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The ramaval af particulate mattar is central to the drinking water treatment pracess. An
intearated madel For describing contact, direct, and nonaweap conventional Tiltration s
incarporated inta en optimization framewnrk to dotermine least-cost treatment configurations
and design parameters that satisfy wdraulic and effluent concentration constraints. Various
influertt particle concentrations, size distributions, &nd size ranges under diferemt flow rates
and particle densities are axplored taillustrate the impartance of size distribution characteristics,
Row rata, and partiels density an design decisions, In general, cartact fltration and canventonal
fiftration are the predominant trestment processes, with diract fifration used sparingly for welers
with highor concentratians of small particles. The results ilfustrate that the volirme avorage
diameter is pot sufficiont to characteriza the treatmant nerformance; rather, the particla size
range and distribution shape are also needed to determine the apprapriate treatment
configuration. [neraasing the desiqn flaw rate {2, 14, and 75 mad [7.57, 37.65, and 263,38 ML
end particle density {1.05, 1.20, and 240 g/em3) both lead ta 2 prederence far contact filwation

tvar conventianal fltration.

reatment plant

design

@ & for particulate removal.
EFFECTS OF FLOW RATE
AND PARTICLE CHARACTERISTICS

nc of the fundamental goals of drinking water treatrment js the removal
| of particulate matter from influcnt raw water. By emphasizing particu-
| late removal, multiple objeckives are considered (r.g,, arganic removal,
physical removal of parhogenic organisms, sorbed organicfinorganic
cemoval, and turbidity rednction), which vitimarely improves the effec-
tiveness of microbial inactivation by disinfection and reduces the production of
potentiaily carcinogenic disinfection hy-produets. To provide water of sufficient
quantity and quality to consumers, the integrared design of the individual Processes
thust be considered as the effluent of one process beeomes the influent of the down-
stream process, The design process must also account for the desired fow capac-
ity and influent warer quality. Additionally, the 1IS Environmental Protection
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TABLE 1
configurations

Conflguration

Rapld Mix | Floccirlatlon

Individual traatment processes included in the threa traatment

|
|| Sedimentation | Fiftration

ner, 138%; Wiesner e al, 1387,
a stinplificd sedimentarion made .
optimal flocculation designs From

least-cose direct filtratian solution FRphue of
Contant [ " | | |. . the hasw: for the ranventiona| i,
Pirecs X " | % ment dcmgnﬁ thufa, the dnc!srnnl Provg g

Wils 0ot entirely inteprared. Wiestey

Consentional | X | X | x

TABLE 2 Wamm quality and fiow rate perameter valuss used as inputs
for determining the laast-cost treatment regions

Infirant Paramoter

Values

al [1987) explored the behaving
contact, direct, ang :nnven:im}'
freatment for seven influent py

characteristics and derermingd |
least-cost design regions as 3 funy
of inflrent volume average diy

tally, the
e recriling

Partlcle con rentration.—peng,

Shape pasmeter—g 2,253,258 ¢ 45 5

3z TARED—ipT

Flowr rate—mpd RdLAN 2(7.5M, 1013 785}, 75 (ZA3.88)
Martcte density—gion? 105, 1.20, 2 40
Temperatze—n 20

1.2 3 468 12,15, 24, 22, 48, f4, A0, 96, 112, 138

Q0-100, 25250, 0,50-50,0, 0.75=F5.0, 1.0-100.0

and concentratian, Wicsne,
Mazounie {1989) observed gener
apreement berween actual weag K
plant design and the regians predicril
in Wiesner et al (1987}, W and pi3
{1991] used empiricai rreatmi
process miodels and data fram,

Agency (USEP4) reqitires a cost-benefi analysis when
promulgaring new regulatians (Pantius, 1997}, which
further emphasizes the need to combine cost estimates,
process models, and influent warer quality conditions m
enahle representative national cost estimates o be gen-
erated for proposed tegulatory actions {e.g,, Fray et al,
1998; Gurian ct al, 2001 3
Early studies o0 particulage temoval were focnsed on
deseribing and exploring the cffects aof an integrated treat-
Iment system of rapid mix, flocenlatinn, sedimentation, and
filtration, Some of the eatliest research ro recognize the
importance of describing pacticulate removal with an
integrated design was develaped by Gross et al (1978)
and Lawler et al (1980} using differant process models.
Gross et al {1978) used 7 conrinuaus farmulation,
assumed the influent particie diametars to be of ane size,
and performed an econamic analysis of che sedimentation
and filrration costs for treatment. Tawler et al (1980}
assnmed ideal plug-flow conditions, described the infhy-
ent particle diameter distribution with a power law, and
investigated a wider range of influent parriculate and
treatnent characteristes, Ramaley eral {198 11 furthered
the study of Lawler ¢r al (1280) by exploring the trearinent
behaviar for rwo model warors with different particle
densities ang petfarming a sensitivity anaiysis on tie
trealinent process parameters {mixing intensity, sedi.
MEntation residence time, and filter ftedin size), These
studies iilusteare the complex behavior of particle removal
and the need far gn integrated design framework ta make
associated treatment decisions,

Wiesner {1985) and Wiesncr et af (1287} followed the
modeling approaches of Lawler et al {1980) and Ramaley
etal {1981 1o explore the |east-cost design regions assum-
ing charge nentralization condiions. These studies [Wies-

