest in the
vapor space beneath the cap is conputed using the ideal gas |aw
as follows:

Ci; = P MY/RT" = P, M\/R(T + 273) (8-4)
wher e,
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P. = equilibriumpartial pressure of constituent, atm

NMY = nol ecul ar wei ght of constituent, g/g nol;

_ cniFeat m
R = gas constant, 82.05 “Keg nl
T = absolute tenperature in the landfill, K; and
T = tenperature in the landfill, °C

Cal cul ation of the equilibriumpartial pressure, Pi’ depends on
the type of waste liquid as foll ows:

a. For dilute aqueous solutions (where Henry's |aw applies),
the equilibriumpartial pressure of constituent within the
| andfill (Pi’ atm is conputed as:

Hei D1 quid %

P. = x 107 == (8-5)
' MY'i qui d P
wher e,
Fki = Henry's | aw const ant, n§-atn1nnl;
D = densi;¥ of waste |iquid, g/cn§
(1 g/c is generally a good estimate for this
par aneter);
Xi = nole fraction of constituent i in waste |iquid;
wher e,
& =(QIMW)/U%bd18+-QIMNL
wher e,
C = weight fraction of constituent i in the

! original waste |iquid;

CH o wei ght fraction of water in the
2 original waste liquid; and

NMyi uig - average nmol ecul ar wei ght
q of waste |iquid, g/ mol
b. For two-phase (water + organic liquid) or organic |liquid
waste, the equilibriumpartial pressure of the constituent
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of interest within the landfill (Pi’ atm is conputed using
Raoult's | aw

P =X P (8- 6)
wher e,
Xi = nole fraction of constituent in the
organic |iquid phase;
wher e,
X = (GIMY)TTGIMY + Coi I MAG; 15
wher e,
q = weight fraction of constituent
the original waste |iquid;
Cbil = weight fraction of oil carrier-
liquid in the original waste |iquid;
Nw%il = nol ecul ar weight of oil carrier-
liquid, g/g nol; and
Pi = pure conponent vapor pressure of the constituent

of interest, atm

Em ssions from baronetric punping are conputed as:

wher e,
E2i = em ssions from baronetric punping, g/s;
Q = flow rate,of gas through the vent, expressed as a
fl ux, cn§/c [andfill areass;
C%i = concentration of constituent in the gas within the
[andfill, g/cn§ gas (see Equation 8-4; and
A = surface area of the landfill, c

The gas flowrate, Q is estimated using the follow ng
pr ocedure.

a. Comput e vol une of gas avail able for baronetric punping,
assum ng the entire void-volune of the waste is avail abl e:
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V. _=Dx AX (8-8)

c *fw
wher e,
VC = vol une of void space, cn§;
D = thickness of waste bed wthin landfill, cm and
A = surface area of the landfill, cn?.
W air porosity fraction of fixed waste

(di mensi onl ess) .

b. Compute the total volune of gas (cn§) exiting the vent of
the landfill due to changes in baronetric pressure and/or
tenperature within the landfill:

Vg = Vo x 2refrs 1 foad (8-9)
TPy T g v 273 %
wher e,
VB = total volune of gas exiting landfill, cn§;
Pref = initial (reference) baronetric pressure, nm Hg;
P1 = final baronetric pressure, nmm Hg;
T1 = final landfill tenperature, °C, and
Tref = initial (reference) landfill tenperature, °C
For cases in which P1 > Pref and/ or T1 VB may be negative
(indicating a condition of gas flowinto the landfill and

because this condition results in no em ssions associ at ed
wi th baronetric punping}, VB shoul d be set equal to zero to
avoi d calculational errors in the follow ng steps.

C. Conmpute the average flowrate of gas fromthe landfill over
the time interval of interest:

= (8- 10)



wher e,

Q = average flow rate of ggs fromthe vent due to
baronmetric punping, cm/c [ andfill areass;

)t =tinme interval over which the change in pres-
sure and/or tenperature occurred, s; and

A= landfill area, cn?.

In an average day, baronetric pressure drops 4 nbar froma
typi cal value of 1,013 nbar. Landfill tenperature is assuned to
remai n constant. Hence, under these conditions, Pref = 1,013

mbar, P, = 1,009 nbar, T.., = T, = 15 °C, and )t = 8.64 x 10% s.

1 r ef 1

Havi ng conput ed the instantaneous em ssions associated with
di ffusion through the cap and baronetric punping, the total
initial emssion rate at the tine of landfill closure,

Ei* (g/s), is conputed as the sum

E. = E.. + E

i 1i (8-11)

21

The total instantaneous em ssion rate at any tinme then is
conputed via an exponential decay function:

(3,600 s/h)(24 h/d)(365.25 d/yr)E:

5 exp (-8t)

Ei(t) =
10

E (t) = 31.56 Ef exp (-8t) (8-12)

m
~
—
N—r

|

= total tine-dependent em ssion rate, M/ yr;

Ei = initial emssion rate, at tine of landfill
cl osure, g/s;

t =tinme since landfill closure, nonths; and

8 = "decay" constant, mont hs™ 1.

The "decay" constant, 8, is conputed as foll ows:
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(3,600 s/h) x (24 h/d) x 365.25 d/yr) x Er
12 nmo/yr x N%i

8 6

2.63 x 10° Er/ M, (8-13)

wher e N%i is the total mass of the constituent of interest in
the landfill (g). This paraneter can be conputed fromthe

wei ght fraction of the constituent in the original waste |iquid
(Ci)’ the mass of original waste liquid in a unit volunme of

fixed waste (W, the landfill surface area (A), and the
t hi ckness of the waste layer wwthin the landfill (D):
M; =G WAD . (8-14)

The average em ssion rate froma closed, vented |landfill
over the time since landfill closure is equal to the integral of
the em ssion rate equation over the tine period divided by the
time period, which yields the foll ow ng expression:

(3,600 s/h)(24 h/d)(365.25 d/yr) Ef

Ep (1) = s [1- e %
(10" 9o/ \y) 8t
31. 56E; gt
EAi(t) = < — [1 - e 7] (8-15)
wher e
EAi(t) = average em ssion rate over the tinme since |andfil

cl osure, My/yr

t time since landfill closure, no.

Tabl e 8-1 summari zes the equations necessary to apply the
RTI closed |andfill nodel.

The nodel is highly sensitive to the air porosity of the
clay cap (,a), which largely determnes the diffusion rate
t hrough the cap. The nodel is sensitive to the properties of
the constituent of interest, particularly the vapor pressure
(P*i), Henry's | aw const ant (Fki)’ and nole fraction in the
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TABLE 8-1. RTI CLOSED LANDFI LL MODEL

Ei(t) = 31.56 Ei‘ exp (-8t)
31.56 Ef

-8t *
Epy(t) = ——57— *1- e 8tx
— 6
8 = 2.63 x 107 E/ M,
My = G WAD
B =B * By
E1i = Ji X A
Ji = -0 (G - GG/
— 3.33, 2
Dei = Dai (-a Fag)
Cy =0
Ci =P MY/R (T + 273)
H. D . .., X
P = ci_liquid " X 106 Eﬂfg (dilute aqueous waste
iquid m I i quids)

Xi = (Ci/NMY)/(CibC{18 + Ci/NMY) (dilute aqueous

waste |iquids)
Pi = Xi Pi (two-phase liquid or organic
[iquid waste)
X = (C/MY)/(G/MN + Coi /ML, ) (two-phase

l[iquid or organic liquid waste)
Bop = QG A

Q= Vg Ot A
Vo = Ve S xPref zgy T *203 » o
B C P11 Tref T 273 _
Ve = DALty

(conti nued)
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TABLE 8-1 (continued)

Vari abl e

A

C%i

2i

oi

Definition

Landfill surface area, cn?

Concentration of constituent i
in the gas within the landfill,
g/c gas

Concentration of constituent i
in air above the cap, g/c

Wei ght fraction of constituent i
in the original waste liquid
(di mensi onl ess)

Wei ght fraction of water in the
original waste liquid (dinension-
| ess)

Wei ght fraction of oil carrier-
liquid in the original waste
l'iquid (di nensionless)

Thi ckness of waste bed within
landfill, cm

Diffusiygity of constituent i in
air, cnf/s

Ef fective diffusion coefficient
of ,constituent i in clay cap,
cn?/s

Average em ssion rate of con-
stituent i over tinme t since
landfill closure, M/ yr

Total instantaneous enission rate
of constituent i at tine t since
landfill closure, M/ yr

Total initial em ssion rate of
constituent i at tine of |andfil
closure, g/s

Initial em ssion rate of constit-
uent i at landfill closure due to
di ffusion alone, g/s

Dat a source

West at surveya

Cal cul at ed

Assuned

Definition
Definition
Definition

West at surveyb

Literature

Cal cul at ed

Cal cul at ed

Cal cul at ed

Cal cul at ed

Cal cul at ed

9Ref erence 14,

YRef erence 15.

8-11
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TABLE 8-1 (continued)

Vari abl e
B

M/Yiquid

Definition
Initial em ssion rate of constit-
uent i at landfill closure due to

baronetric punping alone, g/s

Henry's | gw constant for constit-

uent i, eat n nol

Initial diffusiog flux of con-
stituent i, g/cnfes

Landfill cap thickness, cm

Initial nass of constituent i
inthe landfill, g

Mol ecul ar wei ght of constituent i,
g/ g nol

Aver age nol ecul ar wei ght of the
di l ute aqueous waste |iquid,

g/g nol (assuned to be 18 g/ g nol)

Mol ecul ar wei ght of the oil
carrier-liquid, g/g nol

Pure conponent vapor pressure of

constituent i, atm

Equi l i brium partial pressure of
constituent i in the vapor space,
atm

Initial (reference) baronetric
pressure, nmm Hg

Final baronmetric pressure after

)t, mm Hg

Average flow rate of gas from

landfill vent(s) dye tg baro-
metric punping, cm/c | andfil
ar eass

| deal gas constant, 82.05 cn§-atn1
g nol «K

Time since landfill closure, no

Dat a source
Cal cul at ed

Literature

Cal cul at ed

Literature

Definition or
cal cul at ed

Literature

Esti mat ed

Definition
or estimted

Literature

Cal cul at ed

Met eor ol ogi ca
i nformation

Met eor ol ogi ca
i nformation

Cal cul at ed

Literature

Definition

8-12
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TABLE 8-1 (continued)

Vari abl e

Mt

T

Definition

Tinme interval used to determ ne
average baronetric punping rate, s

Tenperature within landfill, °C

Initial (reference) landfill
tenperature, °C

Final landfill tenperature after
)t, °C

Total volunme of, gas exiting | and-
fill in)t, c

Tot al vohgne of void space within
waste, c

Mass of original waste liquid in
a uniht volunme of fixed waste,
g/c

Mol e fraction of constituent i in
the aqueous liquid (for dilute
aqueous waste) or in the organic
phase (for two-phase or organic
liquid waste) (dinmensionless)

Air porosity of the clay cap
(di mensi onl ess)

Total porosity of the clay cap
(di mensi onl ess)

Air porosity of the fixed waste
(di mensi onl ess)

Density of dilute agueous waste
liquid (generally equals 1 g/cng)

Exponenti al decay constant, m” 1

Dat a source

Definition
Estimted from
literature data

Estimted from
literature data

Esti mat ed

Cal cul at ed

Cal cul at ed

Definition or
esti nat ed

Definition

Estimated from
clay property
dat a

Estimated from
clay property
dat a

Estimated from
fi xed waste
property data

Definition o
liquid, g/c

Cal cul at ed
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waste liquid (Xi). Because tenperature affects volatility, the
nodel is sensitive to tenperature. O her paranmeters to which the
nodel is sensitive include the depth of the fixed waste (D), the
air porosity of the fixed waste (’fm)’ the landfill surface area
(A), and the baronetric pressure change (Pref - Pl)' This latter
group of paraneters is significant in that it inpacts the
baronetric punping rate or the volune of gas avail able for
punping. In contrast to these paraneters, the nodel exhibits
relatively low sensitivity to the diffusivity of the constituent
inair (Dhi)’ the cap thickness (I), and the total mass of the

constituent in the landfill (N%i)'

The maj or assunptions associated wth the RTlI closed

landfill nodel are as foll ows:

. The liquid waste containing the constituent of interest
is assuned to be bound in the fixed waste within the
landfill.

. The constituent of interest in the gas within the
landfill is assuned to be in equilibriumwth the

liquid in the waste.

. Adsorption of the constituent of interest onto the soi
of the cap is assuned to be negligible.

. The fraction of air-filled space in the landfill cap
(air porosity) is assuned to renmain relatively constant
over the long term

. The effective diffusion coefficient of the cap is
assuned not to vary with either the concentration of
the constituent of interest or tine.

. The concentration of the constituent of interest in air
at the top of the landfill cap is assuned to be
effectively O.

. No bi odegradation (wi th concurrent production of
bi ogas) is assuned to occur due to the suppression of
bi ol ogi cal processes by the toxic waste.

. The landfill is assuned to be vented to the atnosphere.
The vol une of gas available for barometric punping is
assuned to consist of the total void-volunme of the
wast e bed.
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. No transport of the constituent of interest in noving
water is assuned to occur.

8.2.2 Mbdel Plant Paraneters for C osed Landfills

The characteristics of a nodel closed landfill facility are
di scussed here. This nodel facility is used as the basis for an
exanpl e cal culation in Section 8. 2. 3.

The nodel facility for closed landfills has an area of
1.417 x 108 cn? (3.5 acres). This value represents an

approxi mately m drange val ue fromthe Wstat survey.16 A
reasonabl e value of landfill depth, also selected fromthe Wstat
survey,17 is 458 cm (15 ft). The landfill cap is assuned to be

conposed of conpacted clay. The cap thickness value of 107 cm
(3.5 ft) represents the average of extrenes in thickness of clay
caps reported in site studies (2 ft to 6 ft).18 The val ue used
for air porosity of the clay cap is 0.08 (8 percent), while the
total porosity is 0.41 (41 percent). These values were conputed
based on reasonabl e physical properties and |evel of conpaction
for conpacted clay.19 The landfill is assuned to be vented to
t he atnosphere. The tenperature beneath the landfill cap is
estimated at 15 °C, which represents the tenperature of shall ow
ground water at a mdlatitude U S Iocation.20 This tenperature
is assuned to remain constant. The landfill is assunmed to be
exposed to a nom nal baronetric pressure of 1,013 nbar, which
represents an estimate of the annual average atnospheric pressure
in the United States.21 Baronmetric punping is estimated for the
landfill using a daily pressure drop fromthe nom nal value of 4
nbar. The 4 nbar value represents an estimate of the annual
aver age diurnal pressure drop.22
The nodel closed landfill facility is assumed to contain
fixed waste. The waste liquid (before fixation) selected for the
facility is assunmed to be a two-phase aqueous/organi ¢ contai ni ng
20 percent chloroform 20 percent lowvolatility organic, {for
nodel i ng purposes, this conponent of the waste liquid represents
the oil carrier-liquid} and 60 percent water (by weight). This
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l'iquid has an average density of 1.16 g/cn?. The fixation
industry indicates that waste |liquid, when conbined with
fixative, may in actuality increase in volune by as nuch as 50
percent.23’24 The vol une change, which is a function of the
specific waste being fixed and the specific formulation of the
fixative, can only be determ ned experinentally. In view of the
i nherent variability in the fixation process and the |ack of real
data, for the purpose of this calculation the assunption is nmade
that the fixation process does not change the waste volune. This
assunption is environnental ly conservative and may result in an
overestimation of the landfill em ssions. Actual volunme changes
that may take place as a result of fixation can easily be
accounted for because the change in the calculated em ssions is
inversely proportional to the change in waste volune. One
i ndustry contact indicated that, for the purposes of estimating
em ssions, the assunption of no vol une change during fixation was
reasonable.25 Based on the waste liquid density and the
assunption of no volunme increase fromfixation, the nass of waste
liquid in a unit volunme of fixed waste is 1.16 g/cng. The air
porosity of the fixed waste (used to estimate the total vol une of
gas available for baronmetric punping) is taken to be 0.25 (25
percent). This value was inferred from neasurenents of total
porosity and noisture content of various fixed mastes,26 and, for
the purposes of this analysis, is assuned to pertain to waste
within the landfill as opposed to waste imedi ately foll ow ng
fixation. As discussed previously, there is no evidence for
significant biomass in any chem cal waste landfill. Therefore,
inthis analysis it is assuned, as suggested in the literature,
that the toxic property of the waste will inhibit biological
processes and thus prevent biogas generation.27 Hence, the waste
bi omass concentration is taken to be 0O g/cng.

The properties of chloroformthat are pertinent to this
anal ysi s include the nol ecul ar weight (119.4 g/g nol), pure
conponent vapor pressure at 15 °C (0.162 atm, diffusivity in air
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at 15 °C (0.10 cnt/s) and density (1.49 g/cn?). The | ow
volatility organic liquid present in the waste has a nol ecul ar
wei ght of 147 g/g nol and a density of 1.31 g/cng.

Table 8-2 smmari zes the nodel facility paraneters for closed
landfills used in the exanple calculation in Section 8.2.3. For
facilities that accept nore than one type of waste, the weighted
average constituent concentrations may be used.

8.2.3 Exanple Calculation for Closed Landfil

This section presents a step-by-step cal cul ation of
em ssions froma closed landfill that is vented to the
at nosphere. The equations discussed in Section 8.2.1 and
summarized in Table 8-1 are used with the nodel unit paraneters
in Section 8.2.2 to estimate em ssions froma fixed, two-phase
aqueous/ organi ¢ waste contai ning chl orof orm

. Waste liquid 20 percent chloroform 20
(before fixation): percent |ow volatility organic

liquid, 60 percent water (by
wei ght)

. Li quid/fixative: 1 unit volune liquid + dry
fixative = 1 unit volune fixed
wast e

. Wast e bi omass concentration: O g/cn§

. Landfill area: 1.417 x 108 cn? (3.5 acres)

. Wast e bed thi ckness: 457 cm (15 ft)

. Cap thi ckness: 107 cm (3.5 ft)

. Type landfill: vent ed

. Tenperature beneath cap: 15 °C

. Time period for em ssion calculation: 1 yr.
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TABLE 8- 2.

| NPUT PARAMETERS- - CLOSED LANDFI LL

Par anmet er

Val ue

Area

Wast e bed thickness

Cap thi ckness

Cap air porosity

Cap total porosity

Type landfill

Tenper at ure beneath cap

Typi cal baronetric pressure
Daily baronmetric pressure drop
Waste liquid (before fixation)
Li qui d conposition

Li quid/fixative

Liquid in fixed waste
Air porosity fixed waste
Bi omass concentration

Chl or of orm properties

Mol ecul ar wei ght

Vapor pressure (15 °C
Diffusivity inair (15 °C
Density

Lowvol atility organi c? properties

Mol ecul ar wei ght
Density

1.417 x 108 cn? (3.5 acres)
457 cm (15 ft)

107 cm (3.5 ft)

0.08 (8%

0.41 (41%

Vent ed

15 °C

1, 013 nbar

4 nbar

Two- phase aqueous/ or gani c
20% chl orof orm 20% | ow
volatility organic (oil),
wat er (by wei ght)

1 unit volume liquid + dry
fixative = 1 unit volune fixed
wast e

1.16 g/cn§

0.25 (235%

0 g/c

60%

119.4 g/ g nol
0.162 atm (123 mm Hg)

0.10 c ag

1.49 g/c

147 g/ g nol
1.31 g/c

i

9Nl so referred to as oi
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Compute the effective diffusion coefficient, D_. (cn?/s)

(Equation (8-3)): €l
_ 3.33, 2

Dbi a D'ai(’a /’T )

D,; = (0.10 cnf/s) (0.08)3 33 (0.41)2

D, =1.32 x 10°% cnf/s

Conpute the equilibriumpartial pressure of chloroformin
t he vapor space, P (atm:

The waste before fixation was a two-phase |liquid. Hence,

Raoult's | aw applies. The nole fraction for this case is
conput ed as:

X = (GIMY)T(GIMY + Cop | M)

Xi = (0.20/119.4 g/g nol) =+
[0.20/119.4 g/g nmol + 0.20/147 g/ g nol]
Xi = 0.55

From Raoult's | aw (Equation (8-6)):
P=X P

-
I

(0.55)(0.162 atm

P. =8.91 x 10°2 atm

Comput e the concentration of chloroformin the vapor space
beneat h the cap, C%i (g/cn§ voi d space) (Equation (8-4)):

Cii = PiMY/R(T + 273)
c - (8.91x 1072 atm(119.4 g/g nol)

S| (82.05 cnfeatni g ol «K) (15 + 273)

C 4.50 x 10°% g/cn§ :

Si

Compute initial chloroformemssion flux resulting from
di ffusion through the cap only, Ji (g/cn?-s)(Equation 8-1):
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Ji = -0 (G - G/

= -(1.32 x 10°% cnf/s) (0 glen® - 4.50 x 10°% g/cnP)
/107 cm

J. = 5.55 x 10" 19 g/cnfes

Conmpute initial chloroformemssions resulting from
di ffusion through the cap only, E1i (g/s) (Equation (8-2)):

Eyi = X A
Ey; = (5.55 x 10719 g/enfes) (1.417 x 10% enf)
E,. = 7.86 x 10°2 g/

1j = 7-86 X g/s

Estimate the baronmetric punping-induced gas flow rate
t hrough the vent(s):

1. Conpute the volune of gas available for baronetric
punpi ng, VE (cn§) (Equation (8-8)):

Vb = Dx A X 2 f W

V, = (457 cm (1.417 x 10% cnf) (0. 25)
v, = 1.62 x 1019 cn?

2. Conmpute volune of gas exiting the vent due to baronetric
pressure change, VB (cn§) (Equation 8-9):
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E

2i

P T

L+ 273,

-1
+ 273*

ef

VB = V¢

Vo
%4 %
%4 %
* %% %

ETEE

r
I31 Tref
For this case, T1 = Tref = 15 °C, and baronetric
pressure drops by 4 nbar fromthe nom nal val ue

of 1,013 nbar:

_ 10 {*1,013 nbar ,,15 °C + 273 K }
Vg = 1.62 10'%n? 1,009 nbar 15 °C + 273 K ~ - 1

Vg = 6.42 x 107 cn®

Conmpute the average flow rate of gas over the tine
interval, Q (cn13/cn12 landfill area « s) (Equation 8-
10):

The average diurnal pressure drop of 4 nbar occurs
within a 24-h period. For convenience, the gas flow
fromthis pressure change is averaged over 24 h (equals
8.64 x 10 s).
Q= _'B

YA

_ 6.42 x 10'cn?
(8.64 x 10% s)(1.417 x 10° cnf)

Q= 5.25 x 10" cnf/cnfes

Conmput e the baronetric punping-induced em ssion rate,
E2i (g/s) (Equation (8-7)):

E2i = QX CSi X A

= (5.25 x 1076 cn13/cn12-s)(4. 50 x 10'4g/cm3‘)(1.417 X 1080n')2
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E = 0.335 g/s

2i
*
Compute the total initial em ssion rate, Ei (g/s)

(Equation 8-11):

E'i":E.+E

1i 2i

E* = 7.86 X 1072

+ 0. 335

Ef = 0.413 g/s

Conmpute the tinme-dependent instantaneous eni ssion rate:

1. Conpute total nass of constituent i in landfill, N%i:
First compute W the nmass of original waste liquid in a
unit volune of fixed waste. Assumi ng one unit vol une of
waste liquid results in one unit volunme of fixed waste,
this paranmeter can be conputed using the densities of

the waste |iquid conmponents and their weight fractions
as follows:

W= [(1.49 g/cnP)(0.2)+(1.31 g/cnP)(0.2)+(1 g/ cm)E0.6)]
x 1 cnP liquidicn® fixed waste
= 1.16 g/cn§

N%i is then conputed as:

M =G WA D

. - 20 gchloroform ~ 1.16 g liquid | 1 417 « 108 cnf
Moi 100 g liquid cnt fixed waste

0

X 457 cm = 1.50 X 101 g chl orof orm

2. Conpute the decay constant, 8 (nn'l) (Equation (8-13)):

SERY
0

(2.63 x 10%) (0.413 g/s)/1.50 x 1019 g

8 = 2.63 x 10°

8
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8=7.25x10° m ! .

3. Conpute the instantaneous em ssion rate, Ei’ in M/yr,
after 1 yr (Equation (8-12)):

Ei(t) = 31.56 Er exp(-8t)

E .= (31.56)(0.413 g/s) exp(-7.25 x 10 “>mo "'x 12 no)

E

.= 13.0 My/yr

i Conmput e the average em ssion rate in the first year, EN’
in My/yr (Equation (8-15)):

31.56 E
- 8t
Eq () = —gr— %1 - e %
E.= (31.56) (0.413 g/s) ¥1-exp*-12 mo x 7.25 x 10°  mle=
(7.25 x 1002 o' 1) (12 mo) - i
Ey = 13.0 M/ yr

8.3 FIXATION PITS
This section is currently under review (pages 25-34 not shown)
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8.4 OPEN LANDFI LLS AND WASTEPI LES
8.4.1 Em ssion Mdel Equations

The RTI | and treatnent node (di scussed in Section 5.2)
is used to estimate the air em ssion rate of the constituent of
interest fromopen (active) landfills and wastepiles. This nodel
is based on the theory of diffusion out of an infinite flat slab
and was intended originally for use in estinmating em ssions from
| and treatnent operations. The intent of this sectionis to
di scuss use of the nodel with regard to the estimation of
em ssions fromopen landfills and wastepiles; a detailed
description of the nodel relevant to |land treatnent operations
and the theoretical basis for the nodel are presented in
Section 5.0 of this report and will not be repeated here.

A land-treatnent-type nodel was selected for estimating
em ssions fromopen |landfills and wastepiles because (1) no
adequat e nodel s exist for these sources, and (2) there are a
nunber of simlarities in physical characteristics of open
landfills, wastepiles, and | and treatnent operations. A previous
EPA study35 dedi cated to the evaluation of nodels for estimating
em ssions from hazardous waste TSDF identified only one nodel for
open waste dunps such as landfills and wastepil es--the open dunp
nodel. A serious |limtation of the nodel for this application,
however, is that it does not account for depletion of the
vol atilizing chemcal fromthe waste surface. Hence, the open
dunp nodel is judged unsuitable for the estimtion of em ssions
fromlandfills and wastepiles over the tine period of interest
(mont hs or | onger).

The simlarity in physical characteristics anpbng open
landfills, wastepiles, and | and treatnent operations is apparent
upon cl ose exam nation--in all three, the waste liquid is
ultimately m xed honogeneously with a "carrier” matrix (soil in
the case of land treatnent; dry fixative in the case of active
landfills; and soil, fixative, or sone other solid matrix in the
case of wastepiles). In all cases, the matrix is porous and

|34

8-35



perneabl e, allow ng the diffusion of the constituent of interest
through the matrix and into the air. Hence, in all cases,

di ffusion theory can be used to nodel the em ssion rate. The

not abl e difference between | and treatnent operations and open
landfills/wastepiles is the presence of an additional nmechani sm
affecting emssions in the case of |and treatnent--biological
decay of the constituent. Because bi odegradation is not thought
to occur. There is no evidence that there is significant biomass
(necessary for biological decay) in any chem cal waste landfill.
It is assunmed that the toxic property of the waste will inhibit
bi ol ogi cal processes.36 In open landfills/wastepiles, however,
its effect is not accounted for in the nodeling of air em ssions.

The RTI |and treatnent nodel, which was sel ected for
estimating em ssions fromopen landfills and wastepiles, has the
foll ow ng characteristics: a sound basis in scientific theory,
limted validation against neasured em ssions from| and treatnent
operations, and reasonably avail abl e i nput data.37 The nodel
considers effects such as evaporation of the constituent of
interest frominterstitial surfaces of the carrier matrix and
diffusion of material through air-filled pore spaces.

The equations necessary to apply the land treatnent nodel to
open landfills and wastepiles are sunmarized in Table 7-3. These
equations, explained in Chapter 7.0, can be used to estimate the
fraction of the constituent emtted (Ft) and t he instantaneous
emssion rate (E). It should be noted that the absence of
bi odegradati on represents a special case that allows sone
sinplification of several of the Chapter 7.0 equations, e.g.,
Equations (7-4) and (7-5). (The absence of biomass inplies that
bi omass concentration equals 0. Hence, tb’ the time constant for
bi ol ogi cal decay, equals infinity. Consequently, the exponenti al
tern1e't/tb becones unity.) Also, the absence of biodegradation
inplies that the fraction of the constituent emtted after a | ong
tinme, Fa’ woul d equal unity.
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Because the |land treatnent nodel was derived originally for
| and treatnent operations, nodel input paraneters are not
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necessari
landfills

y in the nost convenient units and term nol ogy for open
and wastepiles. Hence, several points should be noted:

Fi xed waste is anal ogous (for nodeling purposes) to the
wast e-1 aden soil in land treatnent.

, the area-loading of the constituent in g/cn?, IS
geared toward | and treatnent operations. For open
landfills and wastepiles, the landfill equival ent
shoul d be conput ed.

No "tilling" (as discussed in Chapter 7.0) is perforned
in open landfills or wastepiles.

Waste liquid is "applied" or mxed with fixative only
once. Hence, waste "reapplication"” (used in the sense
di scussed in Chapter 7.0) does not occur in open
landfills and wastepiles.

The waste bed depth in open landfills and wastepiles is
anal ogous to the "depth to which waste is mxed" in
| and treatnent, as discussed in Chapter 7.0.

The approach required to estinmate em ssions from open

landfills
Tabl e 7-3:
1
2.
3.
4.

or wastepiles is as follows, based on equations in

Compute the | oading of waste liquid (L) in the fixative
or soil, using the known waste conposition. (For two-
phase aqueous organics or organic |iquid wastes, L
shoul d be conputed as grans organi ¢ phase per cubic
centineter solid material. For dilute aqueous waste
liquids, L equals grans aqueous liquid per cubic
centinmeter solid material.)

Compute the effective diffusion coefficient (Db)'
Compute the partition coefficient (Keq).

Use the appropriate em ssion equation to conpute the
fraction of constituent emtted (F,) and/or the

i nst ant aneous eni ssion rate (E). For wast epi | e
calculations, the time input to these equations should
be no greater than the life of the wastepile (retention
tinme).
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The sensitivity of the land treatnment nodel to sone
paraneters differs in its application to open landfills and
wastepiles fromthat in |and treatnment operations because of the
difference (in sone cases) in the expected range of the
paraneters. 1In general, it can be stated that, for application
to open landfills and wastepiles, the nodel is sensitive to the
air porosity of the solid waste, the liquid loading in the solid
waste, the waste depth, the concentration of the constituent in
the waste, and the volatility of the constituent under
consideration. 1In contrast, the nodel exhibits a relatively |ow
sensitivity to the diffusion coefficient of the constituent in
air.

The followi ng najor assunptions are associated with the RTI
| and treatnment nodel and its application to open landfills and
wast epi | es:

. The waste liquid is mxed uniformly with the carrier
matri x (either fixative, soil, or sone other granular
solid material) before placenent in an open landfill or
wast epi | e.

. The liquid waste containing the constituent of interest
is assuned to be bound in the waste after fixation and
pl acenent in the open landfill or wastepile.

. The waste liquid does not flowwithin the carrier
matri x.

. The adsorption isothermof the constituent of interest

is linear within the depth of the waste and does not
change with tine.

. No bulk flow of gas is induced within the waste matri x.

. The diffusion coefficient does not vary wth either
concentration or tine.

. The concentration of the constituent of interest in the
gas phase at the surface of the open landfill/wastepile

is much | ower than the concentration of the constituent
of interest in the gas phase within the waste matri x.
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. No diffusion of the waste liquid into depths bel ow the
waste | ayer is assuned.

. Li qui d-vapor equilibriumis established at all tines
within the waste matri x.

. For the case of fixed waste in the landfill or
wastepile, the fixed waste m xture behaves as a soi
with regard to diffusion of the constituent of
i nterest.

. No bi odegradati on of the constituent of interest occurs
in open landfills or wastepiles.
8.4.2 Model Plant Paraneters for Qpen Landfills and Wastepil es

The characteristics of nodel facilities for open landfills
and wastepiles are discussed here. The nodel open |andfill
facility is used as the basis for an exanpl e cal cul ati on usi ng
t he nodel

8.4.2.1 Paraneters for open landfills. The nodel facility
for open landfills has a surface area of 1.42 x 108 cn? (3.5
acres). This value represents an approxi mately m drange val ue
fromthe Westat survey.38 A reasonabl e value of landfill depth
fromthe Westat survey39 was 458 cm (15 ft). The nodel open
landfill is assuned to be half full, and hence has a waste depth
of 229 cm (7.5 ft). The landfill is assuned to contain fixed
waste. A standard tenperature of 25 °C is assunmed to apply.

The waste liquid (before fixation) selected for this nodel
facility is assuned to be a two-phase aqueous/organi ¢ contai ni ng
20 percent chloroform 20 percent |lowvolatility organic, and 60
percent water (by weight). This liquid has an average density of
1.16 g/cng. The fixation industry indicates that waste |iquid,
when conbined with fixative, may increase in volunme by up to 50
percent,40 dependi ng on the specific conbination of waste and
fixative. In view of the inherent variability in the fixation
process and the |ack of real data on vol unme changes, for purposes
of this report, the assunption is nade that the waste vol une does
not change during fixation. Nbasurenents41 performed on vari ous
types of fixed waste yielded a broad range of total porosities.
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Fifty percent, as used in this study, is a reasonable estimte of
this paranmeter. These porosity values are assuned to be
representative of waste in an open landfill, rather than waste
that has recently undergone fixation. A 25-percent air porosity
appears to be a reasonable value; this value was inferred from
measurenents of total porosity and noisture content.42 As

di scussed previously, there is no evidence of significant biomass

in any chem cal waste landfill. Therefore, in this analysis it
is assuned, as suggested in the literature, that the toxic
property of the waste will inhibit biological processes and thus

prevent bi ogas generation.* Hence, the waste bi omass
concentration is taken to be 0O g/cng.

The properties of chloroformthat are pertinent to this
anal ysi s include the nol ecul ar weight (119.4 g/g nol), pure
conponent vapor pressure (208 mm Hg), and diffusivity in air
(0.104 cn?/s). The lowvolatility organic liquid present in the
wast e has a nol ecul ar wei ght of 147 g/ g nol.

Tabl e 8-7 sunmmarizes the nodel facility paranmeters for open
landfills used in the exanple calculation in Section 8.4.3.

8.4.2.2 Paraneters for wastepiles. A review of information
in the Westat survey44 led to the selection of an approximately
m drange val ue for basal area of 4.65 x 106 cn?. For nodeling
purposes, the pile is assunmed to be flat. A uniform hei ght of
100 cmwas inferred, using the Westat information and engi neering
judgment. All waste ultimately disposed of in the landfill is
assunmed to be stored initially in the wastepile. The open
| andfill described previously (Section 8.4.2.1) is assuned to be
filled to capacity in 1 yr. Based on the filled landfill volune
(1.42 x 108 cn? X 458 cmdepth = 6.50 X 1010 cn§), the wastepile
vol une (4.65 x 106 cn? X 100 cm = 4.65 X 108 cn§), and the
filling time of 1 yr, it can be concluded that the wastepile
undergoes a turnover rate of 140 turnovers/yr. Hence, the
wastepile retention tinme is 2.6 d/turnover.
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TABLE 8-7.

| NPUT PARAMETERS OPEN LANDFI LL

Area

Waste depth (half full)

Vol unme

Tenperat ure

Waste liquid (before fixation)
Li quid conposition

Li quid density (average)
Li quid/fixative

Air porosity fixed waste
Total porosity fixed waste
Bi omass concentration

Chl or of orm properties
Mol ecul ar wei ght
Vapor pressure
Diffusivity in air

1.42-10% cnt (3.5 acres)
229 cm (7.5 ft)

3.25 10* cn¥

25 degrees C

Two- phase awueous/ or gani c

20 percent chloroform twenty
percent |lowvolatility organic,
and 60 percent water.

1.16 g/cn?

1 unit volume liquid + dry
fixative = 1 unit volune fixed
wast e.

0.25 (25 percent)
0.50 (50 percent)
0 g/cn¥

119.4 g/ g nol
208 mm Hg
0.104 cnt/s

Low volatility organic properties

Mol ecul ar wei ght

147 g/ g nol
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The properties of the waste liquid and the resulting fixed
wast e accommpdat ed by the nodel wastepile are identical to those
for the open landfill (Section 8.4.2.1) and will not be repeated
here. Table 8-8 sunmmarizes the nodel facility paranmeters used
for wastepiles.

8.4.3 Exanple Calculation for Open Landfill

This section presents a step-by-step calculation of em ssions
froman open landfill. The equations identified in Table 7-3 are
used with the nodel unit paranmeters in Section 8.4.2 to estimate
em ssions froma fixed, two-phase aqueous/organi c waste
containing chloroform the sane equations would be applied to the
estimation of em ssions from wastepil es:

. Waste liquid (before fixation): 20 percent chloroform
20 percent | ow
volatility organic
liquid, 60 percent
wat er

. Liquid/fixative: 1 unit volune liquid + dry fixative =
1 unit volune fixed waste

. Wast e bi omass concentration: O g/cn§
. Landfill area: 1.42 x 108 cn? (3.5 acres)
. Landfill depth: 229 cm (7.5 ft)

. Tenperature: 25 °C
. Time period for em ssion calculation: 3.15 X 107 s (1
yr).

a. Comput e waste | oadi ng, L:
Liquid density before fixation = 1.16 g/cn§
1 cn§ liquid waste + fixative =1 cn§ fixed waste
L = g organic phase/cn§ fixed waste
= (0.20 + 0.20) x 1.16 g/cnd = 0.46 g/cnd

(Note that weight fraction of chloroformin the oi
phase [C] = 0.2/(0.2 + 0.2) = 0.50.)
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TABLE 8-8. | NPUT PARAMETERS WASTEPI LES

Surface Area 4.65010° cnt

Aver age hei ght 100 cm

Turnover rate 139/ yr

Retention tine 2.6 days

Tenper at ure 25 degrees C

W ndspeed 4.92 nis

Waste liquid Fi xed wast e

Li qui d conposition 20 percent chloroform 20 percent

| ow-volatility organic, and 60
percent water.

Li qui d density (average) 1.16 g/cn?

Li quid/fixative 1 unit volume liquid + dry
fixative = 1 unit volunme fixed
wast e.

Air porosity fixed waste 0.25 (25 percent)

Total porosity fixed waste 0.50 (50 percent)

Bi onass concentration 0 g/cn¥

Chl or of orm properties

Mol ecul ar wei ght 119.4 g/ g nol

Vapor pressure 208 mm Hg

Diffusivity in air 0.104 cnt/s

Low volatility organic properties
Mol ecul ar wei ght 147 g/ g nol
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b.

Comput e effective diffusion coefficient for fixed waste:

3.33
‘a0
e a 2
T
wher e

ra air porosity fixed waste = 0. 25

T = total porosity fixed waste = 0.50.
Then
Dh = diffusivity of chloroformin air =
D, = 0.104 cnf/s
3.33
D, = (0.104 cnfrs) (8:29) "
(0.50)

D, = 4.11 x 10" cnf/s .

: _ -2

(Not e: Db/Db = 3.96 x 10 °.)

Compute "partition" coefficient, Keq (ratio of gas-
phase chloroformto total chloroformin the waste):

For oily waste,

P M,

_ il ’a

Keqa = w1 T

wher e,

P* = pure conponent vapor pressure of chloroform=

(208 nmm Hg)/ (760 mm Hg/atm = 0.274 atm

Nv%il = nol ecul ar weight lowvolatility organic = 147
g/ g nol

R = ideal gas constant = 82.05 cn§-atnig nol <K
T = tenperature within solid waste, K

T =273 K+ 25 °C = 298 K
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Keq_ (0.274 atm) (147 g/ g nol) (0. 25)
(82.05 cnPesatnf g ol «K) (298 K) (0.46 g/cm3

Keq = 8.95 x 104

d. Conmpute fraction of total chloroformemtted, F,, after
1 year: First, determ ne which solution applies by
conputing fromthe equations in Table 7-3.

