Chapter 5
Experinental Results: Conbi ned Sewer Overfl ow

The purpose of this chapter is to exam ne the effectiveness of
the MC process as a treatnment technol ogy for conbi ned sewer
overflows (CSO (as was previously analyzed in the treatnent for
surface runoff). 1n developing this process, an experinental
program was carried out. The analyses were based on past
experience and information noted in Chapter 4. The experi nental
results are summari zed hereby in four phases, nanely,
prescreening tests, effectiveness of MC process, control variable
optim zation, and response variabl e eval uati on.

5.1 Prescreening Tests

M xi ng Paraneters. The m xing paraneter setup for the CSO
treatnment is simlar to those of the surface runoff tests as
described in Chapter 4. For CSO sanples, it was observed that
flocs grow gradually within one to two m nutes during slow m xing
(flocculation). Along with the growh of flocs, the mxing rate
shoul d vary from 60 rpmat the beginning to 20 rpmat the latter
part of m xing process in order to reduce shear stress and avoid
fl oc break down. The total mxing time is less than two m nutes.

Tabl e 5-1 presents a summary of experinmental settings to be used
i n subsequent tests in control variable optimzation and response
vari abl e eval uati on. These settings were based on prescreening
tests.

5.2 Effect of the MC

The effect of the MC wei ghted coagul ati on was eval uated vi a
turbidity indicator as well as particle size distribution at the
pre- and post-jar test of raw and supernatant sanples,
respectively. Figure 5-1 presents results of turbidity versus
settling time with and wi thout the use of an MC. Wth the MC
process, the turbidity was reduced from85 ntu (for the raw
sanple) to 5.0 and 3.1 NTU at the 3- and 10-mnute settling
times, respectively. At the 3- and 10-m nute settling tinmes, the
turbidity without MCis 10 and 5.6 tines that of the turbidity
levels with MC, respectively. Thus, the MC treatnent process is
effective for renpoval of turbidity in CSO sanples.

Figures 5-2 and 5-3 illustrate cunul ative and non-cunul ati ve
vol une distributions versus particle size before and after the MC
treatment process, respectively. For the raw sanple (before
treatment), the measurable range of particle size was fromO0.5 to

60 umwith 93% particles larger than 2 umin size. After the MC
treatment, the particles in the supernatant of the sanple were

found to be smaller than 2 ym thus indicating that particles
larger than 2 ymin the raw sanple were totally renoved
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Table 5-1. Summary of Experinent al

Settings for

Par anet er Val ue
Rapid m xing rate -- stage-1 150 rpm
Rapid m xing duration -- stage-1 10 sec
Rapid m xing rate -- stage-2 100 rpm
Rapi d m xing duration -- stage-2 10 sec
Sl ow mi xing (Floccul ation)rate 20060 rpm
FIl occul ati on m xi ng duration 101.5 nmin
MC concentration 107 g/L
MC size range - 1 53075 pum
MC si ze range - 2 1500 250 pm
Settling time 1020 mn

Ferric chloride concentration

100100 ng/ L(as Fe™)

Coagul ant aid (polyel ectrolyte)
concentration

0.5015 g/ L
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Turbidity for Raw Sample = 85 ntu

40 + O with MC
30 + 0 without MC

Turbidity
N
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Settling Time (min)

MC-5: MC Size Range = 53075 um MC Concentration = 3g/L
E-2: Ferric Chloride Concentration = 40 ny/L(as Fe™)
PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L

Figure 5-1. Effect of MC
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MC-5: MC Size Range = 53075 um MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ny/L(as Fe™)
PE-5: Pol yel ectol yte 309C Concentration = 1.5 ng/L

Figure 5-2. Particle Sizes of Raw and Treated Sanpl es (Cumul ative)

89



(A) Raw Sample

D 15-- :
(] |
2 5 |
= i A7
S 10 micrometers” |
&) |
= |
P |
54 |
|
: :
S —— e ]
0.1 1 10 100 1000

Particle Size (micrometers)

40 — ° (B) Treated Sample

30 +

\ 2 micrometers

Vol une Percentage D
N
o

0.1 1 10 100 1000

Particle Size (micrometers)