TE NNVFMRFR 2400 ¢ 10000AT s REE | omerR ae

mrediem

existing reatmment plant in 4 learg
formulatian that produced an g
mal design close to that of the aceual plant. Mhsisalka
al {1933} solved the least-cost design prohlem ng
dynamic programmin B. 2ssumed the influent particle cf
acteristics were monadisperse and hererogeneous, and I
simplified models to represent the flocculation and s
mentatian processes. Mhaisalkar et g {1992] also
formed a series of Sensitivity analyses that shawed
least-cost design and effluent cog centration were nott
sensitive to changes in the influent flow rare, suspen
solids concentration, and trearmenc COSE PArAmE
Dharmappa ek al (1994 included 2 patticle size distri
tian and process models simitar to thase of Lawlz
{1980} and Wiesner er al (1987) for flocculadon an
imentation, a modificd fltcation model based on O'Mz]
and Ali (1978}, and incorporated waste-handling optild
ins the treatment design. Their solution methodology int
rigatcd the least-cast design for threee influent condifo
The pracess models used by many researclic®
{Dhartnappa er al, 1294; Wiesner et al, 1987, Wies
T285; Ramaley et ai, 1981; Lawler et al, 1980) to dess]
the changes in particle size distribution assome: (1)
particles follow a rectilingar flow path {i.e., particle m
tent within a fluid is independent of iydrauiic effectsl,.
{2) all particles are spherical and ROnPacous, Smd\_ ¢
Han and Lawler (1991, 1992} presented a curvilin
modeling approach to account for hydrodynamie i
in the coliision proresses for nonporous, spherical
cles. Addidonal studies have been undertaken ro mo
change in particle size distributions Assuming porty
ticles that behave in a Fractal nacure (Tes e al, 2000; L
Logan, 1397, 2000; Wicsner, 19592). Therefore, it &0l
seem that the hard sphere rectilinear approach MA3
madequate for representing particle behavior in o
trearment systems. Cheilam and Wiesner {1993}




stchat for particles with fractal dimension =2
clay-iron, kaolin {Wissner, 1992]) the recrilinear
Smay be suitable because of the relabvely porous
¢he-particles, which reduces the hydrodynamic
the particle movement. For pacticles wich frae-
asions =2.3 (e.g., ferric hydroxide floc, poly-
sheres [Wiesner, 1992)) the cuevilinear approach
re important a5 these particles are more imper-
fiuss producing more hydrodynamic effects, Addi-
e study by Wiesner er al (1987}, which used
l| gar approach, resulted in least-cost treatment
Fwers Telatively consistent with actwal meatment
igurations indicating the rectilinear appeoach

plant design. The work of Wicsner e al (1957)
red the widest range of mfluent particolare char-

¥ not be representative of the entire parricle size
on for detecmining the ieast-cost treatment con-
itions. Comparisons of the least-cost reatment plant
rations are made vsing both the particle size dis-
n range and shape of the influent particle size dis-
ton to illusteate the importance of both characteris-
the resulting aptimal treatment configuratians
than the single, compeasics mezsure of the volume
srgc diameter), Second, the design capacity of the treat-
ant will atfect the treatment cost and process can-
atinn decisions. Three Aow cares are considered to
igate the etfect on the least-cost treatment coofign-
-regions, Finally, the influent particle densicy bas
shown to affect the weatment process behavior, Three
ricle densitics are considered to investigaic the effect
Biltecent densities have on the least-cast treacment config-
fans. The range of densittes considered include high-
Ensity values representative of water with predominantly
ganic particilate matter, and rwa low-density values
resentative of warers with predominantly organic par-
gtc macrer, such as humic acid.

OCESS MDDELS

:The current study focoses on describing the change in
wparticle size distribution throngh rapid mix, flaccuia-
G0t sedimentation, and fileration using the rectilinear
proach (Wiesner et al, 1987%; Ramaley er af, 1981;
ler et al, 1980 und{:r nonsweep, o charge neatral-
Whtion, rreatment condigions, Particke deseahilization under

T
fore, it cgd
tach ma
10F in a

1993), hof

FISURE 1 Optimsl least-cost valuss for dosigns over a
ranga of inflvant concantrations with en
influent particle size range of 02625 ym
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The direct {tration region 8 e Rarrow reglon cerrtared on 16 mgiL.
The iines fwillout svinbols] seporate the ratal cae! info copiial coste
{CCh operatfor aad matnienancs (&M, snd chamizal fehem) eosts
faroa batuwert e iines), Tatel cost = CF antusalized at 8% meer 20
years + armual O&L coed + anital ehem cosf,

charge neutealization conditions assames the use of & »
10-8 moles of cationic polymer addition per square metre
{square foot} of particulate matter sneface arca [Wiesner
et al, 1987}, The influent particle size distrilhution can be
described by a power law distribndon {Lawler er al, 1980)

dMN

8N 5 1adu-p
ogidy = 13 AGHE )

in which N is the number concentration of particles, d,

is the particle diametet, A i 4 parameter related to the par—
ticle concentration, and B is & pararneter relared co the
shape of the pan:ich: size distribution. The patticle size dis-
tribution is completely specificd by selecting a vaiue for
B and the particle size range, which allows the determi-
nation of the volume averape diametet, [d . The can-
tinunus inflnent pacticle size distribution is reprasentcd by
a logarithmic discretization of particle sizes into 51 dis-
crete particle diameters using Alogldn) = 0.04 (as in Rama-
ley ctal [1281], additional bins ate included and initially
|left empty to account foc the formation of particles with
diameters up to 300 pm and prevent particle buildup in
the lacgest influent particle size class). The change in par-
ticle size distribution through rapid mix, foceulation,
and sedimentation is described wsing Smoluchowski’s
equations {Amirtharajah 8z O'Melia, 1220; Lawler cr al,
19380). Removal af parricles during sedimentation is incor-
porared using a rerm for Stokes® sottling {(Wiesoer et al,
1987; Lawler er al, 198() inclading a correction factor for
drag om large particle sizes (Montgomery, 1985). The
sedimentation tank is discretized into seven layers, which
are coupled throngh the settiing term. The paeticle colli-
sian cHficicney, o, for the rapid mix, flocenlation, and
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1387, Cationic PObymer costs [nne ncludeq | i
the Clark (19827 D&M COSTS) are Encludeda,

35,21 8/ton (36.52/%2). The SIS Are updagey | 4
to 1997 dollags and ameorrized aeey 24 VEar,
At 20 interest rate af 85 Toral cost g Pre.