KediDe  _ 8.95 x 1004 x 4.11 x 103 cnfis
|2 (229 cnj2
=7.01 x 10011 571
Ther ef or e,
53?7951 =7.00 x 10 st x 3,15 x 107 s
= 2.21 x 10°
Kdt:% Bj = 5.45 (10°%)

Because Keq Det/I2 is less than 0.25, the first equation of
Table 7-3 applies, and

1/ 2
Fe = 0.72 (Kdt)
F, = 0.72 (5.45 x 10" 31/ 2
Fe = 0. 053
e. Comput e i nstantaneous em ssion rate, E, after 1 yr:
1. Conmpute initial mass of chloroformin landfill:

Nbi =l LC

wher e

| = waste depth = 229 cm
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g organic/cn§ fi xed waste = 0. 46 g/cn§

C = weight fraction chloroformin oil = 0.50.
Then
M, = (229 cm (0. 46 g/ cnt) (0. 50)
M, = 52.7 g/cnf
3. Conmput e i nst ant aneous em ssion rate, Ei' Because Keq

D»et/I2 0. 213, use the follow ng equation to conpute the
em ssion rate:

- M i 1 o
I * > a *))))qu)) *
* K~ Keq * Keq D. *
. Kg ed 4 L =
G G
U = windspeed = 4.92 nis
4A, 0.5
de = effective dianeter of landfill area :*—g = 134 m
Sc. = hd-
G DaDa

where: g = viscosity of air = 1.8 (10'4) g/ cni s.

D, = Density of air = 1.2 (10'3) g/cng.
D, = 0.104 cnf/s.
1.81 (10° %4
Scg = 81 ¢ = 1.45
1.2 (103 (0.104)
kg = 4.82 (107%) (4.92)0 78 (1.45)70-67 (134)70- 11

0.0076 mMs = 0.76 cm' s
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52.7

1

229

3.14 x 3.15 10’

E = 0.230(

0.25 . \|
4. 43 (006% 8PEHF s

1

8.95 10* x 4.11 10°3

368 + 5.1810°
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9.0 TRANSFER, STORAGE, AND HANDLI NG OPERATI ONS

9.1 NARRATI VE DESCRI PTI ON OF MODEL PLANTS AND EM SSI ONS

This chapter presents nodels for estimating VO em ssions of
hazardous wastes from contai ner | oadi ng, storage, and cl eaning;
stationary tank | oading and storage; spills; fugitive sources;
and vacuum truck | oadi ng.

9.2 CONTAI NER LOADI NG

This section addresses em ssion-estimting practices for
hazardous waste |l oading into tank trucks, railroad tank cars,
mari ne vessels, and 55-gal (O.208-n§) druns.
9.2.1 Em ssion Mdel for Container Loading

The process of |oading containers with vol atile hazardous

wast es generates em ssions. |f containers were assuned to be
cl ean when | oaded, only those vapors generated by the | oaded
waste could be emtted. |If containers hold residues of previous

vol atil e wastes, additional em ssions fromthe residues wl|
al so be generat ed.

To cal cul ate contai ner | oading |osses, the AP-421 equation
for loading petroleumliquids is applied. This equation was
derived for tanks, cars, and marine vessels. It is also applied
to 55-gal druns in this case because the | oading principles are
simlar and because no equation has been devel oped exclusively
for small containers such as druns. The |oading equation is as
fol | ows:

_12.46 SWP

e S

wher e,



3

—
I

L | oadi ng I oss, |b/10% gal of liquid |oaded,

nol ecul ar wei ght of vapors, Ib/Ib nol;

P = true vapor pressure of liquid | oaded, psia; and
T = bulk tenperature of liquid | oaded, °R (°F + 460).
S = saturation factor, dinensionless (see Table 9-1).

Equation (9-1) for estimating em ssions fromcontainers is not
applicable to open dunpsters because they are designed with no
tops, unlike druns that have |imted venting through bungs.
9.2.2 Model Paraneters

Containers are considered to be spl ash-1oaded (as opposed to
subner ged-| oaded) for em ssion-estinmating purposes. This |oading
met hod creates |larger quantities of VO vapors and increases the
saturation factor, S, of each volatile conpound wthin the
container. A saturation factor is a dinmensionless quantity that
"represents the expelled vapors' fractional approach to
saturation and accounts for the variations observed in em ssion
rates fromthe different unloading and | oadi ng methods.2 A
saturation factor of 1.45 was selected for these em ssion
estimates, based on previous docunentation of splash-Ioadi ng
petroleumliquids.3’4

Typi cal capacities for containers are assuned to be as
fol |l ows:

. Drums: 55 gal (0.208 nb)

. Tank trucks: 7,000 gal (26.5 n§)

. Rai l road tank cars: 30,000 gal (114 n§)
. Mari ne vessels: 20,000 tons.

It is assuned that 55-gal druns and tank trucks are the
predom nant containers used in the waste managenent industry.
Bul k I'iquid hazardous waste is shipped predom nantly by hi ghway;
t herefore, hazardous waste tank truck nodels are used for
estimating em ssions.
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TABLE 9-1.

FACTORS FOR CALCULATI NG PETROLEUM LOADI NG LGSSES

Cargo carrier Mode of operation s factor

Tank trucks and tank cars Subnerged | oading of a
cl ean cargo tank 0. 50
Spl ash | oading of a clean 1.45
cargo tank
Subner ged | oadi ng: nor nal 0. 60
dedi cat ed service
Spl ash | oadi ng: nor nal
dedi cat ed service 1.45
Subrner ged | oadi ng:
dedi cat ed 1.00
vapor bal ance service
Spl ash | oadi ng: dedicated 1.00
vapor bal ance service

Mari ne vessel s? Subner ged | oadi ng: shi ps 0.2
Subnerged | oading: barges 0.5

aTo be used for

products ot her than gasoline.
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Mol ecul ar wei ght and vapor pressure are functions of the waste
| oaded, and 25 °C is considered an annual average anbi ent
operating tenperature.

9.2.3 Sanmple Calculation for Tank Loadi ng

The foll ow ng sanpl e cal cul ation may be used to estimte VO
em ssions fromtank truck |oading of an organic liquid. Wste
stream conpounds and properties for the sanple cal culation are as
follows. The sane waste streamis enployed in each sanple
calculation in this section; only the type of em ssion source is
vari ed.

Mol ecul ar  Vapor

Wi ght wei ght pressure Mol e
Consti t uent fraction (1 b/ nmol) (psi a) fraction
Benzene 0.3 78 1. 84 0. 368
Napht hal ene 0.3 128 0. 0044 0. 224
Phenol 0.4 94 0. 0066 0. 408

The input parameters for the truck | oading nodel are as foll ows:

. True vapor pressure of loading liquid, psia: 0.68
(calculated in a., below

. Mol ecul ar wei ght of vapor, |b/nol: 78.23
(calculated in b., bel ow

. Saturation factor, dinensionless: 1.45 (splash
| oadi ng)

. Bul k tenperature of liquid |oaded, °R 537

. Annual throughput, gal/yr: 28,000

a. Cal cul ate P*, true vapor pressure of liquid, by Raoult's
Law.
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P = (Py*X) +(PysX) + (Pge X}

wher e, *
P = true vapor pressure, psia;
Py, P, and P3 = vapor pressures of pure components;
Xl, X2, and X3 = nole fractions of VO conponents in |iquid;
P = (1.84 psia x 0.368) + (0.0044 psia x 0.224)
+ (0.0066 psia x 0.408); and
P* = 0.68 (psia).

Cal cul ate M nol ecul ar wei ght of vapors:

_(PrX)) (PX ) (Pgxy |

M_7*0M+ M
P

« My

P 1 P

wher e

3

M = nol ecul ar wei ght of vapor

Nh, N&, and NE = nol ecul ar wei ght of each conponent

.1.84 x 0.368
0.68

0.0044 x 0.224,

* X 78 + 0.68

M=

»0.0066 x 0.408

0. 68 * x 94

X 128 +

78.23 (I b/mol).
Cal cul ate em ssions fromtruck | oading:

12.46 SVP
- R

12.46 x 1.45 x 78.23 x 0.68
= 537 °R

= 1.79 I b/ 1,000 gal

1.79 x 1073 Ib/gal x 28,000 gal/yr

Annual em ssions, L, = 2,205 Tb/ My

0.023 My/ yr
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9.3 CONTAI NER STORAGE

This section addresses storage em ssions fromtank trucks,
railroad tank cars, 55-gal drums, marine vessels, and open
dunpsters.
9.3.1 Em ssion Mdel for 55-Gal Druns, Tank Trucks, and Railroad
Tank Cars

Wth regard to 55-gal drunms, container storage is considered
a location where nmultiple druns are nost likely to accumul ate and
be stored for nore than 90 days. Because druns are designed to
be stored with a sealed Iid and bung, the potential for breathing
losses is mnimal. Therefore, breathing loss is assuned to be
negligi ble. However, the potential does exist for a drumto
rupture or becone damaged and | eak during storage. Thus, the
em ssions fromdrum storage may be estimated using the sanme spil
fraction used for drumhandling--lo'4 (to be discussed in nore
detail in Section 9.7, Spills). The follow ng equation is used
to estimate em ssions from drum st orage:

4 %1 x W x Vv, (9-2)

wher e,

m
I

em ssion fromdrum storage, M/ yr;

t hroughput, M/ yr;

VO wei ght fraction; and

VY

Vi = volatilization fraction.

Em ssion-esti mati ng nmet hodol ogi es have not been devel oped
for storage in tank trucks and railroad tank cars. Only | oading
information was available in the literature for these containers.
The assuned sanme em ssion estimates principle for drumstorage is
applied with an em ssion factor of 10'5 (to be discussed in nore
detail in Section 9.7, Spills).6
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9.3.2 Model Paraneters for Drum Storage
It is assuned that 50 percent of the VO storage |oss from
drumspill or rupture will be volatilized. The renmaining
volatiles will be captured with RCRA spill response neasures
taken at the facility.
9.3.3 Sanple Cal culations for Drum Storage
| nput paraneters:

Waste stream organic liquid

(See Section 9.2.3 for constituents.)

Waste density: 1.04 Ng/n§

Drum storage capacity: 182 druns (0.208 n§/drun)
Turnovers per year: 12

Spill fraction: 10°4

Wei ght fraction: 1

Vol atilization fraction: 0.5.

a. Cal cul at e annual throughput, I, M/yr:
| = 182 x 0.208 nd x 12 x 1.04 My/ nP

= 472 Myl yr
b. Cal cul ate air em ssions:
_ 104
E = 10 X | X VY X Vi
= 10°% x 472 My/yr x 1 x 0.5
= 0.024 M/ yr

9.3.4 Em ssion Mdel for Open Dunpsters

Open dunpsters are used to contain waste materi al s.
Vol atile organics can diffuse fromthis waste material to the
surface of the waste, where they can be emtted to the
at nosphere. Wastes held in dunpsters may range from sludges to
contam nated filters. Because an open dunpster is simlar to
open landfills and wastepiles, the |land treatnent nodel is used
to estimate the air em ssion rates of the constituent of interest
fromopen landfills, wastepiles, and open dunpsters. Chapter 7.0
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describes the use of the |land treatnent nodel for open landfills
and wastepiles. The theoretical basis for the | and treatnent
nmodel is presented in Chapter 5.0 of this report and will not be
repeat ed here.

A land-treatnent-type nodel was selected for estimating
em ssions from open dunpsters because (1) no adequate nodel s
exist for this source, and (2) there are a nunber of simlarities
i n physical characteristics of the wastes in open dunpsters and
| and treatnent operations. A previous EPA study7 dedicated to
the eval uation of nodels for estimting em ssions from hazardous
waste TSDF identified only one nodel for open waste dunps such as
landfills and wastepil es--the open dunp nodel. A serious
[imtation of the open dunp nodel for this application, however,
is that it does not account for depletion of the volatilizing
chem cal fromthe waste surface. Hence, the open dunp nodel is
judged unsuitable for the estinmation of em ssions from open
dunpsters over the tine period of interest (nonths or |onger).

The simlarity in physical characteristics between open
dunpsters and | and treatnent operations is apparent upon cl ose
exam nation--in both the waste liquid is ultimtely m xed
honogeneously with a "carrier” matrix (soil in the case of |and
treatnent; waste in the case of open dunpsters). In both cases,
the matrix is porous and perneable, allow ng the diffusion of the
constituent of interest through the matrix and into the air.
Hence, in both cases, diffusion theory can be used to nodel the
em ssion rate. The notable difference between | and treatnent
operations and open dunpsters is the presence of an additi onal
mechani sm affecting em ssions in the case of |and treatnent--
bi ol ogi cal decay of the constituent. Because biodegradation is
not thought to occur in open dunpsters, however, its effect is
not accounted for in the nodeling of air em ssions.

The RTI |and treatnent nodel, which was sel ected for
estimating em ssions fromopen dunpsters, has the follow ng
characteristics: a sound basis in scientific theory, limted
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val i dati on agai nst nmeasured em ssions fromland treatnent
operations, and reasonably available input data.® The nodel
considers effects such as evaporation of the constituent of
interest frominterstitial surfaces of the carrier matrix and
diffusion of material through air-filled pore spaces.

The equations necessary to apply the land treatnent nodel to
open dunpsters are summari zed in Table 7-3. The equati ons,
presented in Chapter 7.0, can be used to estimate the fraction of
the constituent emtted (Ft) and the instantaneous enmi ssion rate
(E). 1t should be noted that the absence of biodegradation
represents a special case that allows sone sinplification of
several of the Chapter 7.0 land treatnent equations, e.g.,
Equations (7-4) and (7-5). (The absence of biomass inplies that
bi omass concentration equals 0. Hence, tb’ the time constant for
bi ol ogi cal decay, equals infinity. Consequently, the exponenti al
tern1e't/tb becones unity.) Also, the absence of biodegradation
inplies that the fraction of the constituent emtted after a | ong
tinme, Fa’ woul d equal unity.

Because the |l and treatnent nodel was derived originally for
| and treatnent operations, nodel input paraneters are not
necessarily in the nost convenient units and term nol ogy for open
dunpsters. Hence, several points should be noted:

. The dunpster waste is anal ogous (for nodeling purposes)
to the waste-laden soil in |and treatnent.
. , the area-loading of the constituent in g/cn?, IS

conpatible wwth [and treatnment operations. For open
dunpsters, it should be conputed fromthe concentration

in the waste, Nb =1 LC

. No "tilling" (as discussed in Chapter 7.0) is perforned
i n open dunpsters, but the initial mxing upon dunpster
|l oading is equivalent to a tilling.

. Waste liquid is generally not "applied" or mxed with

the solids in the dunpster. Hence, waste
"reapplication" (used in the sense discussed in
Chapter 7.0) does not occur in open dunpsters. |If
liquid wastes are applied to the surface of the waste

9-9



in the open dunpster, then the |and treatnent
appl i cation nodel woul d be used.

. The waste bed depth in open dunpsters is anal ogous to
the "depth to which waste is mxed" in |and treatnent,
as discussed in Chapter 7.0.

The approach required to estinmate em ssions from open

dunpsters is as follows, based on equations in Table 7-3:

1. Comput e the | oading of waste liquid (L) in waste, using
t he known waste conposition. (For two-phase aqueous
organics or organic liquid wastes, L should be conputed
as granms organi c phase per cubic centineter solid

material. For dilute aqueous waste |liquids, L equals
granms aqueous liquid per cubic centineter waste.)

2. Compute the effective diffusion coefficient (D). |If
the sludge is not porous, the effective diffusion
coefficient (D.) equals the product of the total
porosity (or vBl ume fraction liquid) and the liquid
di ffusion coefficient (DL).

3. Compute the partition coefficient (Keq).

4. Use the appropriate em ssion equation to conpute the
fraction of constituent emtted (F,) and/or the instan-
taneous emssion rate (E). For dunpster cal cul ations,
the time input to these equations should be no greater
than the holding tine of the waste in the dunpster.

The sensitivity of the land treatnment nodel to sone
paraneters differs in its application to open dunpsters fromthat
in land treatnment operations because of the difference (in sone
cases) in the expected range of the paraneters. |In general, it
can be stated that, for application to open dunpsters, the nodel
is sensitive to the air porosity of the solid waste, the liquid
| oading in the solid waste, the waste depth, the concentration of
the constituent in the waste, and the volatility of the
constituent under consideration. In contrast, the nodel exhibits
arelatively low sensitivity to the diffusion coefficient of the
constituent in air.

The followi ng najor assunptions are associated with the RTI
| and treatnent nodel and its application to open dunpsters:
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9.3.5

The waste liquid is mxed uniformy in the waste solids
in an open dunpster and does not drain to the bottom of
t he dunpster.

The absorption of the volatile constituent into the
waste liquids is linear within the depth of the waste
and does not change with tine.

No bulk flow of gas is induced within the waste matri x.
The diffusion coefficient does not vary wth either
concentration or tine.

The concentration of the constituent of interest in the
gas phase at the surface of the open dunpster is much

| ower than the concentration of the constituent of
interest in the gas phase within the waste matri x.

The waste |iquid does not mgrate.

Li qui d-vapor equilibriumis established at all tines
within the waste matri x.

No bi odegradati on of the constituent of interest occurs
i n dunpsters.

Model Paranmeters for OQpen Dunster Storage

The input parameters required for the nodel are divided into
t hree groups:

Met eor ol ogi cal conditions. An average annual anbient
tenperature of 25 °C and an average w ndspeed of 447
cm's were used.

Size of the dunpster. A 4-yd3 uncovered dunpster with
the foll owm ng di mensi ons was used:

Length = 1.85 m (73 in)
Wdth = 1.45 m (57 in)
Height = 1.22 m (48 in)

Properties of waste stored. These properties include
nmol ecul ar wei ght, vapor pressure, and diffusivity in
air. The properties of specific conmpounds were
obtained fromliterature sources.
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9.3.6 Sanple Calculation for Open Dunpster Storage

This section presents a step-by-step cal cul ation of
em ssions froman open dunpster. The equations identified in
Table 7-3 are used with the dunpster input paraneters to estimte
em ssions froman organi c waste contai ni ng benzene, napht hal ene,
and phenol .
| nput paraneters:

Waste stream organic liquid

VO constituents = benzene, naphthal ene, and pheno
Concentration of each constituent in oil, ppmw = 50, 000
Initial VO amount, kg = 122.7 (total for three conponents)
U, w ndspeed, cnis = 447

|, waste depth in the dunpster, cm= 122

area of the dunpster, n? = 2.68

nmol ecul ar wei ght of oil = 282

Total porosity of waste 0.5

Air porosity of waste = 0.25

T, anbient tenperature, K = 298

Dunpster turnovers per year = 2

a. Conpute waste |oading, L:

The waste is 50 percent by volunme solids, 25 percent by

volunme air, and 25 percent Ry volunme organic oil. At an
esti mat ed densi;¥ of 1 g/c of oil, the waste | oading
is 0.25 g oil/cni.

b. Conpute effective diffusion coefficient for fixed waste:

3. 33
Dy =D, — ’
T
wher e
ra air porosity fixed waste = 0. 25
T = total porosity fixed waste = 0.50.
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Then
D, = diffusivity of benzene in air = 0.088 cnf/s
= (0.088 cnf/s) (-2
(0. 50) 2
_ 3 2 | B i
= 3.48 x 10 cnf/s. (Note: Db/Dh = 3.96 x 10

3.33

2.y

De

C. Compute "partition" coefficient, Keq (ratio of
gas- phase benzene to total benzene in the waste):

For oily waste,

P M.
_ il ” a
Kea = w C
wher e
P* = pure conponent vapor pressure of chl oroform
= (95.2 mMmm Hg)/ (760 mm Hg/atm = 0.125 atm
Nv%il = nol ecul ar weight lowvolatility organic
= 282 g/ g nol
R = ideal gas constant = 82.05 cn§-atnignDI-K

T = tenperature within solid waste, K

T =273 K+ 25 °C = 298 K

Keq _ (0.125 atm (282 g/ g nol) (0. 25)

(82.05 crnfeatni g ol «K) (298 K)(0.25 g/ cnt)

Keq = 0.00144

d. Conmpute fraction of benzene emtted, F after

1/ 2 year:

Keq Dt e
Det erm ne whi ch solution applies by conputing ———>—
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(Table 7-3):

Kedi De  _ 0.00144 x 0.00348 cnf/s
| 2 (122 cm?
=337 .10 1051
Ther ef or e,
Keq D_t
— ¢ =3237-1019%stx157x10"s
| = 0. 0053
Keq D_t 2
_ el B _
Kyt = ——2 B =0.013

Because Keq Det/I2 is less than 0.25, the third
equation of Table 7-3 applies, and

_ 1/ 2
Ft =0.72 (Kdt)
F, = 0.72 (0.013) /2
Ft = 0.082
e. Esti mat e annual em ssions, M/ yr:
InitFngtion ﬁggyal em ssi ons
kg to air kg/ turnover kg/yr
Benzene 40. 9 0. 082 3. 37 6. 74
Napht hal ene  40.9 0. 003 0.13 0. 26
Phenol 40. 9 0. 005 0.19 0. 38
Tot al 122. 7 0. 090 3.69 7.38

9.4 CONTAI NER CLEANI NG
9.4.1 Em ssion Mdel for Container C eaning

An AP-42 document9 on tank truck cleaning is used as the
primary source for container-cleaning em ssion estimates. AP-42
states that tank truck cleaning typically involves washing the
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truck interior with agents such as water, steam detergents, or
ot her chem cals. The docunent al so provides em ssion factors
that are a function of vapor pressure and viscosity. These
factors have been applied to em ssion estimtes for cleaning al
types of containers, as follows:

Tank truck Em ssion factor
residue to be renoved g/ truck (Ib/truck)
Hi gh vapor pressure, |ow viscosity 215 (0.474)
Medi um vapor pressure, medi um viscosity 32.4 (0.071)
Low vapor pressure, |ow viscosity 5.5 (0.012)

The follow ng equation is used to estimate em ssions for
cont ai ner cl eani ng:
6

E=F, xN xW X 10 (9-3)
wher e
E = cleaning |loss, My/yr
FC = em ssion factor for cleaning, g/container
N = nunber of cl eanings per year

VY = VO wei ght fraction.

9.4.2 Model Paraneters

In all containers, the primary input paranmeter for
estimating cleaning em ssions is the cleaning em ssion factor,
which is determned from (1) residue vapor pressure and
viscosity (functions of waste handled), and (2) contai ner
vol une.

Based on AP-42,
(7,000 gal) is assuned.

Because no data are currently available for drum cl eani ng,
the em ssion factors for tank trucks were used to cal cul ate
cl eaning em ssions fromdruns by conparing the proportion of
drum volume (55 gal) to that of the tank truck (7,000 gal).

10 a typical tank truck volune of 26.5 n§
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Em ssion factor

55-Gal drum
residue to be renoved g/drum (I b/drum
Hi gh vapor pressure, |ow viscosity 1.69 (0.0037)
Medi um vapor pressure, medi umviscosity 0.25 (0.0006)
Low vapor pressure, | ow viscosity 0.04 (0.00009)

Em ssions from mari ne vessel s have not been addressed because
of the | ow usage of such vessels in the waste nanagenent
i ndustry.
9.4.3 Sanple Cal culation for Tank Truck C eani ng

The general assunptions for truck cleaning are as foll ows:

. Resi due: pure organic liquid (benzene)
. Nunber of truck cleanings per year: 4
. Truck capacity: typical truck
. Wi ght fraction: 1.
a. Det erm ne the cl eaning em ssion factor, FC:

(215 g/truck was used because of high vapor pressure and
| ow viscosity of pure benzene residue).

b. Cal cul ate cl eani ng em ssi ons:

E 6

FC X N x VY x 10
=215 gx 4x1x 109 Mg
=8.6 x 1004 Myl yr
9.5 STATI ONARY TANK LOADI NG
9.5.1 Emssion Mdel for Stationary Tank Model
Stationary tank working | osses are those em ssions from

wast e | oadi ng and unl oadi ng operations. AP-42's "Storage of
Organi c Liquids"11 provi des an equation to estimate | oading and
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unl oadi ng em ssions from storage tanks. The equation was
devel oped for handling VO liquid in the follow ng industries:

. Pet r ol eum produci ng/ refini ng

. Pet rochem cal and chem cal manufacturing

. Bul k storage and transfer operations

. f}herdindustries consum ng or produci ng organic
i qui ds.

Because hazardous wastes have the potential to contain VO
conpounds, as do organic |iquids, and because they are nost
commonly stored in the sane fashion as these |iquid products,
the foll owi ng equati on was sel ected from AP-42:

_ -5 *
Ly =240 x 100° M, « P« Ve NeK *K (9-4)
wher e
Lm/ = working | osses, |b/yr
NL = nol ecul ar wei ght of vapor in storage tank, Ib/lb
nol
P* = true vapor pressure at bulk liquid conditions,
psi a
N = nunber of turnovers per year (dinensionless)
N _ total throughput per year (gal)
tank capacity, V (gal)
Vv = tank capacity, ga
Kn = turnover factor, dinensionless (for turnovers
180 + N
for turnovers > 36, Kn = 6N )
KC = product factor, dinensionless for crude oil, KC =
0.84; for all other organic |iquids, KC =1).
9.5.2 Model Paraneters
It is assuned that all stationary tanks are fixed-roof.
According to responses to the 1982 Westat Mail Survey,12 whi ch
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wer e exam ned by the GCA Corporation,13 there are four sizes of

tanks that best represent the waste managenent industry:

. 5.3 n® (1,500 gal)

. 30.3 nP (8,000 gal)

. 75.0 nP (20,000 gal)

. 795 nt (210, 000 gal).

Table 9-2 lists typical input paraneters for these nodel tanks.
Turnovers per year were sel ected based on vol une of waste
processed i n waste nmanagenent scenari os recorded in various
docunents. Mbdl ecul ar wei ght and vapor pressure are a function
of the waste | oaded.

9.5.3 Sanple Calculation for Tank Loadi ng Em ssi on Mdel

| nput paraneters:

Waste stream organic liquid (see Section 9.2.3 for
constituents)

N&, nol ecul ar wei ght of vapor, Ib/lb nmol: 78.23

P, true vapor pressure of loading liquid, psia: 0.68
Kc’ product factor for working loss: 1

V, fixed-roof tank capacity, gal: 20,000

N, turnovers per year: 44

Kn’ turnover factor, dinensionless: 0.848.
a. Cal cul ate NL, nmol ecul ar wei ght of vapor:
(see Section 9.2.3 for calculation).
b. Cal cul ate P*, true vapor pressure of |oading |iquid:

(see Section 9.2.3 for calculation).

C. Cal cul ate Kn, turnover factor: because N = 44,
_ 180 + N _
Kn = BN - 0. 848
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TABLE 9-2. PERTI NENT FI XED- ROOF TANK SPECI FI CATI ONS'4!5:16

Model Model Model Mode
Speci fications A B C D
Capacity, n8 5.3 30.3 75.7 795
(gal) (1,500) (8,000) (20,000 (210, 000)
Tank height, m 2.4 2.4 2.7 12.2
Tank di aneter, m 1.7 4 5.8 9.1
Aver age vapor space 1.2 1.2 1.4 6.1
hei ght, m
Adj ustment for small 0. 26 0. 65 0. 86 1
di anet er
(di mensi onl ess)
Aver age diurnal tenp. 11 11 11 11
change, "C ("F) (20) (20) (20) (20)
Pai nt factor 1 1 1 1
(di mensi onl ess)
Rel ation of tank to Above Above Above Above
gr ound
Product factor 1 1 1 1
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d. Cal cul ate air em ssions:
= -5 [ ] * [ ] [ ] [ ] [ ]
L =2.40 x 10 X NL P V N Kn K

w c
= 2.40 x 10'5 X 78.23 x 0.68 x 20,000 x 44 x 0.848 x 1
= 953 | b/yr
= 0.43 M/ yr.

9.6 STATI ONARY TANK STORAGE
9.6.1 Model Description

Fi xed-roof tank storage of hazardous wastes results in VO
"breat hi ng" em ssions through vents as anbi ent tenperature and
baronmetric pressure fluctuate. Em ssions occur in the absence of
any liquid |l evel change in the tank. An existing AP-4217
equation was used to estimate VO breathing | osses from hazardous
wast e storage tanks as foll ows:

0. 68

_ -2 « P% <, 1.,73,0,51 0.5¢, . i
Lb = 2.26 10 M, prP * D H )T F pC K g9 5)
wher e
Lb = fixed-roof breathing loss, |b/yr

nol ecul ar wei ght of vapor in tank, Ib/lb nol

T, X
I

= true vapor pressure at bulk liquid conditions, psia

PA = average atnospheric pressure at tank |ocation, psia
D = tank dianeter, ft
H = average vapor space height, ft (assunmed to be one-half
of tank hei ght)
)T = average anbient diurnal tenperature change, °F (20 °F
assuned as a typical val ue)
Fp = paint factor, dinensionless (see Table 9-3)

C = adjustnent factor for small dianeter tanks,
di nensi onl ess (for dianeter > 30 ft, C=1; for
di aneter < 30 ft,
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C= 0.0771 D - 0.0013 D? - 0.1334)

KC = product factor, dinensionless (for crude oil, KC=O.65,
for all other organic |iquids, KC =1.0).

The above equation requires an estinmation of the true vapor
pressure using the liquid concentration. For very volatile
constituents, the liquid concentration depends on the anount | ost
as air emssions. To correct for the loss to the air in
estimating the liquid concentration, the foll ow ng equation my
be used:

fraction lost to air = Lb
Lb + Lt
where Lt is the tank input of the volatile constituent in pounds
per year.
9.6.2 Model Paraneters

Table 9-3 identifies the nodel paraneters for estimating
tank breathing | osses. Ml ecular weight and vapor pressure are
functions of the waste stored.

9.6.3 Sanple Calculation for Tank Storage Em ssion
Model | nput paraneters:

Waste stream organic liquid (see Section 9.2.3 for
constituents)

N&, nol ecul ar wei ght of vapor, |Ib/lb nmol: 78.23
P, true vapor pressure of |loading liquid, psia: 0.68
Kc’ product factor for breathing loss: 1

v, fixed-roof tank capacity, gal: 20,000

D, tank dianeter, ft: 19

H, average vapor space height, ft: 4.5

)T, diurnal tenperature change, °F. 20

Fp, pai nt factor, dinensionless: 1

C, adjustnent factor for small tanks: 0.86 (calculate in
c., below
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TABLE 7-3. PAINT FACTORS FOR FI XED- ROOF TANKS'®

Pai nt factors (Fp)

Tank col or Pai nt condition
Roof Shel | Good Poor
Wi te Wi te 1.00 1.15
Al um num ( specul ar) Wi te 1.04 1.18
Wi te Al um num (specular) 1.16 1. 24
Al um num ( specul ar) Al um num (specular) 1.20 1.29
Wiite Al um num (di ffuse) 1.30 1.38
Al um num (di ffuse) Al um num (di ffuse) 1.39 1.46
Wi te G ay 1.30 1.38
Li ght gray Li ght gray 1.33 1. 44a
Medi um gr ay Medi um gr ay 1.40 1. 58a

2Estimated fromthe ratios of the seven preceding paint factors.
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a. Cal cul at e nol ecul ar wei ght of vapor:
(see Section 9.2.3 for calculation).

b. Cal cul ate true vapor pressure of |oading |iquid:
(see Section 9.2.3 for calculation).

C. Cal cul ate adjustnent factor for small tanks:

C=0.0771 x 19 - 0.0013(19)2 - 0.1334

= 0.86

d. Cal cul ate air emni ssions:
* 0.68
L, =226 x 1002 Mz £ ,x Db p03 51 05 F . 6k
b *P P* p c
P
0. 68
_ -2 . 0.68 . 1.73 0.51
= 2.26 x 107% x 78.23 x * 7908 x x (19) 143 (4.5)

x (20)9°° x ( 0.86)

= 300 | b/yr
= 0.14 Myl yr
9.7 SPILLS
9.7.1 Model Description
An | CF study19 of truck transport to and from TSDF and truck

em ssions at TSDF term nals provided the background information
necessary to estimte spillage | osses during TSDF and trucking
operations. As a result of this study, spill fractions of 10'4
and 10'5 were assunmed for drum novenent of wastes and all other
remai ni ng waste novenent, respectively. Thus, for every 10, 000
My of drunmed hazardous waste noved, 1 My is assuned to be
spilled. The following equation is used to estimate spil

em ssi ons:

E = FS X I X VY X Vi (9-6)
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wher e

E = spill em ssions, My/yr

FS = em ssion fraction, 10'4 or 10

| = annual throughput, M/ yr

-5

VY = VO wei ght fraction
Vi = fraction for volatilization.

9.7.2 Model Paraneters

In both cases of spills, it is assuned that 50 percent of
the volatiles in the waste are lost. The renai ning 50 percent
are recovered by RCRA spill plan response. Therefore, nobst
spills would be mtigated before 100 percent of VOis lost to the
at nosphere.

It is assunmed that spills do not occur during the transfer
of waste into a stationary tank if |loading is automated through
fixed piping.

9.7.3 Sanple Cal culation for Drum Storage
Model | nput paraneters:

Waste stream organic liquid (see Section 9.2.3 for
constituents)

Waste density: 1.04 Ng/n§
Eni ssion fraction: 10 %

Wi ght fraction: 1

Vol atilization fraction: 0.5

Nunber of druns handl ed: 2,184 (0.208 n§/drwﬁ.

a. Cal cul at e annual throughput, I, M/yr:
| = 2,184 x 0.208 n® x 1.04 My/nt

472 Myl yr
b. Cal cul ate air em ssions:

E=10%x 472 My/yr x 1 x 0.5
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= 0.024 My/yr
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9.8 FUQ Tl VE EM SSI ONS
9.8.1 Em ssion Mdel for Fugitives

Waste transfer operations often involve punpi ng wastes
t hrough pipelines into a variety of containnment units. Such
punpi ng creates the potential for fugitive em ssion | osses from
punps, valves, and flanges. Table 9-4 presents the Synthetic
Organi ¢ Chem cal Manufacturing Industries (SOCM) em ssion
factors20 t hat had been devel oped to estimate VO that |eak from
punp seal s, valves, and flanges. These factors are independent
of the throughput, type, or size of the process unit.

TABLE 9-4. SOCM EM SSI ON FACTORS FOR FUGQ Tl VE LOSSES

Type of Em ssion factor
Equi pnent service (kg/ h-source)
Punp seal s Light liquid 4.94 E-2
Val ves Light liquid 7.10 E-3
Fl anges - - 8.30 E-4

The followi ng equation is used to estinate fugitive
em ssi ons:

E=E(F x N) x hx 103

(9-7)
wher e,

E = fugitive em ssions, M/ yr;

Ff = em ssion factor per source-type, kg/h-source (see Table
9-4);

Ni = nunber of sources per source-type; and

h = residence tine in the equi pnent (assune = 8,760 h/yr).

9.8.2 Model Paraneters

The maj or input paraneters required for the em ssion nodel
are em ssion factor, nunber of sources, and residence tine. It
is assuned that waste renmains in the transfer equi pnent 24 h/d,
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365 d/yr; therefore, VO are continuously being | eaked to the
at nosphere.

M ni mal i nformation has been conpiled on typical quantities
of punps, valves, and flanges at waste managenent facilities.
Therefore, previous contractors have turned to data collected
fromthe petroleumrefining industry and SOCM. GCA recomrended
that "for any hazardous waste filling operation, transfer
operation, or handling operation involving punps, the estinmate of
two punps, 35 valves, and 80 flanges be used. This includes tank
filling, tank truck or car filling, and drumfilling."21 Because
the relationship 2:35:80 appears to be too high for punping waste
into a single drum one punp, three valves, and eight flanges are
used for estimating em ssions. GCA recommended that small er
quantities of punps, valves, and flanges identified by SOCM be
applied for transfer operations to injection wells and
incinerators, i.e., 1 punp, 18 valves, and 40 fl anges.
9.8.3 Sanple Calculation for Fugitive Em ssion Mdel

Estimate the annual fugitive em ssions froma set of piping
lines that connect to a storage tank, given the foll ow ng
i nformation.
| nput paraneters:

22

Assunme 2 punps, 35 valves, and 80 flanges associated with
t he pi pi ng equi prent .

Assune the waste streamis organic |iquid.

Assunme waste remains in piping line 24 h/d, 365 d/yr.

a. The em ssion factor for light liquids was used because of
t he high VO content.

b. Cal cul ate fugitive em ssions:
E = (0.0494 kg/h x 2 + 0.0071 kg/h x 35 + 8.3 x 10" *kg/h x 8)
x 8,760 h/yr x 10°3 My/kg = 3.62 My/yr.
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9.9 VACUUM TRUCK LOADI NG
9.9.1 Em ssion Mdel for Vacuum Truck Loadi ng

Em ssions fromvacuumtruck | oading are estimated by
cal cul ating an equilibriumconcentration of organic vapors in the
vacuumtruck at its operating conditions and assum ng that a
total volunme of gas equal to the vacuumtruck volune is emtted
to the atnosphere for each | oading epi sode. Equations for nmaking
the calculations are presented as foll ows:

Ei = NV X Yi X NMY

X P

. (for oily waste)
I Pt

<
I

_ Y,
N =[P, Vg (TT273) 1T,

= air em ssions of conmpound i, g/truckload;
= total noles of vapor discharged, g nol;
= nole fraction of conpound i in vapor phase;

= nole fraction of conpound i in liquid phase;

E
N,
Y]
5
NMY = nol ecul ar wei ght of conpound i, g/g nol;

P* = vapor pressure of conpound i, nmm Hg;

P, = total systemoperating pressure, mm Hg;

PO = at nospheric pressure, nmm Hg;

V = vacuum truck vol une, n§;
V~ = volunme of 1 g nol of gas at STP, 0.0224 n§/g nmol ; and
T = operating tenperature, K

9.9.2 Model Paraneters

Based on information obtained during site visits to
refineries using land treatnment, vacuumtrucks have a capacity of
about 21 n§ (5,500 gal) and operate at a pressure of
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approxi mately 303 mm Hg. These values are used in estimating
vacuum truck em ssions.

Mol ecul ar wei ght and vapor pressure are functions of waste
| oaded, and 25 °C is considered a standard operating tenperature.
9.9.3 Sanple Cal cul ation

The followng is a sanple cal cul ati on of benzene em ssions
during loading of a vacuumtruck wth organic |iquid.

| nput paraneters:

Waste stream organic liquid

(see Section 9.2.3 for constituents)
VO constituent: benzene
NyY, nmol ecul ar weight, g/g nol: 78
P , pure conmpound vapor pressure: 95.2
Pt’ system operating pressure, mmHg: 303
PO, at nospheric pressure, nmHg: 760
X., nmole fraction in liquid: 0.368
V, vacuum truck vol une, n§: 21
VG’ volume of 1 g nol of gas at STP, n§/g mol . 0.0224
T, operating tenperature, K 298
N, turnovers per year, truckload/yr: 10.

a. Cal cul ate total noles of vapor discharged, g nol:

_ Y,
N =[P, Vg (TT273)T7P,

) 21 nf

(760 nm Hg x 0.0224 nP/g mol x 298 K/ 273 K)/303 mm Hg
= 342.41 g nol/truckl oad

b. Cal cul ate nol e fraction of benzene in vapor phase, Yi:
P X
- i _ 95.2 0.368 _
Yi = Pt = 303 = 0.1156
C. Cal cul ate air em ssions per truckload, g/truckl oad:
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Ei = NV X Yi X NMY
= (342.41 g nol/truckl oad) (0.1156) (78 g/ g nol)
= 3,087 g/truckl oad
d. Cal cul at e annual em ssions for benzene, M/ yr:
Annual em ssion = Ei X N
= 3,087 g/truckload x 10 truckl oad/yr
= 30,870 g/yr
= 0.031 M/ yr
e. Repeat the above procedures, a through d., to conpute
em ssions for each constituent as foll ows:
Consti t uent Ei,g/truckload Annual em ssions, M/ yr
Benzene 3, 087 0. 031
Napht hal ene 7 0. 00007
Phenol 14 0. 00014
Total em ssions 3,108 0. 0312
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10.0 COVPARI SON OF MCDEL RESULTS W TH FI ELD TEST DATA

10. 1 | NTRODUCTI ON

Predi ctions from TSDF em ssion nodels are conpared with
field test data in this chapter. |In general, considering the
uncertainty of field em ssion neasurenents, agreenent between
measured and predicted values is considered reasonable. Measured
and predicted em ssions generally agree within an order of
magni t ude.

The foll owm ng caveats nust be considered in any eval uation
of the conparison results presented in the foll ow ng sections:

1. The field test data did not always include all of the

i nput paraneters required to use the em ssion nodels.

I n such cases, parameter values representative of
field operations were used as defaults.

2. The em ssion nodel s use average influent and effl uent
concentrations to estinmate annual em ssions.
Variations in concentrations and constituents are not
refl ect ed.

3. Field test data provide information on a limted
nunber of hazardous constituents. Extrapol ation of
conparisons on limted constituents to al
constituents of interest may not always be possible.