MC-5: MC Size Range = 53075 um MC Concentration = 3g/L
E-2: Ferric Chloride Concentration = 40 ny/L(as Fe™)
PE-5: Pol yel ectol yte 309C Concentration = 1.5 ng/L
Figure 5-3. Particle Sizes of Raw and Treated Sanpl es
(D stributions)
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5.3 Control Variable Determ nation

In the determ nation of the effectiveness of the MC process,
turbidity and particle count rate were enployed as prinmary and
secondary indicators, respectively. Six paraneters, including
coagul ant concentration, coagulant aid concentration, M size, M
concentration and settling tinme were identified as control
variables. Results fromeach of the control variables with
respect to the turbidity and particle count rate are presented in
this section.

Coagul ant Concentration

Turbidity and particle count rate of post treatnent supernatant
sanples with respect to coagul ant concentration are illustrated
in Figure 5-4 (A) and (B), respectively. It can be seen that the
opti mal coagul ant concentration is 40 ng/L for both turbidity and
particle count rate indicators. The renoval rates are 98%  for
turbidity and 95% for particle count rate at the optim

coagul ant concentration. These results are confirmed in Figure
5-5 that al so shows that the optimal dosage for coagulant is 40
nmg/ L. Al though the raw sanples for these two tests are from
different batches, the results are simlar.

It is of interest to note that the distribution trends for

turbidity and particle count rate are very simlar. Figure 5-6
indicates a linear relationship between these two paraneters.
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PCR for Raw Sample = 353 kcps
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(B) By Particle Count Rate Indicator

MC-5: MC Size Range = 53075 um MC Concentration = 3g/L

E-2: Ferric Chloride Concentration Range: 100100 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L

Fi gure 5-4.

Settling Time = 3 mn
Coagul ant Concentration Selection (Test-1)
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(B) By Particle Count Rate Indicator

MC-5: MC Size Range = 53075 um MC Concentration = 3 g/L

E-2: Ferric Chloride Concentration Range: 0080 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L

Fi gure 5-5.

Settling Time = 3 mn
Coagul ant Concentration Sel ection (Test-2)
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MC-5: MC Size Range = 53075 pum MC Concentration = 3g/L

E-2: Ferric Chloride Concentration Range: 20110 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L
Settling Time = 3 mn

Figure 5-6. Particle Count Rate Versus Turbidity

Coagul ant Aid Concentration

Figure 5-7 presents a conparison of the turbidity distribution
versus coagul ant aid concentration for two coagul ant
concentrations (20 and 40 ng/L). The coagul ant aid concentration
appears to have less influence on final turbidity in | ow dosages

(ranged 002.5 ng/L) for both coagul ant concentrati ons.

For hi gher coagul ant aid concentration ranged 3015 ng/L, 6 ng/L
dosage resulted |owest turbidity as illustrated in Figure 5-8.
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Turbidity for Raw Sample = 176 ntu
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MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectrolyte 309C, Settling Time = 3 mn

Figure 5-7. Polyelectrolyte Concentration Sel ection (Low Dose)
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| urpiaity Tor Raw sample = 8/ ntu

Turbidity
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PE-5 Concentration (mg/L)

MC-5: MC Size Range = 53075 pm MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectrolyte 309C, Settling Time = 3 mn
Figure 5-8. Polyelectrolyte Concentration Selection (H gh Dose)

MC Concentrati on

Four different MC concentrations, ranging between 1 and 7 g/L
were utilized to determ ne an optimal value. Figures 5-9(A) and
(B) illustrate turbidity and particle count rate distributions
versus four different MC concentrations, respectively. In Figure
(A), a sharp decrease in turbidity was observed for MC
concentrations between 1 and 3 g/L, with slight fluctuations at 5
and 7 g/L of MC. Although 7 g/L MC yields the |owest turbidity,
the inprovenent is only 23%greater conpared with 3 g/L MC while
the MC concentration level is increased by 133% Using particle
count rate as an indicator in Figure (B), 3 g/L MC appears to
yield the lowest result. Based on the results of both turbidity
and particle count rate, a 3-g/L of MC was sel ected as the

opti mal concentrati on.