5
sented as the annualized capial cose, plug the | o
Contaet - annual QfchT tnsts, phus the chemizy costs. A | i
complete description of fhe Piocess models i | o
provided jn Bogcel|; {2003, g
gl
PROBLEM FORM VLATION fn
& Theee teeatment con figirations arg consid. o
é A ered for evaluating the leasr-cng destak: cop ¥ e
H tact, direct, and conventional fltrarian, Each 1. any
g configuracion yses g combination of the ing; des
& ) “|  vidual tredrment processes of tapid mix, Ay ¥ the
i 2 Conventianai cularion, sedimentation, and fltration, Tablet | oma
5 shows the indieid val trearment Processos b oate
§ inctuded in cach of rhe freatment comfigngy. ¥ v
tions. For each st of influgnt condirions cen- fom
sidered, the leasr-cost design for each of e pren
theee rreatmene ronfigurations is determined, § den
The confignration with the Iowest costisthen § . sy,
determined to be the least-cost aprion, | JETF
: : The cost and process models are incorpe- . § /4
0 Y 120 tated inro an optimizarion formularion g Wi
IRfuomt ConCETation-_ g determine the beast-cost trea rment desigas, ’ frtteg
Hﬂwmfee'wc!ﬂmgda’?msﬂ#wi.nﬂ-fﬂm:m’ The Optimization rroblem is formulaed as-l' L ofal
—_— ] Follows: AR st
: ons
sedimentation Prikesses is et o (0.4 {Witsner gt al, 1247, min L OC + £ 08
The resulting st of ordinary differpnig] £quations {QDs) ev on tf
{63-88 for rapid miy and floceulation 454 141-616 for sultject to individaal PINCCSS constraings
qedlmenmtmn, dependent on e nfluent siya tAngre] are
A stiff set of ODEs salpad USIng a Fortran soye, ! {Hind- 15 = 1, = 40 min - e ¢
marsh, 1983), The filteation madel 11524 was develnped by e gl
O Melia and Als (1978} and uges the volyme average 0= Grs 50 61 (75 -1 £y direct)
diamerer, {d 1y (nor the particle siza n'isnihurinn] anf

Particutate concentrating teaving the sedimentagon tank,
Cp a3 inpurs 1o the filter modet, i
assumes that the highest efflpen
immediately after e Start of a filkor
INg canses contimyal filtration fmMprave
ton ignotes Hhe deterioration of efil
from particolags I:urcnicthrnugh and, as g resul, impricftly
Assumes that the maximpm headioss is regclheq prior o

the occurrence of particulate breakrhrnugh. The filter
media properties for this sterdy

=049k

(015 = Le= 480 (1n L'min/m3 {epmisq fi)
run ang rhar ripen-

ment, This nssum p-

and integrated process canstraints
UENT eancentratng

Cr_‘” = 0a ]TIEJ'IL

CONSISE af g media digm-

b= 350 om
eter, d of 0.1 em (.04 n_j and 4 clean-hed Norosity, e

of 1,36, The callection cfficiency of the sand medra, g, D=RR =015
and entrapped Particles, Dren Are (L76 and 0.08, respec-

tvely (Wiesner o al, 1987]. The COSE ETUArIONS gel 1oy
Fepresent the capiral coses ang OPErATing and g inee-
nance (8 M) costs are taken from Clark | 1282) 1nd a

madified form of the COUALIONS presentad by Letterman
(V280} t0 descrife filtration C&M el

12 = = 168 1

i
with the ohjective of mimimizing the sum of the ‘:92 b
costs (C0) and operation and mitintenange (O &) cos i

. : . - , : in
ts {Wicener ar al, alrering the Ipprapriate decision varighles subjoct 1
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B od imccgrated pracess canstraings.
My 'nl'ﬂ polymer costs {CC, O&M, and

-y arc nit included in the optimiza-
i rmuolarion becaese these costs, for any
i influear conditions {influenr particle
B - icasion. B, and others), are the same
B meact, direct, and conventional trear
. tneread, the chemical costs are added
imization witheut affecting the optinal
inns, There are four decision variahles:
gatien tank volume, Ve (L3); mixing
ity, Gz (time—T-1); sedimentation, A, ;
firer area, Ay (L2} (all values are nonneg-
i, Prelirminary resules fxed four addironal
an paramerers at optimal valves such thar
pid mix volume was always selected o
fitain a 0.1-5 residence ime with a mixing
A sity of 700 57'; the sedimentacion height
m {164 ft}; and the fiiter depth was 50
35.43 in.] (Boccelli, 20030, The individual
wess conEtraints include floconlation resi-
fce time, 17 = VA (Th, and mixing meen-
FIT1; sedimentation residence time, ¢,
A0 (T and filtradion leading race, Ly=
] I,rlfL-’*.-'Tle Igpdisq ft]) (Kawamura, 1997,
Mocer ot al, 1087 wMomgomery, 1985). The
gtated constraines are implicitly functions
| the individual processes and are rhe rea-
frthe individual treatment processes mast be
wwidered simultanconsly in the design

Valurre Average Mameter—pnr

FIGURE 3 Least-cost design regions and fiter [sading rate contours

&% a function of tha valume average diamater {with the
asstciated B value provided) and influent perticulata
concentration for an influent particle range of 0.25-25 pm

2.4

Loading R o
Limindnd
fgpmiza &)
| EINHE
| RN
I 240 {8
FEEE 20 fa)
T oang ey
400018 L

E

o0 aa &0 A0 100 180
Influent Concentration—mgd

Flow rate (3] = 10 mgd [S7.85 ML, 1 = 1.20 glom’

Biltocess. Integrated constraints are provided
o the cffluent particulate concentration, (oo Bilter head-
= b5 recyele ratio (the fracton of total flow used in the
ackwash process), RR; and filter run time, tg The efflo-
teoncentrarion constraint of (L& mg/L assumes 2.0
bl of partionlate matter is cquivalent ko 1.0 niy [ Wies-
tral, 1987) and is based on the current regulation of
. The effluent concentration, C.y, is derermined
avezaging the effluent concentration vatues from rig) fil-
IErs assuming staggered backwashing, For example, Four
ts with a run time of 40 h and staggered backwashing
kdicate cne fileer is backwashed every 10 h. Given the
liration model assumption, the masximum Coft OCEUTS
Mmediately after one filter completes a baclowash cvcle,
Therefore, the Cert value af interest is the averagr of the
tent concentration from the filter thar has fist lrcen
haclwashed and the efffuent concentration from tha three
her filters that are 10, 20, and 3 b inco their individual
fier cyeles, So, although the effluent conceatration pro-
tnf an individoal filter can exceed 0.3 1k, the average
all filver effiuents is constrained o not exceed 0.3 nn,
The oumiser of filrers designed is relared to the flow rate
by iy = 1.20%% ravnded up (Kawamura, 1991 l. The
& Silting problem is 2 nonlinear programming prabbem
"’Ph'ed using a sequential quadratic programming alpo-
k- i {Bicgler & Cuthrell, 1983), The resulting prochlem

has four decision variables and 13 bounds and CONStCaings
for the conventional treatment prohlem.