4. The nmet hod of neasuring em ssions (e.g., flux chanbers
and ot her encl osure systens) could alter the real -
wor |l d system being tested and affect the
representativeness of the nmeasured em ssions.

10. 2 SURFACE | MPOUNDMENTS AND OPEN TANKS
10.2.1 Summary
Em ssion test data were available fromtests of five

qui escent surface i npoundnents. The overall mass transfer
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coefficients determned in these tests agreed generally within an
order of magnitude with the overall coefficient predicted by the
mass transfer correl ations described in Chapter 5.0. Predicted
val ues were hi gher than neasured values in sonme cases and | ower
in others.

The em ssion nodel s used for inmpoundnents also were applied
to open tanks. The conpari son of nmeasured and predicted val ues
for the overall mass transfer coefficient for open wastewater
treatnment tanks yielded mxed results. For tanks with qui escent
surfaces (e.g., clarifiers and equalization basins), the nodel
predictions were generally | ower than neasured val ues but agreed
wi thin an order of magnitude. For the aerated systens, the nodel
predictions agreed well with material bal ance and anbient air
measurenents for an open aerated system
10.2.2 Details of Conparisons

The approach to the conpari son of predicted and neasured
values is to estimate the overall mass transfer coefficient from
the correlations given in Chapter 5.0 and to conpare this val ue
to the overall mass transfer coefficient fromthe test data. The
overall mass transfer coefficient fromthe test data is
cal cul ated froma nmeasured em ssion rate and a neasured or
estimated bul k concentration in the liquid phase. Note that
errors in either the nmeasured em ssion rate or |iquid-phase
concentration have a direct effect on the errors in the
cal cul ated nmass transfer coefficient.

Most of the neasured em ssion data were obtained by flux
chanber neasurenents. At a few sources, anbient air nonitoring
and material balances were used to determne the emssion rate
for calculation of the overall mass transfer coefficient.

GCA Corporation perfornmed an anal ysis of data from
i npoundnents. The results are given in Tables 10-1 through 10-4
for four ponds at two different sites. Site 5 is a commerci al
hazardous waste facility with a wastewater treatnent system
onsite. The reducing | agoon receives wastes classified as
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TABLE 10-1. COVPARI SON OF RESULTS FOR REDUCI NG LAGOON 1

AT SITE 512

Mass transfer coefficient (x 10

6

ns)

Model predictions
_ Aver age fl ux a(for 51to 10 S
Consti t uent chanber neasurenent w ndspeed)
Benzene 4.9 4.2-17
Tol uene 5.0 3.9-15
Et hyl benzene 5.5 3.6-14
Napht hal ene 2.6 3.5-14
Met hyl ene chl ori de 12 4.7-19
Chl or of orm 5.7 4. 3-17
1,1,1-Trichl oroet hane 7.6 3.9-15
Carbon tetrachl ori de 11 3.9-16
p- D chl or obenzene 2.6 3.6-14
Styrene 5.7 3.7-15
a

I i qui d- phase concentrati on.

W ndspeed during the test

ranged from5 to 10 nis.
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TABLE 10-2. COVPARI SON COF RESULT§;5FR HOLDI NG POND 6
AT SITE 5™

6

Mass transfer coefficient (x 10 © m's)

Model predictions

Aver age fl ux (for 5to 10 m's
Consti t uent chanmber neasur ement 2 \M'ndspeed)b
Benzene 2.7 5.3-21
Tol uene 2.3 4.9-19
Et hyl benzene 2.6 4.6-18
Napht hal ene 1.6 4.4-18
Met hyl ene chl ori de 3.1 6. 0-24
Chl or of orm 2.2 5.4-21
1,1,1-Trichl oroet hane 3.9 4.9-19
Chl or obenzene <. 039 4.9-20
p- D chl or obenzene 4.3 4.6-18
Acet al dehyde 3.4 5.7-19

a Cal cul ated fromreported em ssion rate and correspondi ng
b I i qui d- phase concentrati on.
W ndspeed during the test ranged from5 to 10 m's.
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TABLE 10-3. COWPARI SON OF RESULTS FgRGCMIDIZING LAGOON 2
AT SITE 5™

Mass transfer coefficient (x 10'°nis)

Model predictions

Aver age fl ux (for 5 to 10 Bis

Consti t uent chanmber neasur ement 2 w ndspeed)
Tol uene 0. 38 3.8-15
Et hyl benzene 0. 037 3.6-14
1,1,1-Trichl oroet hane 35 3.9-15

a Cal cul ated fromreported em ssion rate and correspondi ng
b I i qui d- phase concentrati on.
W ndspeed during the test ranged from5 to 10 nm's.

TABLE 10-4. COVPARI SON CF RESUL;SSFCR SURFACE | MPOUNDVENT

AT SITE 4"

Mass transfer coefficient (X 106 ns)
Fl ux .

a Model predictions

chanber neasurenent (for 5 to 10 s

Consti t uent Aver age Range w ndspeed)
Tol uene 2.4 1.9-2.7 6.3-25.1
Et hyl benzene 1.0 0.46-1.4 5.9-23.5
Met hyl ene chl ori de 8.4 5.6-10.0 7.7-30.5
1,1,1-Trichl oroet hane 2.6 1.1-3.6 6.3-24.7
Chl or of orm 12.0 5.4-15.0 7.0-27.6
p- D chl or obenzene 0. 44 0.079-0.75 5.9-23.1

qResults for June 22, 1984.

bV\i’ndspeed during the test ranged from5 to 10 nis.

10-5



reduci ng agents fromtank trucks. The |l agoon is operated on a
bat ch basis and was observed to contain a zone of solids and a
surface with a floating oil film The hol di ng pond receives
aqueous wastes fromthe water treatnent systemand is filled (and
di scharged) on a nonthly basis. The oxidizing | agoon receives
oxi di zi ng agents including hal ogens and ot her organi c conpounds.
The accunul ation of solids and oil filmalso was observed on this
| agoon. Site 4 also is a commercial hazardous waste facility,
and its inpoundnent is used to contain agueous wastes.

Tabl e 10-5 presents a conparison of results for Site 3, which is
a chem cal manufacturing plant that produces primarily nitrated
aromati cs and aromatic am nes. This inpoundnent is a wastewater
hol di ng pond for the wastewater treatnment systemat the plant.
Two wastewater streans that enter the treatnent systemare
distillation bottons from aniline production (KO083) and the

ni trobenzene production wastewater (K104).

The results in Tables 10-1 through 10-5 show a reasonabl e
agreenent between neasured and predicted val ues of the overal
mass transfer coefficient. The neasured results for the
i npoundnent in Table 10-3 may have been affected by an oil film
observed on the surface or from poor mxing in the inpoundnent,
whi ch can conplicate representative sanpling of the |iquid-phase
concentration. Table 10-5 shows good agreenent of results for
t ol uene and benzene, which were present in the liquid phase at
2.6 and 17 ng/L, respectively. The |iquid-phase concentrations
of the other four conmpounds in Table 10-5 ranged from 0.029 to
0.15 ng/L. The differences in measured and predicted val ues for
t hese four conmpounds may have been affected by the accuracy of
sanpling and analysis of the liquid. The conpounds listed in
Tabl es 10-1 through 10-5 are controlled by the Iiquid-phase nmass
transfer. Consequently, the results are nost dependent on
Springer's correlation for kL (the |iquid-phase mass transfer
coefficient) and suggest that Springer's nodel is probably
accurate within an order of magnitude.
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TABLE 10-5. COWPARI SON OF RESULTS FOR WASTEWATER HOLDI NG LAGOON

AT Sl TE 3°
Mass transfer coefficient (x 106 ns)
Fl ux chanber a
Consti t uent measur enent Pr edi ct ed

Cycl ohexane 0. 39 3.8
Tet rachl or oet hyl ene 0. 10 3.7
Tol uene 9.0 3.8
Benzene 3.7 4.1
n- Undecane 0.21 2.8
Met hyl chl ori de 35.0 3.1

4Based on an aver age neasured w ndspeed of 3.7 nis and an average
tenperature of 22 °C
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TABLE 10-6. COVWPARI SON OF RESULTS FOR PRI MARY CLARI FI ERS

AT s TE gtt
Mass transfer coefficient (x 106 ns)
Mat eri al Anmbi ent Model
Consti t uent bal ance nmoni tors prediction

Tetralin - - 227.0 - -
2- Et hyl hexanol 96. 0 42.0 2.0
2-Et hyl hexyl acrylate -- 123.0 2.7
Napht hal ene 179.0 92.0 3.4
1, 2- Di chl or oet hane 58.0 2.9 4.0
Benzene 5.4 18.0 4.1
Tol uene 35.0 50.0 3.8
Et hyl benzene 156. 0 39.0 3.5
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TABLE 10-7. COVPARI SON

OF RESULTS FOR EQUALI ZATI ON BASI N

ns)

AT sI TE 812
Mass transfer coefficient (x 106
Mat eri al Anmbi ent Model
Consti t uent bal ance monitors prediction
1, 2- Di chl or oet hane 20 19.0 5.0
Benzene 20 8.9 5.1
Tol uene 25 42.0 4.7
Et hyl benzene 25 5.4 4.4
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TABLE 10-8. COVPAR SON OF RESULTS FOR AERATED STABI LI ZATI ON
BASI NS AT Sl TE 813

Mass transfer coefficient (x 104 ns)

Mat eri al Anmbi ent Model
Consti t uent bal ance monitors prediction
2- Et hyl hexanol 0. 05 0.01 0.17
2-Et hyl hexyl acrylate 4.8 8.3 2.9
1, 2- Di chl or oet hane 2.0 0.52 5.7
Benzene 12. 4 1.1 10.6
Tol uene 5.0 5.8 10.1
Et hyl benzene 2.9 0. 55 9.9
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TABLE 10-9. COMVPARI SON OF RESULTS FOR COVERED AERATED LAGOON
AT SITE 715+ 16

Mass transfer coefficient (x 104 ns)

Vent rate a
Consti t uent measur enent Pr edi ct ed
1, 2- Di chl or oet hane 0. 05 7.2
Benzene 0. 30 8.9
Tol uene 0. 95 8.8

17

4Based on an estimated wi ndspeed (not neasured) of 5 nis and an

estimated turbul ent area of about 50 per cent.18
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GCA, in a separate docunent, exam ned neasured and predicted
mass transfer coefficients for open tanks that are part of
wast ewat er treat nment systenB.10 The results for Site 8 which is
an industrial wastewater treatnent operation, included a primry
clarifier, an equalization basin, and aerated stabilization
basins. The various influent and effluent liquid streans were
anal yzed, and air em ssions around the unit were nonitored.
Overall mass transfer coefficients were cal culated from materi al
bal ance data and from anbient air nonitoring. These values are
listed in Tables 10-6 through 10-8 along with the predicted
values fromthe mass transfer correlations given in Chapter 5.0.
The primary clarifier, equalization basin, and the qui escent
portion of the stabilization basin were nodel ed as qui escent
surfaces, and the correlations of Springer and MacKay/ Mat asugu
were used. The turbulent portion of the stabilization basins was
nodel ed using the correlati ons of Thi bodeaux and Rei nhardt.

Usef ul conclusions fromthe conpari son of neasured and
predi cted values are difficult because of the |ack of consistent
results fromair nonitoring, probably due to very short sanpling
peri ods, changes in the w ndspeed and direction, and the
contribution to em ssions from sources near the nentioned source.
In addition, material bal ance cal cul ations are subject to error
fromchanges in influent/effluent flow rates and concentrations
of specific conpounds. |In general, the nodel predictions for the
primary clarifier and equalization basin are |ower than the
measured values. For the aerated stabilization basin, nost of
the predicted mass transfer coefficients are higher than the
nmeasur ed val ues; however, the agreenment is within an order of
magni tude. The neasured values for the primary clarifier may
have been higher than the predicted val ues because of the
contribution fromnearby sources to neasured air concentrations
or because of the contribution fromthe falling filmat the
clarifier.
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GCA al so perfornmed an analysis on an aerated | agoon at
Site 7.14 This | agoon was covered and was purged with air at a
rate of 1.4 n§/s (3,000 ft3/nin). Predi cted and cal cul at ed
val ues for the mass transfer coefficients are given in Table 10-9
and show that predicted values are 1 to 2 orders of magnitude
hi gher. The basis of the predicted val ues includes Thi bodeaux
and Reinhardt's correlations for aerated systens. No strong
conclusions on the nodel's validity can be drawn fromthese data
because the donme encl osure over the systemand its evacuation
rate probably have a direct effect on em ssions. |n addition,
difficulties with air neasurenents and determ nation of the
appropriate driving-force concentration (assuned to be the bulk
liquid concentration) can lead to errors in the cal cul ated val ues
of the overall mass transfer coefficient.

The results of the bi odegradati on nodel were al so conpared
to avail abl e data from bi odegradati on neasurenents. The nost
desi rabl e conparison would be for a systemin which the air
em ssion rate and bi odegradation rate were neasured directly.
However, the extent of biodegradation from studies of real
systens has usually been determ ned by difference froma materi al
bal ance (what enters the system m nus what | eaves with the ef-
fluent and with air em ssions).

Petrasek et al. perforned such a study on a |arge pilot-
scal e activated sludge systemw th diffused air aeration.19 The
activated sludge unit was enclosed, and the diffused air that was
renmoved was sanpled (for flow rate and concentration) to
determne air emssions. This systemwas designed for a flow
rate of 2.2 L/s (35 gal/mn) with an air purge rate of 57 L/s. A
summary of the operating paraneters is given in Table 10-10. The
study used a synthetic wastewater that contained individual
vol atil e conpounds at levels of 32 to 300 ppb. The bi omass
concentration was 2 g/L, and the resultant food-to-m croorgani sm
(F/M ratio of 0.5 is well within the recommended desi gn range of
0.2 to O.6.
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Petrasek reported the percent of each conpound entering the
activated sludge unit that was emtted wth the diffused air; the
fraction bi odegraded could be determ ned by difference-assum ng
all unrecovered material was biodegraded. The results are
summari zed in Table 10-11 and show a range of neasured val ues
fromb5 percent for chlorobenzene to 62 percent for 1,1, 1-
trichl oroethane. The predictions of the biodegradati on nodel
di scussed in Chapter 5.0 are also presented in Table 10-11 for
conpari son. The conparison shows that the nodel predictions
agree well wth the Petrasek nmeasurenents for nearly every
conpound.

Anot her type of conparison between neasurenents and
predi ctions involves effluent concentrations for well-defined
wast ewat er treatnment systens. Nankung and Rittnan22 reported
i nfluent and effluent concentrations of volatile organics for two
Chi cago wastewater treatnment plants that receive | arge shares of
i ndustrial discharges. The neasurenents were nmade for two | arge
activated sludge units aerated by diffused air. In addition, the
system s operational paraneters were defined (Table 10-12) and
provi ded the necessary inputs for the mathenmatical nodel that
includes air emssions (diffused air systen) and bi odegradati on.

The results of nmeasured and predicted effl uent
concentrations are summari zed in Table 10-13. The nost
convi nci ng conparison is the close match for both plants for
tetrachl oroet hyl ene, which the authors stated was not
bi odegradabl e in these systens. Therefore, a biorate equal to
zero was used in the nodel for this conpound. The cl ose
agreenent between neasured and predicted effluent concentrations
suggests that this conpound is alnost entirely renoved by air
stripping, and the quantity predicted to be air stripped by the
nmodel is reasonably accurate.
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TABLE 10-10. DESCRI PTI ON OF PETRASEK' S ACTI VATED SLUDGE SYSTEI\/FO

Par anet er Val ue
Flow rate (L/s) 2.2

Vol une (nd) 59. 8

Resi dence tinme (h) 7.5

Air rate (L/s) 57
Fraction of surface agitated 0

Bi omass concentration (g/L) 2.0
Concentration range for organics (ppm 0.032 - 0.30
F/ M 0.5

4F/M = Food to ni croorganismratio (Ib/Ib biomss « day)
based on chem cal oxygen denmand.
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TABLE 10-11. COWVPARI SON OF PETRASEK' S MEASUREMENTS AND MODEL

PREDI CTl ONS
Reported Predicted Fraction Predicted
fraction fraction assuned fraction
Conmpound emtted® errittedb biodeg.a biodeg.b
Benzene 0.15 0.19 0. 80 0.78
Car bon tetrachl oride 0. 59 0. 54 0.41 0.44
Chl or obenzene 0. 05 0. 02 0. 95 0. 97
Chl or of orm 0. 34 0. 20 0. 66 0.75
Di chl or opropane (1,2) 0.32 0. 09 0. 68 0. 88
Et hyl benzene 0.21 0.15 0.79 0. 82
Tert achl or oet hane 0. 27 0.37° 0.73 0. 58°
and -ethene
Tol uene 0.20 0.15 0. 80 0. 84
Trichl oroet hane(1,1,1) 0.62 0. 57 0. 38 0.40
Tri chl or oet hane(1, 1, 2) 0. 25 0. 069 0.75 0. 879
Tri chl or oet hene 0.41 0. 37 0.59 0.59
a 21

Data from Petrasek et al.; the fraction biodegraded is
assuned to be the fraction unaccounted for based on the
anal yses of the sludge, the air, and the effluent.

Model predictions based on the equations presented in
Chapter 5.0 assum ng influent VO concentrations of 0.10 ng/L
and operating paraneters as provided in Table 10-10.

Arithnetic average for the renoval fractions cal cul ated for
1,1, 2, 2-tetrachl oroet hane and tetrachl oroet hene.

Enmpl oyed 1,1, 1-trichl oroethane's biodegradation rate
const ants.
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TABLE 10-12. DESCRI PTI ON OF TWO CHI CAGO ACTI VATED SLUDGE UNI T823

Operati ng paraneters Cal unet West - sout hwest
Vol une (nd) 184, 500 802, 300
Depth (m 1.8 1.8

Wast ewat er flom1(n§/s) 10.0 36. 6

Air rate (n§/s) 55 193

Resi dence tine (h) 5.1 6.1

Total organics (ng/lL) 115 180

Bi onass (g/L) 2.2 2.0
Fraction surface agitated 0 0

Concentrations (ppb)

Chloroform in 4.0 4.4
out 7.1 2.4

Et hyl benzene, in 18 10
out 0.5 BDL

Met hyl ene chloride, in 9.8 48
out 11 11
Tetrachl oroet hyl ene, in 16 12
out 2.1 1.6

Tol uene, in 85 22
out 6.2 BDL

1,1, 1-Trichl oroethane, in 13 15
out 2.9 2.2

Trichl oroet hyl ene, in 9.7 22
out 0.5 2.1

BDL = Bel ow detection limt.

10-17



TABLE 10-13. COMPARI SON OF MEASURED AND PREDI CTED EFFLUENT

CONCENTRATI ONS FOR CHI CAGO WASTEWATER TREATMENT PLANTS24
Cal unet effl uent West - sout hwest ef fl uent
concentrations, ppb concentrations, ppb
Conpound Measur ed Predi ct ed? Measur ed Predi ct ed®
Chl or of orm b b 2.4 2.3
Et hyl benzene 0.5 0. 68 c 0.16
Met hyl ene chl ori de b b 11 7.1
Tet rachl or oet hyl ene 2.1 1.0 1.6 0.77
Tol uene 6.2 2.9 c 0. 69
1,1,1-Trichl oroethane 2.9 1.0 2.2 1.1
Trichl or oet hyl ene 0.5 0.75 2.1 1.6

4Based on the equations presented in Chapter 5.0.

bhb conparison possi bl e because neasured concentration in
ef fluent was greater than neasured concentration in influent.

CMeasured effluent concentration was bel ow detection limt.
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The results in Table 10-13 also indicate that 1,1, 1-
trichl oroet hane and trichl oroet hyl ene are bi odegraded. The nodel
predictions used a biorate for these two conpounds that was
derived fromPetrasek's data in Table 10-11. Both Petrasek's
data and the conparison in Table 10-13 indicate that these
conpounds are bi odegraded to sone extent; otherw se, the neasured
ef fl uent concentrations in Table 10-13 woul d have been hi gher
than those predicted by the nodel with biodegradation included.

Tabak et aI.25 conducted an extensive study of the
bi odegradabi ity of nunerous toxic conpounds. They found that,
when the mcrobial culture is properly acclimted, alnost al
nonpesti ci de conpounds could be, at |east partially, biodegraded.
Al t hough bi odegradation rate constants were not determ ned, the
percent of conpound bi odegraded was shown to be dependent on the
acclimation of the culture, and (although to a | esser extent)
dependent on the concentration of the conpound used. For every
conpound tested, the percent biodegraded by the third subcul ture
(presumably the nost acclimted) al ways decreased when the
concentration was doubl ed (unless both cultures were either 100
percent or 0O percent biodegraded), and this decrease was rarely a
decrease of a factor of two or nore.?® |f biodegradation were
strictly a first-order process, the percent bi odegraded woul d be
i ndependent of the concentration. |f biodegradation were
strictly a zero-order process, the percent biodegraded woul d
decrease by a factor of two (for those conpounds not bi odegraded,
100 percent) when the concentrati on was doubl ed. Because an
internedi ate effect was generally realized, Tabak's results
suggest ©Monod-type bi odegradation rate kinetics are appropriate.

Anot her conparison that can be made is based on a series of
field studies, as reported by Coburn et al.,27 i n which batch,
bi odegradation rate studies were perfornmed while controlling air
em ssions. The experinental first-order biodegradation rate
constant and the predicted, apparent first order rate constant
based on the Monod nodel can be conpared in the |ast two col unms
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of Table 10-14. Note for conpounds whose | og nean concentrations
are near or are greater than the appropriate half-saturation
constant (e.g., fornmal dehyde or nethanol), the predicted first-
order rate constant according to the Monod nodel provides a
better estimte of the observed bi odegradation rate than would be
provi ded assumng sinple first-order kinetics (i.e., using K1
straight fromthe data base as provided, for conparison, in Table
10-14). Additionally, using the recommended bi odegradation rate
constants and nodel i ng approach, the predicted bi odegradati on
rates presented in Table 10-14 agree well with the reported

bi odegradation rates for nearly every experinmental run.

A separate study was conducted for EPA to eval uate neasured
and predicted em ssions for aerated waste treatnent systenB.29
The correl ations of Thi bodeaux and Rei nhardt were used (as
recomended in Chapter 5.0) to estimate the mass transfer
coefficients of the turbulent zone. The results showed an
agreenent between neasured and predicted values that were within
an order of magnitude. The report concluded that, when adequate
descriptions of plant operating paraneters are avail abl e,
reliable em ssion estimates can be obtained fromthe nodels
(within the accuracy that results fromvariations in sanpling and
chem cal analysis). Wen plant operating paraneters are known,
the mpjor limtations in the nodels result froma | ack of
accurate biooxidation rates and vapor/liquid equilibriumdata for
specific conpounds.30
10. 2.3 Recommendations for Additional Data

The estimate of em ssions fromopen liquid surfaces is
provi ded by the product of the mass transfer coefficient,
driving-force concentration, and surface area. Surface area can
be determ ned with reasonabl e accuracy. The previous conparison
of mass transfer coefficients indicated that they can be
estimated within an order of magnitude. Probably the greatest
source of uncertainty is in the estinmate of the appropriate
driving force for mass transfer. The concentration is likely to
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TABLE 10-14. COVWPARI SON OF MEASURED AND PREDI CTED Bl ODEGRADATI ON

RATES
Rate constants? First-order rate
Log nean constant, L/g/h
conc.,b Knax, Ks, K1, b c
Compound ny/L nmg/ g/ h mg/ L L/g/h Experinent Predi cted
Acet one 1.35 1.3 1.1 1.15 1.15 0. 53
2.56 0. 34 0. 36
Benzene 0. 005 19 13.6 1.4 0. 36 1.4
0.10 2.1 1.4
Chl or of orm 0.008 2.94 3.7 0.79 0. 36 0.79
0. 002 0. 29 0.79
D net hyl - 4.2 2.2 0.71 3.1 0. 36 0. 45
pht hal at e
Et hanol 4.9 8.8 9.8 0.90 0.70 0. 60
Et hyl benzene 0. 005 6.8 3.2 2.1 0. 36 2.1
Et hyl ene 1.7 4.2 4.6 0.91 0.81 0. 67
oxi de 3.2 0.75 0. 54
(oxi rane) 3.9 0. 37 0. 49
For mal dehyde 8.0 5.0 20. 0. 25 0.13 0.17
62. 0. 077 0. 057
Met hanol 250. 18. 90. 0. 200 . 067 0. 053
480. 0.018 0. 032
490. 0. 040 0. 031
495. 0. 023 0. 031
Met hyl 0.10 2.0 10 0. 20 0. 24 0. 20
et hyl 0. 27 0.18 0.19
ket one 0. 37 0.19 0.19
0. 80 0. 16 0.18
Met hyl ene 0. 028 22 55 0. 40 0.11 0. 40
chl ori de 0. 031 0.11 0. 40
0. 053 0. 36 0. 40
0.15 0. 20 0. 40
0. 23 0. 57 0. 40

(conti nued)
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TABLE 10-14 (cont

i nued)

Rat e const ant Sa

First-order rate

Log nean constant, L/g/h
conc.,b Knax, Ks, Kl, b c

Conpound nmg/ L nmg/ g/ h mg/L L/g/h Exper. ™ Predict.
2- Pr opanol 2.9 15 200 0.75 0. 069 0.074
6.2 0. 085 0. 073
Thi obi snmet hane 1.07 0.16 0.17 0. 93 0. 13 0.11
Tol uene 0.014 3.5 30.6 2.4 0. 28 2.4
0. 016 0. 34 2.4
0. 081 0. 63 2.4
0. 14 1.9 2.4
1,1,1-Trichloro- 0.040 3.5 4.73 0.74 0. 38 0.73
et hane 0.16 0. 88 0.72
Trichl or oet hene 0.004 3.9 4.43 0. 88 0.41 0. 88
Total xylenes  0.097 40.8 22.7 1.8 >2.20 18

Reconmmended rate constants from Appendi x D, Table D1
From data reported by Coburn et al.;28

the | og nean

concentration was cal cul ated as fol |l ows:

Am= (G - G/

initial concentration, ng/L; and

concentration, ng/L.

Cal cul ated as the apparent first-order
(Equation 5-13) based upon the | og nean

concentration as foll ows:

a
b
wher e,
(;I =
Cf = final
c
t he Mbnod node
d

Kl = KrraX/(KS +

n(C/G)

rate constant using

M -

Fi nal concentrati on was bel ow detection limt. The final

concentration was assuned to be at the detection limt to
calculate the first-order rate constant
constant should be greater than the reported val ue.
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vary with tinme and location in the inpoundnent. The type of flow
system and extent of mxing in the liquid also will affect this
concentration.

For the less volatile conpounds that may be controll ed by
gas- phase mass transfer, the collection of equilibriumdata may
be useful to conpare with the estinated val ues used in the
nodel s. The conparisons presented in this section primarily
address conpounds with high volatility in water (high Henry's |aw
constant). Because semvolatile conpounds al so can be emtted to
a significant extent, air em ssion neasurenents for these |ess
vol ati |l e conpounds woul d be useful for conparison wth node
predictions.

10. 3 LAND TREATMENT

Field data fromfour test sites and one | aboratory
simul ati on were used as a basis for conparing neasured em ssions
with estimted em ssions using the RTI |and treatnent nodel.
Tabl e 10-15 summari zes the tests evaluated. Generally, estinmated
em ssions are within an order of magnitude of neasured val ues.
Val ues of estimated em ssions varied both above and bel ow
measur ed val ues.

Conmpari sons of estimated and neasured em ssion flux rates
are presented graphically in this section. Conparisons of
esti mated and neasured em ssions by wei ght percent of applied
material are presented in the next section.

Consi dering the potential for error in nmeasuring or
estimating values for paraneters that are input to the nodel and
the potential for error in nmeasuring em ssions, differences in

the range of an order of magnitude are not unexpected. In nmaking
t he conparisons, values for all nodel inputs sonetines were not
available in the em ssion test reports. In these cases, values

were estimated using averages of field data or values identified
previously as typical or representative of actual |and treatnent
practices.
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TABLE 10-15. SUMVARY OF LAND TREATMENT TESTI NG AND TEST RESULTS

Test results

Site _ _ Test Test Test Test Test _ Emi ssi on,
No. Test site location description year sponsor procedures duration Wast e constituent w. %
12 West Coast corporate Laboratory 1986 - Private Run 1 2.5 months G | 35

research facility simul ation 1987 corporation (raw waste)
Run 2 22 days Ol 11
(raw wast e)

Run 2 22 days Ol 1

(treated

wast e)

13  Sout hwest research Laboratory 1986 EPA Run 1 31 days
facility sinmul ation (API

separ at or

sl udge)

Box #1 al 5.2

Box #2 al NA

Box #3 al 6.5

Box #4 al 6.7

Run 22 31 days

(I AF fl oat)

Box #1 al 15

Box #2 al NA

Box #3 al 18

Box #4 al 19

14 Mdwestern refinery Fl ux chamber 1985 ORD Plot A 8 days Benzene 81

Tol uene 41
Et hyl benzene 195
p- Xyl ene 16
m Xyl ene 39
o- Xyl ene 28
Napht hal ene 1

Plot B 8 days Benzene 110
Tol uene 66
Et hyl benzene 402
p- Xyl ene 21
m Xyl ene 83
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TABLE 10-15 (Conti nued)
Test results
Sit Test Test Test Test Test Emi ssi on
No. Test site location description year sponsor procedures duration Wast e constituent w. %

o- Xyl ene 38
Napht hal ene 2

Plot C 8 days
Benzene 39
Tol uene 17
Et hyl benzene 140
p- Xyl ene 25
m Xyl ene 25
o- Xyl ene 17
Napht hal ene

Plot D 8 days Benzene 142
Tol uene 86
Et hyl benzene 353
p- Xyl ene 55
m Xyl ene 79
o- Xyl ene 52
Napht hal ene 2

Plot E 8 days Benzene 107
Tol uene 63
Et hyl benzene 345
p- Xyl ene 43
m Xyl ene 52
o- Xyl ene 39
Napht hal ene 1

Plot F 8 days Benzene 84
Tol uene 47
Et hyl benzene 208
p- Xyl ene 13
m Xyl ene 28
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TABLE 10-15 (Conti nued)
Test results
Sit Test Test Test Test Test Em ssi on,
No. Test site location description year sponsor procedures duration Wast e constituent w. %
o- Xyl ene 24
Napht hal ene 1
15 West Coast refinery Fl ux chanber 1984 ORD Surf ace 5 weeks

application n- hept ane 60
Met hyl cycl ohexane 61
3- Met hyl - hept ane 52
n- Nonane 56
1- Met hyl cycl ohexene 49
1- Cct ene 50
$- Pi nene 17
Li nonene 22
Tol uene 37
p-, m Xyl ene 35
1, 3, 5- 21
Tri met hyl benzene
o- Et hyl -t ol uene 32
Total VO 30
Total oil 1.2

Subsur f ace 5 weeks n-heptane 94
Met hyl cycl ohexane 88
3- Met hyl - hept ane 77
n- Nonane 80
1- Met hyl cycl ohexene 76
1- Cct ene 74
$- Pi nene 21
Li nonene 26
Tol uene 56
p-, m Xyl ene 48
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TABLE 10-15 (Conti nued)
Test results
Sit Test Test Test Test Test Em ssi on,
No. Test site location description year sponsor procedures duration Wast e constituent w. %
1, 3, 5- 27
Tri met hyl benzene

o- Et hyl -t ol uene 42

Total VO 36

Total oil 1.4

16  Sout hwest research Laboratory 1983 APl / EPA  Run no. 18 8 hours® QO 9.1

facility sinmul ation

Run no. 21 ol 4.4
Run no. 24 ol 0.02

Run no. 27 ol 0.6

Run no. 28 ol 0.1

Run no. 32 ol 3.0

Run no. 33 ol 2.6
Run no. 34 ol 0.01

Run no. 35 ol 0.9
Run no. 36 ol 78.8

run no. 37 ol 9.9

Run no. 40 ol 0.7

Run no. 41 ol 2.8

16

(con.) Run no. 44 ol 4.9
Run no. 45 ol 49.9

Run no. 46 ol 7.7

Run no. 47 ol 6.9

Run no. 48 ol 5.0

Run no. 49 ol 9.7

Run no. 50 ol 1.1
Run no. 51 ol 0. 47
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TABLE 10-15 (Conti nued)

Test results

Site _ _ Test Test Test Test Test _ Emi ssion
No. Test site location description year sponsor procedures duration Wast e constituent w. %
10 @&l f Coast commerci al Fl ux chamber 1983 ORD Single test® 69 hours
TSDF Total VO 0.77
50 hours Benzene 3.91
17 Mdwestern refinery Fl ux chamber 1979 API Centrifuge
sl udge
Test no. 5 19.9 hours O | 0.1
Test no. 6 307 hours G| 2.5
API
separ at or
sl udge
Test no. 7 619 hours GO | 13.5
Test no. 8 122 hours G| 1.1
Test no. 9 520 hours G| 13.5
APl = Anerican PetroleumInstitute.
I AF = Inducted air flotation.
ORD = O fice of Research and Devel opnent.

aSl udge applied to Box #1 and Box #3 as duplicate test; sludge treated with nercuric chloride to elinminate (or reduce)
bi oactivity applied to Box #4 and no sludge applied to Box #2, which served as a control

PEach run for which results are reported was 8 hours.

‘Test was conducted using aged wast es.

dAl l owed to weat her for 14 days in open 5-gal buckets in an outdoor open shelter prior to application.
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In the 1985 test at a M dwest petroleumrefinery (Case 1), 3
em ssion neasurenents were nmade at sanple locations in six test
plots. For each plot, em ssion neasurenents were nade after
wast e application but before the plot was tilled, again after the
waste was tilled, and for another period after a second tilling.
Al'l neasurenents were made using a flux chanber and tenax traps.
Em ssion rates were neasured for six specific organic
constituents: benzene, toluene, p-xylene, o-xylene, mxylene,
and napht hal ene. Benzene and tol uene were selected as a basis
for conparing neasured and estimated em ssions in this test. The
conpari son was nmade for test plot A after the waste was tilled
for the first time. Estimated em ssions for each conpound are
hi gher than the neasured val ues but generally are within a factor
of 10. Estimated and neasured val ues are shown graphically for
benzene and toluene in Figures 10-1 and 10-2, respectively.

At the West Coast refinery (Case 2),32 em ssion tests were
made using three adjacent plots marked off in the |and treatnent
site. The center plot was used as a control and had no waste
applied while waste was applied to the other two plots. One plot
had waste applied to the soil surface and the other had waste
appl i ed by subsurface injection. Flux chanbers were situated on
each test plot and em ssion neasurenents were nmade during three
different test periods each lasting 4 days. Canister air
sanpl es, sludge sanples, and liquid sanples were anal yzed by gas
chromat ography (GC). Em ssions of both total VO and sel ected
specific constituents were neasured during the test. For
conpari ng neasured and estimated em ssions, total VO and tol uene
em ssions fromthe surface application plot were used. Estinmated
em ssion rates for both toluene and total VO agree reasonably
well with measured rates but range from higher to | ower than
measured rates at different tines. Estimated cumul ative
em ssions over the entire test period agree reasonably well wth
t he neasured values. For both toluene and total VO estimates
covered a 4-day period with a till occurring after 2 days.
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Estimated and neasured val ues over the 4-day period for which the
conparison is nmade are generally wthin an order of nmagnitude, as
can be seen in Figures 10-3 and 10-4. Measured val ues were
reported as hal f-day average em ssion rates.

For the test at the commercial hazardous waste site in 1983,
(Case 3),33 waste was applied to a single test plot and tilled
into the soil. Air em ssion neasurenents were nmade over a 3-day
period using a flux chanber and gas canisters. Sanpling
| ocations were selected randomy, with a control point used to
provi de a common sanpling position each day. Sanple anal yses
were made by GC. Em ssion conparisons of neasured and estinmated
em ssions were nmade for total nonnmethane hydrocarbon (NVHC) em s-
sions using data generated by GCA in a separate study of the data
fromthis test.34 As wth previous tests, estimated em ssion
flux rates were greater than neasured val ues but nostly were
within a factor of 10 or less of the neasurenents. Estinmated
cunul ative em ssions al so were substantially higher than neasured
val ues. Estimated and neasured val ues of instantaneous em ssion
flux rates are shown in Figure 10-5.

In the 1979 test at the M dwest petroleumrefinery
(Case 4),35 three test plots were laid out. One plot was used as
a control and had no waste applied, one plot had an APl separator
sl udge applied, and the other plot had a centrifuge sludge
applied. A 1-ft2 col |l ector box was placed on the test plot and
continuously purged with fresh air. The outlet fromthe box was
anal yzed for total VO (as nmethane and NVHC) using a continuous
hydr ocar bon anal yzer. For one test run, total VO em ssions were
estimated with the land treatnent nodel for conparison with the
measured val ues. Measured and estimated val ues are shown
graphically in Figure 10-6. As can be seen, the estimted and
measured values agree quite well for this test. Total cumulative
em ssions for each test were also estimated using the nodel and
conpared with neasured values. The estinated val ues were
general ly higher than neasured val ues for these em ssions.
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Figure 10-1. Estimated vs. neasured benzene em ssion flux rates-
Case 1.
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Toluene emissions
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Figure 10-2. Estimated vs. neasured toluene em ssion flux rates-
Case 1.
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Toluene emissions
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Figure 10-3. Estimated vs. neasured toluene em ssion flux rates-
Case 2 (data for 4 days only).
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Figure 10-5. Estimated vs. neasured VO emi ssion flux rates-
Case 3.
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VO emissions
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Figure 10-6. Estimated vs. neasured VO emi ssion flux rates-
Case 4.
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10.3.1 Mdwest Refinery--1985 (Case 1)

Tabl e 10-16 presents the nodel input values used to conpare
estimated and neasured em ssions for plot A of the Case 1 test
data. The information in Table 10-16 represents data for plot A
as reported in the test report. Simlar information was reported
for plots B through F and those data were used as appropriate for
input to the nodel. Table 10-17 shows neasured em ssions of six
constituents nmade during the test. In this test, the waste was
allowed to stay on top of the soil for 24 hours before it was
tilled into the soil. Measured em ssions during the first
24 hours were conbined with neasured em ssions after tilling to
get total em ssions. Table 10-17 shows variations in neasured
em ssions anong the different test plots and shows em ssions
greater than applied material for sone plots and sonme waste
constituents. |In Table 10-17, weight fraction represents the
fraction of applied material that is emtted to the air. For
et hyl benzene, all plots have nmeasured em ssions in excess of the
anount applied. To conpare neasured and estimated em ssions, the
RTI land treatnent nodel can be used for estinating em ssions
both before and after tilling. Estimted cunul ative em ssions
for benzene and toluene for all plots are shown in Table 10-17
and show reasonabl e agreenent w th neasured val ues.

10. 3.2 West Coast Refinery (Case 2)

The data in Table 10-18 were used to estimte em ssions of
toluene and total VO fromthe surface application plot at the
Case 2 land treatnment facility. Estinmated and neasured
cunul ative em ssions are conpared in Table 10-19. The
conpari sons were nade for total VO (as determ ned by purge and
trap) and for tol uene.
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TABLE 10-16. | NPUT PARAMETERS FOR RTI LAND TREATMENT MODEL?

Par anet er Val ue Sour ce

Organi ¢ | oadi ng 0. 0236 g/cn§ Calculated fromfield
dat a

Tilling depth 20 cm Field data

Soil air porosity 0.40 Field data

Soil total porosity 0.61 Field data

Benzene concentrationb 0. 000249 Calculated fromfield
dat a

Tol uene concentrationb 0. 000632 Calculated fromfield
dat a

Benzene diffusivity 8.80 E-02 cnf/s Data base
Tol uene diffusivity 8.70 E-02 cnf/s Data base

Benzene vapor pressure 95.2 mm Hyg Dat a base
Tol uene vapor pressure 30.0 nm Hg Dat a base
Benzene biorate 19.0 ng VQ geh Dat a base
Tol uene biorate 73.0 ng VA geh Dat a base
Mol ecul ar wei ght of oil 282 g/ g nol Assuned

a

Source of field data: Reference 36. Data represent
conditions in plot A

Wei ght fraction of oil.
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10. 3.3 Comrercial Waste Di sposal Test (Case 3)

Tabl e 10-20 shows the inputs used to estinate em ssions from
the Case 3 land treatnent operation. No specific constituent
data were avail able so em ssions were estimated using average
characteristics of the total organic phase. Results are shown in
Tabl e 10-21. The conparison is nmade for the estinmated versus
measured cunul ati ve wei ght percent of applied oil that is emtted
after 24 hours and after 68 hours, which is the duration of the
entire test.

