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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
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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).
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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

4-31



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.

4- 46

i nduced by air




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.

4-66



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:
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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

4-76



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

5-9



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

5- 36



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.
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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

5-45



=
)
®
)

XO >» X O T o

:

L

; mxmxmxoo <

o o

O

o0 0

—h

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.

5-52



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.
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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,

6-17



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

6- 28



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
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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;

7-4



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

7-7



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