Table 2 shows the extended initial conditions used ro
determine the least-cost desipn regions, based an che pre-
vious studies of Wicsoer st al (1287] and Lawler er al
{1980}, The “base case™ values in the first part of this
study used a flow rate, 0, of 10 mad (37.85 ML/d) and
a particle density (p) of 1.20 gfem? (similar to Wiesner et
al, T987). To explare the effect of flaw race on the |east-
cost configurations, additionn] flow rapes af 2 and 75
med (7.57 and 283.88 ML/ were investigated with p =
1.20 gfem?, To cxplore the effect of particle tlensity on the
icast-cost configurations, additional density values of
1.05 and 2.40 g/cm3 were investigared with =10 mgd
{37.85 ML) Sixtcen influent particle concentrations,
seven shape parameter values, B, and five particle sizr
ranges were considered in developing the least-cost treat-
ment configurarion regions. Additional concentratian
and B values nor presented in Table 2 weee nsed wihere
necessary to refine the graphical estimatinn of the least-
cost configuration regings.

RESULTS: BASE CASE
For the base case conditions of Q = 10 med (37.83
ML} and p = 1.20 gfem?, Fignre T shows a typical [east-
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FIGURE 4 Loast-sost design regions and filter run time cantonrs

as a function of the velume average diametor

{with the asgociated B valva provided) and influant
particulete concentration far an infiyent partlcle range

of 0.26-25 ym

Cantpel

Comeentianal

Fitter Rur
TiMg—h

Velume Average Dlamelor—unr

fluent Coneeptalon-——mpl

Floww rata Q) = 10 gl (37,65 ML), o = 1.28 g’

influent concentration from 0.8 o 18
the tatal annual cost. :
Least-cost confiquration regions, Figmre ) 3
shows the optimal cost contours ang Je,,
cost tearment configurations over a rapgs -
influent conceneratians and (s )y (with ooy, B
responding B values shown) for rhe base ge. F
conditions (0 = 10 mgd [37.85 MLid]; p=1; ¥,
gfom?) with an influent size tange of 0.25.2¢ 'F .
pim. The shape of the cost contours in Fige F
2 aee representative af the cost COnrny .:_’j
observed with the acher four influent s ¥
tegions. The cost of treatment tends g tead
1 maximutn between B values of 4 and 433
The decrease in cost as p Approaches a vy,
of 3 is assaciared with the increase in pastich.
nember concootration in the small particl -;
sizes, The increase in nomber EOTCENEratoy
resnlts in an inerease in the collision fraquency
50 thal treatment is easier and the cost
treatment is reduced. The cost contouts for de-3
other influent size regions are generally the 3
.5 same, pazticularly at larger influent sizes ()i
at which filter run time, not effluent concen
tration, primarily affects the design decisions:
Figare 2 also shows the least-cost conf
uration regians of coneact, direct, and con
ventional treatment, Cantace filtracon is 2
ically the least-cost configuration at lnws

Tﬁ ur'.'

oo

I

COSt SUIVE OVEE & tange of influenr particle concentra-
tions with an influenc particle size range of (L25-25.0
nand B = 4. Figure 1 shows the taral reearment cost {line
with symbols) and the fraction of the rotal cost hecawse
of capital {CC), D&M, and chemical {Chem) costs [arca
berween lines). The maximum tregement cost ypically
aceurs around an influent particalate cancentration of
20-30 mg/L. The results in Figure | show the least-cost
Frearment configarations of contact, direct, and conven-
tional treatment for the specified influent conditions, The
direcr filtration repion, when present, is cypically narramw,
The rapid inceease in enst at che low influent concentra-
rion values is usualiy associared with contact and direct
filtration configurations. The costs cantinue o increase
toward the maximum cost under comventinnal treatment
because of the importince of the filtration process in
these concentration regions tdiscussed further in the fgl-
inwing section), The casts hegin ro decrease with increns-
ing influent concentration as the sedimencarion process
becomes more importane, & small partien of che annpg|
€osts are arteiboeable to Q&M (typically 3-6%), excepr
at high influent cancentrarions {0 = 128 mg/L), at which
C8cM accountes far about 22% of the annual COSLS
becawse of an increase in Roccuiation mixing mrensiny The
chemnical cost partion af the annual ensc increases with

B2
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corcentrations, The influear concentmbon st
which contact filerarion is the leasr-cost con
figuracion increases with an increase io {dp by when (a5
is » 2 pm. Dhrect filtration is typicaliy prefereed anly over
a nartaw range af influent concencration, though it
more likely ta bt optimal ac low (d, v corresponding K
high B values, For an influent particle size range of 0.25-2F
pm, direct filtcation is the least-cost treatment confign
rien in two small cegions carresponding o the smﬂ! &
and larger {d, }y regions. Nonsweep conventional fiiration
is the predominant ceoatment configuration, with f]“l:
largest ranges at very small particle diametors am“”'f_-
{f;Tp}V of 1.5 pm, . g
When develoning the leasce-cnst designs, the constaitt:
tanges far Lyand ¢ were allowed o extend bevond o
ical design valoes to provide more possibilities in the opt:
mal designs and to allow eomparisons herween desi;
practice and the optimal resnlrs, Typical values for Ly2
80 L/min/m? (2 gpmisg ) and abaove and for tare ¢
or less, Figures 3 and 4 show the least-cost design FEEJ'I’_‘_' X
and the assaciared values of Lyand 1 respectively #
an influent particle range nf 0,25-25 prn, In general, th“
are twa regions where the current design approach 1
duces constraine values below the typical minimurm kel
it rate o abave the typical masimum run tme: {1) 841
influent concenteation approaches the edge of the con
filrration regions and {2) for dhe conventiona) trea
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on with {da = 1 um (R between 3.5 and
"If the constraints were adjusted to reflect
F ical designt values, there could be a slipht
B Lify in the icast-cost configuration boundary
; [Er;}"’ around 2 pm, and this woald cer-
inly increase the design cost far conven-
qal rreacment fnr{:z'l,.,:lvﬂ 1 pm.
Figure 5 shows the leastcost design regions
;e an mfluene particle range of 1.2 5-25 pm
¥ o further separates the conventional treat-
ent TEGIAT imto four regions (1A, 2A, 3A,
F ) based on the active constraings. For all
nsteding regions, the least-cost design resobts
i an acrive headloss constraint of 250 cm
(9843 in), which is a result af assuming no
jparticulate breakthrongh during the filter run
fme. Region 1A exists because of a rapid
increase in design cast, and cventual infeasi-
biliey, of the direct fileration configuration
b hile satisfying the RR canstraint, The addi-
dnn of sedimentation does not significantly
H gifect particulate removai (sedimentacion
k. emoves <2% of the particulate matter), yet
? enongh particnlate macter is removed o sat-