10.3.4 Mdwest Refinery--1979 (Case 4)

The information in Table 10-22 was used to estimate em ssions
fromthe Case 4 facility test. No specific constituent data were
avai l abl e; em ssions were estimated for total organics using
average paraneter values. Results are presented in Table 10-23.
The conparisons are for the cumul ati ve wei ght percent of applied
oil that was emtted over the entire period of each test.

10. 4 LANDFI LLS AND WASTEPI LES

Em ssion testing has been perfornmed on at | east one active
(open) landfill at each of five sites. Only three of these sites
have cl osed or inactive landfills at which em ssion nmeasurenents
were performed. No emi ssion test data are available for
wast epi | es.

Meani ngful conparisons can be perfornmed of em ssion test data
with mat hemati cal nodel predictions provided that all key nodel
i nput paraneters are available fromthe tests. A review of
docunentation fromthe emssion tests indicates that generally
nmore than half of the needed nodel input paraneters (other than
chem cal property data) are unknown, despite the fact that
several em ssion tests were perforned with the stated intention
of validating em ssion nodels. Exanples of key nodel i nput
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TABLE 10-17. MEASURED AND ESTIMATED EMISSIONS—CASE 1

IVieasured cumulative emissions™

Benzene Toluene Ethylbenzene p-Xylene m-Xylene 0-Xylene Naphthalene
Test
location pg/cm® wt. frac. pg/cm®  wt. frac. pg/ecm®  wt. frac.  pg/ecm?*  wt. frac.  pg/cm®  wt. frac.  pg/cm®  wt. frac.  pg/ecm?®  wt. frac.
A 271.81 0.81 348.71 0.41 57.97 1.95 7.39 0.16 96.40 0.39 21.11 0.28 2.15 0.01
B 299.86 1.10 454.28 0.66 96.46 4.02 7.50 0.21 163.84 0.83 23.18 0.38 2.31 0.02
C 188.35 0.39 209.96 0.17 59.27 1.40 15.83 0.25 87.17 0.25 18.76 0.17 3.08 0.01
D 459.42 1.42 703.08 0.86 101.05 3.53 23.92 0.55 185.32 0.79 38.02 0.52 3.35 0.02
E 382.23 1.07 576.10 0.63 109.31 3.45 20.74 0.43 136.39 0.52 31.56 0.39 2.46 0.01
F 324.88 0.84 464.97 0.47 71.55 2.08 6.87 0.13 78.04 0.28 21.39 0.24 2.44 0.01

Estimated cumulative emissions

Benzene Toluene

Test
location pg/cm?  wt. frac. pg/cm?  wt. frac.

All -- 0.83 -- 0.53
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TABLE 10-18. | NPUT PARAMETERS FOR RTI LAND TREATMENT MODELZ
Par anet er Val ue Sour ce
Organic (oil) | oading 0. 0328 g/cn§ Estimated fromfield
dat a
Tilling depth 20 cm Field data
Soi |l porosity 0.5 Field data
Mol ecul ar wei ght of oil 282 g/g nol Field data
Tol uene 0. 00157 (wm. frac- Calculated fromfield
concentration tion of oil) dat a
Tol uene diffusivity 8.70 E-02 cnf/s Data base
Tol uene vapor pressure 30.0 nm Hg Dat a base
Tol uene biorate 73.0 ng VA geh Dat a base
VO concentration 0.04 (. fraction Calculated fromfield
of oil) dat a
VO di ffusivity 6. 60E- 02 cn?/s Average fromfield
dat a
VO vapor pressure 14.6 mm Hg Average fromfield
dat a
VO biorate 23.68 ng VO g¢h Average fromfield
dat a
a

Source of field data:
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TABLE 10- 19. ESTI MATED VS. MEASURED EM SSI ONS- - CASE 2
Ti me Esti mat ed Measur ed
after em ssi ons, em ssi ons,
tilling, day/h w. % w. %
Tol uene 33/ 793 31 37
Total VO 33/ 793 32 30
Total oil 33/ 793 1.3 1.2
TABLE 10- 20. | NPUT PARAMETERS FOR RTI LAND TREATMENT I\/DDELa
Par anet er Val ue Sour ce
Organi ¢ | oadi ng 0. 0406 g/cn§ Calculated fromfield
dat a
Tilling depth 19.6 cm Field data
Soi|l porosity 0.5 Assuned
G| Mol ecul ar wei ght 282 g/ g nol Assuned

Vapor pressure
Diffusivity in

Bi orate

0. 57 mm Hg
air 2.70 E-02 cnf/s
23.68 ng VA geh

Cal cul ated by GcAP

Average fromfield data

Average from data base

a

b

Source of field data:

Ref erence 309.
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TABLE 10-21. ESTI MATED VS. MEASURED TOTAL VO EM SSI ONS- - CASE 3

Esti mat ed Measur ed

Ti me em ssi ons, em ssi ons,

after wt. %total wt. %total
tilling, h applied oil appl i ed oi
68. 00 4.5 .77

TABLE 10-22. | NPUT PARAMETERS FOR RTI LAND TREATMENT MODEL2

Par anet er Val ue Sour ce

O gani ¢ | oadi ng 0.002125 g/ cn® Estinmated from
field data

Tilling depth 20 cm Assuned

Soi|l porosity 0.5 Assuned

Mol ecul ar wei ght of oil 282 g/ g nol Assuned

Diffusivity in air 9.12 E-02 Average from data
base

Vapor pressure 0.76 nm Hg Cal cul at ed by GE%P

Bi orate 23.68 ng VA geh Average from dat a

base

Ref erence 41.

10- 44
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paraneters that are generally unknown or poorly defined include
waste porosities (air and total), average waste bed tenperature
(for active and closed landfills), waste conposition at depths
greater than the surface |ayer, baronetric pressures, clay cap
porosities (air and total), clay cap thickness, waste bed depth,
and (for active landfills particularly) time between core sam
pling and air em ssions determ nation. To apply the nodels,
representative default values have been used where necessary.
Because of the necessity to estimate key input paraneters, the
conparisons that follow are of extrenely limted value for node
val idation. To achieve validation of em ssion nodels, additional
field tests or |aboratory experinents are needed for active and
closed landfills and wastepil es.

Field data fromtwo sites were used for conparison with the
| and treatnment nodel as applied to active landfills. These sites
(5 and 8) were chosen because of simlarity in constituency of
selected chemcals and relative availability of nodel input
paraneters. However, it should be noted that at each of the
sites nore than half of the needed nodel input paraneters were
not available fromthe tests and thus required estinmation.

I nformati on on the waste conposition within closed landfills
was insufficient to allow use of the closed landfill nodel. At
two of the three closed/inactive landfill sites (4 and 5), no
solid sanples of waste were taken; at the remaining site
(Site 9), a single soil core was apparently extracted fromthe 3-
ft clay cover, providing no information about the conposition of
the waste bel ow the cover. However, it should be noted that
Farmer et aI.42 (who devel oped the precursor to the RTI closed
land-fill nodel, it accounts for diffusion through the clay cap
only, not baronetric punping) nentioned that their nodel has
recei ved experinmental verification via a |aboratory experinent
usi ng hexachl or obenzene-contai ning waste in a sinmulated landfill.

Following are the results of the conparison for active
landfills at Sites 543’44 and 845. Tabl e 10-24 presents nodel
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i nput paraneters used in the application of the RTlI |and
treatment nodel to an active landfill at Site 5. Table 10-25
presents a conparison of neasured and predicted em ssion rates
for the Site 5 landfill.

Model predictions for the chem cals assessed here are higher
than field data values by a factor ranging from13 to 441. This
di screpancy may be largely a result of the presence of daily
earth covers (6 in. thickness) and |layers of drums within the
wast e bed--neither of which are accounted for by the nodel.

O her contributing factors may include the estimation of key
nmodel input paraneters (e.g., air porosity of waste, tenperature
of the constituent within soil) and the nonrepresentative nature
of the waste sanple (obtained at the surface) for describing the
wast e conposition at depth.

Tabl e 10-26 presents nodel input paranmeters used in the
application of the RTI |land treatnent nodel to an active landfil
at Site 8. Table 10-27 presents a conpari son of nmeasured and
predicted em ssion rates for the Site 8 landfill.

Model predictions of the emssions at Site 8 are, in
general, closer to field data than were the predictions made for
Site 5. Better overall agreement may be due to the absence of
drunms and daily earth covers in this landfill.

10.5 TRANSFER, STORAGE, AND HANDLI NG OPERATI ONS
10.5.1 Models Docunented in AP-42

Em ssion nethods for the follow ng nodels were taken from
AP-42; they have been devel oped fromthe field data in the
petrol eumindustry and shoul d be applicable to TSDF

. Cont ai ner | oading (from AP-42, Section 4.4)52

. Cont ai ner cleaning (from AP-42, Section 4.8)53

. Stationary tank | oading (from AP-42, Section 4.3)54
. Stationary tank storage (from AP-42, Section 4.3).55

10.5.2 Fugitive Em ssions

10- 46



Fugitive em ssion sources have been studi ed extensively for
t he petrol eum and Synthetic Organic Chem cal Manufacturing
I ndustries (SOCM ) facilities. o6 These SOCM em ssion factors
are assuned to be applicable to simlar operations at TSDF.
10.5.3 Spillage An ICF57 study of truck transport to and from
TSDF and truck em ssions at TSDF term nals provided the
i nformati on necessary to estimte spillage | osses during TSDF and
trucki ng operation. However, no field test data is available for
conpari son.

10.5.4 Open Dunpster Storage Em ssions No field data were
avai |l abl e for conpari son.
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TABLE 10-23. ESTI MATED VS. MEASURED EM SSI ONS- - CASE 4

Esti mat ed Measur ed

em ssi ons, em ssi ons,

El apsed wt. %total wt. %total

Test tinme, day/h applied oil appl i ed oi
5 1/ 20 5.0 0.14
6 13/ 307 14.0 2.5
7 26/ 619 16.0 13.5
8 5/ 122 14. 0 1.1
9 22/ 520 28.0 13. 4
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TABLE 10-24. MODEL | NPUT PARAMETERS USED | N APPLICAIICN OF THE
LAND TREATMENT MODEL TO AN ACTI VE LANDFI LL AT SITE 5

Par anet er Val ue Dat a source

. -3 n?
L, total organic 2.65 x 10 g/c Inferred from
| oading in soil field data (solid

sanpl e anal ysi s)
assum ng soi
density = 2.3 g/cn?

q , weight fraction of Xylene: 0.178 Field data
constituent i in Met hyl ene chloride: (solid sanple
organi ¢ phase 8.48 x 10'4 anal ysi s)

Tetrachlorogthylene:
1.37 x 10
T, tenperature of 25 °C Def aul t val ue

constituent vapor

in soil
|, depth of waste in 229 cm (7.5 ft) Def aul t val ue
[ andfill
- total porosity of 0.50 (50% Def aul t val ue
wast e
.., alr porosity of 0.25 (25% Defaul t val ue
wast e
S,, soil biomass 0 g/cn§ Defaul t val ue
concentration
MA;,, nol ecul ar weight 150 g/ g nol Defaul t val ue
of organic carrier
liquid
t, tinme between soil 900 s (15 mn) Engi neeri ng j udgnment

sanpling and air

em ssi on neasur ement
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ALandfill 10, General Organic Cell. 46, 47
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TABLE 10-25. COVPARI SON OF MEASURED AND PREDICTED EM SSI ON RATES
SITE 5 ACTI VE LANDFI LL

Field data result, Mode
predi ction,
Chem cal ug/n?-s ug/n?-s
Xyl ene 32.8 440.0
Met hyl ene chl ori de 0.734 14.0
Tetrachl or oet hyl ene 0.0111 4.9

ALandfill 10, General Organic C‘ell.48’49
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TABLE 10-26 MODEL | NPUT PARAMETERS USED I N APPLI CATI ON OF THE

RTI LAND TREATMENT MODEL TO AN ACTI VE LANDFI LL AT SITE 8

50

Par anet er Val ue Sour ce
L, total organic loading 1.71 x 10'6 g/cn§ Field q%ta
in soi
q , weight fraction of Xyl ene: 0.012 Field
VO in organic phase 1,1,1-TCE: 0.19 _data
| Tet r achl or oet hyl ene: (solid sanple
0. 096 anal ysi s
T, tenperature of VO 25 °Cc? Def aul t val ue

vapor in soi
|, depth of waste in
[ andfil |

t ot al

T porosity of
Thast e

,aﬁagig porosity of

Sb, soi | bionmass
concentration

NM%iI’ nmol ecul ar wei ght
of organic carrier
liquid

t, time between soi
sanpling and air

em ssi on neasur ement

229 cm (7.5 ft)

0.50 (50% P

0.25 (25% P

0 g/cn§

150 g/ g nol

900 s (15 nin)

Def aul t val ue

Def aul t val ue

Def aul t val ue

Def aul t val ue

Def aul t val ue

Engi neeri ng
j udgnment

@ soil surface te
36 °C. The nobde

the constituent within the soi

b

this site, )
not defined explicitl
t¥p|cal waste 1 n the
0]

air porosity and total

anal ysi s.

based on one soi

andfill, 1 _ _
porosity were applied in

sanpl e.
and may
t he nodel
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TABLE 10-27. COWVPARI SON OF MEASURED AND PREDI CTED EM SSI ON RATES
FOR THE SI TE 8 ACTI VE LANDFI LL°t
Field data result, Model prediction,

Chem cal ug/n?-s ug/n?-s
Total xyl ene 6. 21 0. 23
1,1,1-Trichl oroet hane 3.57 3.8
Tet rachl or oet hyl ene 6. 31 1.9
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11. 0 TECHNI CAL SUPPORT FOR THE | DENTI FI CATI ON OF
COLLECTI ON SYSTEMsS AS MAJOR EM SSI ON SOURCES

11.1 | NTRODUCTI ON

This chapter provides a summary of information that is
currently available relevant to the identification of the
potential significance of air em ssions fromcollection systens.
Most of the relevant investigations are included, including two
recent investigations sponsored by the Chem cal Manufacturers
Association (CMA). Information obtained fromthese CVA sponsored
i nvestigations were used by QAQPS to revise the air em ssion
nmodel s for collection systens. Section 11.1 lists the data
sources that are referenced in this chapter, followed by a
summary table for each data source. Although the data are
variable in the type of source tested, the nmethods used for of
data col |l ection, and types of conpounds, the conclusions fromthe
data analysis in the different studies are generally simlar.
These studi es support the potential for release of nost of a
hi gher volatility organic material fromthe wastewater to the
at nosphere during the path of the wastewater fromthe point of
origin to the wastewater treatnent system

Predictions fromtheoretical em ssion nodels are conpared
with field test data in this chapter. In general, considering
the uncertainty of field em ssion neasurenents, agreenent between
measured and predicted values is considered reasonable. Those
data sets of neasured air em ssions that were used as the basis
of collection system nodel paraneter selection and data
correlation generally agreed with the nodels with | ess than 20
percent difference.
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Several conclusions are apparent and seemto be supported by
the data. These conclusions are listed as separate sections in
this docunent, and the data supporting each conclusion is
summari zed in each section. The sections in this docunent that
present the major conclusions are listed bel ow

Secti on nunber Conclusion illustrated

Section 11-2. page 11-2 Information is avail abl e which
supports the identification of
col l ection systens as significant
em ssi on sources.

Section 11-3. page 11-15 Organi c conpounds will volatilize
in the headspace of the collection
system

Section 11-4. page 11-19 Uncontroll ed wastewater collection

systens can have significant
di scharges of headspace to the
at nosphere.

Section 11-5. page 11-25 The fraction of organic conpounds
that is lost in uncontrolled
col l ection systens can be high,
greater than 40 percent.

11.2 SUWARY OF REFERENCES FOR Al R EM SSI ONS FROM COLLECTI ON
SYSTEMS

CVA FI ELD TEST: 24 -48 percent of organic materials

DU PONT were volatilized fromone run of a

OLD HI CKORY collection main. There were | ow fl ow

and high ventilation conditions
during the field test.
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CVA LABORATORY
TEST: ENVI ROVEGA

Jensen, ET. AL.
Resear ch Jour nal
WPCF

SHELL TESTS

Fi ngas, et al.

The air | oss from open uncontrolled
drain hubs were tested both with and
W t hout waste flow into the drain hub.
In the case of the nodel predictions
of drain |osses, the data for the open
drain w thout waste fl ow denonstrated
6.6 percent |oss of toluene froma
drain (run 7). This agrees favorably
with the nodel predictions of 6.1
percent (BACT\LAER). The fraction
| ost fromthe system was even greater
when waste was di scharged into the
drai n hub.

50 percent equilibriumwas observed
for lowair flowin sealed junction
boxes.

30+ percent of a volatile materi al
(krypton) was vol atilized and | ost
fromone run of a collection main.

Significant concentrations of organic
conpounds were detected in the
headspace of a petrochem ca

coll ection system at the Shel
facility. The magnitude of the
headspace concentrations was greater
than the equilibriumvalues fromthe
liquid concentrations. (see also

Fi ngas)

Lab scal e collection system

| nvestigated the effects of gasoline
spills on the headspace concentrations
in the collection system Soon after

entering the system the higher
volatility constituents in the fue
were |lost to the headspace. The
headspace after the initial discharge
contained the |lesser volatility

chem cals due to the high loss of the
nore vol atile chem cal s.
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EPA TRACER
| NVESTI GATI ON:
ROHM AND HAAS

EPA TRACER

| NVESTI GATI ON:
COASTAL EAGLE
PO NT REFI NERY

R L. Corsi,
PH. D. DI SSERTATI ON

R L. Corsi,

ENVI ROVEGA, AND
WASTEWATER
TECHNOLOGY CENTRE

BP O L TRACER
| NVESTI GATI ON:
LI MA REFI NERY

AMOCO REFI NERY

Greater than 95% 1 o0ss of a series of
organi ¢ conpounds was observed from

di scharge into a trench and
conventional sewer. Hexane

di sappeared from both the headspace
and the liquid during the flow through
the collection system

40 -54% 1| oss of organi c conpounds was
observed from di scharge into a series
of open junction boxes with water
seal s.

Measured concentrations in collection
mai n which were at equilibrium Run 1
O her runs were not at equilibrium
Revi ew of literature.

27-40% | oss of duterated chl orof orm
and 20-24% 1| oss of ethyl ene di brom de
was reported in a nodel of a
col l ection systemdrop structure.

30-56% 1| oss of chloroformin a
collection main. The | 0oss was a
function of the sewer tenperature.

The fraction lost to the atnosphere
coul d not be estimted due to | ack of

i nformati on of organi c conpound
partition into or out of an oil |ayer.
17 -60% 1| oss of organi c conmpounds from
the wastewater in a collection main
was estimated fromfield tests that
measur ed wast ewat er concentrations and
flow rates.
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AMOCO REFI NERY
(conti nued)

The measured coll ection system | osses
were used to estimate the overal

| osses. Geater than 99% | oss of
benzene was estinmated for the overal
col l ection system by extrapol ating the
measured rates on the basis of opening
ar eas.
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TABLE 11-1. LI TERATURE REVI EW

TI TLE:

AUTHORS:

SOURCE

SUMVARY:

METHODS:

COVMENTS:

Met hod for neasurenent of reaeration in
gravity sewers using radiotracers

Ni el s Aagaard Jensen, Thorkild Hvitved-
Jacobsen

Research Journal WPCF, Vol une 63, Number 5,
pages 758-767, July/August 1991.

30+ percent of a volatile material (krypton)
was volatilized and | ost froma reach of a
col l ecti on nmin.

The article states that tracer gas buildup in
t he headspace m ght be significant for sewers.

The water flow was 0.02 M/s in a 0.6 mconduit

with a 1358 mrun. To avoid headspace
equilibriumeffects, the tracer was injected
into the water. The mass transfer was
calculated fromthe changes in the ratio of a
vol atile tracer (krypton 85) to a non-volatile
tracer (tritium.

The study appeared to be carefully done, with
excell ent reproducibility anmong three runs. This
study indicates that significant |oss of highly

vol atile materials may occur even in closed runs of
ventilated conduits, even with conpounds di ssol ved

in water.
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TABLE 11-2. LI TERATURE REVI EW |

TI TLE:

AUTHORS:

SOURCE

SUMVARY:

METHODS:

COVMENTS:

Fiel d Eval uati on of WAstewater Drain System
Em ssions: Rohm and Haas Bristol Facility,
Bristol, Pa., April 1993.

Radi an Cor porati on 155 Corporate Wods, Suite
100, Rochester, N.Y.

Subnerged drain into an open trench. The
wastewater fell into a conventional collection
system

Conmpounds were di ssolved into water and added
to wastewater. The |oss of conpounds from
part of the unit collection systemwas as
foll ows: hexane, 98% acenapht hene 71%

chl orobenzene, 96% and 111 trichl oroet hane,
87%

Loss was neasured by the ratio of |oss of

vol atile constituent to the |oss of non-

vol atile constituents. The volatilization of
organi cs was confirnmed by headspace
concentrations (not quantified by headspace).

This investigation indicates the potential for
significant air em ssions. The high |osses of the
organi ¢ conpounds that were observed are consi stent
with the | aboratory data of Fingas.
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TABLE 11-3. LI TERATURE REVIEW I11

TI TLE: | ndustrial Wastewater Field Eval uation of
Wastewater Drain System Em ssion Test
Report, Coastal Eagle Point QI Conpany,
Westville, N J. Septenmber 1993.

AUTHORS: Radi an Cor poration 155 Corporate Wods, Suite
100, Rochester, N.Y.

SOURCE: Open drain into water sealed hub. Open
junction boxes with subnmerged entrance.

SUMVARY: Compounds were di ssolved into water and added
to wastewater. The |oss of conpounds from
part of the unit collection systemwas as
follows: nitrobenzene, 40% chl orobenzene,
33% and 111 trichl oroethane, 54% Covering
the sunps reduced the air em ssions to 29%
33% and 46%

MVETHODS: Loss was neasured by the ratio of |oss of
vol atile constituent to the |oss of non-
vol atil e constituents. The volatilization of
organi cs was confirnmed by headspace
concentrations (not quantified by headspace).

COMMENTS: This investigation indicates the potential for
significant air em ssions, even for relatively
control | ed systens.
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TABLE 11-4. LI TERATURE REVIEW |V

TI TLE: Estimati on of BTEX Em ssions fromBP Q|
Refinery Waste Water Collection System BP
Ol Refining Environnmental. Presented at the
Air Toxi c Wrkshop, San Diego, CA,  March 31,
1993.

AUTHORS: D. E. Isaacson, BP Ol Refining Environnental.

SOURCE: Collection main that served nultiple refinery
units.

SUMVARY: Compounds were di ssolved into water and added

to wastewater. The |oss of conpounds fromthe
collection systemwas as follows: chloroform
in the hot zone of collection system 56%
average; and chloroformin the norma
tenperature zone, 30% wth an overall |oss
greater than 80%.

MVETHODS: Loss was neasured by the ratio of |oss of
volatile constituent to the | oss of non-
vol atile constituents. Lithiumchloride was
used to define liquid flow rates.

COMMENTS: This investigation indicates the potential for
significant air em ssions fromcollection mains.
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TABLE 11-5. LI TERATURE REVI EW V

TI TLE: Measur ement of Hazardous Air Pol | utant
Em ssions from Wastewater Collection System
Conponent s.

AUTHOCRS: Enviromega Ltd. PO Box 1249, Burlington, Ont.

L7R 4LB, April, 1993. CMNA sponsored research

SOURCE: Drop structures, process drains, open
di scharge into a water seal ed hub, open
di scharge into an unseal ed drai n hub

SUVVARY: The air | oss from open uncontroll ed drain hubs
were tested both with and w thout waste fl ow
into the drain hub. 1In the case of the nbde
predi ctions of drain | osses, the data for the
open drain w thout waste flow denonstrated 6.6
percent |oss of toluene froma drain (run 7).
This agrees favorably with the nodel
predictions of 6.1 percent (BACT\LAER).

The fraction lost fromthe systemwas even
greater when waste was di scharged into a water
seal ed drain hub. The air em ssions fromthe
open di scharge of waste into a water seal ed
drain ranged from 10%to 60% depending on the
flow rate and conmpound volatility.

Met hanol was significantly volatilized under
the test conditions.

METHQODS: Tol uene, tetrachl oroethyl ene, trichl oroethene,
and 1,4 dichl orobenzene were added to a sewer
reach. The concentrations added to the sewer,
the concentrations in the gas, and the
ventil ation rates were measured.

COWENTS: The data fromthis investigation were used to
revise the air em ssion nodels for specific
coll ection el enents.
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TABLE 11-6. LI TERATURE REVI EW VI

TI TLE:

AUTHORS:

SOURCE

SUMVARY:

METHODS:

COVMENTS:

Vol atile and Sem -Vol atil e Organi ¢ Conpound
Em ssions from Sewer Drop Structures.

R L. Corsi et al. University of Guel ph; H
Monteith, Environega Ltd. PO Box 1249,
Burlington, Ont.; and H Melcer, \Wastewater
Technol ogy Center, Burlington, Ontario.

Drop structures.

27-40% 1| oss of duterated chlorof ormand 20-24%
| oss of ethylene dibromde was reported in a
nodel of a collection systemdrop structure.

Met hanol was significantly volatilized under
the test conditions.

The air loss froma drop structure was tested
by measuring the concentrations of ethylene

di brom de and duterated chloroformin the
inlet and exit of the drop structure. The
concentrations added to the sewer, the
concentrations in the gas, and the ventilation
rates were neasured.

The authors conclude that data fromthis
i nvestigation indicate that sewer drop structures

may be significant contributors to overall sem -VOC

and VOC em ssions from sewers.
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TABLE 11-7. LI TERATURE REVI EW VI |

TI TLE: Sanpling for Fugitive HAP Em ssions From A
Wast ewat er Col | ection Sewer Reach at the
DuPont A d Hickory Site.

AUTHOCRS: Enviromega Ltd. PO Box 1249, Burlington, Ont.
L7R 4LB, Septenber, 1993. CMA sponsored
research.

SOURCE: 165 m (450 ft) reach of a sewer. The
wast ewat er depth was very shallow, 2 to 5
i nches.

SUVIVARY: "Usi ng the neasured dose sol ution

concentration the percentage VOC em ssions
ranged from 24%to 48% Using the target
concentration of VOCs in the dose sol ution,
t he percentage em ssions ranged from 16%to
29% " (p.45)

METHODS: Tol uene, tetrachl oroethylene, 1,1,2,2
tetrachl oroet hane, and 1,4 di chl orobenzene
were added to a sewer reach. The
concentrations added to the sewer, the
concentrations in the sewer, and the nmass air
em SSi ons were measur ed.

COWENTS: "The consistency and magnitude of the decreases [in
wast ewat er concentration] suggests substanti al
| osses of VOCs to the atnosphere." (p.36)
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TABLE 11-8. LI TERATURE REVIEW VI I |

TI TLE: Ph.D. Dissertation of R L. Corsi, University
of California, Davis, 1989.

AUTHORS: R L. Corsi

SOURCE: Col I ection main

SUVVARY: Conmpounds were added to wastewater. The

concentrations of organic conpounds in the
headspace of the collection nain were

approxi mately the sane as equilibrium val ues
for Run 1. The concentrations were | ess than
equi libriumfor other runs.

VETHODS: Loss was neasured by the concentrations of
organic constituents and the flowrate. The
vol atilization of organics was quantified by
headspace concentrations and fl ow rates.

COMMENTS: This thesis indicates the potential for significant
air emssions. Aliterature review is included.

11-13




TABLE 11-9. LI TERATURE REVI EW | X

TI TLE: Fuel s in Sewers: Behavi or and counterneasures,
Journal of Hazardous Materials 19 (1988) 289-
302.

AUTHOCRS: M F. Fingas, K A Hughes, and A° M Bobra

SOURCE: Laboratory collection system

SUMVARY: Vapors in sewers have two distinct origins,

entry vapori zation and mass transfer during
transport. The wastewater | oses the nore
vol atil e conponents during entry.

MVETHODS: Gasoline was spilled in one end of the
collection system The volatilization of
organi cs was confirnmed by headspace
concentrations and |iquid concentrations.

COMMENTS: This investigation indicates the potential for
significant air em ssions, even for relatively
control | ed systens.
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TABLE 11-10. LI TERATURE REVI EW X

TI TLE:

AUTHORS:

SOURCE

SUMVARY:

METHODS:

Met hod 25D Devel opnent and Testing at the
Shel |, Deer Park | ndustrial Wastewater
Facilities, June 1991.

Radi an Cor porati on 850 M- Pac Boul evard,
Austin, Texas

Coll ection systemin a | arge petrochemn cal
conpl ex. Sources included drains, sunps, and
manhol e covers.

Significant concentrations of organic
conpounds were detected in the headspace of a
petrochem cal collection system The

magni tude of the headspace concentrations was
as great or greater than the equilibrium
values fromthe liquid concentrations.
Screening tests of headspace in equilibrium
with the liquid confirnmed that the headspace
concentrations were greater than equilibrium

The vol atilization of organics was confirned
by headspace concentrations, neasured
headspace flow rates into the air, and
concentrations in the |iquid.

COMMENTS: This investigation indicates the potential for

significant air em ssions, because of high
headspace gas concentrati ons.
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TABLE 11-11. LI TERATURE REVI EW Xl

TI TLE: An Air Quality Evaluation of the Anobco
Yor ktown Refinery as Part of the Anbco- USEPA
Pol |l ution Prevention Project., Septenber 13,
1991

AUTHORS: Anmoco Corporation Environnmental Affairs and

Saf ety Departnent.

SOURCE: Coll ection systemin a large oil refinery
petrochem cal conplex. Sources included
drai ns, sunps, and nmanhol e covers.

SUMVARY: Three sewer openings were tested, using an
encl osure and a vent opening of 0.27 ft2  An
average of 0.2 My benzene /yr was reported
fromthe small vent opening, based upon three
sets of tests. The refinery collection system
openi ngs were estimated as 1200 ft?, suggesting
very | arge anounts of benzene |ost fromthe
collection systemif the reported | osses of
benzene were extrapol ated on the basis of area
of openings. The vent rate fromthe smal
vent opening was 200 ft/mn, consistent with
vent rates for manhol e covers reported in
Section 3 of this docunent.

Mat eri al bal ances suggested organi ¢ conpound

| oses of up to 60 percent in the collection
main. The fraction lost to the atnosphere
coul d not be determ ned because the
concentrations in the oil |ayer were not
determ ned. Organic conpounds could partition
into or out of the oil layer.

VETHODS: Exi sting operation of the refinery was tested
with concentrations in the vented gas,
concentrations in the water, and gas flowate
measur ed.

COMMENTS: This investigation indicates the potential for
significant air em ssions, because of high
headspace gas concentrations. These data seemto
be consistent with the data of Fingas and the EPA
vent rates.

11. 3. ORGANI C COVPOUNDS W LL VOLATI LI ZE I N THE HEADSPACE OF THE
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CCOLLECTI ON SYSTEM

11.3.1 Inportance of Gas Concentrations.

The gas concentrations in the collection system headspace
are inportant because they determ ne the air em ssions. The rate
of air emssions is the product of the concentration in the
headspace and the flow rate of the headspace out of the
collection systemand into the air.

It should be noted that the discharge of volatile materi al
into existing wastewater collection systens can | ead to dangerous
and expl osive conditions in the collection system headspace.

None of the comments presented in this section should be
interpreted that such a potentially dangerous condition could not
exist. The discharge of organics into a collection systemis not
intrinsically safe, and any expl osion potential should be
carefully evaluated and properly handl ed on an individual basis.
11. 3. 2 I ndustry Conments

Open wastewater drains at sone conpanies are no | onger used
when benzene concentrations are 50 ppmor norel. The w despread

repl acenent or covering of open drains for environnmental reasons
woul d reduce the rates of benzene | oss fromthat section of the
collection system Many other commenters have suggested that
open drains are common at ot her conpani es.

For safety reasons junction boxes and sunps are seal ed and
purged with an inert gas atnosphere. This reduces or elimnates
air flow through open units? The use of these techni ques woul d
elimnate air flowdirectly to the atnosphere fromthese units
(when the seals work as designed). Opening the sunps to the air
woul d not assure that explosive concentrations would not be
present .

11. 3.3 Fingas, et al.
Fi ngas® nodel ed a coll ection systemto investigate the

effects of gasoline spills on the headspace concentrations in the
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collection system Soon after entering the system the higher
volatility constituents in the fuel were | ost to the headspace
(expl osi on hazard). Downstream of the point of introduction of
the fuel, the headspace of the collection system contained | ower
boi l i ng conmpounds. These data suggest that nuch of the highly
vol ati |l e conpounds can be |lost to the headspace early in the path
t hrough the collection system This also suggests that the
concentration of organic conpounds in the headspace can be nuch
greater than expected fromthe liquid conposition in the
wast ewat er .
11.3.4 Shell Petrochem cal Facility

A conparison of nmeasured and predicted estimates of air flow

rates fromthe wastewater collection system was devel oped from
data collected at that facility*

The gas concentrations were neasured and cal cul ated by
several different nethods for a nunber of different |locations in
the Shell petrochem cal facility wastewater collection system
Thi s paragraph briefly describes the different types of data that
were taken for evaluating the fate of organic conpounds in the
Shel | petrochemical facility collection system

11.3.4.1 TLV sniffer. The TLV sniffer was used to neasure

concentrations in the gas phase in the collection system
headspace and in the "jar test" of equilibrium headspace.

11.3.4.2 HNu.  The HNu sniffer was used to neasure
concentrations in the gas phase in the collection system
headspace and in the "jar test" of equilibrium headspace.

11.3.4.3 Canister. A test probe was introduced into

t he headspace of the collection systemconduits and a sanpl e of
t he headspace gas was withdrawn into an evacuated canister. The
concentrations in the canister were anal yzed on a conpound
specific basis, so that total organic values could be estinmated
by summ ng the individual conpound val ues.

11.3.4.4 Equilibrium headspace. A sanple of the liquid in
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the wastewater collection systemwas w thdrawn by a bailer and
used to fill a jar half full of liquid. The jar was capped and
was shook vigorously for a few seconds. The cap was opened
enough to briefly nmeasure the headspace concentration in the jar
by the TLV sniffer and by the HNu sniffer.

11.3.4.5 Liquid sanple analysis. A sanple of the liquid in
the wastewater collection systemwas w thdrawn by a bailer and

used to fill 40 M VOA vials. The concentration of conpounds in
t he wast ewat er was neasured by Method 8240. The concentration of
t he conpounds that would be in equilibriumwith the liquid
concentration was cal culated by nmultiplying the liquid
concentrations by the Henry's | aw constants. The Henry's |aw
constants were obtained fromthe pure conponent data base of
Chendat 8.

11.3.4.6 Results of tests. Ratios of headspace and liquid

equi libriumconcentrations indicate that in general, the
headspace concentration was nmuch greater than the correspondi ng
equilibriumvalue with the liquid. The following |ist
illustrates that the organic content of the headspace was greater
than the equilibriumvalue with the liquid. The headspace ratios
presented in the list are the value of organics neasured in the
canister to the theoretical values calculated fromthe neasured
liquid concentrations.

. | ocation 1b, ratio: 13

. | ocation 5, ratio: 36

. | ocation 5c¢c, ratio: 33

. | ocation 6, ratio: 61

. | ocati on 10, VCM pl ant discharge, ratio: 18
. | ocation 1b, ratio: 13

CVA representatives indicated that the collection system was
likely warmer than the 25 C assuned for the Chendat7 data base.
They suggested that the Shell headspace concentrations would be
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nore appropriately represented by equilibrium or a ratio of 1.

The concentrations in the headspace of the collection main
are nmuch greater than expected. This suggests that the
wast ewat er may have |lost significant quantities of organics early
in the path of the waste through the wastewater collection
system The higher concentrations in the headspace were not
removed by the flow of wastewater under the headspace. These data
could be interpreted to suggest that there is alimted rate of
mass transfer between the headspace and the waste.

The predicted and observed rates of headspace flow in the
petrochem cal wastewater collection systemis presented in Table
12. These data indicate that, although the flow velocity was
hi ghly variable, the magnitude of the velocity was conparable to
t he predicted val ue.

11.3.5 Ph.D. Dissertation of R L. Corsi
The data obtained by Corsi in rmunicipal wastewater

collection systens clearly denonstrate that equilibriumcan be
established in collection system mains. The neasured
concentrations of chloroformin the headspace of Run 1 was al nbst
exactly equal to the theoretical equilibriumvalue of the
headspace concentration. The data also indicated that the
assunption of equilibriummy not be true for high waste flow in
very large collection mains. Corsi also presents data supporting
the inportance of equilibriumin determning air em ssions from
collection systens. In Run 1, the follow ng data were obtained
by Corsi:
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TABLE 12. COLLECTI ON SYSTEM EQUI LI BRI UM DATA

Measur ed par anet er units val ue
Concentration in gas (outlet, ny/ n¥ 1.3
Tabl e 6-13)

Concentration in liquid ng/ n¥ 9.6

(nmeasured in bag, calculated for
inlet, Table 6-9)

Cal cul at ed paraneter units val ue
Henry's | aw const ant ng/ n? gas per 0. 135
(ratio of above concentrations) ng/nt liquid
Henry's | aw const ant ng/ ¥ gas per 0.12
(theoretical, Table 6-4) ng/n? liquid
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These data denonstrate that the assunption of equilibriumin
Run 1 could be valid. Oher runs do not necessarily illustrate
equi | i brium

Page 170: Mass transfer nodels were used to estimte the
| oss of organi c conpounds fromwaste coll ection system
conponents. Rapid saturation of the wet well atnosphere was
observed for a lower volatility organic material. A greater
removal of vinyl chloride (18% was predicted fromthe sanme
nodel . This theoretical calculation suggests that equilibrium
can be established in collection nains.

Page 176: Both the Henry's | aw constant and the mass
transfer coefficient can increase with tenperature.
Theoretically, the chloroformstandard | oss val ue from
residential sewers increased from 28%to 46% at hi gher
tenperatures. This theoretical calculation suggests that
equi li briumval ues can be inportant in determning air em ssion
| osses fromcollection systens.

Page 181: Conclusion 2. Discharge of organic conpounds to

smal ler interceptors |located five kiloneters or nore froma
treatnment plant can lead to em ssions conparable to those at the
treatnent facility. This is particularly true during periods of
| ow wastewater flow, high ventilation flow rates, or for VOCs
with high Henry's |law constant. This conclusion states that
equi libriumvalues are inportant in determning air em ssion
| osses fromcollection mains.

Page 182: Conclusion 3. Hi gh gas flows in conbined

sanitary/ storm sewers shoul d approach infinite ventilation
condi tions, and nuch higher relative em ssions than woul d be
expected in separate sanitary sewers. Under conditions of high
ventilation the mass transfer is not restricted by the
[imtations of equilibrium The converse is that equilibriumis
inportant at |ower ventilation conditions.

Page 182: Conclusion 7. Rapid organic conpound
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accurul ation in sewer atnospheres |eads to | ow organi c conpound
| osses fromdrops, unless high ventilation rates are present,
e.g. forced ventilation. This statenent indicates that
equilibriumis rapidly achieved in collection systens, and this
equilibriumcan be the rate controlling factor for air em ssions
(equilibriumcan limt air em ssions).

Page 183: Conclusion 9. Elevated wastewater tenperature,

e.g. 40°C as opposed to 20°C, significantly increases organic
conpound em ssions by increasing the mass transfer coefficient,
Henry's | aw constant, and buoyancy-driven ventilation. This
conclusion indicates that equilibriumpartitioning is a
significant factor in determ ning the magnitude of air em ssions
fromcollection systens.

Page 184: Concl usion 4. Sensitivity of emi ssions to

organi ¢ conpound characteristics increases at |ower ventilation
rates, where Henry's |aw constant is the dom nant physico-

chem cal property. This conclusion indicates that equilibrium
partitioning is a significant factor in determ ning the magnitude
of air em ssions fromcollection systens at | ower ventilation
rates.

11.4 UNCONTROLLED WASTEWATER COLLECTI ON SYSTEMS CAN HAVE
SI GNI FI CANT DI SCHARGES OF HEADSPACE

The rates of loss of organic materials fromcollection
systens depend on both the ventilation rates of the collection
system and the concentrations in the headspace of the system
The data presented in this section indicate that the discharge of
headspace fromcoll ection systens are at |east as great as the
nmodel predictions.