MC Size

Five different size ranges for MCs were enployed in the tests.
Turbidity and particle count rate versus the five different MC
sizes, along wth one sanple without MC, are shown in Figure 5-10
(A) and (B), respectively. It can be seen that the size range
from53 to 75 pymyields the best results for both turbidity and
particle count rate. Thus, this size range was selected as the
opti mal MC si ze.
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MC Size Range = 53075 pm

E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L

Figure 5-9. MC Concentration Sel ection

97




Turbidity

Rat

Particl e Count

12 1

10 1

Turbidity for Raw Sample = 82 ntu

None < 53 53-75 75-106 106-150 150-250

Microcarrier Size (microns)

(A) By Turbidity Indicator

Particle Count Rate for Raw Sample = 269 kcps

None < 53 53-75 75-106 106-150 150-250

Microcarrier Size (micrometers)

(B) By Particle Count Rate Indicator
MC Concentration = 3g/L

E-2: Ferric Chloride Concentration = 40 ng/L as Fe'™;

PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L
Figure 5-10. MC Size Sel ection




Settling Tine

Settling time required is one of the key factors in the

coagul ation-fl occul ation treatnent process since settling

ki netics governs the treatnment efficiency, duration, and thus the
size of the treatnent facility. The MC process appears to provide
very efficient settling characteristics for CSO treatnment.

Figure 5-11 shows results of turbidity versus settling tinme from
1 to 10 mnutes. In both tests, the post-treatnent turbidity was
reduced to 1.3 ntu with a mnor fluctuation within a two-mnute
settling period. The average turbidity renoval rate was 98% over
the settling duration of 2 to 10 m nutes.

Figure 5-12 illustrates a conparison of settling kinetics with
and wi thout the use of MC, respectively. 1In this test, it can be
seen that the MC process enhances both short-term (3 mnutes) and
long term (20 m nutes) settling characteristics.
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Settling time (min)

MC-5: MC Size Range = 53075 um MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L

Figure 5-11. Turbidity Versus Settling Time with Qotinmal Condition
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MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L
Figure 5-12. Turbidity Versus Settling Tine
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5.4 Response Vari abl e Eval uati on

During the CSO treat nment
the foll owi ng paraneters:
suspended solids, total

sol i ds,

st age,
turbidity,

t ot al

particle count

vol atil e solids,

rate,

t he response vari abl es i ncl uded

pH,

particle

size distribution, total

organi ¢ carbon, total

i norgani c carbon,

f ecal

coliform and zeta potential.

Anong these paraneters,

turbidity and particle count

rate have been presented in Section

5.3. In this section, the results of the other response
vari abl es are eval uat ed.
pH
Figure 5-13 illustrates pH distributions for two different raw
sanples along with settling tine from1l to 10 mnutes. It can be
seen that under the optimal control variable setup, all pH val ues
are within the range of 6.0 to 7.5.
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Settling Time (min)
MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L
Figure 5-13. pH Versus Settling Time with Optinmal Condition
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Suspended Sol i ds

Figure 5-14 illustrates suspended solids versus settling tine
with two different m xing periods, i.e., 2 and 4 m nutes,
respectively. Excellent results for both sanples were found to
be less than 10 ng/L with the exception of one sanple with a one-
mnute settling tine. Suspended solids were found to be |ess
than 2 ng/L with a 4-mnute mxing tine. The renoval efficiency
is 97% after 2 mnutes of mxing (average from3 to 10 mi nute
settling) and 99.5% after 4 mnute of mxing (average from1l to 7
m nute settling), respectively. For both tests, the supernatant
suspended solids reach the | ower measurenent limt (0.1 ng/lL)
after 7 mnutes of settling.
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MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L
Figure 5-14. Suspended Solids Versus Settling Tine
Total Solids

The MC process was designed to renove suspended solids and any
contam nants associ ated wth suspended solids. Therefore, if
suspended solids are the najor conponent in the total solids, as
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for surface runoff treatnent, then the total solids renoval could
be effective. However, if dissolved solids were the ngjor
conponent in total solids, the total solids renoval efficiency
woul d be significantly limted by the content of organic portion
of suspended solids in the raw sanple. For the CSO treatnent,
total solids renoval rates are approximately 50% as illustrated
in Figure 5-15.
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MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L

Figure 5-15. Total Solids Versus Settling Tine

Total Volatile Solids

As wth total solids renoval, the total volatile solids renoval
efficiency was also limted by the content of organic portion of
suspended solids in the raw sanples. It was found that the total
volatile solids renoval rate was in the range of 60%to 80% The
results of the two sets of jar tests wwth simlar conditions but
di fferent sanple batches are illustrated in Figure 5-16.