- itfy both the C,p and RR constraints, In region

" 1A, sedimentation removes significant pat-

¥ ticelate matter {(=60%); however, the reten-

- ton time and in most cases the mixing inten-
sity in the flocenlation basin are kept to a
minimum. Thetefare, under these influent par-
cle size characteristics, creating larger part-
tles does not appear to be an important con-
sideration in the least-cost rreatment of this
mgion. Orher than headloss, the only other
active constraine is C.. Region 34 is the
largest of the four regions and is where the
flocculation retention time iz generally at a
maximum and sedimeneation removes signil-
iant particulate matter; G,y remains the other
active constraint. The bast region is 3B (in the
unper righr quadrant of Figure 5, which is
similar to 3A, except that both G and the
minieum flter mun time are acrive constaints.
With the larger size ranges, as the volume
averape diameter continues to increase, the
Cerr constraint becomes less important to the
point thar the minimom fileer ran time con-
strains the problem, nar the C constraint,
When [n.'_,]? increases to such a [aipe size, the
orst differences between the variowes influent
size ranges are small becanse the designs are
nar as heavily influenced by the need t sarisfy
the effluent concentration constraine.
The resulting treatment configuration and
constraint regions ¢an be relared to the opri-
mal filrration design, Figure & shows the fil-

4

FIGURE S Least-cost design ragions for contact, direct,
and convantional treatmant and constraint
ragions (1A, 2A, 34, 3B) as a function of the
vofume averaga diametar {with the associatad
{3 value provided) and influsnt particulate
concentration for an influent particte range

of 0,26-25 pm
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FIGURE 6 Cost of filtration as & function of the filter influent voluma
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. - . = 4. The arrows represea ch
FIGURE 7  Least-cost regians for the five influent concentration ranges rﬂ Th s fj_P i the filtn. | 4 parrow
. A 107 COST CORTCSROTNG Lo an ifc
sttawn a5 & function of the particte distribution shape parametar s olare ] P o lg Fedse | qweep €0
. M plant influent particle concencra P
and the volume avarage diametar P Nt p: fration, { ponfigura
Cloncact Gleration is che least-cost Opticg | gualitativ
A Inftuent Partlcie Size Range—m with 2 volume average diameter of 0.5 sy pree
6ot R 0550 0252 0410 i and an influent particuiate coneen. ept CONCE!
! - = L R B tratian up to Cr= 8 mg/T. (symbel . in the ma
circlel, Thuring contact filtration, d, /L. Ulei
cost simply increases with coticentrs. F jngpﬂrti‘-:[
tion, Within rhe conventional 1A F qarticle de
K o 3 - a L 2 L ] L - . :
# ? raginn {symbol = square], the Cyand E jemonste:
RR comstraints are active, and focps meters am
= lation and sedimentation processes ap. Effact 0
o o L. " L] | adder t0 satisfy the offluent -.1r.u:l I'{‘q,l'gfh 4 leasrcost
CONSLIAINGS, not &0 create particles sut §- Loncentrat
able for sectling. 1n fact, the fifter ¥ bath the
exmoves mote than 58% of the particle; ¥ infuence i
S+l o e 0 B 1 S mpar——1 ﬁ'nl'ﬂ thﬁ warer En thj!: rEE‘iDﬂ. -'ﬂl-s [h[: & (st TCalr
] = a LERIR - ' . A
010 2nan4n 5 i 10020 2D £0 50 Q13020304050 0 90 2040 40 50 D1 T A0 BQD concsneration increases nto Ei'lE com
Camecantrstion—mgt ventianal (24} region fsymbiol = trig
B Inflwent Particte Sizs Range—pm gle) where the focculation residenes tgions, T
T.0-3d0 8.75-75 2.5-50 0.26-25 &1-10 tne is ac A roinimuam, the flter {5 reneip regicns of
- - | [ 16 . - | ine a relatively conscane infiuent con: B id )y, or A
centration; however, (dy )y i increas ferent in
] 1 L 14 L 14 SETH L : . : . .
f- * # ft img. Further increases in the infuen
| 12 SRFS 12 Y 12 g concentratian move the saludon it
m ' ' '
E i - - Y — i t}'_n: 34 conventonal tegion is}rnruhnl £
o diamoend) where floccularion restdends
& 8 B F g L g . . \ - It i
o time 15 af a maximem, which results idfg
LY s 8 -5 o - smaller particles and lower influenr ooo?
2 ] - - 4 L ad centrations entering the filter {sed
§ , \ . mentation removes mueh of the [ps
2 oo FoAn : . .
particles and concentration). Cvets
DIOZBS0ADED  DIDI0ANANED 0I020%0A0SD 0TGN O 152030 e o the changes in fleration cost "“lm":r
i ent cost
Congenatiot—mg. changas in t['l:‘.' toeal teeatm y
the different influent size ranges an
Regioma to Iha laf of tha {ines are conincd fiftrailom, ragiens befweon the beo nox are i \ . d. th o
direct fiilvation, and ragions ra the dght af (Ao iites Bre canvenlional frasimert values investigaled, the _tmﬂtml
figurations and constraint regions for (¢
similatly related to the Gltration des P<2

N
tration costs of the aptimal designs for a given volume
average ciameter entering the Filter, with contours repre-
senting the nartticle concentrarion enrering the filter {CA
not the plant. The inset in Figure 6 shaws the tocal rreqt-
ment cost against the influent particle concentration, and
is the same as Figure 1. With the exception of the Cr=2
mg/L contouy, there is 4 rapid deerease in cost as fed, by
increases, followed by a stighr increase hefore the cost
drcreages again, The high cost at the small particle sizes
is the resalt of the difficulty in satisfying the mininmum fil-
ter run time {C, =< 4 mg/L) and RR (C; = & mg/L} con-
strainrs, The maximum filter cost oocues near the parti-
cle gize that is most difficult o remove (slightly = 1 pm)
and ¢orresponds ro about the masximum total cosc.
Figuee & relates the constraine rerions to the Rlteation
design cost far an influent sinc range af 0,.25-23 pm and

charactetistics as in Figure 6.