CMVA indicated that a realistic flow of air froman open
drain is 1.9 ft/sec (114 ft/mn). The current collection system
em ssion nodel and our field data indicates a slightly | ower flow
velocity than the CVA value. Oher data, including industry
reported rates at Anoco, indicate higher air flowrates than this
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esti mate.
11.4.1 Shell facility
This petrochem cal facility was not ideally suited for the

verification of the velocity predictions because the system
general ly had seal ed manhol e covers. The system had el evat ed
vents which were inaccessible for testing. These vents are
expected to divert air flow away from surface openings in the
col l ection system The weather was overcast and raining on one of
the sanpling days. The wind direction was variable, the w nd
speeds were | ow and variable, and the wind direction al so
depended on the location relative to buildings. The neasured
ventilation rates at the Shell facility are presented in Tabl es
11-13, 11-14, 11-15, and 11-16.

11.4.2 Velocity screening at Pulp MIIs

A series of 5 pulp mlls were vistied and ventilation rates
were neasured at collection system openings. The data were
reported in Table 11-13.

11. 4. 3 Rohm and Haas Chem cal Plant Coll ection System
There was a strong rel ationship between the wind speed and the

air flowin the waste collection system The data was taken at
randomtines on the first day of testing to | earn about the flow
patterns of gasses in the collection systemand to identify
appropriate sanpling conditions. The collection system vent
rates were into the systemor out of the system depending on

wi nd speed and direction. The wi nd speed changes the flow and
the flow direction of the air in the waste collection system At
| ow wi nd speeds, the flow of the water in the system produces a
suction on the surrounding air. At high w nd speeds, the
pressure of the air causes flow out of the system \Wen w nd
flows in the direction of the opening of a conduit, the w nd
pressure can cause a flow of air out of the collection system
removi ng organi ¢ conpounds fromthe headspace of the collection
system In the systemwth the absence of wind, the flow of the
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wat er induces air to flow along wwth the waste, carrying air into
the system and di scharging the air at sonme point downstream
The concentrations and velocities were neasured in the

headspace venting during the tracer tests at Rohm and Haas. This
confirmed the potential for air em ssions.
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11.4.4 Velocity screening at industrial plants

The wast ewat er collection systens of several industrial
pl ants were inspected. Screening neasurenents were nmade at these
sites with an Al nor veloneter (low velocity probe) to eval uate
t he magni tude of collection systemem ssions air flowrates. The
primary concern was to determ ne the magni tude of the neasured
air flow velocities and to conpare these neasured velocities with
the predicted velocities fromthe air em ssion nodels.

Based upon the results of the velocity screening
measurenents, the foll ow ng observations can be stated:

. The velocities fromthe openings in the wastewater
col l ection systens were variable, but the ranges of
velocities fromthe different sources were not highly
vari abl e.

. The prelimnary results of using the nodel for site specific
conditions was favorable, wth reasonabl e agreenent (factor
of 2) between the predicted and neasured vel ocities.

. To inprove the agreenent between the nodel results and the
observed col |l ection systemvelocities, nodel plant
paraneters that were nore representative were used in the
theoretical estimations. Exanples of sources that were
nodi fi ed i nclude open drains under grates (higher em ssions
t han predicted) and sealed drain system (|l ower em ssions
t han predicted).

11-5. THE FRACTI ON OF ORGANI C COVPOUNDS LOST I N UNCONTRCLLED
CCOLLECTI ON SYSTEMS
11-5.1 Shell facility

A formal material bal ance was not possible in the Shell facility

wast ewat er coll ection system because the liquid flow rates and
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TABLE 11-13. SCREENI NG VALUES FOR Al R VELOCI Tl ES

AT COLLECTI ON SYSTEM OPENI NGS

Vel ocity at opening @

Locati on
Chem cal collection system Shel
Drain grate, Shell
Chem cal collection system Shel
Open drain, Shel
Manhol e (1 in dia. opening), Shel
Open drain, Shel
Cl osed drain, Shell
Openi ng, Shel
Sunp openi ng, Shel
Sanpl e point drain, Shell
Sanpl e point drain, Shell

Chem cal collection system Sunp, Shel
Drai n openi ng, Shel
Hori zontal flow in collection system
PULP MLL 2
Manhol e cover, Pulp m
Manhol e cover, Pulp m
PULP MLL 3
Grate over collection system
Gate
Lift station opening
Lift station opening
PULP MLL 4
Floor drain (2 x 1 ft)
Fl oor trench, (1-2 ft/s)
Fl oor trench
Mai n drai ns between process units
Smal | vent on main collection conduit
Grate on main collection conduit
Grate on main collection conduit
Grate open drain
PULP MLL 5
Grate at end of trench

[ 2
[ 2

ft/mn

80

65
200
40
60
120

150

110

50
300
100- 150

50-100
50
40-50
60

50

50

0-50
100
>300
150
160-170
50

100

ft/sec

(o]

| ow funes

vm

c

VO OROONONROWRENW®
R0~ —0IN QO WkEFR W

oNNOIR OO0
[eeBENN&)| ~N = 00
w ! ww
N
(o)

=
\‘

@ Measured with an Al nor vel ometer

| ow vel ocity probe.

Ft/sec

reported wi thout corresponding ft/mn obtained by visual

i nspection of plune rise.
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TABLE 11-14. A COVPARI SON OF PREDI CTED AND MEASURED
Al R VELOCI TI ES AT WASTEWATER COLLECTI ON SYSTEM OPENI NGS

Locati on Vel ocity at opening (ft/mn)?
measur ed predi ct ed
Drain, Shell 65, 40, 60, 120 122 (A2)P
Manhol e cover, Pulp mll 2 300 124 (B3)
Manhol e cover, Pulp mll 2 100- 150 191 (B2)
Average drain velocities 67 84
Aver age manhol e cover opening
vel ocities 198 128
Aver age junction opening velocities 88 66
a Measured with an Al nor Vel oneter, |ow velocity probe.
Predi cted val ues based upon a wnd velocity of 3.5 MPH (300
ft/mn).

Wnd effect (3.5 MPH) probably overesti mates em ssions
because actual wind velocity was |ower (tall process units,
wind direction different fromstack em ssions at high

el evati on)
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TABLE 11-15. SCREENI NG OF Al R FLOAS AND GAS CONCENTRATI ONS
FROM SHELL CHEM CAL COLLECTI ON SYSTEM SOURCES: MAIN PLANT 2

Vel ocity c
Concentrati on( ppm Headspace test (ppm

Locati on time (ft/m'n)b HNu TLV HNu TLV

6 14: 22 150 120 3100 25- 30 120

6 14: 43 40 130 3000

7 15: 08 -150 1 20 4 60

5 15:12 65 to 75 80 1200 6 0

5A 15:26 |ow + 60

10 15:28 230 60 5000 20 0X100

5C 210 130 5900 1 35

11 <0 2 120

1B 0 to 60 150 6900 20 300

4 Measurements 2/6/90, main process areas | eading to wastewater
treatnment. Included are tank farns, alcohol distillation,
vinyl chloride nonomer production, plant E, plant BFA,
spillage, and flows from other process areas. Test points are
| ocations at Shell.

b Measured with an Al nor vel oneter, |ow velocity probe.
Positive values indicate flow out of the collection system
Flow rates | ess than the detection |imt of the instrument (20
ft/mn) are indicated as lowif they could be detected by
vi sual inspection.

c

A sanpl e of wastewater was taken fromthe sanple point and
placed in a glass jar. The jar was capped and shaken
vigorously. The sanple probe of the test instrunent was
inserted into the headspace of the partially open jar. The
readi ng was taken when reaching steady state, usually 5-10
seconds.
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TABLE 11-16. COVWPARI SON OF MEASURED AND PREDI CTED Al R FLOWG
FROM SHELL CHEM CAL COLLECTI ON SYSTEM SOURCES: PHENOL ACETONE?

Measured Vel ocity Predi cted
Vel ocity
Locati on time (ft/mn)® (ft/mn)°
sunp(wat er) 9: 50
sunp(oil) 50 124 (B3)
A drain 120- 150 122 (A2)
D manhol e
B drain 30 122 (A2)
C manhol e 150 124 (B3)
sunp(wat er) 17: 23
sunp(oil) 30-40 124 (B3)
A 17: 37 200 128
(aver age)

a Measurenents 2/6/90, phenol acetone units. The major area
flows were sanple point A dephenolator extraction bottons 80
gpm and sanple point B, cunene decanting wastewater 20 gpm
Ref erence Figure 3. The weat her was overcast and raining.

b Measured with an Al nor veloneter, |ow velocity probe.
Positive values indicate flow out of collection system A
range of velocities indicates that the neter readi ng was
rapidly cycling between the limts of the range.

c The flowrates of air out of the unit are estimted by the
protocol described in this docunent, with a wind velocity of
3.5 MPH Actual wind velocity at the site were variable and
generally less than 5 MPH Wather conditions were overcast
with some rain. The case used to represent field conditions
is presented in parenthesis.
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concentrations of all the branch streans were not characterized.
Fromestimates of liquid flows in the various points in the main
collection branch it is possible to establish a mass flow rate of
each constituent by multiplying the concentration of the
constituent by the liquid flow This estimate of the materi al
bal ance is of limted significance for sonme conpounds due to
these factors, but a nore certain conclusion can be stated for
the fate of chloroform

The sinplified material balance is presented for 1,2
di chl oroet hane and chloroformin Tables 11-4 and 11-5.

1, 2 di chl oroet hane and chl orof orm were not significantly
present in the collection main before the vinylchloride nmononer
(VCM plant discharge. After the point of discharge fromthe VCM
plant, the 1, 2 dichloroethane in the |liquid was retained at
roughly the sane mass flow rate down the collection nmain.

Chl or of orm di sappeared fromthe collection main shortly after
di scharge fromthe VCM plant. The total organics in the
headspace at the discharge point fromthe VCM pl ant cont ai ned
much hi gher concentrations of organics than expected fromthe
equi libriumvalues in the |iquid.

These material bal ances suggest that relatively little of the
low volatility materials are renoved fromthe liquid in the main
col l ection system fl ow

1.4
66

. acet one (y/x)

. 1, 2 di chl oroet hane (y/Xx)
The addition of unknown side streans containing dichloroethane

could possibly interfere wwth the materi al bal ance and cause an
underestimate of the | osses of dichl oroethane.
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Table 11-17.

A SI MPLI FI ED MATERI AL BALANCE FOR 1, 2
DI CHLOROETHANE I N THE COLLECTI ON MAI N, SHELL.

Locati on Fl ow Concentrati on Fl ow rate of
(gpm (ppmny) conpound
(g/ mn)
5 534 0 0
10 711 1.84 4.9
5C 962 1.04 3.6
1B 1217 1.14,1. 22 5.2,5.6

This table denonstrates that the flowrate of 1,2
di chl oroet hane did not substantially change in the
collection main fromlocation 10 to | ocation 1B

TABLE 11-18. A SI MPLI FI ED MATERI AL BALANCE FOR CHLOROFORM I N
THE COLLECTI ON MAI'N, SHELL.
Locati on Fl ow Concentration Fl ow rate of
(gpm (ppnw) conmpound
(g/ mn)
5 534 not present 0
10 711 .11 0. 29
5C 962 not present 0
1B 1217 not present 0

This tabl e denonstrates that the flow rate of chloroform
was significantly lowered in the collection main from

|l ocation 10 to |l ocation 1B

The concentration of chloroformin the gas phase was 73.2
ppmv at | ocation 10.

constituents.

10 and the | ocation received wastes from vinyl

manuf act uri ng.

This was anong the top 12 gas phase

There was a steam di scharge from |l ocation

chl ori de
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The material bal ances suggest that higher volatility materials
such as chloroformare significantly and possibly entirely | ost
in the main collection systemflow
. chl orof orm (y/x) = 188
The addition of side streans to the main collection system
fl ow was not of great enough volunetric flowrate to account for
t he di sappearance of chloroformfromthe system by dil ution;
therefore, the loss of chloroformis assuned to be due to
vol atilization.
11.5.2 Rohm and Haas Tracer |nvestigation

Tracers are conpounds that are introduced into a wastewater
streamto neasure the rate of release of the organi c conpounds
due to air emssions fromthe collection system To neasure the
| osses of organic conpounds in wastewater collection systens the
concentration of the tracers are neasured in the water phase and
in the air leaving the system

Four organic tracers were continuously added to the collection
system at one of the points of waste discharge into the
collection system The tracers were selected froma conbi nation
of volatile material, semvolatile material, and non-vol atile
materials. The concentrations of the tracers were neasured down-
stream of the tracer addition point. The ratio of the
concentrations of the tracers that were neasured were then
conpared to the initial ratio, so that the loss fromthe system
could be calculated, as well as the relative loss fromthe
system

The concentration of volatile tracer and the flowrate in the
collection systempermt a calculation of the flow rate of
tracer. A conparison of this flowrate to the rate of addition
of tracer permts an i ndependent assessnent of the fraction of
the volatile constituent that is |lost as air em ssions.

The tracer was added at |location A. Location A was a trench
outside a process building. Water flowed in the trench at a
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fairly high rate. The drain pipes froma process centrifuge

di scharged into the trench. The plant has reasonably steady fl ow
of water into the collection systemat Location A. The flowinto
t he wast ewat er accumul ation tank (Location D) was neasured by the
hei ght increase in the tanks when there was no wastewater being
punped out of the tanks.

Three separate peristaltic punps were used to deliver the
organic materials to the trench stream The non-volatile netals
wer e dissolved in water, chlorobenzene and chl oroet hane were
conbined in a tank, and hexane and acet onapht hene were conbi ned
inathird tank. The solutions were dripping fromthe exit tubes
(subsurface) at a rate of approximately 1.5 drops per second.

The hexane drop rose to the surface of the flow ng water bel ow
the exit tubes, and rapidly flashed fromthe surface. As the
hexane was renoved fromthe surface, the acetonaphthene was
deposited on the surface (very thin light refractive layer). By
the end of the channel, the circulation patterns in the water had
coll ected the acetonaphthene toward the center of the water's
surface.

The four sanple points in the wastewater collection system
were designated A, B, C, and D. The concentrations in the
wast ewater were nonitored during the test period. A summary of
the results of the tracer investigation is presented bel ow
There were greater than expected |oss of each volatile materi al
in the collection system Hexane was |lost to a significant
extent in the drain channel before it entered the subsurface
coll ection system as indicated by visual and ol factory
observati ons. Hexane was apparently |ost quickly by flashing
early in the path through the collection, but the residual hexane
al so was lost significantly between points B and C and between
points C and D.
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Conpound Average fraction |l ost Henry's Lawy/Xx)

hexane 0. 977 4270
acenapht hene 0.713 6.3
chl or obenzene 0. 959 209
111 trichl oroet hane 0. 866 967

The data suggest that acenaphthene may have been significantly
removed as air em ssions, but there was the potential for
sanpling and analytical difficulties for this conmpound. The
cani ster headspace sanpling programdid not include acenapht hene
anal ysi s.

Chl or obenzene was |l ost significantly as the tracer flowed
t hrough the collection system The concentrations detected at
| ocation A were greater than expected fromthe rate of rel ease of
chl orobenzene into the collection system The reason for the
hi gh concentrations neasured at |ocation A may be related to the
| ocation of the sanpling line. The overall |oss of chlorobenzene
in the collection systemwas nmuch greater than expected fromthe
air em ssion nodel s.

As in the case of chlorobenzene, 1,1, 1-trichloroethane was
| ost significantly as the tracer flowed through the collection
system The concentrations detected at | ocation A were greater
than expected fromthe rate of release of trichloroethane into
the collection system The reason for the high concentrations
measured at | ocation A may be related to the | ocation of the
sanpling line. The overall loss of 1,1,1-trichloroethane in the
coll ection systemwas nmuch greater than expected fromthe air
em ssion nodels. Chlorobenzene and 1,1, 1-trichl oroet hane were
| ost significantly between points B and C and between points C
and D.
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TABLE 11-19. THE MEASURED RELEASE OF TRACER CONSTI TUENTS FROM
THE COLLECTI ON SYSTEM HEADSPACE BY CANI STER MEASUREMENT AND
Al R FLOW RATE MEASUREMENT.

Locati on 1,1,1 chl or o- hexane
trichl oroet hane benzene (rmg/ m n)
(mg/ m n) (rmg/ m n)
1 689 77.9 31.7
2 265 34.9 12.8
3 25.9 9 1.8
4 70.9 12.8 1.77
5 4. 48 4.8 0. 096
6 0. 28 0.3 0. 006
7 28. 4 3 0.14
8 0. 036 0. 028 0. 002
9 0. 036 0. 028 0. 002
10 83.9 24 0.41
11 0. 062
12 0.31
13 102 27. 6 0. 45
14 2.19 12. 4 0. 169
15 166 32 0. 32
t ot al 1438. 5 238.8 49.7
rel eased 1367. 3 1118.5 775. 2
This table illustrates that significant rates of |oss of

tracer materials were detected | eaving sel ected collection
system openings. This table is not to be interpreted as a
mat eri al bal ance, because all sources of air rel ease were
not nonitored, and because these sources are variable in
flow (results based on one point sanpling).
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The | oss of the non-volatile tracers (copper and zinc) through
the collection systemwas nmuch |l ess than the |oss of organic
conpounds. These data confirmthat the ratio of the
concentrations of the higher volatility organic conpounds to non-
vol ati|l es decrease during the flow through the collection system
indicating a substantial |loss of organic materials. The estimate
of zinc loss was 21 % and the copper |oss was 38% The
appearance of a loss for the tracer netals was likely due to
errors in the wastewater flow neasurenent.

The results of the canister sanpling of the headspace of the
collection system together with the flow rates of the collection
syst em headspace gas | eaving the system indicate that
vol atilization of the tracer constituents into the headspace is a
significant pathway for tracer loss in the collection system
The follow ng table presents a summary of sone of the neasured
rel eases of tracer constituents into the environment, based on
[imted sanpling at selected openings in the wastewater
collection system It was observed that tracer organi c conpound
| oss was observed from openings in the collection systemthat
were distant fromthe tracer wastewater flow path.

In summary, the tracer testing at the chem cal plant indicated
hi gh | oss of organic conpounds. Significant concentrations of
or gani ¢ conpounds were detected in the headspace. The nagnitude
of the measured em ssion rates in the gas were consistent with
the loss fromthe liquid. No material bal ance was possi bl e due
to variable flow and many vent |ocations. |If the absence of
hexane in the liquid was due to hexane floating on the surface,

t he headspace concentrations woul d contai n hexane. The headspace
anal ysis showed very little hexane, but contained nore of the

| esser volatile conponents, indicating alnost total |oss of
hexane.

11.5.3 Anoco refinery materi al bal ance

11- 37



The waste concentrations of benzene, toluene, and several
ot her conpounds were neasured at various points in the waste
col l ection system of the Anoco refinery between the production
units and the wastewater treatnment plant. Based on those
measurenents, a material bal ance was carried out to identify the
potential for the release of air em ssions.

The material balance results indicated a di sappearance from
the wastewater but the high | oss of organic conpounds coul d have
been only apparent because of sanpling problens. Partitioning
into an oil phase that was present in the wastewater was not
accounted for. The mechanismfor a high loss in a collection
mai n coul d involve the organi c conpound partitioning into an oi
phase, and the oil phase floating to the top of the waste stream

The air em ssion nodels for the waste collection system
predict a few percent loss in the part of the system
investigated. The CVA estimates with a trench nodel that
approximately 1 percent organics are |ost per collection system
run (between manholes). Wth the CVMA approach the maxi mum | oss
woul d be expected to be | ess than 5% between the unit exits and
the APl separator inlet. The collection system nodel predicts
much higher air em ssions near the waste entrance (not neasured)
than downstreamin a collection main (where the data were taken).
The | oss of organic conpounds in the entire systemis therefore
theoretically expected to be substantially greater than the | oss
of organic conpounds in the section of the collection system
i nvestigated by the Anoco refinery.

The data suggests the potential for significant fractions of
t he organi c conpounds that may be lost to the air in the
col l ection nmains, much greater than the collection systemtrench
nodel s estimate. |If the data are correct, they woul d suggest
that the CMA estinmates and the collection system nodel estinates
using the limts of mass transfer fromthe bulk of the liquid
waste may omt significant factors that control the rel ease of
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Tabl e 11-20
bal ances.

organi ¢ conpounds in the collection system
summari zes the results of the materi al
11.5.4 Anoco Refinery Vent Measurenents

This refinery was tested for ventilation rates by encl osing
and placing a vent over selected openings in the collection

system The vent rate was 200 ft/mn. This neasured vent rate

was consistent with the average manhol e cover vent rate neasured
nmodel s suggest t hat

i ncrease the total

in the EPA screening program The air

i ncreasing the area of the opening wll fl ow
of air fromthe system and therefore increase the air em ssions.
The average benzene loss for this vent was 0.2 My benzene per
year. col l ection system

ventilation rate is to extrapolate on the basis of vent

One way to estimate the overal
rate and
If the vent

t he openi ng area. rate were reduced to the average

value for large openings in the collection system (88 ft/mn)
TABLE 11-20. ESTI MATED DI SAPPEARANCE OF VCOLATI LES FROM THE
WASTEWATER OF THE COLLECTI ON MAIN AT THE AMOCO REFI NERY.
Location of |oss benzene t ol uene et hyl xyl en

benzen e
e

Unit exit to F042 1.9 0.7 1.9 1.2
FO4 to APl separator 16 27. 4 59.6 32.7
total loss to 17.6 27.9 60. 3 33.5
separator inlet?
APl separator inlet to 39.3 29.6 0 50
separator outl et
APl outlet to 13.5 17.5 71.4 6.6
activated sludge inlet
i ncludes contributions estimated fromtank farm (not reported). These

concentrations estimated fromthe tank farmare | ess than the concentrations
reported for the Utraformer (greatest contribution to total flow). The
concentrations fromthe tank farmwere selected to produce estimted em ssions
fromthe unit exit to FO4 that are conparable to the CVA estinate.
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and the open area was increased to the reported area of the total
coll ection system (1225 ft?), the estimated |l oss fromthe

coll ection system woul d equal over 99 percent. The actual
percent loss is expected to be sonmewhat | ess than this val ue due
to potential under reporting the concentrations |eaving the
col l ection system

11.5.5 Tracer testing at the Coastal Eagle Point Refinery

This tracer test indicated that there were significant | osses
of organic conpounds froma refinery wastewater collection
system The collection system had sone air em ssion controls
(water seals at the junction box inlets).

The air em ssion | osses appeared to be significantly |ess than
fromprevious testing at a nore open collection systemat Rohm
and Haas (all of the higher volatility organic conpounds seened
to be lost at the previous test).

The data quality was conprom sed to sone extent by the
variable flows in the tracer feeds. Analysis of the
concentration ratios of different organi c conpounds fed
si mul t aneously tended to confirmthe cal cul ati ons based on the
ratios of the volatile tracers to the cobalt tracer

The predicted | osses fromthe sinple collection systemair
em ssion nodels (Section 4.2.1) were simlar to the results of
the tracer testing.

Two non-volatile reference tracers were used, cobalt and
copper. These two tracers did not have identical response in the
coll ection system even though the recovery of the conpounds was
excellent in the analytical tests. The results of the analysis
of the | oss of organic conpounds with both netal tracers
i ndi cated significant |oss of higher volatility organi c conpounds
in the collection system These results are summarized in the
Tabl e 11-21.
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TABLE 11-21. A COVWPARI SON OF THE OVERALL LOSS OF VOLATILES
BASED UPON TWO DI FFERENT NON- VOLATI LE TRACERS

Conpound Overall fraction Overall fraction

| ost with cobalt | ost with copper
rati os rati os

111 trichl orobenzene .51 .41

chl or obenzene . 38 . 26

ni trobenzene . 60 .27

If the volatile and the non-volatile had identical

concentration ratios in all of the collection system there

woul d be no air eni ssion | osses.

| f conpounds differ in Henry's law, a neasure of volatility,
the relative anount of the conpounds woul d be expected to change
i f conpounds were renoved fromthe collection system by neans of
a mass transfer nmechani smthat depended on volatility. In the
case of chl orobenzene and 111 trichl oroethane, the ratio of the
concentration of the less volatile conpound to the nore volatile
conmpound i ncreased in each sanpling period, with an estimted
range of chl orobenzene loss of 2 to 9 percent fromthe drain.
These two conpounds were injected as tracers together and were
sanpl ed and anal yzed together. The use of this concentration
ratio results were nuch | ess reproducible for the nitrobenzene,
per haps because a different anal ytical nmethod was used for
ni trobenzene and the other organic conmpounds. Even wth the |ack
of reproducibility the ratios of chlorobenzene to nitrobenzene
showed a decrease on average, as expect ed.

This nethod of estimating the loss fromthe drains results in
simlar results to the predictions of case A3, air flow due to
density (Section 4.3.3), even though the nodel assunptions did
not match the physical conditions of the refinery collection
system The results are presented in Table 11-22.
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TABLE 11-22. A COVPARI SON OF THE MEASURED LOSS OF VOLATI LES
FROM A DRAIN TO THE PREDI CTED LOSS OF VOLATI LES FROM THE
DRAI N.

Conpound Fraction | ost from Fraction | ost
measur ed fromcase A3
concentration nodel prediction
rati os
111 trichl orobenzene . 053 . 032
chl or obenzene .21 . 126

I f two conmpounds with different volatilities had identical
concentration ratios in the collection system there would be
no air em ssion | osses.

11.5.5.1 Conparison of an Estimation of volatilization loss to

t he nmeasured | oss based upon concentrations relative to the netal

tracer. It is assuned that the nmetal tracer will not volatilize
or be sorbed in the collection system The tracer test was
carried out over a period of several days and there did not seem
to be evidence of sorption in the system either for the netals
or the organics. |If the concentration of the organic conpounds
relative to the netal tracer decreases as the conpounds travel

t hrough the collection system the fraction |loss can be
attributed to volatilization. The follow ng tables present the
tracer results and conpare the calculated fraction | oss due to
vol atilization to the predicted val ues.
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TABLE 11-23. A COVWPARI SON OF CHLOROBENZENE TRACER RESULTS AND
PREDI CTED VALUES.

Locati on of Test results Cumul ati ve
Em ssi ons Prediction
drain . 032
Junction box .09 .12
2 junction boxes .05 .29
2 junction boxes . 38 .42

This table conpares the results of the tracer analysis with
cobalt ratios at the Coastal Eagle Point Refinery to the
previously predicted air em ssions (chl orobenzene case A3 for
drain, .098 junction box em ssion factor, Section 4.3.3).

TABLE 11-24. A COVPARI SON OF 111 TRI CHLORCETHANE TRACER
RESULTS AND PREDI CTED VALUES.

Locati on of Test results Cumul ati ve
Em ssi ons Prediction
drain .12
Junction box . 239 .23
2 junction boxes . 285 .40
2 junction boxes . 507 .54

This table conpares the results of the tracer analysis with
cobalt ratios at the Coastal Eagle Point Refinery to the
previously predicted air em ssions (case A3 for drain, .12
junction box em ssion factor, Section 4.3.3).
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11.5.6 Ph.D. dissertation of R L. Corsi
Page 11: In the four city study Levins et al. (1979) observed

the reduction in both occurrence and concentration of

tri hal omet hanes fromtap water to wastewater (Corsi suggested
| oss fromactivities such as showers). This suggests that
organi ¢ conpounds can be | ost before the waste reaches the
col | ection nains.

Page 11: Another observation is the occurrence of highly
vol atil e carbon tetrachloride in industrial sewers, and the
absence of this conpound in treatnment plant influent, suggesting
significant volatile em ssions from conbi ned sewer systens. This
suggests that organi c conpounds can be | ost, even in the
col | ection nains.

Page 17: The U. S. EPA investigated nethodol ogies for
estimating the risk of human exposure to toxic contam nants.
Conmput ati onal nodeling significantly underestimated neasured
anbi ent | evels of chloroformand carbon tetrachloride, and it was
suggested that the difference m ght be due to area sources, e.g.
sewers. Volatilization fromsewers was observed to be a major
| oss nmechani sm for dichl oropropane and di chl oroet hane. This
statenent al so suggests that organic conpounds can be | ost, even
in the collection nains.

Page 19: The laboratory investigation of Fingas et al. (1988)
denonstrated that the | ow boiling point fraction (higher
volatility organi c conpounds) were | ost into the headspace during
systementry and may be distributed across the gas fl ow cross-
section. The high boiling point fraction (less volatile) were
retained in the wastewater and were |l ost to the headspace during
the flow of the waste. This investigation al so suggests that
high volatility organic conpounds can be | ost before the waste
reaches the collection mains.
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Page 182: Conclusion 4. |f organic conpounds are di scharged

wel | upstream of wastewater treatnent facilities and traverse
building laterals and many snaller reaches with steep channel
sl opes prior to reaching an interceptor, cunul ative em ssions of
organi ¢ conpounds are likely to be higher than those which occur
at an associated treatnent facility.

Page 182: Conclusion 5. Extensive relative renoval (greater

t han 50% of organic conpounds is likely follow ng potable water
di scharge to building laterals |leading to street sewers.
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APPENDI X A
A GQUI DE THROUGH THE LI TERATURE

A.1 | NTRODUCTI ON

There is concern that volatilization of organic conpounds
from hazardous waste treatnent, storage, and disposal facilities
(TSDF) poses a public health problem These organi c em ssions
may adversely affect anbient air quality. However, there are
ot her conpeting nechani sns or pat hways through which organic
conpounds can | eave hazardous waste facilities. These include
adsorption, mgration, runoff, biological or chem cal
degradation, hydrolysis, oxidation, and hydroxyl radi cal
reaction. Consequently, the potential hazard of volatilization
shoul d be assessed in relation to the potential inportance of
t hese ot her pat hways.

Sources of potential organic |osses include, anong others,
surface inpoundnents, |landfarns, landfills, and wastewater
collection and treatnent units. The inportant conpeting pathways
have been identified in earlier sections of this report. This
eval uati on has been based on field and | aboratory neasurenents as
wel | as predictive or mat hemati cal nodels of these pathways.

Thi s appendi x suppl enents the body of the report; it serves to
direct the reader through the literature concerning organic

pat hways.
For the conveni ence of the reader, a conprehensive source
list is presented in Appendix B of this report. In addition to

the references cited in this appendi x and in the individual
sections of the report, this bibliography lists other literature
of interest for organic pathways and em ssi on nodel s.

A-2



A. 2 SURFACE | MPOUNDMENTS

A.2.1 Volatilization Direct neasurenent of volatilization
rates fromsurface i npoundnents is extrenely conplicated. Hwang
and Thibodeaux1 reviewed the concentration profile and plune
mappi ng techni que and proposed a new nethod requiring fewer
concentration neasurenents. This latter technique has yet to
gain popularity. Thibodeaux et aI.2 used the concentration
profile technique to neasure the rate at which sel ected organic
conpounds were enmtted to the air frombasins in the pulp and
paper industry. The ranges of the average flux for nethanol and
acetone were 1.4 to 3.8 ng/cn?-s and 0.028 to 0.10 ng/cn?-s,
respectively, which were higher than background. Radian3
obtained em ssion rates fromfour different hazardous waste sites
cont ai ni ng surface inmpoundnents as well as landfills and

| andf arnms. They used the concentration profile, transect,

mat eri al s bal ance, and vent sanpling approaches. These
methods4’5 are al so applicable to other nonpoint source hazardous
waste facilities such as landfills and | andfarns.

Vol atilization rates from surface i npoundnents can be
estimated via mat hematical nodels. Mackay and Leinonen6
predicted air em ssions from nonaerated surface inpoundnments
receiving influent irregularly (unsteady state). The liquid and
gas mass transfer coefficients in this nodel were nodified by
Mackay and Yeun.7 Thi bodeaux et aI.8 devel oped predictive nodel s
for both aerated and nonaerated steady-state surface
i npoundnents. DeWlf and Wetherold9 critiqued these nodels and
presented a protocol for their proper use. Shen10 nodi fied the
nonaer at ed nodel of Thi bodeaux et aI.11 I n an extensive review
of these and ot her predictive nodels, GCA12 j udged the
t heoretical work of Thi bodeaux et aI.13 and Mackay and Lei nonen
as nost suitable for predicting air em ssions from surface
i npoundnent s.

The use of these mathematical nodels for predicting volatile
em ssions is | ess expensive and faster than actual field

14
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measurenents. However, to be cost-effective, these mathenati cal
nmodel s nust provide accurate estinmates of volatilization rates.
It is disappointing to note that relatively few validation
studies are reported in the literature. A description of these
fol | ows.

FManng conpared predicted and neasured em ssion rates of
toluene and 1,1, 1-trichloroethane froman evaporation pond. The
transect nethod was used for field neasurenents, and the nodels
summari zed in FMangl6 provided the predicted rates. For each
organi ¢ conpound, the predicted result was within the confidence
limts of the average nmeasured result. Balfour et aI.17 used the
Thi bodeaux et aI.18 nmodel to predict em ssions fromthese surface
i npoundnents. Em ssion rates were neasured via the flux chanber
in all three ponds as well as via the concentration profile in
the third pond. In this latter pond, the em ssion rate of nost
conpounds as determ ned using the flux chanber was statistically
greater than that determ ned using the concentration profile.
Furthernore, results of a conparison of neasured versus predicted
em ssion rates were inconcl usive. Vaught19 used the Springer et
aI.20 and Mackay and Yeun21 approaches to predict air em ssions
from qui escent surface inpoundnents. He concluded that volatil -
ization rates predicted fromthe Mackay and Yeun nodel were
conparable to rates neasured via the flux chanber. In contrast,
the predicted rates from Springer et al. exceeded the neasured
rates.

A 2.2 O her Pathways The role of other pathways in the
removal of organi c conpounds from surface inpoundnents has not
been addressed extensively in the literature. However,

bi ol ogi cal renmoval nmechani sns associated with stabilization ponds
and Iagoons22 w Il be applicable where conditions of pH
tenperature, and nutrient |levels are suitable for biological

gr owt h.
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For the past 25 years, the petroleumindustry has operated | and
treatnment, sludge farmng, and |and disposal facilities. The
phar maceuti cal and organi c chem cal manufacturers recently have
considered this nethod of hazardous waste di sposal because of its
conparatively reasonable cost, sinplicity, and use of natural
processes. How does a land treatnment effectively and safely
treat and di spose of organi c conpounds? The purpose of |and
treatnent is to exploit the m crobiological actions of the upper
soil layer to degrade toxic organic material at a controlled
rate. Although photo-degradation takes place in a | and treatnent
facility,23 the short time that the materials are exposed to
direct sunlight and the screening effect of the oil in which
hazardous materials are suspended make this pathway negligible.
Several other pathways may exist: volatilization, runoff, and
Ieaching.24’25 However, these | atter nechani sns do not occur at
a properly sited, operated, and maintained RCRA-permtted | and
treatment facility.

A. 3.1 Degradation The chem cal structure of the hazardous

wast e, application and m xi ng techni ques, and soil
characteristics (texture, tenperature, noisture content, oxygen

| evel, nutrient level, pH and the kind and nunber of m crobes)

af f ect biodegradation.26’27 Al t hough bi odegradation is purported
to be the principal nechanismfor renoval of organi c conpounds by
land treatnent, only a few experinents have attenpted to quantify

the resulting renmoval. A laboratory sinulation of |and treatnent
of oily sludge reveal ed that 85 percent of the pol ynucl ear
aromatics degraded.28 Results from Snyder et aI.29 are

conparable: oil renoval on fertilized plots approached
80 percent at 1 year postapplication.

Mat hemati cal nodels for degradation could not be found in
the literature
A 3.2 Volatilization Techni ques for direct neasurenent of
vol atilization at Iandfarmsgo’31 wer e di scussed previously.

A-5



Exogenous factors affecting volatilization in |and treatnent
i nclude properties of the soil, waste application techni ques,
m xi ng schedul es, and at nospheric conditions.32’33’34

Far mer and Letey35 proposed five gradi ent nodels for
pesticide volatilization rates fromthe soil based on diffusion
| aws. The nodel s accommopdate soil -incorporated pesticides with
and wi thout significant nobility in flowng water. Wth
noni ncor por at ed pestici des, vapor density relationships and air
flowrate rather than novenent in the soil control the
vol atilization rate. These approaches do not, however,
accommodat e subsurface injection. Thibodeaux and Hwang
devel oped a gradientless nodel of air em ssions from petrol uem
waste | andfarns. Their approach accurately predicted the
vol atilization of dieldrin reported in Farner and Letey37 and is
consi dered nost suitable for estimating air em ssions fromland
treat ment.

A.3.3 Mgration and Runoff M gration and runoff of organic
conpounds froma | andfarm may occur after inproper application or
treatnent of the hazardous waste. A description of factors
affecting these two pat hways appeared in Reference 38. Results
froma |l aboratory study of refinery and petrochem cal sludge39
suggested that the presence of hazardous waste in runoff
decreases with tine after application. In addition, |eachate
water collected 1.5 neters bel ow the subsurface was essentially
free of toxic conmponents.

However, as previously nentioned, mgration and runoff do
not occur at a properly sited, operated, and nai ntai ned RCRA-
permtted land treatnment facility. This paragraph is included
for the sake of conpl eteness.

36

A.4 LANDFILLS
A 4.1 Volatilization Direct nmeasurenents of organi c conpound

em ssions fromlandfills are possible. During field tests
conducted for EPA's Ofice of Air Quality Planning and Standards
(QAQPY) , Radian40 measured air emssions fromlandfills at three
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of the four nonitored hazardous waste TSDF. Mar kl e et aI.41

collected air sanples fromthree landfills representative of

t hose used by the polyvinyl chloride industry for health hazard
evaluations. To conpare the efficiencies of water and soil
coverings in reducing volatilization, Farmer et aI.42 measur ed
em ssion rates fromsinulated |andfills.

Numer ous equati ons al so have been devel oped to nodel organic
conmpound em ssions from hazardous waste landfills. The procedure
of Farnmer et aI.43 based on Fick's |law for steady-state
di ffusion, estimates em ssion fromcovered or buried landfills.
This was later nodified by Shen.44 Thibodeaux's45 em ssion
nodel s differentiate covered landfills by the presence or absence
of internal gas generation. Another approach46 I ncor por at es
time-varying atnospheric pressure into the em ssion nodel.

Vol atilization rates fromlandfills with no covering, i.e., open
dunps, were nodel ed by Shen.47 DeVol f and V\étherold48 r econmend
Shen's49 em ssion nodel for covered landfills. GCA in their
excel | ent conprehensive review of these and other em ssion
nmodel s, prefers the work of Farner et aI.50 and Thi bodeaux.

Field validation of these mathematical nodels has not been
reported in the literature. Despite this, Baker and I\/hckay52
enpl oyed Shen's53 nmodel in their protocol to evaluate toxic air
pol  uti on downwi nd of hazardous waste landfills.

A 4.2 Magration Several scientists have investigated the
potential problemof mgration of toxic contam nants from
landfills. Rovers and Farquhar54 suggested that the production
of leachate within a landfill is not uncomon. However, the

m gration of harnful conpounds through adjacent soils is not
significant. Shen and Tofflem’re55 reported that annual | osses
of PCB to mgration fromuncovered |landfills in the Hudson River
Basin (New York) were substantially |less than | osses to

vol atilization.

A 4.3 O her Pathways The i npact of other pathways is not

di scussed quantitatively in the literature.

51
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A.5 WASTEWATER TREATMENT PLANT EFFLUENT

A description of the pathways operating in a wastewater
treatnment plant is conplicated by the nunber of different
treatment systens. There are closed tanks and open tanks (wth
and without mxing). Air emssions fromclosed tanks occur
during venting.

E. C. Jordan and Burns and Roe exam ned the fate of
priority toxic pollutants in publicly owed treatnent plants.
They observed a decrease in organi c conpound concentrations
across the activated sludge process and a | ack of pollutant
accunul ation in the waste-activated sludge. This suggests that
organi ¢ conpounds are substantially air-stripped or biodegraded
during secondary treatnent. Results fromthe controlled
| aboratory experinents of Roberts et aI.59 inply that organic
solutes nore likely volatilize during wastewater treatnent with
surface aeration than wth bubble aeration. Lurker et aI.60
exam ned how aeration rate, suspended particle concentration, and
detergent concentration influence aerial organic chem cal rel ease
froman activated sewage treatnent process.