103



Raw Sample

600 T —— TVS= 440 mg/L
— 500 + *— TVS= 460 mg/L
3
o 400 1
& 300 T — T T T
3 bt
200 1
T
© 100 T ‘\/”/\
0 : : : |
0 5 10 15 20

Settling Time (min)

MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L

Figure 5-16. Total Volatile Solids Versus Settling Tine

Total Organic and | norganic Carbon

Figures 5-17 (A) and (B) show the results of total organic and

i norgani c carbon wth respect to settling time for two different
raw sanples. It appears that a 3-mnute settling tine would be
sufficient to achieve a stable condition. It was observed that
the average total organic and inorganic carbon renoval rates over
the settling times from3 to 20 m nutes are approxi mately 50 and
70 percent, respectively. It was found that these renoval rates
remai ned the sanme al though the post-treatnent total organic and

i norgani c carbon values varied for different raw sanple
conditions. These renoval rates were [imted by the fact that
only total organic carbon associated with the suspended solids
were renoved while total organic carbon in the dissolved format
still remained in the solution after the MC process treatnent.
Figure 5-18 illustrates conparison results fromtwo different

m xi ng durations, 2- and 4-mnute, respectively. |t appears that
the influence of mxing duration (2- to 4-mnute) is
insignificant with respect to total organic and inorganic carbon
removal s.
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MC-5: MC Size Range = 53075 pm MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L

Figure 5-17. Total Oganic and I norganic Carbon D stributions
(with different raw sanpl es)
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TOC for Raw Sample = 44 mg/L
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(B) Total Inorganic Carbon
MC-5: MC Size Range = 53075 um MC Concentration = 3 g/L

E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L

Figure 5-18. Total Oganic and I norganic Carbon D stributions
(wth different m xing duration)
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Fecal Coliform

Figure 5-19 shows fecal coliformdistribution versus settling
time. It appears that for a 7-minute settling tine, the fecal
coliformis reduced to approxi mtely 300 per 100 nL. The renoval
rate was observed as greater than 75% (considering the initial
concentration was 1200 per 100 ni).

Fecal Caliform for Raw Sample > 1200 per 100 mL
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MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L

Figure 5-19. Fecal ColiformD stributions

Rel ationship of Particle Count Rate and Turbidity

Figure 5-20 illustrates the particle count rate distribution
versus turbidity. A linear regression between these two
paraneters was performed and the correlation coefficient is 0.94,
whi ch indicates a strong relationship. Since the data ranges
over nore than two magnitudes, a log-log distribution of particle
count rate and turbidity is shown in Figure 5-21. The |og-1o0g
correlation of these two paraneters was found to be 0.8. A |og-

I og linear regression was al so perfornmed. The regression
equations are expressed as foll ows:

PCR = 3(Turbidity) +4. 4 For linear regression
Log(PCR) = 0. 91Log( Turbidity) + 0. 54 For 1 og-1og regression
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Figure 5-20. Particle Count Rate Versus Turbidity
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Figure 5-21. Particle Count Rate Versus Turbidity (log-1o0g)
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Zeta Potenti al
The rel ationship between zeta potential and turbidity is

illustrated in Figure 5-22. It appears that the treatnent

is

nore effective when particles have | ess charge. A sem-|og

regressi on was performed based on test results. However,

it was

noted that in nost CSO sanples, zeta potential data fluctuated,

whi ch nmay be due to the varying charge characteristics of

raw

sanples. The relationship between zeta potential and turbidity
in CSOtreatnent is not as clear as in surface runoff treatnent.
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MC-5: MC Size Range = 530075 um MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration: 20040 ng/L as Fe™

PE-5: Pol yel ectol yte 309C Concentration: 6018 ng/L

Figure 5-22. Turbidity Distribution Versus Zeta Potenti al
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