In general, contact filtration is preferred until 2 U
draulic constraint (minimom filter ron time or recy
ratio} either increases the cost rapidly or results in 32
infensible design. At this poiat, direct filpration may bety
lized to increase the particle size entering the filke
direcz filteation does nor rransition ineo the regian whie
settlenble particles are formed, sedimentation i
ta assisr in keeping & feasible design and has active ©
straings for both C,pand the RR, The regions where b
the Cpyand RR constraints are active generally onlf
for coneentrations <20 mg/L. "
Although the leasi-cost design regions in Figurs &g
goantitatively different than rthose developed ?Y W-m
et al (1987), the regions are qualitatively Eimfh‘r m
contact filtration is the [cast-cost configuration g_l'[.
influent particle concentratinnsg, direce fileragion o0



L= 1 — 1 T -
CAIF the g 45rDW TEBION of least-cost configuration, and non

FISURE 8 Lerst-costtreatment curves for thres inflvant

VIO an gy, p convenrional trearment is the dominant process particls concentrations |2} and influent
*UNgenty, figaration. The lzast-cost tecatment curves alse remain volume average dlametars associatad
EAST-Cogt gyt mﬁmti‘fﬂ!f similan, althongh the Wiesner et 4 {1987 with five influsnt particls size ranges
JAmater of o) o5 predicted & maximum treatment cost with an infly- and R=23, 4 and 5

! Pl - r

icutate g i1r‘:nl.mﬁn|:rﬂrjn:m of approximately 13 mg/L, in contrast

/L (sympe he maximum from this study ar approximakely 24
Fi[TrHtinn:.‘.’r ‘., ,Ulemately, this study illustrates the cffect of chang- 24 O— 01-10
'ith COfgpy;d - Fﬂﬂ'u:]c size distribution characteristics, Aow rate, and b C=4amgh.
€ntinpg] i e :efe density on the leasrcost configuration regions to 2.0 | L= 02525 um
2): the G, 2 emonstrate the need for considering these influent parg- 4 LESpm
ve, and flp B m and associated variabilities in the design procoss, ~—Q— 0.76-75pm
N Processeg Efiect of shapa paramuter, B, and inflnent size rangn, The Y —o— 1w prm
o0l and rpgy tcost design regions have been shown as a function of
2 Particles yipadE  .oreation and (4, )y (Wiesnee et al, 1987} however, 124
acr, the fij; th the rangr and shape of the particie size disceibution
0l the pary;sjir illeence the design selections. Figure 7 shows the Jeast-
Fegion, As sy eAtmEnt regions as functions of B (Top) and {d_;,jl,- 0.8+
-intey the Fiortom). Although the various least-cost configuration
ymhol = g pons have some similatities across the influent particle size a4
Hion taside ions, heither § nor {dy by completely determines the '
 filter is rogy ioas of lcast-cost teeatment. That s, for a single value of
p infivent iy )y or £, the least-cost treatment regions change with 24 T T
v i5 incre ifereat influent particle size ranges. Therefore, generaliz-
n the nfluei: g design decisions hased solely on B or (e, i may not be 20 22 o
sclution ing; pprapriate. In geaeral, direce Rltration is present as rhe '
ion {symbcl 08¢ Treatment configuration at the lower { d, byt higher
rion residenss- g values. The exceptians to this are the resnlts with an 16
Rich resules finent particle size tange of 0.75-73 pm in which direct E
t influent oo Imation is never the least-cast option and for an influent k)
= filter jsnd re range of 0.25-25 umn when there is an additenal range I 124
p of the targer Mo diveer filtrarion ar higher {d heflower B. Conventional ]
on}. (verl Eorament bas the largest range of least-cost treatment con- ¢ 0.3 )
ST himic ¢ paration at small {d, )y [« 0.5 pm} and for fd_p:lu henween
pent cost. For ‘& ¢ and 3 pm, Larger influent {d, by reduces the range of con-
ranges and b & wntinnal trearment as the least-cost option, 0.4
eatment ot 3 Figure § presents the teeatment cost for C=4,32 and 128
t Tegions att @ mi for {E_p]v corresponding to the five particle size ranges 24 : |
ration design & widl B = 2,3, 4, and 5. For an influent concentration of 4
2 . " " (top}, the cost curves are the same over the range of
t uncil a by & sfens lf.‘al;:'v for the five influcnt particle size ranges con- 2.0 C=128 mgiL
¢ or recyelt ¥ weeed, This is ot sucprising becawse these solurions age al|
‘esuits in an- ¥ ¥ithin the contact filtration range, which is only dependent 1o
1 may houir ¥ m i, Iy: {there are no other processes w alter the particle size
the fileer 1 § detmiburion). As the influcnt concentration Imereases From 32
cgion whert § mpq. (middle} to 128 mgf. {bottom), the costs are essentially 124
on s addel ¥ hesanse in 4 conventionsl treatment regian) for the larger
acrive com & influapy [Fp}y, whercas ar the smailer inflyent {E;,]l,-, the pae-
where both ¥ file range has an effecr on the design cost—nat jost the o
ooty ot § inflacn volyme average diameter. This further illnsrates
lhat [E’;:.V may not he appropriate as the sole pacamerer for 04-
ignre 24 § bing design decisions,
by Wissnd -
itar in that 1 RESLTS: EFFECT OF FLOWY RATE 00T ; 10 18
ion ac 0% ' Trearmene plane designs will vary fram location to Inca- ) Influemt Votume Average Dismeter—qm
i only hef § fing g fe designed for a variety of flow capacities, Fig- T Tolme Avarge Diemeter—s
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FIGURE 9 Least-cost regions as a function of influent {d,), and partioulate | by normalizing the annual cose |

cancentration fur thres fow rates

1 | | | 1 | | i
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flow rate in million galtans per dy, §

{megalitres per day), The least.