The nonaerated open tank systemis simlar to the nonaerated
surface i npoundnent discussed previously; see Section A 2.1 for a
di scussion of the corresponding em ssion rate nodels. Simlarly,
open tank wastewater treatnent processes with m xing can be
estimated from Thi bodeaux et aI.61 FMang62 went a step further
in his activated sludge surface aeration nodel. His approach was
to estimate pollutant renoval by degradation, adsorption, and air
stripping via a mass bal ance equation. Like Havang and Thi bodeaux
et al., Freenan63 considered air stripping |osses at the air-
water interface. Unlike Hwang, however, he viewed the adsorption
pat hway as insignificant and, thus, ignored it. 1In an entirely
di fferent approach, Freenan64’65 nodel ed the mass transfer of a
toxi ¢ conpound into the bubbles of the aerated system (diffused
air [subsurface] activated sludge nodel). The structure of these
and ot her nodels was critiqued in GCA.66

56 57,58
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Allen et al.® presented nodels of organic conmpound | osses
at each process encountered in wastewater treatnent systenms. The
nodel s i nclude a net hodol ogy for estinmating the relative
i nportance of conpeting pathways. Additionally, these
i nvestigators conpared the | oss of volatiles obtained fromfield
tests at several treatnent facilities68 and fromthese
mat hemati cal nodels. The nodel s predict organi c conpound | osses
due to biodegradation or volatilization in close agreenent with
the field data. Results fromother validation studies are not as
consistent. Predicted emssion rates from aerated surface
i npoundnents at two wastewater treatnent plants were generally
| ar ger than neasured values.69 The difference between neasured
and predicted em ssion rates in Cox et aI.70 appears to be a
function of the type of conpound and the presence of aerators.
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APPENDI X C
PROPERTI ES FOR COMPOUNDS OF | NTEREST

note: these compound properties may be updated. Please
check the EPA distribution site for current property sets.



APPENDI X C
PROPERTI ES FOR COMPOUNDS OF | NTEREST

Thi s appendi x cont ai ns conpound-specific properties of
about 500 chem cal s, nost of which are not included in
CHEMDAT8. These data, presented as a source of
information, can be easily incorporated into CHEMDATS.
These conpounds are stored in a file naned "dat at wo. wkl".
These conpound properties greatly increase the utility of
CHEMDAT8. These chem cals represent those chem cal s that
coul d be encountered in industrial facilities and that are
useful for calculating emssion rates for the facilities
nodel ed in the body of this report. The list was extracted
fromthe GCA Physical/Chem cal Database, WET nodel stream
conpositions, and the Industrial Studies Database.

Specific chem cal properties were updated as additional

i nformati on becane avail able, especially the Henry's | aw
constants for hazardous volatile chemcals. M ssing
conpound properties were estinmated.

The conpounds listed in this appendi x were not al
i ncl uded in CHEMDAT8 because their inclusion would
seriously slow the execution tinme of the program and the
menory requirenments woul d prevent the program from being
run on many machi nes. Conpounds included in the CHEVDAT8
program were sel ected on the basis of the estimated
frequency with which they are found in hazardous wastes and
on their position in prioritized lists of pollutants.

It is recogni zed that biodegradation rates can vary
widely fromsite to site. Therefore, the foll ow ng
priority schedule is provided as guidance in determ ning
t he appropriate bi odegradation rate constants to be
enpl oyed in the em ssion nodel s:

. Use site-specific biodegradation rate data where

G2



avai l abl e.

Use the rate constants suggested in the foll ow ng
tabl e.

Estimate the bi odegradation rate constants using
the foll om ng net hodol ogy:

-- Approxi mate K from avail abl e data for
K for conpgﬁﬁds of simlar structure
alB8%or functional groups; and

-- Appr oxi mat e K1 ei ther by using the foll ow ng
correl ation:

K. (L/h/g) = 0.135 K,  0.38
where K,, = octanol-water partitioning
coefficient
or by using the default (average) value for

K&, which is K& = 1 L/h/g, and then
cal cul ate KS as: KS = Krrax/Kl'

The follow ng properties are given for each chem cal

i sted

by nanme in Table C 1:

Conmpound type code

Mol ecul ar wei ght

Density

Vapor pressure at 25 °C

Sol ubility

Henry's | aw const ant

D ffusion coefficient in water
Diffusion coefficient in air

Boi | i ng poi nt

The follow ng properties are given for each chem cal
listed by nane in Table C 2:

Coefficients for the Antoine equation for
estimating vapor pressure at tenperatures other
than 25 °C.

C3



. LN(ON

. Kmax biorate (ng/g-hr)

. K1 biorate (L/g-hr)

. rate of hydrolysis (per second)

To estimate vapor pressures at tenperatures other than
25 °C, the Antoine equation coefficients are used with the
foll ow ng equati on:

B

log Vapor Pressure (mmHg) = A - —— (10)
T+C

wher e
A, B, and C = the Antoine equation coefficients
T = tenperature in °C

Two approaches may be used to introduce a new conpound
and its properties into CHEMDAT8. First, the data for one
conpound i n CHEMDAT8 may be replaced with data for the
conmpound of interest in the colums specified above. Wth
t hi s approach, the nunber of conpounds in CHEMDAT8 renains
constant. The second approach invol ves appendi ng the new
conpound and its properties to the existing list of chem -
cals in CHEMDAT8. All the equations/cal cul ations nust then
be copied fromone of the existing rows via Lotus 1,2,3
into the appropriate cells in the new row of the
spreadsheet. As nentioned above, the inclusion in CHEMDATS
of all or a large part of the chemcals listed in this
appendi x could result in increasing the time required to
exerci se CHEMDAT8 and could prevent its use on sone
m croconput ers.

The properties of interest |listed above mmc those in
colums B-Q of the CHEMDAT8 spreadsheet.
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TABLE C-1. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, |

COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C
24D c 221 141 0.0828648 0.0000227 0.0000073 0.0231 240.1
245T C 25548 141 5.250e-09 6.348e-12 0.0000067 0.0192 276
50% PEG H 115 1 0 0.0003 0.0000088 0.0645 0
ACENAPHTHENE A 15421 1.07 0.005 0.00771 0.0000077 0.0421 278
ACENAPHTHYLENE A 15221 1.02 0.022952 0.000114 0.0000075 0.04386 265
ACETAL H 11817 0.8254  41.76573 0.000353 0.0000077 0.0677 102.7
ACETALDEHYDE O 45.06 0.788 870 0.0000877 0.0000141 0.124 21
ACETALDOL H 8111 1 0.1450557 3.350e-08 0.0000108 0.10487 185
ACETAMIDE N 731 1.15 86.06205 1.800e-09 0.0000125 0.1148 80.1
ACETIC ACID O 60.05 1.05 154 0.0000056 0.000012 0.113 118
ACETONE O 58 0.79 266 0.000025 0.0000114 0.124 56.2
ACETONITRILE N 41.03 0.78 90 0.0000199 0.0000166 0.128 81.6
ACETOPHENONE O 120.16 1.03 0.297 0.0000092 0.0000087 0.06 202.3
ACETYL CHLORIDE C 785 111 288 0.000199 0.0000115 0.099 52
ACETYLAMINOFLUORENE,2- A 22327 1.02 0.0012 0.0000013 0.000006 0.02654 300
ACETYLMETHYLPHTHALATE 4 A 25222 1.02 0 0.011 0.0000056 0.0226 0
ACETYL-2-THIOUREA,1- N 118.15 1.15 0 0.1933 0.0000094 0.0585 0
ACIFLUORFEN A 361 1 0.0022605 0.00151 0.0000044 0.0145 306.0001
ACROLEIN O 56.1 0.84 244 0.0000822 0.0000122 0.105 53
ACRYLAMIDE N 7109 112 0.012 2.610e-10 0.0000106 0.097 125
ACRYLIC ACID O 7207 0.97 5.2 0.0000002 0.0000106 0.098 141.6
ACRYLONITRILE N 531 0.81 114 0.000098 0.0000134 0.122 774
ADENINE N 13513 1.15 0.1191207 8.850e-11 0.0000087 0.0487 220
ADIPONITRILE H 108.14 0.951 0.0018275 1.310e-08 0.0000089 0.0718 295
ALDICARB P 190.29 1.18 0.0001 3.168e-08 0.0000072 0.0305 287
ALDRIN P 36493 1.18 0.000006 0.000496 0.0000049 0.0132 398
ALLYL ALCOHOL O 581 0.85 23.3 0.000018 0.0000114 0.114 97
ALLYL CHLORIDE C 76.53 0.94 368 0.00927 0.0000108 0.11653 45
ALLYL ETHER, diallyl ether H 9814 0.805 58.94663 0.0022624 0.0000085 0.0882 94
ALPHA METHYL STYRENE A 11818 1.02 0.076 0.00591 0.0000114 0.264 166
AMETRYN H 227.35 1 0.0758461 1.880e-11 0.0000059 0.0261 228.4
AMINOBIPHENYL,4- N  169.23 1.15 0.0004959 0.0000003 0.0000076 0.0361 302
AMINOPHENOL(-0) N  109.12 1.15 0.511 0.0000037 0.0000086 0.0774 174
AMINOPHENOL(-p) N  109.12 1.15 0.893 0.0000197 0.0000024 0.0774 164
AMINOPYRIDINE,4- N 9412 1.15 0.002 0.1933 0.0000108 0.0802 273
AMYL ACETATE(-n) O 130.18 0.88 5.42 0.000464 0.0000012 0.064 148.4
ANILINE N 931 1.02 1 0.0000018 0.0000083 0.07 184
ANISIDINE,o- A 12315 1.096 0.0551848 0.0000017 0.0000089 0.0565 225
ANTHRACENE A 17823 1.25 0.0000013 0.0675 0.0000077 0.0324 0
ANTHRAQUINONE O 210.24 1.43 3.000e-08 3.200e-09 0.0000076 0.0245 380
AZIRIDINEethylene imine H 431 1 160 0.000454 0.0000158 0.2646 56
BENZAL CHLORIDE c 127 1.26 0.07 0.00741 0.0000095 0.051 207
BENZALDEHYDE O 106.13 0.97 1 0.0000423 0.0000091 0.073 178.9
BENZENE A 781 0.87 95.2 0.0055502 0.0000098 0.088 80.1
BENZIDINE A 18423 1.02 0.0000004 1.360e-11 0.000015 0.034 400
BENZOFURAN 2,3 A 11814 1.072 2.009953 0.000237 0.000009 0.0603 174
BENZOIC ACID O 12213 127 0.00704 1.820e-08 0.000008 0.0536 122.12



TABLE C-1. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, |

COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

BENZONITRILE N  103.07 1.15 1 0.0000136 0.0000102 0.0706 0
BENZOPHENONE O 182.23 0.97 0.0001763 0.00911 0.0000066 0.0353 0
BENZOTRICHLORIDE C 19547 1.38 0.2 0.000981 0.0000078 0.0275 221
BENZOYL CHLORIDE C 11357 141 214 0.000188 0.0000109 0.0567 0
BENZO(A)ANTHRACENE A 2283 111 0.0000002 1.380e-09 0.000009 0.051 435
BENZO(A)PYRENE A 2523 111 0.000568 1.380e-09 0.000009 0.043 312
BENZO(B)FLUORANTHENE A 25232 1.02 1562.767 0.0000201 0.0000056 0.0226 4
BENZO(k)FLUORANTHENE A 25232 1.02 9.590e-11 0.011 0.0000056 0.0226 480
BENZYL ALCOHOL O 108.15 0.97 0.15 0.0000006 0.000009 0.0712 0
BENZYL CHLORIDE C 126.6 1.1 121 0.000319 0.0000078 0.075 179.4
BIPHENYL B 1542 1.18 1 0.000408 0.0000082 0.0404 254
BISPHENOL(A) O 228.28 0.97 0.0759058 0.00228 0.0000057 0.0264 232
BIS(1,1,2,2-TETRACHLOROPROPYL) ETHER

c 3777 141 875 435 0.0000053 0.0116 21.3
BIS(2-CHLOROETHYL)ETHER C 143 122 14 0.000013 0.0000075 0.0692 178
BIS(2-ETHYLHEXYL)PHTHALATE

H 390.56 1 0.0000002 0.0000003 0.0000037 0.0351 384
BIS(CHLOROMETHYL)ETHER Cc 115 1.32 30 0.0000903 0.0000094 0.0573 104
BROMACIL H 261.11 1 0.0877172 137.4758 0.0000054 0.021917 239
BROMOBENZENE C 157.02 1.4952 4.1344 0.00486 0.0000093 0.0355 0
BROMOCHLOROMETHANE C 129.39 141 146.3781 25.9 0.00001 0.0474 0
BROMODICHLOROMETHANE C 1638 197 59.2 0.2050041 0.0000106 0.0298 90
BROMOFORM C 252.77 2.89 5.6 0.000532 0.0000103 0.0149 149.5
BROMOMETHANE C 9495 141 1590 0.0068591 0.0000121 0.0728 4.6
BROMOTOLUENE 4 c 1N 1.3959 1.0868 0.00241 0.0000085 0.0326 0
BROMOXYNIL A 276.92 1 0.0017175 2.140e-08 0.0000052 0.0203 281
BUTADIENE-(1,3) H 54.09 0.76 2100 0.0713 0.0000108 0.249 -4.4
BUTANE H 5812 0.76 1522.124 0.2910089 0.0000112 0.1896 -0.5
BUTANEDINITRILE N  80.09 1.15 6 0.0000049 0.0000118 0.1008 265
BUTANOL ISO O 74 0.79 10 0.0000022 0.0000093 0.086 0
BUTANOL(S) O 7414 0.97 10 0.0000127 0.0000112 0.1207 0
BUTANOL-1 O 741 0.81 6.5 0.0000089 0.0000093 0.08 0
BUTENE H 56.1 0.6255 2218.377 0.0411 0.0000102 0.2166 -6.47
BUTYL ACETATE(-n) O 116 0.88 15 0.000164 0.0000081 0.0675 0
BUTYL ACRYLATE O 1282 0.8986 5.8 0.000611 0.0000077 0.0584 145
BUTYL BENZENE A 13422 1.02 1 0.0883 0.0000081 0.0519 0
BUTYL CARBITOL H 162.23 0.96 0.00468 0.0811 0.000007 0.0414 0
BUTYL CELLOSOLVE H 1182 0.9 161 0.0000003 0.0000081 0.0651 170
BUTYLAMINE N 7314 0.7327 72 0.0000165 0.0000096 0.1385 77.9
BUTYLENE GLYCOL-(1,3) O 90.14 1.004 0.06 0.0000036 0.0000102 0.0902 207.5
BUTYLISOBUTYRATE H 102.13 0.891 68.94406 0.00719 0.0000088 0.0799 90
BUTYRALDEHYDE o 7211 0.97 104.2284 0.000258 0.0000114 0.1255 74.8
BUTYRALDEHYDE ISO o 7212 0.794 170 0.000147 0.0000101 0.1365 63
BUTYRIC ACID O 881 0.97 0.84 0.0000017 0.0000101 0.0945 163.5
¢10 linear H 168 0.75 2.009953 0.0512 0.0000059 0.0443 174
CAPROLACTAM N 113.16 1.02 0.0072722 3.600e-09 0.000009 0.06545 270



TABLE C-1. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, |

COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

CAPTAN A 30057 1 0.00006 0.0000468 0.0000049 0.0183 312.111
CARBARYL sevin N 201.22 1.232 0.00004 0.0000324 0.0000071 0.0278 274
CARBENDAZIM H 191.18 1 0.3060232 0.0000025 0.0000065 0.0327 214
CARBON DISULFIDE S 761 1.26 366 0.019152 0.00001 0.104 46.3
CARBON TETRACHLORIDE C 1538 1.59 113 0.0302007 0.0000088 0.078 76.8
CARBONYL SULFIDE O 60 1 3062.283 0.0000991 0.000013 0.1617 -13.11
CATECHOL A 110 1.02 0.0153211 4.020e-11 0.0000092 0.068 2455
CHLORACETOPHENONE,2- A 15459 1.32 0.044 0.0000009 0.0000087 0.0383 244
CHLORAL O 1474 151 50 0.00097 0.0000097 0.0385 97.6
CHLORAMBEN C 17158 141 3.418682 0.0000341 0.0000085 0.0323 147
CHLORAMBUCIL C 304.23 141 0 10.6 0.000006 0.0153 0
CHLORDANE P 409.8 111 0.00001 0.0000367 0.0000044 0.0118 391
CHLORNAPHAZINE C 2682 141 0 10.6 0.0000065 0.018 0
CHLORO 2 BUTENE,1 trans H 90.55 0.9295 87.02964 0.00187 0.0000097 0.0926 84
CHLOROACETALDEHYDE C 785 111 60 0.000026 0.0000115 0.099 85
CHLOROACETIC ACID C 945 141 0.13832 6.480e-08 0.0000121 0.0733 189
CHLOROALLYL ALCOHOL 2 C 9253 141 15 0.0000183 0.0000123 0.0755 146
CHLOROANILINE(2) C 1276 141 1 0.0168 0.0000101 0.0483 0
CHLOROANILINE(3) C 12757 1.213 1 0.0168 0.0000093 0.0515 209
CHLOROANILINE,p- C 12757 141 0.015 10.6 0.0000101 0.0483 232
CHLOROAZOBENZENE C 2167 141 0.0757537 0.0108 0.0000074 0.0237 0
CHLOROBENZENE C 1126 111 11.8 0.003762 0.0000087 0.073 132
CHLOROBENZILATE C 3252 141 0.0000022 9.414e-08 0.0000058 0.0141 400
CHLOROBENZOPHENONE (PARA)

C 216.67 141 0.0000026 3.400e-09 0.0000074 0.0237 330
CHLOROBENZOTRIFLUORIDE, P

H 120.53 1 103.0833 0.0652549 0.0000086 0.0605 79.6001
CHLOROBENZYL ALCOHOL -(m)

C 14259 141 0.0050423 0.0000029 0.0000095 0.0415 237
CHLOROBENZYLATE O 3252 0.97 2.664e-09 5.080e-10 0.0000046 0.0168 415
CHLOROBUTADIENE,1 H 8854 0.96 160.0874 0.010102 0.00001 0.0943 68
CHLOROETHANE (ethyl chloride)

C 6451 141 1200 0.0120961 0.0000115 0.271 124
CHLOROETHYLENE C 635 141 2946.029 0.00544 0.0000154 0.1299 0
CHLOROHYDRIN, a 3 CHLORO 1,2 PROPANEDIOL

H 110.54 1.345 0.024749 5.350e-09 0.0000107 0.06 213
CHLOROMETHYL METHYL ETHER

C 8051 141 223.079 0.0000864 1.34E-5 0.092 59.1
CHLORONAPHTHALENE,2- C 162.62 141 0.017 0.0182 0.0000088 0.0347 256
CHLORONITROBENZENE(-0) C 157.56 152 0.0760185 0.00788 0.0000094 0.0351 242
CHLORONITROBENZENE, p A 15757 1534 0.1022261 0.0000914 0.0000094 0.0349 236
CHLOROPHENOL-2 C 1286 1.26 14 0.0000083 0.0000095 0.0501 175.6
CHLOROPHENOL-3 C 1286 124 0.5 0.0000033 0.0000094 0.0505 214
CHLOROPHENOL-4 C 1286 1.31 0.18 0.0000011 0.0000097 0.0493 217
CHLOROPRENE C 885 0.958 273 0.0009293 0.00001 0.104 0
CHLOROPROPANE-1 C 7854 0.89 350 0.013 0.0000103 0.1153 0
CHLOROPROPANE-2 C 7854 0.87 523 0.017 0.0000101 0.1164 0



TABLE C-1. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, |

COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

CHLOROPROPENE 3 C 756 141 361 0.359 0.0000139 0.1008 0
CHLOROPROPIONITRILE,3- C 89.53 141 25 0.0000051 0.0000125 0.0791 0
CHLOROPROPYLENE-2 C 76.53 141 0 0.3589956 0.0000138 0.099 0
CHLOROTOLUENE-4 C 126.6 1.07 2.8 0.00466 0.0000087 0.055 162
CHRYSENE A 2282 111 5.760e-10 1.180e-09 0.0000062 0.0248 488
CRESOL O 108 1.03 0.3 0.0000016 0.0000093 0.0694 195
CRESOL(-m) O 108.1 1.03 0.08 0.0000007 0.00001 0.074 202
CRESOL(-0) O 108.1 1.05 0.24 0.0000016 0.0000083 0.074 190.8
CRESOL(-p) O 108.1 1.03 0.11 0.0000007 0.00001 0.074 203
CROTONALDEHYDE O 70.09 0.85 30 0.0000154 0.0000102 0.0903 99
CUMENE HYDROPEROXIDE H 1522 1.03 0.733844 0.0000312 0.0000076 0.0436 158
CUMENE (isopropylbenzene) A 1202 0.86 4.6 0.0131 0.0000071 0.065 153
CYANOGEN N 52.04 0.95 3980 0.00496 0.0000137 0.20355 -21.2
CYCLOHEXANE H 842 0.78 100 0.0137 0.0000091 0.0839 81
CYCLOHEXANOL O 100.2 0.95 122 0.0000045 0.0000083 0.214 161
CYCLOHEXANONE O 982 0.95 4.8 0.0000041 0.0000086 0.0784 157
CYCLOHEXYLAMINE N 99.17 1.15 8.664001 0.0000423 0.0000104 0.0745 0
CYCLOPENTADIENE H 66.1 0.82 4 19.3 0.0000109 0.1525 40
CYMENE,para H 13422 0.86 1.75365 0.0183 0.0000073 0.056 177
DAZOMET H 16227 1 0.2642225 0.0000021 0.0000072 0.0406 217
DDE,p,p*- C 318.03 141 0.0000065 0.000068 0.0000059 0.0144 348.111
DDT P 35449 1.18 0.0000002 0.114 0.000005 0.0137 260
DIAZINON H 304.36 1 0.0000118 2.150e-08 0.0000049 0.018 369.2
DIAZOMETHANE N 42.04 1.15 3811.993 0.000013 0.0000175 0.260532  -23
DIBENZOFURANS A 222 1.02 0.006698 0.00399 0.000006 0.0267 287
DIBENZOPYRENEL1,2,7,8 A 3024 1.02 0 0.011 0.000005 0.018 0
DIBROMOCHLOROMETHANE C 208.29 2.451 15 0.000783 0.0000105 0.0196 120.2
DIBROMOETHANE-1,2 C 187.88 141 11.78 0.0109 0.0000081 0.0287 0
DIBROMOMETHANE C 17385 141 48 0.000998 0.0000084 0.0318 0
DIBROMO-3-CHLOROPROPANE, 1,2

C 236.36 141 0.8 0.0000236 0.000007 0.0212 196
DIBROMO-4-HYDROXYBENZONITRILE, 3,

A 29093 1 0.0167509 0.0000005 0.000005 0.0191 244.0
DIBUTYLPHTHALATE O 2783 1.043 0.0001 0.0000003 0.0000079 0.0438 340
DICHLORO 2-PROPANOL 1,3 Cc 129 1.35 0.27 0.00046 0.0000098 0.0484 174
DICHLORO PROPANOL 2,3 Cc 129 1.35 7 0.0000234 0.0000098 0.0484 182
DICHLOROANILINE 2,3 A 162 1 0.0033803 0.0000005 0.0000072 0.0407 272
DICHLOROANILINE(2,3) A 162.03 1 0.0114387 0.0000018 0.0000072 0.0407 252
DICHLOROBENZENE(1,2) (-0) C 147 1.31 15 0.00194 0.0000079 0.069 179
DICHLOROBENZENE(1,4) (-p) C 147 1.29 1.2 0.00317 0.0000079 0.069 173.4
DICHLOROBENZIDINE,3,3'- C 25313 141 0.0013037 0.0000027 0.0000067 0.0194 287.111
DICHLOROBENZONITRILE,2,6- P 172.01 1.18 0.0005 0.0000063 0.0000076 0.0349 270
DICHLOROBENZOPHENONE P,P

C 25111 141 0.0000029 0.0000047 6.8E-6 0.0196 353
DICHLOROETHANE(1,1) ethylidenedichloride

C 98.96 117 591 0.0056 0.0000105 0.0742 0
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COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

DICHLOROETHANE(1,2) Cc 99 1.26 80 0.0011769 0.0000099 0.104 0
DICHLOROETHENE 1,2 trans C 96.94 141 331 0.0644767 0.0000119 0.0707 47.7
DICHLOROETHENE(1,1) vinylidene chloride

C 96.97 1.213 630 0.0259005 0.0000104 0.09 31.9
DICHLOROETHYL ETHER C 143.02 141 8.230494 0.0000205 0.0000095 0.0413 142
DICHLOROETHYLENE(1,2) cis C 96.95 1.28 200 0.0154982 0.0000113 0.0736 60.7
DICHLOROMONOFLUOROMETHANE

C 102.92 141 1360 921 0.0000115 0.0650 9
DICHLOROPHENOL A 163.01 1 3.600194 0.0000501 0.0000071 0.0404 145
DICHLOROPHENOL 2,5 A 163.01 1 0.1120569 0.0000016 0.0000071 0.0404 211
DICHLOROPHENOL(2,4) C 163.01 141 0.12 0.0000048 0.0000088 0.0346 210
DICHLOROPHENOL(2,6) C 163 141 0.034 0.0000048 0.0000088 0.0347 220
DICHLOROPHENOXYACETIC ACID(2,4)

c 221 141 290 0.0621 0.0000065 0.0588 47.2
DICHLOROPROPANE 1,2 C 11299 1.156 40 0.002862 0.0000087 0.0782 95.5
DICHLOROPROPENE(1,3) cC 11 1.2 43 0.0035499 0.00001 0.0626 112
DICHLOROPROPYLENE,1,2- (cis)

Cc 11097 141 375.841 0.00898 0.000011 0.0586 92.5
DICHLOROPROPYLENE,1,2-(trans)

Cc 11097 141 113.8602 0.011 0.000011 0.0586 77
DICHLORO-2-BUTENE 1,2 C 1249 141 0 10.6 0.0000103 0.0498 0
DICHLORO-2-BUTENE(1,4) Cc 125 1.19 2.87 0.000259 0.0000081 0.0725 158
DICHLORO-2-BUTENE, 1,4 H 125 1.188 18.3067 0.00165 0.0000093 0.0534 123
DICHLORVOS A 22098 1.415 0.012 0.0000003 0.0000073 0.02315 227.111
DIELDRIN P 380.93 1.18 0.0000002 0.0000584 0.0000047 0.0125 0
DIETHANOLAMINE N 105.14 1.0881 0.0005463 1.800e-12 0.0000098 0.0704 268.8
DIETHYL AMINE N 7314 1.15 224.959 0.00731 0.0000125 0.1147 0
DIETHYL ETHER O 7414 0.97 534.1944 0.000265 0.0000086 0.0782 245
DIETHYL SULFATE S 154.19 1177 0.0342 0.0000061 0.0000081 0.0409 208
DIETHYL (N,N) ANILINE N  149.23 0.93 0.00283 5.740e-08 0.0000059 0.0513 0
DIETHYLBENZENE P A 13422 1.02 0.9956 0.00671 0.0000081 0.0519 0
DIETHYLENE GLYCOL DIETHYL ETHER

H 162.23 0.909 1.214403 0.0000021 0.0000068 0.0424 185
DIETHYLENE GLYCOL DIMETHYL ETHER

H 162.23 0.937 3.443058 0.0000015 0.0000069 0.0418 162
DIETHYLENE GLYCOL MONOBUTYL ETHER

H 162.23 0.967 7.556084 2.160e-08 0.000007 0.0412 231
DIETHYLENE GLYCOL MONOETHYL ETHER

H 134.18 0.999 0.0501 4.860e-08 0.000008 0.0524 202
DIETHYLENE GLYCOL MONOETHYL ETHER ACETATE

H 19223 1 0.113302 0.0000006 0.0000065 0.0325 189
DIETHYLENE GLYCOL MONOMETHYL ETHER

H 120.15 1.01 8.298628 4.140e-08 0.0000086 0.0605 194
DIETHYLHYDRAZINE N,N H 882 1 0 0.0003 0.0000103 0.0932 0
DIETHYLTHIOPHOSPHATEBENZO M ETHYL PETHER

H 253.31 1 0.0000095 2.120e-08 0.0000055 0.0227 392.001



TABLE C-1. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, |

COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

DIISOBUTYLENE H 11222 0.708 44.69303 0.1177248 0.0000073 0.0778 101
DIISODECYL PHTHALATE H 446.7 1 0.0000001 0.000408 0.0000039 0.0111 451.01
DIISOPROPYL BENZENE (PARA)

A 162.28 1.02 1 0.107 0.0000072 0.0402 0
DIISOPROPYL KETONE H 11419 0.806 12.99374 0.000568 0.0000078 0.0717 124
DIISOPROPYLAMINE H 101.19 0.722 73.17715 0.000307 0.0000078 0.0887 84
DIMETHOXY-(3,3")-BENZIDINE O 24432 0.97 0.0758996 0.00244 0.0000055 0.0242 311
DIMETHYL AMINE N  45.09 1.15 1520 0.0000052 0.0000167 0.2342 6.9
DIMETHYL BENZYLAMINE N,N N 13523 1.15 0.07587 0.00135 0.0000087 0.0487 0
DIMETHYL BENZ(A)ANT 7,12 A 21228 1 0 0.0003 0.0000061 0.0285 0
DIMETHYL CARBAMOYL CHLORIDE

C 10754 1.168 1.757571 0.0000004 0.00001 0.0662 167
DIMETHYL DISULFIDE S 942 1.046 29.488 0.0000015 0.0000101 0.0834 109
DIMETHYL FORMAMIDE N  73.09 0.9445 4 0.0000002 0.0000103 0.0939 153
DIMETHYL HYDRAZINE(1,1) H 60.1 0.791 157 0.0000016 0.0000109 0.106 63.9
DIMETHYL PHTHALATE A 1942 1.19 0.0002 0.000001 0.0000063 0.0568 283.8
DIMETHYL SULFATE S 126.14 1.26 0.1 0.000004 0.0000096 0.0514 188
DIMETHYL SULFIDE S 6212 1.26 420 0.00545 0.0000146 0.140 36.2
DIMETHYL TRISULFIDE H 126 1 2.200398 3.034249 0.0000083 0.057 172
DIMETHYLACETAMIDE H 45.082 0.688 1483.699 0.0000102 0.0000123 0.286963 7
DIMETHYLAMINOAZOBENZENE,4-

N 212 1.15 0.0006401 7.320e-08 0.0000066 0.0268 298.111
dimethylaniline N,N N 128 0.956 0.708 0.0000139 0.0000141 0.152982 193
DIMETHYLBENZIDINE 3,3 A 21228 1.02 0.0000014 1.352e-09 0.0000062 0.0283 384
DIMETHYLBENZ(A)ANTHRACENE(7,12)

A 256.33 1.02 1.620e-09 2.730e-10 0.000005 0.0461 477
DIMETHYLETHYLAMINE N 73.19 111 20 0.000385 0.0000122 0.1163 0
DIMETHYLPHENOL(2,4) O 12216 1.04 0.0573 0.000921 0.0000087 0.0584 2115
DIMETHYLPHENOL(3,4) O 12217 0.97 0 0.0072 0.0000083 0.0602 0
DIMETHYLSULFONE H 9433 1 0.0923178 2.270e-08 0.0000099 0.0849 238
DIMETHYLSULFOXIDE H 58.08 1 0 0.0003 0.0000132 0.1696 0
DIMETHYLSULFOXIDE H 78.13 1 1.008534 0.0000005 0.0000111 0.111 189
DINITROBENZENE M N 168.1 1.56 0.05 0.000022 0.0000076 0.279 0
DINITROPHENOL 2,4 N 184 1.68 0.014 0.0000051 0.0000091 0.0273 250
DINITROTOLUENE 2,6 N 182.14 1.15 6 0.0000091 0.0000073 0.0327 0
DINITROTOLUENE(2,4) N 1821 1.31 0.0051 0.0000072 0.0000071 0.203 0
DINITRO-0-CRESOL(4,6) N 198 1.15 0.018 0.0000014 0.0000069 0.0293 254.7
DIOXANE(1,4) O 882 1.03 37 0.0000055 0.0000102 0.229 0
DIPHENYLHYDRAZINE(1,2) B 184.23 1.19 0.000052 0.0000002 0.0000074 0.0317 220
DIPHENYLMETHANE B 168.23 1.19 0.0003899 0.0000363 0.0000078 0.0358 0
DIPROPYLAMINE N 101.22 1.15 189.9606 0.000253 0.0000103 0.0724 0
DIPROPYLBUTRAL H 156 1 0.2041487 0.0000867 0.0000073 0.0428 209.8
DIPROPYLENE GLYCOL H 146 1.023 0.0388421 1.590e-08 0.0000077 0.0463 206
DI-n-OCTYL PHTHALATE H 390.56 0.76 4.849e-09 0.137 0.0000036 0.0151 490
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TABLE C-1. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, |

COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

dodecane H 170 0.75 0.2747982 0.0664 0.0000059 0.0436 216.2
ENDOSULFAN P 406.95 1.18 0.00001 0.0000191 0.0000046 0.0115 390
ENDRIN P 380.93 1.18 0.0000002 0.0000004 0.0000047 0.0125 445
EPICHLOROHYDRIN C 925 1.18 17 0.0000335 0.0000098 0.086 117
EPOXYBUTANE 1,2 c 7211 0.826 207.912 0.000461 0.0000103 0.1343 61
ETHANE H 30 0.76 2970 0.0494 0.0000167 0.5139 0
ETHANOL O 461 0.79 50 0.0000303 0.000013 0.123 0
ETHANOLAMINE(mono-) N 61.09 1.02 0.4 0.0000003 0.0000114 0.107 172
ETHOXYETHANOL-2 O 90 0.9 5.4 0.0000064 0.0000096 0.0947 135
ETHYL ACRYLATE O 100 0.92 40 0.000254 0.0000086 0.077 100
ETHYL CARBAMATE C 89.09 141 0.6218955 1.170e-08 0.0000126 0.0796 183
ETHYL ETHER O 7412 0.71 520 0.00068 0.0000093 0.074 345
ETHYL MORPHOLINE, ethyl diethylene oxime

H 115.18 1 0.4095041 0.0000002 0.0000088 0.0644 208
ETHYL TOLUENE, 4 H 1202 0.861 3.44306 0.0128 0.0000078 0.0649 162
ETHYL VINYL ETHER H 7211 0.754 573.6588 0.00213 0.0000098 0.1396 33
ETHYLACETATE O 881 0.9 100 0.000128 0.0000097 0.0732 77
ETHYLAMINE N 45 1.15 1057.349 0.0000256 0.0000168 0.2349 0
ETHYLBENZENE A 106.2 0.87 10 0.0078806 0.0000078 0.075 136.2
ETHYLENE DIAMINE N 60.11 1.15 10.18362 0.0000085 0.0000141 0.152523 126
ETHYLENE DIBROMIDE C 187.88 2.7 14 0.00065 0.0000119 0.0217 131.6
ETHYLENE GLYCOL O 6208 111 0.126 1.800e-09 0.0000122 0.108 0
ETHYLENE GLYCOL DIMETHYL ETHER

H 90.12 0.867 83.73 0.000035 0.0000094 0.0961 85
ETHYLENE GLYCOL MONOBUTYL ETHER

H 118.18 0.903 0.339572 0.0000005 0.0000082 0.065 171
ETHYLENE GLYCOL MONOBUTYL ETHER ACETATE

H 176 1 3.416916 0.0000049 0.0000068 0.0365 208
ETHYLENE GLYCOL MONOETHYL ETHER ACETATE

H 148.17 1 1.746256 0.0000018 0.0000076 0.0458 143
ETHYLENE GLYCOL MONOETHYL ETHER Cellosol

H 90.12 0.93 2.746598 0.0000011 0.0000098 0.0932 135
ETHYLENE GLYCOL MONOMETHYL ETHER

H 761 1 4.928497 0.0000008 0.0000112 0.114805 1245
ETHYLENE GLYCOL MONOMETHYL ETHER ACETATE

H 134.14 1 5.066 0.0000022 0.000008 0.0529 124
ETHYLENE GLYCOL MONOPHENYL ETHER

H 138.17 1.102 5.042345 6.840e-08 0.0000084 0.0482 237
ETHYLENE GLYCOL MONOPROPYL ETHER

H 104.16 1 3.072762 0.0000009 0.0000093 0.0739 133
ETHYLENE OXIDE O 44 0.87 1250 0.0002381 0.0000145 0.104 0
ETHYLENE THIOUREA N 102.17 1.15 0.3716955 1.520e-10 0.0000102 0.0715 198.222
ETHYLHEXYLACRYLATE,2- H 184.28 0.88 1.271859 0.00294 0.0000061 0.0364 184
ETHYLPHENOL,3- P 12217 1.18 1 0.0000001 0.0000094 0.0553 0
ETHYL(2) HEXANOL O 130.22 0.8344 0.36 0.0000617 0.0000073 0.0592 184
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COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

FLUORANTHENE A 202 1.02 0.0177 0.067 0.0000064 0.0302 250
FORMALDEHYDE O 30 0.97 3500 0.0000003 0.0000198 0.178 -14
FORMAMIDE O 45 0.97 342.0861 0.0000012 0.0000151 0.2509 0
FORMIC ACID O 46.03 122 42 0.0000007 0.0000014 0.079 100.7
FREON 11, fluorotrichloromethane C 137.37 1.494 795.2637 0.0527 0.00001 0.0426 23.7
FREON 12 DICHLORODIFLUOROMETHANE

C 120.92 141 5000 0.401 0.0000105 0.052 -29.8
FREON 12, dichlorodifluoromethane C 12091 1 6768.665 0.7809416 0.0000085 0.0603 -41.001
FUMARIC ACID O 116.07 0.97 0.0760844 0.0000017 0.0000086 0.0646 0
FURAN O 68.08 0.94 596 0.00534 0.0000122 0.104 314
FURFURAL O 96.09 1.16 2 0.0000811 0.0000104 0.0872 161.7
Generic Organic material H 100 1 25 0.000018 0.0000096 0.0782 125
GLUTARIC ACID O 13213 0.97 0.0002911 2.060e-08 0.000008 0.0542 340
GLYCERIN (GLYCEROL) O 92.09 1.25 0.00016 1.300e-08 0.0000115 0.0798 216
GLYOXAL O 58.04 127 221.1501 0.000011 0.0000153 0.1544 51
GLYPHOSATE H 169.07 1 0.1363822 7.800e-09 0.000007 0.0385 186.001
GUTHION H 317.34 1 0.0002913 1.680e-09 0.0000048 0.0171 340.001
GYLCIDOL O 74.08 111 0.925 0.0000009 0.0000122 0.114272 162
HEPTACHLOR C 37335 157 0.0003 0.0023 0.0000057 0.0112 339
HEPTANE ISO H 100.21 0.76 66 4.35 0.0000071 0.187 0
HEPTANE(-n) H 100.02 0.68 46 2.01998 0.0000076 0.0926 0
HEXACHLOROBENZENE C 28438 2.04 0.0048 0.0017001 0.0000059 0.0542 322
HEXACHLOROBUTADIENE C 2608 1.67 0.15 0.0103002 0.0000062 0.0561 215
HEXACHLOROCYCLOHEXANE (GAMMA ISOMER)

C 290.83 1.87 0.0000109 0.0000078 0.0000073 0.0142 390
HEXACHLOROCYCLOPENTADIENE

c 27277 1.7 0.081 10.6 0.0000072 0.0161 239
HEXACHLOROETHANE c 237 2.09 0.65 0.0083501 0.0000068 0.0025 186
HEXAFLUOROACETONE O 166.02 1 57353.46 162.7182 0.0000071 0.0394 -101
HEXAMETHYLENE 1,6 DIISOCYANATE

N 168.27 1.04 0.0382011 0.0000003 0.0000072 0.038 255
HEXAMETHYLPHOSPHORAMIDE

N 179.2 1.03 0.1190317 1.280e-13 6.9E-6 0.0352 233
HEXANE(-n) H 86.2 0.66 150 0.7680137 0.0000078 0.2 69
HEXANOIC ACID O 116.06 0.9265 0.0763529 0.0000011 0.0000084 0.0659 205.7
HEXANOL-1 O 102.18 0.82 0.812 0.0000182 0.0000075 0.059 158
HEXEN-2-ONE 5 O 98.16 0.847 10.85701 0.00008 0.0000088 0.0862 128
HYDRAZINE N 32.06 1.0081 144 0.0000007 0.000019 0.4164 1135
HYDROGEN SULFIDE C 341 141 15200 0.023 0.0000161 0.176 -60.2
HYDROQUINONE O 11011 1 0.0006957 1.440e-09 0.000009 0.06853 286
HYDROXYACETIC ACID O 76.05 0.97 189.8651 0.00019 0.000011 0.11638 216.001
INDENO(1,2,3-cd)-PYRENE N 276.34 1.15 1.000e-09 5.070e-13 0.0000057 0.019 536
ISOBUTYLENE H 56.11 0.626 2250.243 0.0366 0.0000102 0.216458 -6.9
ISODECANOL H 1522 1 0.0264044 0.0000053 0.0000074 0.0442 212
ISOPHORONE H 138.21 0.92 0.439 0.0000066 0.0000068 0.0623 215
LINDANE hexachlorocyclohexane C 290.85 141 0.0309093 0.0021 0.0000062 0.0162 259
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COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