Cogr L

1 oy design profile for the narmatize e s
| with 0 = 2, 10, and 75 med (7,57 §l.
4 4] 1 37.85, and 283,88 ML) mainyyy, §[
the same relative shape as rhe Ay : "IF'IEI:
cost i Figuee 1. The maximum teoge B4 n=1.
& MEnt cost remains ac inflrent g, ¥ con
T. fate cancenteations hetween 20 and 3. Con
5 - i 3 mg/L, and larger plants prodoee wane {[.  Com
E ar lower cost per 1,000 zal {al?gjml T
& than smaller plants, thus achie-,-ing s Influer
E; ecancmies of scale. n=le
s Lnnt
E 21 21 2+ RESULTS; EFFECT OF PARTICLE
Z DENSITY :
Figore 11 shows changes in
ieast-cost confguration TCEions witl;
respect o changes in particle deng
1- 14 11 For the smalfer and Jacger {Fplv Iafgs
inereasing p decreases e regin
[5.:2'gmmgﬂda m;g;"ﬂﬂ 0 E;?S-;;ghl‘:'lud] where direct ﬁ]tratif:tn is the least-co
T N S S | treatment configuration. For the lay
0 70 20 30 42 50 0 10 20 30 a0 mn -

It luert {.‘.nn::zntratlnn-—mg.l

Ragions 1o the e/ of tha jinas A conmet flration, ragions tefieman the o fnan
are glirac! Mlratlon, and raglons ke e Hight af the ifes are comnions Iragimant

tattinent particte diammser PRSI0, 2528

LI S e g
0 40 20 30 4n S0

(dy by region, the ditect filtration TEgio]
completely disappears with th
fncreased particle density. For il
smaller i%]p region, increases in pae
ticle density rend to shift che direc i

ure 2 shows the least-cost teearment can figuration regions
for theee design flow rates af 2,10, and 75 mgd {7.57,
3785, and 283,38 ML/} for an influent particle sjze
range of 1.25-25 ym, For O =2and 10 mgd (7.57 and
37.835 MLAY, there are twg distinet regions in which direct
filteation is the least-cost treatment configuration vorsirs
one region when O = 75 mgd (283,98 ML), The direct
filtration region for [d_l,.,-]V = 2.5 pm is the largest when O
= 2 mgd (7.57 ML) and disappears campletaly when o
=75 mgd (37.85 MLA). For the direct {iltraticm region ar
smailer {d )1 increasing (} increases the particle size range
in which ditecr ffltration is the least-cost treatment con-
figuration. For the direct filtration region at laeger frr'_p}v,

mereasing F decreases the direct filtration region, and

the contact filtration region expands o make up the dif-

ference, For {.:;.'_’P]p berween 1.25 and 2.5 pm, increasing O
Also expands the region of sontacr filrration.

In general, increasing O resoles in an increase in the
treatment plant design cost, This is simply hecause of the
ineragse in trcatment Process capacity fecessary ro accom-
modate the additonal flow rate. The treatment plant cost
per unit of flow rare, however, does not necossarily
increase with Q. Figare 14 filustrares tie econmmies of
scale assoctated with the least-cost designs for the differ-
ent £ valoes aver a range of influent concentrations and
an influent particle size range of 0.25-25 um and B = 4

15 MPTIFIIASR 90md 1 cmiemie iy 1eeagya

tration regian to low (4, ] values.

As particle density increases, the region of come
tional ereatment actualty decreases with I rger pani
sizes where sedimentation bacomes more sfficient :
recnoving larger particulate mareer (Fignre 11}, Figore:
shows that increasing the pacticle clensity to 2.40 ghr
actually reduces the amount of parciculate mat

i IEtt o ];
FIGURE 10 Costper 1,000 gal of watar for increas! . 13 tome
flow rates over a range of influent :
concemrations
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7z Individual and integrated process constraint values from tha optimel designs of contact flration with £=4
© mgfl, conventional filtration with £'= 48 mgAL, and p =3 and 4 for various influent particle siza ranges, perticla

densities. and flow retes
! {3} r L I ! L—L il /md C RR t
fonfiguration B p'l:nv mfn ri J'; (gpm.sq ) m;-:"[ B ﬁr
e Z*E,difn?rag_i e (4758 M
an 146 4.0 (1,83 11.40 14 622
41 (3, Bl 108 £2.72) LA | s 120
an 1.46 fi.6) A5.3 19.4 2R3 060 2.9 3749
peentianal a0 .60 15.0 10 36 A0 1L £3 107
fg*;ﬁg‘iﬁ"&‘; r:r?r:n::jrs P RS ML)
i an 437 HI 10,3 a6 28 12.0
.1 1.0 81,5 (2.26) AR 2.h 58.5
30 4,17 14 34.5 510 WG {72 41,601 2H 15.0
p— a4 180 i8] 6.1 120 IZHEMATY ¢ 046D 40 0%
juemat stz ange (.75—75.0 pm,
2 S-ll'.:mﬂr =75 med (23,58 kLA
a4 137 414 {16.3) a7 Z.A 120
fact 4.0 1.8 INRITEST ) nde ik 120
atlnnal 3.0 437 15.0 20.2 273 195 (4,254 46 6.1 124
i nventional 4 1.R0 ) 12,9 a3 112 {2.80) L6 58 2.0
i uent sl rRoge 0.7 5754 pm,
b= 2.4 o, G = 10 med (37,85 MLAdY _ ) .
foantact a0 4,37 430 (120 o.14 18 14.9
onfRct 4,1 180 269 {A,72) M1 21 2.1
wentlomal EX)| 437 1540 I4e.03 1.14 3 (757 .57 5.4 12.0
prventional an | 1en A0 241 i 107 50,5 §1.49) I (L6 I 0.1 27.4