MALEIC ACID O 116.07 1.59 0.075846 1.470e-08 0.0000115 0.0523 260.001
MALEIC ANHYDRIDE O 981 0.93 0.0013406 0.0000002 0.0000111 0.095 200
METHACRYLIC ACID O 86.1 1.0153 0.1 0.0000113 0.0000105 0.0958 163
METHANOL o 32 0.79 114 0.0000052 0.0000164 0.15 0
METHOMYL H 1622 1 0.00005 0.0000008 0.0000072 0.0407 144.0001
METHOXYCHLOR O 345.65 0.97 0.0001552 0.000259 0.0000045 0.0156 350
METHYL 1-PENTENE 2 H 84 0.76 270.7512 10.5 0.000009 0.113 0
METHYL ACETATE O 741 0.934 235 0.000102 0.00001 0.104 56.9
METHYL ACRYLATE O 86.1 0.97 88 0.0000001 0.0000102 0.0976 77
METHYL AMINE N 31.06 1.15 1520 0.00538 0.000021 0.417 0
METHYL AZIRIDINE 2 N 571 1.15 0 0.1933 0.0000145 0.164502 O
METHYL BENZYL ALCOHOL 4 O 12217 1.015 0.0864688 0.0000139 0.0000086 0.059 215
METHYL CHLORIDE C 505 0.95 3830 0.0088201 0.0000065 0.126 -24
METHYL CHOLANTHRENE 3 A  268.36 1.02 0.000759 0.000134 0.0000054 0.0209 0
METHYL CYCLOHEXANE H 922 0.76 43 0.979 0.0000085 0.0986 0
METHYL ETHERdimethyl ether O 46.08 0.97 3980 0.00318 0.0000149 0.242 -23.6
METHYL ETHYL KETONE, 2 butanone

o 721 0.82 100 0.00013 0.0000098 0.0808 79.6
METHYL FORMATE O 60.05 0.97 500 0.13 0.0000127 0.1635 0
METHYL HYDRAZINE N  46.09 0.866 49.6 0.0000004 0.0000139 0.253053 87
METHYL IODIDE M 141.94 1.65 400 0.00253 0.0000104 0.039 42.4
METHYL ISOBUTYL KETONE O 100.2 0.8 15.7 0.0003901 0.0000078 0.075 115.8
METHYL ISOCYANATE N 57.06 1.15 461.743 0.0105 0.0000145 0.1647 39.1
METHYL ISOPROPYL KETONE H 86.15 0.805 189.8966 0.000458 0.0000092 0.1057 94
METHYL MERCAPTAN S 481 0.999 1728.82 0.00363 0.0000148 0.2244 1
METHYL METHACRYLATE O 100.1 0.95 39 0.0001409 0.0000086 0.077 101
METHYL MORPHOLINE H 101.15 0.92 17.7398 0.0000033 0.000009 0.0798 117
METHYL NAPTHALENE(1-) A 14219 1.02 0.0539 0.00071 0.0000078 0.048 0
METHYL NAPTHALENE(2-) A 14219 1.02 0.06772 0.000058 0.0000078 0.048 0
METHYL PARATHION P 26323 1.18 0.0000098 6.789e-08 0.0000059 0.02 0
METHYLENE CHLORIDE, dichloromethane

C 85 1.34 438 0.003 0.0000117 0.101 39.8
METHYLENE DIPHENYL DIISOCYANATE

N 236 1.15 0.0006439 4.860e-08 0.0000062 0.0233 327.111
METHYLENE DIPHENYLAMINE (MDA)

H 198 1 0.000351 2.810e-08 0.0000064 0.0313 337
METHYLENEDIANILINE 4,4 N 172 1.15 0.0004037 0.0000005 0.0000075 0.0353 305.111
METHYLENE-BIS (2-CHLOROANILINE),4,4*-

N 267.15 1.15 0.0000694 0.0000003 0.0000058 0.0199 331
METHYLSTYRENE (-4) A 11819 1.02 1.6188 0.00591 0.0000088 0.0616 0
METHYL-TERTIARY-BUTYL ETHER

O 831 0.97 185.949 0.0005551 0.0000105 0.1024 64
MONOMETHYL FORMANIDE O 59.07 1.011 0.7626558 9.670e-10 0.0000132 0.1647 184
MORPHOLINE N 87.12 1 10 0.0000573 0.0000096 0.091 129
NABAM H 256.35 1 0.0000004 2.500e-16 0.0000054 0.0224 416.0001
NAPHTHALENE A 1282 1.14 0.23 0.0004831 0.0000075 0.059 218
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COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

NAPHTHOL,alpha- O 14418 0.97 0.002204 2.540e-08 0.0000076 0.0482 0
NAPHTHOL,beta- O 14417 0.97 10 1.390e-08 0.0000076 0.0482 285
NAPHTHYLAMINE,alpha- N 143.19 1.15 0.0005366 5.000e-08 0.0000084 0.0451 300.8
NAPHTHYLAMINE,beta- N 143.19 1.15 0.0003781 3.520e-08 0.0000084 0.0451 306.1
NEOPENTYL GLYCOL O 104 0.97 0.0341692 1.600e-08 0.0000092 0.0751 208
NITRO m XYLENE, 2 A 15117 1.117 0.1869559 0.000427 0.000008 0.0425 224
NITROANILINE P N 138.14 1.15 0.0015 0.000227 0.0000086 0.0473 0
NITROBENZENE N 1231 1.2 0.3 0.0000239 0.0000086 0.076 0
NITROBIPHENYL,4- B 199.21 1.19 0.0002913 0.0000073 0.000007 0.0286 340
NITROGLYCERIN N  227.09 1.6 0.0036 6.000e-19 0.0000078 0.0211 260
NITROMETHANE N 61.05 1.15 27.8 0.0235 0.000014 0.1491 0
NITROPHENOL,2- N 139.11 1.15 0.0013423 0.0000001 0.0000085 0.0469 216
NITROPHENOL,4- N 139.11 14 0.0001 1.314e-09 0.0000096 0.043 279
NITROPROPANE 2 N  89.09 0.9876 101.517 0.000119 0.0000101 0.0923 120.3
NITROSODIMETHYLAMINE N N 74.08 1.15 8 0.0000008 0.0000124 0.1126 152
NITROSOMORPHOLINE N 116.14 1.15 0.0990759 8.540e-08 0.00001 0.059 225
NITROSO-N-METHYLUREA N N 1031 1.15 0.8041194 2.590e-08 0.0000102 0.0706 178
NITROTOLUENE (-p) N 137.13 1.15 1 0.000408 0.0000086 0.0478 0
NITROTOLUENE, m A 13713 1.063 0.1384812 0.0000684 0.0000082 0.0495 230
NITROTOLUENE, o A 13714 1.163 0.1778758 0.0000879 0.0000087 0.0475 225
NITROTOLUENE, o A 13713 1.163 0.1778758 0.0000879 0.0000087 0.0476 225
NONANOL, n H 14426 0.827 0.021735 0.0000045 0.0000069 0.0518 215
OCTANE H 1143 0.7 17 3.87 0.0000071 0.0763 125.7
OCTANOL 1 O 1303 0.8259 0.124 0.0000434 0.0000073 0.0593 0
OCTANOL 2 O 1303 0.8207  0.15808 0.0000118 0.0000073 0.0595 0
OCTANOL 3 O 1303 0.8216  0.09424 0.0000071 0.0000073 0.0595 0
OCTANOL 4 O 1303 0.8192  0.12464 0.0000094 0.0000073 0.0595 0
OoIL H 170 0.76 0 35 0.0000059 0.0433 0
OXALIC ACID O 90.04 1.65 0.0006077 3.600e-09 0.0000137 0.0736 155
PARALDEHYDE O 1323 0.99 25.3 0.0000367 0.000008 0.0536 125
PARATHION P 2913 1.26 0.0000378 0.0000006 0.0000058 0.017 375
PCB'S (Aroclors) B 292 1.19 0.0041 0.000864 0.000008 0.0175 306.111
PENTACHLOROBENZENE C 250.34 161 0.0046 0.0073 0.0000063 0.057 277
PENTACHLOROETHANE C 2023 1.67 44 0.021 0.0000073 0.066 162
PENTACHLORONITROBENZENE

C 295.36 141 0.0000991 0.000385 0.0000061 0.0159 357
PENTACHLOROPHENOL C 2664 1.98 0.005 0.0000882 0.0000061 0.056 310
PENTADIENE 1,2 H 671 0.76 367.458 0.0119 0.0000103 0.154 0
PENTAERYTHRITOL H 136.15 0.659 0.0098698 3.700e-10 0.0000062 0.0621 227
PHENOL O 91 1.07 0.341 0.0000013 0.0000091 0.082 182
PHENYLCYCLOHEXANONE 4 O 175 0.97 1.4668 0.00875 0.0000067 0.0373 0
PHENYLENE DIAMINE(-m) N 108.14 1.14 0.028 1.080e-08 0.0000099 0.0663 284
PHENYLENE DIAMINE(-0) N 108.14 1.15 0.008 1.080e-08 0.0000099 0.066 258
PHENYLENE DIAMINE(-p) N 108.14 1.15 0.0046 1.260e-09 0.0000099 0.06615 267
PHENYLPHENOL P O 1702 0.97 10 0.0032 0.0000068 0.0387 0
PHOSGENE (decomposes) O 9892 1 1390 0.0140401 0.0000011 0.108 8.1
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PHOSPHINE S 34 1 2000 0.2270003 0.0000182 0.381 -87.78
PHTHALIC ACID O 166.14 1.59 121 0.0132 0.0000068 0.064 72.6
PHTHALIC ANHYDRIDE O 1481 1.33 0.0015 0.0000008 0.0000086 0.071 284
PHTHALIMIDE N 1471 1.15 118 0.0114 0.0000083 0.0435 69.5
PINENE(alpha-) H 136.2 0.86 5 0.0262 0.0000073 0.0549 156
PIPERAZINE H 86.14 1 3.72 0.0000422 0.0000104 0.091 146
PROPANE H 44.09 0.76 760 0.022 0.0000132 0.285 0
PROPANE SULTONE,1,3- H 12214 1.392 0.0011886 9.010e-09 0.0000103 0.0515 300
PROPANOIC ACID O 74.08 0.97 8.553405 0.0000018 0.0000112 0.120812 141.1
PROPANOL O 601 0.8037 20.824 0.0000019 0.0000114 0.176 97.2
PROPANOL ISO O 60.09 0.79 42.8 0.000015 0.0000104 0.098 82.4
PROPENE H 42.08 0.61 8168.507 0.0427 0.0000119 0.334106  -47
PROPIOLACTONE b o 721 0.97 34 0.0000001 0.0000114 0.125 162.3
PROPIONALDEHYDE O 58.08 0.81 300 0.0000598 0.0000114 0.102 495
PROPIONIC ACID O 74.09 0.97 10 0.0000487 0.0000112 0.1208 0
PROPORUR (Baygon) N  209.24 1.15 0.0171961 5.770e-08 0.0000067 0.0273 255.111
PROPYL ACETATE ISO O 102.13 0.87 73.954 0.000317 0.0000087 0.0807 88.2
PROPYL AMINE ISO N 59.08 0.694 460 0.000358 0.0000105 0.192 33
PROPYL ETHER ISO O 102.18 0.97 150 0.00224 0.0000093 0.0769 68.4
PROPYLENE H 4212 0.76 7600 211 0.0000136 0.305 0
PROPYLENE CHLOROHYDRIN H 9454 1.103 3.072759 0.0000024 0.0000105 0.0811 133
PROPYLENE GLYCOL O 76.11 1.04 0.3 0.0000015 0.0000102 0.093 188
PROPYLENE OXIDE O 581 0.83 525 0.0003559 0.00001 0.104 33.9
PROPYLENIMINE 1,22 methyl aziridine

N 57.09 1.15 153.257 0.0000094 0.0000145 0.1645 66
PROPYL(-n) ACETATE O 102.13 0.89 35 0.000294 0.0000088 0.0799 101.6
PROPYL(-n) BENZENE A 12019 0.86 25 0.00659 0.0000078 0.065 0
PROPYN-1-OL 2(PROPARLGYL)

O 56.06 0.97 11.6 0.0000086 0.0000133 0.181 113.6
PYRIDINE O 791 0.98 20 0.0000236 0.0000076 0.091 115.5
QUINOLINE A 129.16 1.02 0.095 0.0000003 0.0000083 0.0546 237.7
QUINONE N  108.09 1.318 172.1972 0.000001 0.0000107 0.0624 63.111
RESORCINOL O 11012 0.97 0.00026 1.880e-08 0.0000087 0.078 280
SILVEX P 26951 1.18 0 4420 0.0000058 0.0194 0
SODIUM FORMATE M  68.01 1.65 0.0007599 1.700e-09 0.0000163 0.11052 0
STYRENE A 1042 0.9 7.3 0.0026048 0.000008 0.071 145
STYRENE OXIDE O 120.15 1.054 0.798015 0.0000893 0.0000089 0.0594 194
SUCCINIC ACID O 118.09 0.97 0.0007615 1.740e-09 0.0000085 0.0631 0
TAMARON (METHAMIDIPHOS) H 141.12 1 127.3185 0.0000045 0.0000078 0.0489 69.0001
TEREPHTHALIC ACID A 166.13 1 0.0039109 1.040e-08 0.0000071 0.0394 296.5
TERPINEOL, ALPHA H 15424 1 2.071076 0.000516 0.0000074 0.0434 140
TETRACHLOROBENZENE(1,2,3,4)

C 2159 141 0.019 0.0027 0.0000074 0.0239 254
TETRACHLOROBENZENE(1,2,3,5)

C 2159 141 0.03 0.00426 0.0000074 0.0239 246
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TABLE C-1. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, |

COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

TETRACHLOROBENZENE(1,2,4,5)

C 2159 1.86 0.03 0.00426 0.0000088 0.0211 246
TETRACHLORODIBENZO-p-DIOXIN(2,3,7,8)

C 321.96 141 0.0000012 0.0000398 0.0000058 0.0143 421
TETRACHLOROETHANE(1,1,2,2) C 168 1.59 6.5 0.0002495 7.9e-6 0.071 146.2
TETRACHLOROETHENE C 165.83 1.624 19 0.0177003 0.0000082 0.072 121.4
TETRACHLOROPHENOL(2,3,4,6) C 2319 141 0.89 0.0000045 0.0000071 0.0217 164
TETRACHLOROPHENOL(2,3,5,6) C 2319 141 0.01 110.9999 0.0000071 0.0217 0
TETRAETHYL LEAD M 323.45 1.653 0.35 0.0809 0.0000064 0.0132 200
TETRAETHYLDITHIOPYROPHOSPHATE

S 32234 1.26 0.0000004 7.200e-09 0.0000055 0.015 335
TETRAETHYLENE PENTAMINE H 189.31 1 0.0521293 1.500e-13 6.5e-6 0.0331 229.
TETRAFLUOROMETHANE C 104.46 1 382429.8 60.40877 0.0000093 0.0736 -176.0
TETRAHYDROFURAN o 7212 0.88 721 0.000049 0.0000105 0.098 67
TETRALIN H 13222 1 0.40318 0.00188 0.0000081 0.0534 0
TETRANITROMETHANE N  196.03 1.15 8 0.1933 0.000007 0.0297 126
THIOUREA N 76.12 141 145 0.00016 0.0000138 0.107 182
THIOUREA,1-(0-CHLOROPHENYL)-

N 186.66 1.15 0.000002 0.1933 0.0000072 0.0317 323
TOLUENE A 924 0.87 30 0.0064201 0.0000086 0.087 110.7
TOLUENE DIAMINE(2,4) N 122 111 1.589889 1.260e-09 0.0000091 0.0569 284
TOLUENE DIISOCYANATE(2,4) N 174.16 1.2 0.08 0.0000002 0.0000062 0.061 251
TOLUENEDIAMINE(2,6) N 12217 1.15 0 0.1933 0.0000092 0.0559 0
TOLUENEDIAMINE(3,4) N 12217 1.15 0.0052068 3.280e-09 0.0000092 0.0559 265
TOLUENESULFONYL CHLORIDE

A 190.65 1 0.0042605 0.0000022 0.0000065 0.0328 295
TOLUIC ACID (para-) O 136.16 0.97 0.00031 5.600e-09 0.0000078 0.052 275
TOLUIC ALDEHYDE O 120.14 1.03 0.16 0.000253 0.0000087 0.06 204
TOLUIDINE m A 107.16 0.999 0.1877656 0.0000016 0.0000092 0.0711 203
TOLUIDINE P A 107.17 1.046 1 0.0000191 0.0000094 0.069758  200.6
TOLUIDINE (-0) A 107.17 0.989 0.242 0.0000024 0.0000091 0.0714 200.4
TOXAPHENE H 414 111 0.3 0.00489 0.0000043 0.0116 384
TRIBUTYL PHOSPHOROTRITHIOATE SSS

O 31454 0.97 0.0007587 0.000157 0.0000047 0.0175 470.
TRIBUTYL TIN ACETATE H 2304 1 0.0263411 0.00696 0.0000058 0.0257 262.
TRIBUTYLPHOSPHATE O 266.32 0.97 127 0.007543 0.0000052 0.0216 289
TRICHLOROBENZENE 1,2,3 C 181.46 141 0.2169527 0.00787 0.0000082 0.03 221
TRICHLOROBENZENE 1,2,4 C 1815 141 0.18 0.0019201 0.0000082 0.03 213
TRICHLOROBENZENE 1,3,5 C 1815 141 0.23 0.0209 0.0000082 0.03 208.5
TRICHLOROETHANE 1,1,1 methyl chloroform

C 1334 1.33 123 0.0174002 0.0000088 0.078 75
TRICHLOROETHANE 1,1,2 C 1334 1.3 25 0.0008239 0.0000088 0.078 74
TRICHLOROETHYLENE C 1314 14 75 0.0102002 0.0000091 0.079 87
TRICHLOROFLUOROMETHANE

C 137.37 1.49 796 0.0583 0.0000097 0.087 23.8
TRICHLOROPHENOL 2,4,5 P 197.45 1.18 0.0399045 0.0000087 0.000007 0.0291 249
TRICHLOROPHENOL 2,4,6 O 197.46 1 0.0073 0.0000177 0.0000064 0.0314 2445
TRICHLOROPROPANE 1,1,1 C 14743 141 3.1 0.029 0.0000079 0.071 107

TABLE C-1. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, |
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COMPOUND NAME MWT DENS. VP@25C HL@25C DI Dv Bpt
glcc mmHg atm-m3/mol  cm2/s cm2/s deg.C

TRICHLOROPROPANE(1,1,2) C 14743 141 6.64 0.029 0.0000093 0.0396 140
TRICHLOROPROPANE(1,2,2) C 14738 141 1.37 0.029 0.0000093 0.0397 124
TRICHLOROPROPANE(1,2,3) C 1474 141 3 0.028 0.0000079 0.071 156
TRICHLORO-1,2,2-TRIFLUOROETHANE,1,1,2-

C 187.38 141 270 0.3915875 0.0000081 0.0288 47.7
TRIETHANOLAMINE N  149.19 1.15 0.01 1.450e-10 0.0000082 0.0427 3354
TRIETHYLAMINE N 101.22 0.7326 400 0.000125 0.0000079 0.0881 89.6
TRIETHYLENE GLYCOL DIMETHYL ETHER

H 178.17 0.986 0.277505 4.680e-08 0.0000067 0.0361 216
TRIFLUOROETHANE(1,1,1) C 84 141 9240 84 0.000013 0.0866 -47.3
TRIFLURALIN N 33529 1.15 0.0014133 0.00016 0.000005 0.0149 314
TRISOBUTYLENE H 170.32 1 0.4095041 0.0917 0.000007 0.0381 208
TRIISOPROPYLAMINE H 185.34 1 0.216942 0.00343 0.0000066 0.0341 221.001
TRIMETHYL BENZENE, 123 A 1202 0.89 1.920766 0.0112 0.000008 0.064 175
TRIMETHYLBENZENE (1,3,5) A 1202 1.02 24 0.147 0.0000087 0.0602 0
TRIMETHYLPENTANE 2,2,4 H 11422 0.76 40.6 3.338133 0.0000075 0.0733 99.2
TRINITROTOLUENE(2,4,6) N 2271 1.15 0.046 0.0000137 0.0000064 0.0245 0
TRIPROPYLENE GLYCOL H 160.26 1 0.0047115 9.530e-08 0.0000072 0.0413 238
UREA N 60.06 1.34 6.69 0.000264 0.0000137 0.122 133
URETHANE N  89.09 1.15 10 0.0000586 0.0000106 0.0866 -40.3
VINYL ACETATE O 86.09 0.93 115 0.0005078 0.0000092 0.085 73
VINYL ACETYLENE H 52.08 1 14664.62 0.0962 0.0000141 0.1992 -66
VINYL BROMIDE C 106.96 1.517 969.1209 0.00674 0.0000118 0.0598 18
VINYL CHLORIDE C 625 0.91 2660 0.0264963 0.0000123 0.106 -13.9
VINYLIDENE CHLORIDE see 1,1dichloroethen

C 96.97 1.213 630 0.0259005 0.0000104 0.09 31.9
WARFARIN P 308.33 1.18 0.00001 4420 0.0000054 0.0163 356
XYLENE A 106.2 1.02 8.5 0.00525 0.0000093 0.0714 140
XYLENE(-m) A 106.16 0.86 8 0.0074341 0.0000078 0.07 139
XYLENE(-0) A 106.2 0.88 7 0.004878 0.00001 0.087 144.4
XYLENE(-p) A 106.16 0.86 9.5 0.0074402 0.0000084 0.0769 138.4
XYLENOL(3,4) O 12217 0.97 0.019 3.940e-08 0.0000083 0.0602 225
XYLIDINEdimethylaniline A 121.18 0.98 0.0819225 0.0000028 0.0000084 0.0606 218
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TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr
24D 6.908157 1746.881  193.6385 3.228066 10.76 2.275134 0
245T 16.13832 7280.503 273.16 2.854958 10.76 1.64144 0
50% PEG 0 0 0 -4.232786  15.3 0.00332 0
ACENAPHTHENE 7.728 2534.234 245576 3.92 311 4.16815 0
ACENAPHTHYLENE 7.72819 2534.234 245576 4.07 311 2.7 0
ACETAL 6.849664 1279.732  219.7466 2.287809 15.3 0.999325 0
ACETALDEHYDE 8.005 1600.017  291.809 0.43 82.42 0.1966685 0
ACETALDOL 8.206501 2072.293  204.1096 0.1735975 15.3 0.1571452 0
ACETAMIDE 7.156695 1300.449  224.0406 -0.775268 9.7 0.0685 0
ACETIC ACID 7.387 1533.313  222.309 -0.31 14 0.98 0
ACETONE 7.117 1210.595 229.664 -0.24 1.3 1.15 0
ACETONITRILE 7.119 1314.4 230 -0.34 9.7 0.1002612 0
ACETOPHENONE 7.385889 1891.5 217.885 1.58 17.56 0.5379447 0
ACETYL CHLORIDE 6.948 1115954  223.554 -0.308331  10.76 0.1030783 0
ACETYLAMINOFLUORENE,2- 7.25633 2110.188  182.2596 3.482134 311 2.841536 0
ACETYLMETHYLPHTHALATE 4 0 0 0 2.224537 311 0.9455041 0
ACETYL-2-THIOUREA,1- 0 0 0 -0.643182 9.7 0.0768 0
ACIFLUORFEN 6.934575 1974.716  181.1196 5.0533 15.3 11.2357 0
ACROLEIN 7.212867 1297.327  246.6905 -0.09 7.8 0.36 0
ACRYLAMIDE 11.29315 3939.877 273.16 0.8008422 9.7 0.2720544 0
ACRYLIC ACID 5.652 648.629 154.683 0.31 17.56 0.1770657 0
ACRYLONITRILE 711 1335.674  238.207 -0.92 18 0.75 0
ADENINE 7.221354 1812.02 197.4596 -0.16 9.7 0.1173636 0
ADIPONITRILE 7.213714 2072.084  183.2096 1.675912 15.3 0.5850384 0
ALDICARB 6.927094 1908.791  184.7296 2.174818 15.3 0.9052528 0
ALDRIN 9.357671 4347.02 273.16 5.669268 15.3 19.26059 0
ALLYL ALCOHOL 9.148151 2319.925 273.16 0.17 17.56 0.1566514 0
ALLYL CHLORIDE 7.576274 1493.914 273.16 0.95454 10.76 0.3112157 0
ALLYL ETHER, diallyl ether 6.845911 1250.578  221.3996 2.51897 15.3 1.223344 0
ALPHA METHYL STYRENE 6.92366 1486.88 202.4 3.463532 311 2.795661 0
AMETRYN 7.225121 1843.155 195.8636 1.204255 15.3 0.3872162 0
AMINOBIPHENYL,4- 7.500307 2235.337 181.8796 3.605957 9.7 3.166695 0
AMINOPHENOL(-0) 9.228947 2838.639 273.16 0.5815316 9.7 0.2245521 0
AMINOPHENOL(-p) -3.357 699.157 -331.343 0.5815316 9.7 0.2245521 0
AMINOPYRIDINE,4- 9.589092 3663.803 273.16 0.28 9.7 0.1724783 0
AMYL ACETATE(-n) 8.06791 2186.68 273.16 1.708488 17.56 0.6019543 0
ANILINE 6.9502 1467.242  177.115 0.9 7.1 21 0
ANISIDINE,o- 7.464861 1932.244  196.5096 1.605756 15.3 0.5502056 0
ANTHRACENE 8.91 3761 273.16 4.45 311 2.2 0
ANTHRAQUINONE 7.289244 2411.734  167.0596 3.729464 17.56 3.528086 0
AZIRIDINE ethylene imine 9.389235 2142.318 273.16 0.1757197 15.3 0.1574373 0
BENZAL CHLORIDE 9.49223 3174547 273.16 2.152145 10.76 0.8874708 0
BENZALDEHYDE 8.461938 2523.011 273.16 1.48 17.56 0.4928757 0
BENZENE 6.905 1211.033  220.79 2.15 19 14 0
BENZIDINE 7.5424 2625.8 163.256 1.81 311 0.6578671 0
BENZOFURAN 2,3 6.88042 1520.652  206.1996 2.625319 15.3 1.342646 0
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TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr

BENZOIC ACID 9.033 3333.3 273 1.86 17.56 0.6872873 0
BENZONITRILE 6.74631 1436.72 181 2.046477 9.7 0.8090959 0
BENZOPHENONE 7.34966 23314 185 4.525765 17.56 7.08167 0
BENZOTRICHLORIDE 8.326414 2691.007 273.16 2.92 10.76 1.737565 0
BENZOYL CHLORIDE 7.9245 2372.1 273.16 1.959114 10.76 0.7495522 0
BENZO(A)ANTHRACENE 6.9824 2426.6 156.6 5.61 311 18.28721 0
BENZO(A)PYRENE 9.245506 3724.363 273.16 5.98 311 25.27833 0
BENZO(B)FLUORANTHENE 6.809279 952.6317  238.4996 6.843004 311 53.78881 0
BENZO(k)FLUORANTHENE 11.10133 6191.376  273.16 6.84 311 53.64763 0
BENZYL ALCOHOL 7.19817 1632.593 172.79 1.675986 17.56 0.5850764 0
BENZYL CHLORIDE 7.53029 1923.019 234.3478 2.3 17.75 1.010042 0
BIPHENYL 7.6317 2167.862  207.61 4.266275 19 5.643243 0
BISPHENOL(A) 8.64308 2910.876  273.16 4.651325 17.56 7.904033 0
BIS(1,1,2,2-TETRACHLOROPROPYL) ETHER

7.812044 1452.055 273.16 4.322158 10.76 5.926039 0
BIS(2-CHLOROETHYL)ETHER 8.210002 2404.325 273.16 1.58 10.76 0.5379447 0
BIS(2-ETHYLHEXYL)PHTHALATE 10.83704 5228.522  273.16 5.3 0.77 0.35 0
BIS(CHLOROMETHYL)ETHER 8.178545 1998.099 273.16 -0.38 10.76 0.0968 0
BROMACIL 6.907701 1743.059  193.8496 8.145402 15.3 168.115 0
BROMOBENZENE 6.86064 1438.817 205.441 3.229374 10.76 2.277738 0
BROMOCHLOROMETHANE 6.49606 942.267 192.587 0.9726127  10.76 0.3161761 0
BROMODICHLOROMETHANE 7.9655 1846.561 273.16 1.88 10.76 0.6994205 0
BROMOFORM 7.988101 2158.654  273.16 2.3 10.76 1.010042 0
BROMOMETHANE 7.566313 1301.449 273.16 1.1 10.76 0.3534569 0
BROMOTOLUENE 4 7.00762 1612.35 206.36 3.5636277 10.76 2.979392 0
BROMOXYNIL 7.531281 2171.211  185.8696 1.989251 15.3 0.7695807 0
BUTADIENE-(1,3) 7.216854 1144.753  269.0367 1.871113 15.3 0.6940029 0
BUTANE 3.18243 0 0 1.859488 15.3 0.6869795 0
BUTANEDINITRILE 8.860728 3218.161 273.16 0.35 9.7 0.1833727 0
BUTANOL ISO 7.32705 1248.48 172.92 0.75 7.8 0.11 0
BUTANOL(S) 7.4768 1362.39 178.77 0.75 7.8 0.11 0
BUTANOL-1 7.4768 1362.39 178.77 0.83 7.8 0.11 0
BUTENE 6.805603 918.4548  240.4889 1.865313 15.3 0.6904899 0
BUTYL ACETATE(-n) 7.127 1430.418 210.745 1.79263 17.56 0.6479443 0
BUTYL ACRYLATE 8.141759 2199.925 273.16 2.105592 17.56 0.8520479 0
BUTYL BENZENE 6.98317 1577.965 201.378 4.028965 311 4585114 0
BUTYL CARBITOL 7.74114 2056.904  195.655 2.202231 15.3 0.9272288 0
BUTYL CELLOSOLVE 6.956 1399.903 172.154 1.554456 15.3 0.5260546 0
BUTYLAMINE 8.649454 2025.139 273.16 0.88 9.7 0.2915654 0
BUTYLENE GLYCOL-(1,3) 9.583491 3221.718 273.16 -0.04555 17.56 0.1297253 0
BUTYLISOBUTYRATE 6.84419 1237.194  222.1596 2.53453 15.3 1.240113 0
BUTYRALDEHYDE 6.358544 913.59 185.48 1.125761 17.56 0.3615145 0
BUTYRALDEHYDE ISO 7.983729 1715.402  273.16 1.126484 17.56 0.3617431 0
BUTYRIC ACID 8.064204 2263.387 273.16 0.7236805 17.56 0.2542928 0
¢10 linear 6.88042 1520.652  206.1996 4.463722 15.3 6.707476 0
CAPROLACTAM 7.243459 1997.954  187.9596 0.8215773 9.7 0.2770353 0
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TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr

CAPTAN 10.25674 4316.929 273.16 2.92452 15.3 1.74445 0
CARBARYL sevin 11.59653 4768.904 273.16 2.36 9.7 1.064485 0
CARBENDAZIM 6.897335 1657.229  198.5996 3.384036 15.3 2.607808 0
CARBON DISULFIDE 6.942 1169.11 241.59 2.16 15.3 0.8935917 0
CARBON TETRACHLORIDE 6.9339 1242.43 230 2.72 15 15 0
CARBONYL SULFIDE 7.117189 968.5864  241.7505 -0.275866  15.3 0.1060484 0
CATECHOL 7.514789 2030.245 192.6146 0.94 311 0.3072813 0
CHLORACETOPHENONE,2- 8.6451 2981.1 273.16 2.594686 15.3 1.307137 0
CHLORAL 7.734462 1799.546  273.16 1.490009 15.3 0.4972112 0
CHLORAMBEN 7.427135 1629.082  211.3296 1.593383 10.76 0.5442809 0
CHLORAMBUCIL 0 0 0 3.274369 10.76 2.3692 0
CHLORDANE 9.300818 4263.922 273.16 2.78 15.3 1.537236 0
CHLORNAPHAZINE 0 0 0 3.950025 10.76 4.279104 0
CHLORO 2 BUTENE,1 trans 6.841615 1217.14 223.2996 1.349343 15.3 0.43963 0
CHLOROACETALDEHYDE 8.360256 1962.524  273.16 -0.219135  10.76 0.1114454 0
CHLOROACETIC ACID 7.55016 1723.365 179.98 -0.621223  10.76 0.0783 0
CHLOROALLYL ALCOHOL 2 9.545546 2793.597 273.16 0.3672189  10.76 0.1861564 0
CHLOROANILINE(2) 7.56265 1998.6 220 0 0.27 0.86 0
CHLOROANILINE(3) 7.55939 2073.75 215 0 0.27 0.86 0
CHLOROANILINE,p- 9.386585 3286.465 273.16 1.83 0.27 0.86 0
CHLOROAZOBENZENE -1.120589 0 0 5.026951 10.76 10.97962 0
CHLOROBENZENE 6.978 1431.05 217.55 25 0.39 10 0
CHLOROBENZILATE 9.669569 4569.931 273.16 6.169221 10.76 29.82998 0
CHLOROBENZOPHENONE (PARA) 11.15672 4991.71 273.16 4.209192 10.76 5.368304 0
CHLOROBENZOTRIFLUORIDE, P 6.839732 1202.451  224.1356 2.560925 15.3 1.269087 0
CHLOROBENZYL ALCOHOL -(m) 8.235456 2309.119  194.2296 2.436677 10.76 1.138353 0
CHLOROBENZYLATE 8.326468 3133.646  160.4096 5.37252 17.56 14.8561 0
CHLOROBUTADIENE,1 6.8348 1163.8 226.3396 2.454152 15.3 1.155892 0
CHLOROETHANE (ethyl chloride) 6.986 1030.01 238.61 1.43 10.76 0.472 0
CHLOROETHYLENE 6.89117 905.01 239.48 0.6267082  10.76 0.2336062 0
CHLOROHYDRIN, a 3 CHLORO 1,2 PROPANEDIOL

8.222207 2199.559  198.7896 -0.956336  15.3 0.0584 0
CHLOROMETHYL METHYL ETHER 6.831054 1134.219  228.0306 -0.21 10.76 0.1123397 0
CHLORONAPHTHALENE,2- 8.657456 3056.778  273.16 4.12 10.76 4.965281 0
CHLORONITROBENZENE(-0) 8.376652 2831.246  273.16 2.603606 10.76 1.317378 0
CHLORONITROBENZENE, p 6.906466 1732.741  194.4196 2.603606 15.3 1.317378 0
CHLOROPHENOL-2 6.877 1471.61 193.17 2.15 15 0.8858069 0
CHLOROPHENOL-3 7.900331 2445317 273.16 1.403233 10.76 0.4608566 0
CHLOROPHENOL-4 8.510922 2759.663 273.16 2.480466 6.5 1.182815 0
CHLOROPRENE 6.161 783.45 179.7 0.57 10.76 0.2222978 0
CHLOROPROPANE-1 6.92648 1110.19 227.94 0.9487147  10.76 0.3096333 0
CHLOROPROPANE-2 7.771 1582 288 1.048029 10.76 0.3377439 0
CHLOROPROPENE 3 5.29716 418.375 128.168 0.9545268  10.76 0.311212 0
CHLOROPROPIONITRILE,3- 7.32973 1732.55 211.79 0.422814 10.76 0.1954358 0
CHLOROPROPYLENE-2 0 0 0 1.985027 10.76 0.7667412 0
CHLOROTOLUENE-4 8.177249 2304.805 273.16 3.5636277 10.76 2.979392 0
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TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr 1/s

CHRYSENE 10.68596 5940.981 273.16 5.61 311 14 0
CRESOL 8.850432 2794.746  273.16 0 23 17 0
CRESOL(-m) 7.508 1856.36 199.07 0.97 23.21 17 0
CRESOL(-0) 7.426974 1744.32 194.444 1.98 22.78 17 0
CRESOL(-p) 7.035 1511.08 161.85 1.94 23.21 17 0
CROTONALDEHYDE 8.536501 2104.827 273.16 1.092311 17.56 0.3510868 0
CUMENE HYDROPEROXIDE 8.191144 1950.172  209.2396 2.308645 15.3 1.017711 0
CUMENE (isopropylbenzene) 6.963 1460.793  207.78 3.497709 311 2.880526 0
CYANOGEN 3.59986 0 0 0.8077466 9.7 0.2737029 0
CYCLOHEXANE 6.841 1201.53 222.65 2.529003 15.3 1.234131 0
CYCLOHEXANOL 6.255 912.87 109.13 1.576838 17.56 0.5364586 0
CYCLOHEXANONE 7.84918 2137.192  273.16 0.81 11.49 0.2742431 0
CYCLOHEXYLAMINE 6.68954 1229.42 188.8 1.997921 9.7 0.7754406 0
CYCLOPENTADIENE 6.823 1071 271.6 2.028058 15.3 0.7961605 0
CYMENE,para 6.881701 1530.862  205.6296 4.158295 15.3 5.134476 0
DAZOMET 6.898588 1667.51 198.0296 3.518476 15.3 2.933347 0
DDE,p,p*- 10.32563 4625.263 273.16 5.69 10.76 19.61316 0
DDT 15.19374 6564.769  273.16 6.19 15.3 30.37728 0
DIAZINON 7.284863 2370.844  169.1116 3.821204 15.3 3.822968 0
DIAZOMETHANE 6.800292 864.7323  243.6296 -0.124468 9.7 0.1210698 0
DIBENZOFURANS 6.927094 1908.791  184.7296 5.695732 311 19.71178 0
DIBENZOPYRENE 1,2,7,8 0 0 0 8.199224 311 176.2214 0
DIBROMOCHLOROMETHANE 7.288803 1733.934 273.16 2.09 10.76 0.035 0
DIBROMOETHANE-1,2 6.72148 1280.82 201.75 1.137044 10.76 0.3651012 0
DIBROMOMETHANE 1.68123 0 0 0.6958743  10.76 0.2481805 0
DIBROMO-3-CHLOROPROPANE, 1,2

7.886061 2348.271  273.16 0.2066454  10.76 0.1617557 0
DIBROMO-4-HYDROXYBENZONITRILE, 3,5

7.514083 2024.306  192.8996 2.294361 15.3 1.005071 0
DIBUTYLPHTHALATE 9.386544 3955.114  273.16 5.2 0.4 1 0
DICHLORO 2-PROPANOL 1,3 9.783355 3086.549 273.16 -0.480189  10.76 0.0886872 0
DICHLORO PROPANOL 2,3 6.746815 1759.657 273.16 -0.269502  10.76 0.1066405 0
DICHLOROANILINE 2,3 7.48674 2116.834  187.5796 3.024556 15.3 1.904024 0
DICHLOROANILINE(2,3) 7.47752 2038.121  191.3796 3.024556 15.3 1.904024 0
DICHLOROBENZENE(1,2) (-0) 6.882553 1537.672  205.2496 3.38 25 0.58 0
DICHLOROBENZENE(1,4) (-p) 7.199 1690.291  218.09 3.39 6.4 2.3 0
DICHLOROBENZIDINE,3,3'- 7.493614 2176.46 184.7085 3.51 10.76 2.911671 0
DICHLOROBENZONITRILE,2,6- 10.40392 4086.263 273.16 3.75325 15.3 3.602285 0
DICHLOROBENZOPHENONE P,P 10.5374 4794257 273.16 6.046987 10.76 26.80424 0
DICHLOROETHANE(1,1) ethylidenedichloride

6.992756 1176.864  228.838 1.79 10.76 2.3 0
DICHLOROETHANE(1,2) 7.068385 1292.54 225 1.45 2.1 0.98 0
DICHLOROETHENE 1,2 trans 6.9651 1141.9 231.9 1.48 10.76 0.4928757 0
DICHLOROETHENE(1,1) vinylidene chloride

6.9722 1099.4 237.2 0 10.76 0.9 0
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COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr

DICHLOROETHYL ETHER 7.6924 1990.8 235.347 0.685801 10.76 0.2460026 0
DICHLOROETHYLENE(1,2) cis 7.0223 1205.4 230.6 2.202489 10.76 0.9274379 0
DICHLOROMONOFLUOROMETHANE 7.590301 1328.834  273.16 1.83253 10.76 0.6709645 0
DICHLOROPHENOL 7.466021 1635.588 211.7096 3.241122 15.3 2.301272 0
DICHLOROPHENOL 2,5 7.498359 1893.996  199.1696 3.241122 15.3 2.301272 0
DICHLOROPHENOL(2,4) 7.497876 1890.059  199.3596 2.75 25 3.3 0
DICHLOROPHENOL(2,6) 6.899838 1677.797  197.4596 3.241122 10.76 2.301272 0
DICHLOROPHENOXYACETIC ACID(2,4)

8.500344 1800.279  273.16 2.792008 10.76 1.553473 0
DICHLOROPROPANE 1,2 6.98 1380.1 222.8 2.28 17 14 0
DICHLOROPROPENE(1,3) 6.80731 1327.64 230.1337 1.98 10.76 0.7633762 0
DICHLOROPROPYLENE,1,2- (cis) 6.845289 1245558  221.6846 2.735832 10.76 1.478961 0
DICHLOROPROPYLENE,1,2-(trans) 6.838623 1193.779  224.6296 2.568767 10.76 1.277825 0
DICHLORO-2-BUTENE 1,2 0 0 0 0.8726078  10.76 0.2896856 0
DICHLORO-2-BUTENE(1,4) 8.312499 2341934 273.16 0.8726078  10.76 0.2896856 0
DICHLORO-2-BUTENE, 1,4 6.858446 1347971  215.8896 0.8726076  15.3 0.2896855 0
DICHLORVOS 9.964257 3543.651 273.16 0.9334952 31.1 0.3055373 0
DIELDRIN -6.744684 0O 0 6.906134 15.3 56.84358 0
DIETHANOLAMINE 8.252672 2454928 188.1876 -0.66325 9.7 0.0755 0
DIETHYL AMINE 5.8016 583.3 144.1 1.242518 9.7 0.4003997 0
DIETHYL ETHER 6.92032 1064.07 228.8 1.639246 17.56 0.5665672 0
DIETHYL SULFATE 7.838081 2173.876  230.36 -0.29 15.3 0.1048994 0
DIETHYL (N,N) ANILINE 7.466 1993.57 218.5 3.562567 9.7 3.048722 0
DIETHYLBENZENE P 6.9982 1588.31 201.97 4.158206 311 5.134077 0
DIETHYLENE GLYCOL DIETHYL ETHER

7.86919 2094.43 231.887 2.934824 15.3 1.760248 0
DIETHYLENE GLYCOL DIMETHYL ETHER

7.083 1556.26 210.37 1.781736 15.3 0.641797 0
DIETHYLENE GLYCOL MONOBUTYL ETHER

8.232163 2281.689  195.3696 2.202231 15.3 0.9272288 0
DIETHYLENE GLYCOL MONOETHYL ETHER

8.216066 2149.489  200.8796 1.33416 15.3 0.4338283 0
DIETHYLENE GLYCOL MONOETHYL ETHER ACETATE

8.208758 2090.436  203.3496 1.267111 15.3 0.4091089 0
DIETHYLENE GLYCOL MONOMETHYL ETHER

8.211577 2113.133  202.3996 0.9001058 15.3 0.2967401 0
DIETHYLHYDRAZINE N,N 0 0 0 0.6255218 15.3 0.2333639 0
DIETHYLTHIOPHOSPHATEBENZO M ETHYL PETHER

6.96702 2275.218 164.7794 4.326276 15.3 5.947427 0
DIISOBUTYLENE 6.84893 1274.031  220.0696 3.671378 15.3 3.353253 0
DIISODECYL PHTHALATE 6.987966 2483.235 153.5677 9.650949 15.3 627.6503 0
DIISOPROPYL BENZENE (PARA) 6.9933 1663.88 194.41 4.928876 311 10.07671 0
DIISOPROPYL KETONE 7.177119 1459.448  215.6996 2.171245 15.3 0.9024271 0
DIISOPROPYLAMINE 7.158473 1314511  223.2996 2.210661 15.3 0.9340937 0
DIMETHOXY-(3,3")-BENZIDINE 7.051436 2436.322  273.16 3.150456 17.56 2.125762 0

C 22



TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr

DIMETHYL AMINE 7.08212 960.242 221.67 0.05483 9.7 0.1416346 0
DIMETHYL BENZYLAMINE N,N -1.119923 0 0 2.526956 9.7 1.231922 0
DIMETHYL BENZ(A)ANT 7,12 0 0 0 7.456762 15.3 92.02836 0
DIMETHYL CARBAMOYL CHLORIDE

7.197148 1616.599  207.5296 1.044858 10.76 0.3368081 0
DIMETHYL DISULFIDE 6.8257 1303.5 218.4 3.410681 15.3 2.669322 0
DIMETHYL FORMAMIDE 6.928 1400.87 196.43 -0.041408 9.7 0.1301963 0
DIMETHYL HYDRAZINE(1,1) 7.408 1305.91 225.53 0.595338 15.3 0.2272812 0
DIMETHYL PHTHALATE 4.52232 700.31 51.42 1.87 2.2 3.1 0
DIMETHYL SULFATE 7.4455 1843.343  217.055 0.318303 15.3 0.1783568 0
DIMETHYL SULFIDE 7.1509 1195.58 242 1.70649 15.3 0.6009024 0
DIMETHYL TRISULFIDE 6.879565 1513.849  206.5796 5.829383 15.3 22.15714 0
DIMETHYLACETAMIDE 7.124729 1039.441  237.9296 0.05483 15.3 0.1416346 0
DIMETHYLAMINOAZOBENZENE,4- 7.498566 2219.947  182.6185 3.521143 9.7 2.940198 0
dimethylaniline N,N 7.72649 2110.009 242.88 -0.88 9.7 0.0624 0
DIMETHYLBENZIDINE 3,3 7.535748 2561.72 166.2996 4.169629 311 5.185646 0
DIMETHYLBENZ(A)ANTHRACENE(7,12)

10.57967 5775.389  273.16 7.456761 311 92.02824 0
DIMETHYLETHYLAMINE 7.08212 960.242 221.67 1.126405 9.7 0.3617182 0
DIMETHYLPHENOL(2,4) 8.926483 2930.103 273.16 242 10.7 4.7 0
DIMETHYLPHENOL(3,4) 0 0 0 0 5.5 1.05 0
DIMETHYLSULFONE 6.90729 1739.619  194.0396 -0.264333  15.3 0.107124 0
DIMETHYLSULFOXIDE 0 0 0 0.0361875 15.3 0.139343 0
DIMETHYLSULFOXIDE 6.886806 1571.757  203.3496 0.3634962  15.3 0.185551 0
DINITROBENZENE M 4.337 229.2 -137 1.52229 9.7 0.5114555 0
DINITROPHENOL 2,4 7.516903 2048.072  191.7596 1.54 8 0.62 0
DINITROTOLUENE 2,6 4.372 380 -43.6 2.05 9.7 0.8115939 0
DINITROTOLUENE(2,4) 7.981089 3074.44 280.23 2.01 9.7 0.7836799 0
DINITRO-0-CRESOL(4,6) 8.884898 3169.326  273.16 2.85 9.7 1.634334 0
DIOXANE(1,4) 7.350545 1517.53 238.065 1.22037 17.56 0.392715 0
DIPHENYLHYDRAZINE(1,2) 13.8359 5402.621 273.16 3.03 19 1.913115 0
DIPHENYLMETHANE 6.291 1261 105 4.798269 19 8.988508 0
DIPROPYLAMINE 2.278649 0 0 2.110636 9.7 0.8558166 0
DIPROPYLBUTRAL 7.216752 1774272 199.3976 3.731519 15.3 3.534435 0
DIPROPYLENE GLYCOL 8.218305 2167.685 200.1196 0.1654824  15.3 0.1560334 0
DI-n-OCTYL PHTHALATE 7.001507 2621.431  146.1596 9.2 15.3 423.0154 0
dodecane 6.898254 1664.768  198.1816 5.331716 15.3 14.33503 0
ENDOSULFAN 9.318406 4269.167 273.16 3.55 15.3 3.015383 0
ENDRIN 9.681486 4883.984 273.16 5.6 15.3 18.1279 0
EPICHLOROHYDRIN 8.22943 2086.816  273.16 0.03 10.76 0.1385906 0
EPOXYBUTANE 1,2 6.83185 1140.529 227.6696 1.441351 10.76 0.4764868 0
ETHANE 6.82915 663.72 256.68 0.9913252  15.3 0.3213955 0
ETHANOL 8.321 1718.21 237.52 -0.32 8.8 0.9 0
ETHANOLAMINE(mono-) 7.456 1577.67 173.37 -0.773026 9.7 0.0686 0
ETHOXYETHANOL-2 7.874 1843.5 234.2 0.6863381  17.56 0.2461183 0
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COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr

ETHYL ACRYLATE 7.964455 1897.011 273.16 1.5014 17.56 0.5021918 0
ETHYL CARBAMATE 7.364662 1737.454  204.4896 -0.447976  10.76 0.0912 0
ETHYL ETHER 6.92 1064.07 228.8 1.639246 17.56 0.5665672 0
ETHYL MORPHOLINE, ethyl diethylene oxime

6.894822 1636.683  199.7396 1.924971 15.3 0.7274908 0
ETHYL TOLUENE, 4 6.875279 1479.869  208.4796 3.772945 15.3 3.664899 0
ETHYL VINYL ETHER 6.820354 1047.859  232.9896 1.645062 15.3 0.5694574 0
ETHYLACETATE 7.101 1244.95 217.88 0.9244851  17.58 0.303138 0
ETHYLAMINE 7.05413 987.31 220 0.17986 9.7 0.1580087 0
ETHYLBENZENE 6.975 1424255 213.21 3.15 6.8 21 0
ETHYLENE DIAMINE 7.337209 1521.051  215.3196 -0.269471 9.7 0.1066435 0
ETHYLENE DIBROMIDE 7.34485 1675.301 244.82 1.6 10.76 0.5474415 0
ETHYLENE GLYCOL 8.0908 2088.9 203.5 -0.914444  17.56 0.0606 0
ETHYLENE GLYCOL DIMETHYL ETHER

7.232956 1377.29 232.43 1.134076 15.3 0.3641545 0
ETHYLENE GLYCOL MONOBUTYL ETHER

8.19856 2008.895  206.7696 1.554456 15.3 0.5260546 0
ETHYLENE GLYCOL MONOBUTYL ETHER ACETATE

7.2159 1659.2 191.339 1.48746 15.3 0.4961033 0
ETHYLENE GLYCOL MONOETHYL ETHER ACETATE

7.377117 1641.85 209.2748 0.619354 15.3 0.2321078 0
ETHYLENE GLYCOL MONOETHYL ETHER Cellosol

8.177948 1846.634  213.6096 0.2502244  15.3 0.1680427 0
ETHYLENE GLYCOL MONOMETHYL ETHER

8.171905 1799.523  215.6046 0.2522626  15.3 0.1683427 0
ETHYLENE GLYCOL MONOMETHYL ETHER ACETATE

7.52829 1641.851  209.2747 0.185323 15.3 0.1587658 0
ETHYLENE GLYCOL MONOPHENYL ETHER

8.235456 2309.119  194.2296 1.889739 15.3 0.705406 0
ETHYLENE GLYCOL MONOPROPYL ETHER

8.176798 1837.652  213.9896 1.120402 15.3 0.3598234 0
ETHYLENE OXIDE 7.128 1054.54 237.76 -0.3 4.2 0.91 0
ETHYLENE THIOUREA 7.211493 1731503 201.5974 -0.641652 9.7 0.077 0
ETHYLHEXYLACRYLATE,2- 6.884682 1554.707  204.2996 3.773185 15.3 3.665669 0
ETHYLPHENOL,3- 7.468 1856 187 24 15.3 1.102401 0
ETHYL(2) HEXANOL 9.114945 2850.004 273.16 2.643529 17.56 1.364211 0
FLUORANTHENE 6.373 1756 118 5.33 311 15 0
FORMALDEHYDE 7.195 970.6 2441 1.94 5 0.25 0
FORMAMIDE 2.602059 19.62512  264.1977 -0.553912  17.56 0.0831 0
FORMIC ACID 7.581 1699.2 260.7 -0.924103  17.56 0.0601 0
FREON 11, fluorotrichloromethane 6.816687 1017.234  234.7566 2.576381 15.3 1.286367 0
FREON 12 DICHLORODIFLUOROMETHANE

3.698946 0 0 2.16 10.76 0.8935916 0
FREON 12, dichlorodifluoromethane 6.795418 806.5787  247.0498 2.402047 15.3 1.104378 0
FUMARIC ACID -1.118697 O 0 -0.445571  17.56 0.0914 0

C24



TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
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FURAN 6.975 1060.87 227.74 1.853527 17.56 0.6834056 0
FURFURAL 6.575 1198.7 162.8 1.578185 17.56 0.5370913 0
Generic Organic material 6.859312 1354.71 215.5096 0 19 11 0
GLUTARIC ACID 6.947832 2093.118 174.6596 0.0219418  17.56 0.1376169 0
GLYCERIN (GLYCEROL) 6.165 1036 28 -1.432496  17.56 0.0385 0
GLYOXAL 8.130124 1472.782  229.5696 -1.11614 15.3 0.0508 0
GLYPHOSATE 8.207067 2076.833  203.9194 -0.494987  15.3 0.0875 0
GUTHION 6.94768 2093.121  174.6594 2.708063 15.3 1.443459 0
GYLCIDOL 9.224102 2760.353  273.16 -0.381763  17.56 0.0966636 0
HEPTACHLOR 8.961409 3722.308 273.16 5.05 10.76 11.20331 0
HEPTANE ISO 6.8391 1335.41 237.2 3.162377 15.3 2.148051 0
HEPTANE(-n) 6.89677 1264.9 216.54 3.161653 15.3 2.146692 0
HEXACHLOROBENZENE 9.55388 3248.572  203.07 5.47 10.76 16.17883 0
HEXACHLOROBUTADIENE 7.485238 1956.415 215.333 3.74 10.76 3.560762 0
HEXACHLOROCYCLOHEXANE (GAMMA ISOMER)

6.966292 2268.189  165.1596 0.936952 10.76 0.3064629 0
HEXACHLOROCYCLOPENTADIENE 8.41529 2834.547 273.16 3.99 10.76 4.431426 0
HEXACHLOROETHANE 7.2284 1347978 13291 3.456234 10.76 2.777865 0
HEXAFLUOROACETONE 7.105094 665.0909  258.4496 4.214555 15.3 5.393552 0
HEXAMETHYLENE 1,6 DIISOCYANATE

6.914242 1798.169  190.8096 1.27331 9.7 0.4113342 0
HEXAMETHYLPHOSPHORAMIDE 6.90523 1722.428  194.9896 -0.000432 9.7 0.1349489 0
HEXANE(-n) 6.876 1171.17 224.41 2.727623 15.3 1.468376 0
HEXANOIC ACID 9.477544 3158.919 273.16 1.591822 17.56 0.5435379 0
HEXANOL-1 7.86 1761.26 196.66 1.774724 17.56 0.6378716 0
HEXEN-2-ONE 5 7.178988 1474.01 214.9396 1.344229 17.56 0.4376675 0
HYDRAZINE 8.683764 2243.776  273.16 -1.37 9.7 0.0407 0
HYDROGEN SULFIDE 6.99392 768.13 249.09 1.173106 10.76 0.3768052 0
HYDROQUINONE 9.778832 3857.106 273.16 0.59 17.56 0.2262222 0
HYDROXYACETIC ACID 3.82111 450.9652 273.16 -1.097389  17.56 0.0516 0
INDENO(1,2,3-cd)-PYRENE 9.813007 5609.269 273.16 7.66 9.7 109.9392 0
ISOBUTYLENE 6.805457 917.0536  240.5706 1.796808 15.3 0.6503171 0
ISODECANOL 8.22165 2195.003  198.9796 2.920139 15.3 1.737775 0
ISOPHORONE 7.962584 2480.726  273.16 1.7 15.3 0.5975001 0
LINDANE hexachlorocyclohexane 6.915866 1811.968  190.0496 0.936952 10.76 0.3064629 0
MALEIC ACID 7.956923 2706.393 273.16 -0.445571  17.56 0.0914 0
MALEIC ANHYDRIDE 12.6834 4638.2 273.16 0 4.08 1 0
METHACRYLIC ACID 11.26555 3657.094 273.16 0.6610121  17.56 0.2407243 0
METHANOL 7.897 1474.08 229.13 -0.7 18 0.2 0
METHOMYL 20.8751 7506.508 273.16 -0.301311  15.3 0.1037134 0
METHOXYCHLOR 6.951463 2128.043  172.7596 6.571831 17.56 42.42731 0
METHYL 1-PENTENE 2 6.83529 1121.3 229.687 2.664926 15.3 1.389991 0
METHYL ACETATE 7.065 1157.63 219.73 -0.09 19.87 0.1247767 0
METHYL ACRYLATE 6.838646 1193.779  224.6296 0.9331476  17.56 4.3 0
METHYL AMINE 7.3369 1011.5 2333 -0.530324 9.7 0.0848 0
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METHYL AZIRIDINE 2 0 0 0 0.6105353 9.7 0.2303237 0
METHYL BENZYL ALCOHOL 4 9.069858 3021.253 273.16 2.385993 17.56 1.088972 0
METHYL CHLORIDE 7.093 948.58 249.34 1.92 10.76 0.7243333 0
METHYL CHOLANTHRENE 3 -3.119754 0 0 7.430058 31.1 89.90299 0
METHYL CYCLOHEXANE 6.823 1270.76 221.42 2.963777 15.3 1.805412 0
METHYL ETHER dimethyl ether 3.59986 0 0 0.6286275 17.56 0.2339989 0
METHYL ETHYL KETONE, 2 butanone

7.11243 1305.006  229.2666 0.28 2 0.2 0
METHYL FORMATE 3.027 3.02 -11.9 0.0940167 17.56 0.1465752 0
METHYL HYDRAZINE 6.5762 1007.5 181.4 -0.478592 9.7 0.0888 0
METHYL IODIDE 7.657383 1507.3 273.16 1.69 0 0.5922948 0
METHYL ISOBUTYL KETONE 6.672 1168.4 191.9 1.38 0.74 0.4515826 0
METHYL ISOCYANATE 6.822807 1067.989  231.8306 2.84454 9.7 1.626545 0
METHYL ISOPROPYL KETONE 5.483397 955.5712  273.16 0.9050759 15.3 0.2980333 0
METHYL MERCAPTAN 6.808206 942.8276  239.0696 1.173106 15.3 0.3768052 0
METHYL METHACRYLATE 6.5168 1052.176  188.37 1.295875 17.56 4.3 0
METHYL MORPHOLINE 7.173846 1433.993  217.0296 1.357002 15.3 0.4425861 0
METHYL NAPTHALENE(1-) 7.03592 1826.948 195 4.132105 24.03 5.018151 0
METHYL NAPTHALENE(2-) 7.0685 1840.264 198.4 4.132105 31.1 5.018151 0
METHYL PARATHION -5.008742 0 0 2.04 15.3 0.8045235 0
METHYLENE CHLORIDE, dichloromethane

6.968411 1074.291  222.995 1.25 22 0.4 0
METHYLENE DIPHENYL DIISOCYANATE

6.942754 2048.169 177.1085 3.308513 9.7 2.441051 0
METHYLENE DIPHENYLAMINE (MDA)

6.946537 2082.649  175.2296 3.379612 15.3 2.597734 0
METHYLENEDIANILINE 4,4 7.501696 2247.655 181.2885 2.633374 9.7 1.352142 0
METHYLENE-BIS (2-CHLOROANILINE),4,4'-

7.513116 2350.365 176.3696 4.900831 9.7 9.832447 0
METHYLSTYRENE (-4) 7.0112 1535.1 200.7 3.463532 31.1 2.795661 0
METHYL-TERTIARY-BUTYL ETHER

6.85249 1103.737  222.72 1.90147 17.56 0.712684 0
MONOMETHYL FORMANIDE 7.204987 1679.083  204.2996 -0.678949 15.3 0.0745 0
MORPHOLINE 7.71813 1745.8 235 -1.08 9.7 0.0524 0
NABAM 7.303247 2548.42 160.2196 -1.646165 15.3 0.0319 0
NAPHTHALENE 7.3729 1968.36 222.61 3.37 42.47 1 0
NAPHTHOL,alpha- 7.28421 2077.56 184 3.076284 17.56 1.992183 0
NAPHTHOL ,beta- 7.347 2135 183 2.84 17.56 1.620096 0
NAPHTHYLAMINE,alpha- 7.49977 2230.587 182.1076 2.22 9.7 0.9417578 0
NAPHTHYLAMINE,beta- 7.502136 2251.572  181.1006 2.25 9.7 0.9668059 0
NEOPENTYL GLYCOL 8.219421 2176.788  199.7396 0.3583827 17.56 0.1847226 0
NITRO m XYLENE, 2 6.901502 1691.519 196.6996 3.067034 15.3 1.976124 0
NITROANILINE P 9.5595 4039.73 273.16 1.182549 9.7 0.3799313 0
NITROBENZENE 7.115 1746.6 201.8 1.84 11 2.3 0
NITROBIPHENYL,4- 6.947679 2093.118 174.6596 3.945698 19 4.262934 0

C 26



TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr 1/s

NITROGLYCERIN 9.636311 3601.771  273.16 0.6459801 9.7 0.2375789 0
NITROMETHANE 7.28166 1446.94 227.6 0.0639644 9.7 0.1427711 0
NITROPHENOL,2- 11.86137 4392.938  273.16 1.79 9.7 0.6464548 0
NITROPHENOL,4- 10.95784 4459.823  273.16 1.91 9.7 0.7180231 0
NITROPROPANE 2 7.271697 1530.544  228.62 1.283951 9.7 0.4151816 0
NITROSODIMETHYLAMINE N 7.5239 1974.062 273.16 -0.47 9.7 0.0894 0
NITROSOMORPHOLINE 7.183389 1813.598  196.5096 -0.44 9.7 0.0918 0
NITROSO-N-METHYLUREA N 7.362276 1718.378  205.4396 0.185811 9.7 0.1588336 0
NITROTOLUENE (-p) 6.9948 1720.39 184.9 2.45499 9.7 1.156741 0
NITROTOLUENE, m 6.903989 1712.12 195.5596 2.45499 15.3 1.156741 0
NITROTOLUENE, o 6.901917 1694.951  196.5096 2.45499 15.3 1.156741 0
NITROTOLUENE, o 6.901917 1694.951  196.5096 2.45499 15.3 1.156741 0
NONANOL, n 8.223319 2208.672  198.4096 3.076832 15.3 1.993139 0
OCTANE 6.918 1351.99 209.15 3.595688 15.3 3.138369 0
OCTANOL 1 12.0701 4506.8 319.9 2.642804 17.56 1.363345 0
OCTANOL 2 6.3888 1060.4 1225 2.643529 17.56 1.364211 0
OCTANOL 3 5.2215 560.3 64.7 2.643529 17.56 1.364211 0
OCTANOL 4 5.7396 760.5 89.5 2.643529 17.56 1.364211 0
OIL 0 0 0 5.331716 15.3 14.33503 0
OXALIC ACID 16.86465 5087.326  273.16 -1.280351 17.56 0.044 0
PARALDEHYDE 7.286656 1754.238  273.16 2.303315 17.56 1.012976 0
PARATHION 9.10235 4032.563 273.16 3.055472 15.3 1.956233 0
PCB'S (Aroclors) -6.785018  -5599.125 273.16 7.308553 19 80.83541 0
PENTACHLOROBENZENE 9.054626 3396.595 273.16 5.96656 10.76 24.98281 0
PENTACHLOROETHANE 6.74 1378 197 2.718297 10.76 1.456443 0
PENTACHLORONITROBENZENE 6.954095 2152.518 171.4296 5.645749 10.76 18.86828 0
PENTACHLOROPHENOL 8.119069 3054.752  273.16 5.01 130 3.4 0
PENTADIENE 1,2 6.9182 1104.991  228.85 2.068878 15.3 0.8251115 0
PENTAERYTHRITOL 8.229961 2263.417  196.1296 -1.547323 15.3 0.0348 0
PHENOL 7.133 1516.79 174.95 1.46 97 13 0
PHENYLCYCLOHEXANONE 4 -0.708 106.4 -146.6 3.692797 17.56 3.41669 0
PHENYLENE DIAMINE(-m) 7.984773 2843.732  273.16 0.8427868 9.7 0.2822246 0
PHENYLENE DIAMINE(-0) 9.250531 3383.349 273.16 0.8427868 9.7 0.2822246 0
PHENYLENE DIAMINE(-p) 9.309744 3472.661  273.16 0.8427868 9.7 0.2822246 0
PHENYLPHENOL P 8.6575 3022.8 216.1 3.822525 17.56 3.827388 0
PHOSGENE (decomposes) 6.842 941.25 230 1.179 15.3 0.3787535 0
PHOSPHINE 3.301009 0 0 2.344077 15.3 1.049757 0
PHTHALIC ACID 7.879505 1728.354  273.16 0.8225744  17.56 0.2772771 0
PHTHALIC ANHYDRIDE 8.022 2868.5 273.16 -0.62 17.56 0.0784 0.000555
PHTHALIMIDE 8.300783 1857.213  273.16 0.8427868 9.7 0.2822246 0
PINENE(alpha-) 6.8525 1446.4 208 3.937396 15.3 4.232081 0
PIPERAZINE 8.57357 2386.184 273.16 0.4268957  15.3 0.196135 0
PROPANE 6.80338 804 247.04 1.425412 15.3 0.4698876 0
PROPANE SULTONE,1,3- 7.256331 2110.189  182.2596 -2.82 15.3 0.0114 0
PROPANOIC ACID 6.866276 1409.059 212.4506 0.2895945  17.56 0.1739324 0
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TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr

PROPANOL 7.84767 1499.21 204.64 0.4913113  17.56 0.2075073 0
PROPANOL ISO 8.117 1580.92 219.61 -0.16 15 0.075 0
PROPENE 6.794065 787.2845  248.1896 1.43124 15.3 0.4722896 0
PROPIOLACTONE b 7.982566 2221617 273.16 0.4909006  17.56 0.2074327 0
PROPIONALDEHYDE 7.2088 1235.771  237.47 0.691664 17.56 0.2472678 0
PROPIONIC ACID 6.403 950.2 130.3 0.2895945  17.56 0.1739324 0
PROPORUR (Baygon) 7.236959 1942.436  190.7885 2.322595 9.7 1.030209 0
PROPYL ACETATE ISO 6.843416 1231.175 222.5016 1.359286 17.56 0.4434716 0
PROPYL AMINE ISO 11.00768 2488.127 273.16 0.894336 9.7 0.2952457 0
PROPYL ETHER ISO 6.834991 1165.131  226.2636 2.653113 17.56 1.375699 0
PROPYLENE 6.77811 770.85 245,51 1.43124 15.3 0.4722896 0
PROPYLENE CHLOROHYDRIN 8.176797 1837.652  213.9896 -0.003456  15.3 0.1345924 0
PROPYLENE GLYCOL 8.208243 2085.9 203.5396 -0.479632  17.56 0.0887 0
PROPYLENE OXIDE 7.0671 1133.267  236.1054 0.235614 17.56 0.1659081 0
PROPYLENIMINE 1,2 2 methyl aziridine

7.1502 1249.718  226.7196 0.6105354 9.7 0.2303237 0
PROPYL(-n) ACETATE 7.016 1282.28 208.6 1.358564 17.56 0.4431913 0
PROPYL(-n) BENZENE 6.95142 1491.297 207.14 3.594934 311 3.1363 0
PROPYN-1-OL 2(PROPARLGYL) 8.993223 2364.043 273.16 0.2602102  17.56 0.1695174 0
PYRIDINE 7.041 1373.8 214.98 0.65 35.03 0.238416 0
QUINOLINE 7.3838 2300.405 273.16 2.03 311 0.7975147 0
QUINONE 7.148885 1239.346  227.2685 1.016473 9.7 0.3285457 0
RESORCINOL 6.924308 1884.547  186.0596 0.8 17.56 0.271854 0
SILVEX 0 0 0 4.072398 15.3 4.76272 0
SODIUM FORMATE -3.119232 0 0 -0.439411 0 0.0919 0
STYRENE 6.945357 1437.432  208.38 3.16 311 0.11 0
STYRENE OXIDE 6.888923 1588.822  202.3996 2.644778 17.56 1.365701 0
SUCCINIC ACID -3.118326 O 0 -0.412145  17.56 0.0941278 0
TAMARON (METHAMIDIPHOS) 7.309743 1307.183  226.1496 0.5316042 15.3 0.2149536 0
TEREPHTHALIC ACID 6.930848 1941.731  182.9246 0.8225744  15.3 0.2772771 0
TERPINEOL, ALPHA 8.180823 1869.102  212.6596 3.182377 15.3 2.185972 0
TETRACHLOROBENZENE(1,2,3,4) 8.872679 3158.681 273.16 5.206064 10.76 12.84254 0
TETRACHLOROBENZENE(1,2,3,5) 8.821956 3084.413 273.16 5.206064 10.76 12.84254 0
TETRACHLOROBENZENE(1,2,4,5) 8.821956 3084.413 273.16 451 10.76 6.984653 0.42
TETRACHLORODIBENZO-p-DIOXIN(2,3,7,8)

6.977444 2377.268  159.2696 6.64 10.76 45.03498 0
TETRACHLOROETHANE(1,1,2,2) 6.893793 1354.506  192.43 2.56 6.2 0.68 0
TETRACHLOROETHENE 6.976 1386.92 217.53 2.6 6.2 0.68 0
TETRACHLOROPHENOL(2,3,4,6) 9.168764 2748.848  273.16 4.762268 10.76 8.709778 0.35
TETRACHLOROPHENOL(2,3,5,6) -1.999987 0 0 4.762268 10.76 8.709778 0
TETRAETHYL LEAD 8.56581 2689.922  273.16 2.392857 0 1.095533 0
TETRAETHYLDITHIOPYROPHOSPHATE

11.84911 5454.172  273.16 1.656811 15.3 0.5753421 0
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TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RT HYD
mg/g-hr L/g-hr

TETRAETHYLENE PENTAMINE 7.386298 1913.731  195.7494 0.1216321 15.3 0.15016 0
TETRAFLUOROMETHANE 6.882466 386.9427  272.6996 2.89165 15.3 1.694992 0
TETRAHYDROFURAN 6.995 1202.29 226.25 1.440628 17.56 0.4761852 0.604
TETRALIN 7.07055 1741.3 208.26 3.763707 15.3 3.635396 0
TETRANITROMETHANE 8.350471 2183.276  273.16 0.4822038 9.7 0.2058602 0
THIOUREA 4.247091 621.8834 273.16 0.8612069 9.7 0.2868102 0.46
THIOUREA,1-(0-CHLOROPHENYL)-

11.46513 5117.637 273.16 2.166816 9.7 0.898937 0
TOLUENE 6.954 1344.8 219.48 2.69 73.48 24 0
TOLUENE DIAMINE(2,4) 7.492203 2164.173  185.2996 1.454882 9.7 0.4821615 0.07
TOLUENE DIISOCYANATE(2,4) 6.912613 1784.378  191.5696 6.803719 9.7 51.97128 0
TOLUENEDIAMINE(2,6) 0 0 0 1.454882 9.7 0.4821615 0
TOLUENEDIAMINE(3,4) 7.483529 2089.257  188.9096 1.454882 9.7 0.4821615 0
TOLUENESULFONYL CHLORIDE 6.930257 1936.527  183.2096 2.188507 15.3 0.9161608 0
TOLUIC ACID (para-) 10.50106 4177.125  273.16 2.105137 17.56 0.8517082 0.81
TOLUIC ALDEHYDE 9.005018 2922.234  273.16 2.285832 17.56 0.9975978 0
TOLUIDINE m 7.454377 1846.317  200.6896 2.115259 15.3 0.8592852 0
TOLUIDINE P 7.77229 2317.386  273.16 1.39 311 0.4555512 0
TOLUIDINE (-0) 7.19724 1682.94 191.138 2.115272 311 0.8592948 0
TOXAPHENE 5.707643 1857.691 273.16 3.3 15.3 2.422935 0
TRIBUTYL PHOSPHOROTRITHIOATE SSS

6.901398 2987.955 273.16 4.803134 17.56 9.026857 0
TRIBUTYL TIN ACETATE 6.91708 1822.323  189.4796 5.463342 15.3 16.08485 0
TRIBUTYLPHOSPHATE 6.0038 1755.628 273.16 5.430991 17.56 15.63593 0
TRICHLOROBENZENE 1,2,3 6.900254 1681.226  197.2696 4.445513 10.76 6.601452 0
TRICHLOROBENZENE 1,2,4 7.7056 2242.67 252.836 3.98 10.76 4.392822 0.55
TRICHLOROBENZENE 1,3,5 8.598745 2754.108 273.16 4.445513 10.76 6.601452 0
TRICHLOROETHANE 1,1,1 methyl chloroform

6.827401 1147.14 218.5387 2.49 35 0.74 0.39
TRICHLOROETHANE 1,1,2 7.1921 1480.319  229.0943 217 35 0.74 0
TRICHLOROETHYLENE 6.518 1018.6 192.7 2.29 3.9 0.88 0.12
TRICHLOROFLUOROMETHANE 6.884 1043.004 236.88 2.53 10.76 1.235208 0
TRICHLOROPHENOL 2,4,5 8.577468 2974575 273.16 4.001704 15.3 4.477043 0
TRICHLOROPHENOL 2,4,6 9.696309 3528.119 273.16 3.69 15.3 0.26 0
TRICHLOROPROPANE 1,1,1 11.56902 3302.916  273.16 0.2066454  10.76 0.1617557 0.07
TRICHLOROPROPANE(1,1,2) 8.218203 2205.203 273.16 1.654597 10.76 0.5742285 0.009
TRICHLOROPROPANE(1,2,2) 11.14517 3282.281 273.16 1.426414 10.76 0.4702994 0
TRICHLOROPROPANE(1,2,3) 6.903 788.2 243.23 0.2066454  10.76 0.1617557 0
TRICHLORO-1,2,2-TRIFLUOROETHANE,1,1,2-

7.637469 1526.226  273.16 3.456217 10.76 2.777823 0
TRIETHANOLAMINE 8.287391 2762.499  175.5336 -1.75 9.7 0.0291 0
TRIETHYLAMINE 6.958867 1271.96 223.262 2.359257 9.7 1.063793 0
TRIETHYLENE GLYCOL DIMETHYL ETHER

6.898169 1664.082  198.2196 2.429506 15.3 1.131232 0
TRIFLUOROETHANE(1,1,1) 3.965647 0 0 2.703412 10.76 1.437597 0
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TABLE C-2. COMPOUND PROPERTIES FOR ORGANIC COMPOUNDS, I

COMPOUND NAME A B C LN(OW) Kmax k1 RTHYD
mg/g-hr L/g-hr

TRIFLURALIN 6.937691 2002.526  179.5996 5.355146 9.7 14.63195 0
TRIISOBUTYLENE 6.894822 1636.683  199.7396 5.303749 15.3 13.98851 0
TRIISOPROPYLAMINE 6.900255 1681.23 197.2694 4.965421 15.3 10.40413 0
TRIMETHYL BENZENE, 123 6.880847 1524.055 206.0096 3.999725 15.3 4.469296 0
TRIMETHYLBENZENE (1,3,5) 7.07436 1569.22 209.58 3.999725 31.1 4.469296 0
TRIMETHYLPENTANE 2,2,4 6.797857 1249.485  219.7695 3.567022 15.3 3.06063 0
TRINITROTOLUENE(2,4,6) -1.337234 0 0 0 4.4 0.45 0
TRIPROPYLENE GLYCOL 8.236003 2313.693  194.0396 2.126133 15.3 0.8675004 0
UREA 8.555151 2304.696 273.16 -0.469833 9.7 0.0894 0.15
URETHANE 7.421 1758.21 205 0.4310978 9.7 0.1968575 0.51
VINYL ACETATE 7.21 1296.13 226.66 0.930263 17.56 0.3046745 0
VINYL ACETYLENE 6.790945 726.4801  251.7996 1.652999 15.3 0.5734261 0
VINYL BROMIDE 6.814487 998.5032  235.8396 1.066461 10.76 0.343235 0
VINYL CHLORIDE 6.9907 969.0518  250.5856 0.06 10.76 0.1422767 0.88
VINYLIDENE CHLORIDE see 1,1dichloroethen

6.972 1099.4 237.2 0 10.76 0.9039771 0
WARFARIN 9.979672 4466.33 273.16 5.387373 15.3 15.05042 0
XYLENE 7.940135 2090.317 273.16 3.15 40.8 1.8 0.091
XYLENE(-m) 7.009 1462.266  215.11 3.2 31.1 2.219942 0.07
XYLENE(-0) 6.998 1474.679  213.69 2.95 40.79 1.8 0.12
XYLENE(-p) 6.99 1453.43 215.31 3.15 31.1 2.124915 0
XYLENOL(3,4) 7.07919 1621.45 159.26 0.1 17.56 0.1473445 0
XYLIDINE dimethylaniline 7.461541 1904.87 197.8396 2.727331 15.3 1.468 0

C- 30



TECHNICAL REPORT DATA

(Please read Instructions on reverse before completing)

1. REPORT NO. 2. 3. RECIPIENT'S ACCESSION NO.

EPA-453/R-94-080A

4. TITLE AND SUBTITLE 5. REPORT DATE

November 1994

Air Emissions Modd s for Waste and Wastewater
6. PERFORMING ORGANIZATION CODE

7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORT NO.

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT NO.

Emission Standards Divison (MD-13)

Office of Air Quality Planning and Standards
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711 68-D1-0118

11. CONTRACT/GRANT NO.

12. SPONSORING AGENCY NAME AND ADDRESS 13. TYPE OF REPORT AND PERIOD COVERED

Office of Air Quality Planning and Standards
U.S. Environmental Protection Agency 14. SPONSORING AGENCY CODE
Research Triangle Park, NC 27711 EPA/200/04

15. SUPPLEMENTARY NOTES

16. ABSTRACT

Analytical models are presented for estimating air emissions from waste and wastewater collection and
treatment units. Air emission models have been developed for collection and treatment units, aerated and
non-aerated surface impoundments, land treatment facilities, landfills, and waste piles. Emission model
predictions are compared to available field data.

This report is the documentation for the computer models Chemdat8 (EPA-453/C-94-080B) and Water8
(EPA-453/C-94-080C).

Appendicesinclude alist of physical-chemica properties for approximately 500 compounds and a
comprehensive source list of pertinent literature in addition to that cited in the report.

17. KEY WORDS AND DOCUMENT ANALYSIS
a DESCRIPTORS b. IDENTIFIERS/OPEN ENDED TERMS c. COSATI Field/Group
Emission Models Air Pollution control
Air Emission Models
Air Pollution
Air Emissions from Waste/Wastewater
Waste
Wastewater
18. DISTRIBUTION STATEMENT 19. SECURITY CLASS (Report) 21. NO. OF PAGES
o _ Unclassified
Release Unlimited, available from the OAQPS
TTN bulletin board and NTIS 20. SECURITY CLASS (Page) 22. PRICE
Unclassified

C 31




EPA Form 2220-1 (Rev. 4-77)PREVIOUS EDITION IS OBSOLETE

C 32



	TABLE OF CONTENTS
	1.0 INTRODUCTION
	2.0 DESCRIPTION OF PATHWAYS
	3.0 IMPORTANCE OF PATHWAYS
	4.0 COLLECTION SYSTEM AIR EMISSIONS
	5.0 SURFACE IMPOUNDMENTS AND OPEN TANKS
	6.0 WASTEWATER TREATMENT MODELS (WATER8)
	7.0 LAND TREATMENT
	8.0 LANDFILLS AND WASTEPILES
	9.0 TRANSFER, STORAGE, AND HANDLING OPERATIONS
	10.0 COMPARISON OF MODEL RESULTS WITH FIELD TEST DATA
	11.0 TECHNICAL SUPPORT FOR THE IDENTIFICATION OFCOLLECTION SYSTEMS AS MAJOR EMISSION SOURCES
	APPENDIX AA GUIDE THROUGH THE LITERATURE
	APPENDIX BCOMPREHENSIVE SOURCE LIST
	APPENDIX CPROPERTIES FOR COMPOUNDS OF INTEREST