gedllaer AR, b—h pathrneter Telated o 1he shate nf the pagticte slze /dlztfotion, e =concentration, Cpe—rdEMIenr particulibe CONLENECRNA, d—pntticle diametar,
~walume arerRe dlameler, G IXIDE Ilendty, L—fiktmilan laacing Tate 25, peapart] e densty, fI—fnw rate, RE—recyIe ralla, fr=ATter Tan Hme, fe
fatlom residesce Hme § e, & —sedimen@ion Tesidence Hme, T—Toeoslaginn tank volme

ved in the sedimentation tank for B = 4 and size
of 8.25-25 pm and 0.75-75 pm. This effect is
greater for the larger particle ranges {which rrans-
@ a [argee range of {d, }y values). Instead, the pri-
removal process is shifted to the filters. This nconres
few reasons, First, for a given concentration, the
Hele mmiber concentration is less when the particle
ty is higher; thus, fewer collisions oecur, reducing
nmber of farger particles formed (which is SUp-
d by a general reduction in the floceulation vol-
+IRention time}, Second, with higher-density parti-
larger particles are remaved faster, which decreases
¥ oncentration and residence time of larper particles
'riher remove smaller particles through differential
Menration; thus, the less-scetlealle, smalfer parti-
are left hehind for remaoval vy the leers. This hehay-
T quickly removing the largest particles for a dense
Nsion, Ieaving poorly setcleable paricles behind,
'8 alse abserved by Ramaley ex al {1981), Finally,
~easing the particle density improves the filter remaoval
g: “ency of particles greater than 1 pm in diamerer,
g ““cfore, the presence of more-dense particles docs

ot necessarily mean thar sedimentation will hecome
the more important removal process. In general, for
smaller (d}, the sedimentation volume tends to be much
smaller far more-dense particles and the filter arca much
larper,

RESULTS: OPTIMAL DESIGNS

Table 3 provides the individual and integrazed process
constraint values for contace filtration with C = 4 mg/i.
and eomventional filtration with C = 48 mg/. over a Cange
of influent conditions. As previously discussed, all of the
optimal designs have fr= 250 cm {98.43 in. ). The firse ser
of results is representavive of the “base case™ solutions
{partich: size range of 0.25-25 pm, p = 1.20 giem?, and O
= 10 mpd [37.85 ML/]). For contact filtration, @ = 3
results in a lower loading rate because the associated
iff_p:'v is closer ta the particle diamerer associated with
minimum fiiter efficicncy [about 1-2 pm). For conven-
tional treatment, B = 3 1s in the 34 constraing region
fmaximom floccalation), whereas for B = 4 the selotian
5 in the 2A constraint reginn {minimum flocenlation).
In both cases, the optimal settling time is large, and these
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FIGURE 17 Laast-cost ragions as a function of inflyent {-d_ﬁ:y
and particulate concentration for thres particla densties
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Far contaet filtration, B = 3 resuls iy the

nside
ophas

4 4 44
l!E:j. 3+ 3 3
L]
m
E
=
Fa
]
7
Z 2 24 2-
o
5
=
2

14 14 14

p=1.05 gfem® P = 1.20 glem?
T T 1

P = 240 giem?®

maximum allowable loading rare, where,
B = 4 simply increases the loading rate. Tar
conventional filrration and in ling with Eip.
ure 12, the particulate remaoval is shifred 1,
the fitters with an associated reduction in e
optimal settling time,
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rior. ¥
Jeatinme
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DISCUSSION ] :i?;iﬂ\r
The integrated design of 4 drinking wapy ] yions

trearment plant is important when explaryy. .Jl'sigﬂ o
the cost-effective oprions for satisfying the - sty 1
hydraulic and effluent CANcEntration cop.

f : " Jjeacesse
straints. Althongh this smdy IMVESHEATeR 1 wids Siing th
tange of influent conditions and comsiders thees. §.- prov

treatment configurations, additional face &

ticulate cemoval, whereas the acnal desizn of 3
a treatment plant must alse consider the ey

ment of multiple organic, ing tgnic, atd micmi
hial compenents. This incledes namiral organi]

T T I
B 40 20 3 ah s O 10 20 30 40 51 b 15 o

iAot cunmntnﬁrun—-mgf.f_

fAagians io the fet of e Hnes are conlact Miratlon, reglons betwear the o Hnaa
ara dirged fitratfon, and fegions fo the dght of the lines arp SARraRNATe! fremdimant,

Influemt parllcln glamater range = 02525 pm

M A0 hD

] T 1

matter (NOM) removal and should consid g
the impact of NOM an disinfectant b].r-]:mnd4 A
uct formation within the treatment pant ;
well as in the dismbution system. Second,
ations in raw water conditions must be i

influent conditions may be herter tteated by alternative
pracess configurations {such as sweap—loc conventional
treatment]. The second set of resn|rs tlustrares the effect
of a larger influenr particle size range of 0.75-75 pm.
For conract filteation, { = 3 corresponds to a higher fil-
tration rate hecause the associated {a}v is much larger
than the parricle diameter associared with minimuem fil-
ter effictency, The solution wirk B = 3 is also constrained
by the minimuom filter run time, not the effluent concen-
tration. For conventional treatment, both solutans arc in
the 3A constraint region and have g significant reduc-
tion in the optimal settling time. This indicates that the
larger influent particle size range is more amenable co
non-sweep conventional filtra tion, The third st of results
shows the optimal constraints for the highest flow rate,

Q=75 mad (283.88 ML/d). Boch cantact filtration solu-
tons are constrained vy the minimum filter run time, not
the effluent concentration, and have high Inading rates.

Far the conventional splutiens, the cost assoriated with

designing latger indivietual processes shifts the particulare

removal from the sedimenadon tank o filtration, which

translates to a decrease in the settling time. For B = 3,

the constraint solution is similar & the 2A region Except
that the filter run time, nat the effluent canceneration, is
active for this salurion. The final set of results is far the
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sidered because of the inherent vartahility ind
influent water quality and quantity. The cureen
study Hllustrates that variations in patticle size disili
tion characteristics, flow rate, and particle density e
affect the design cost and reanment aptinns, and e
variations shonld be considerod cluring the design procad
Additionally, che uneertainty in specifying the coroect pol i

the influent water quality ranges gvaluated and hand
additional contaminant sprcies. For exarmple, swecp!
conventional treatment would most likely he a compe :
cost altemative to nonsweep—floc canventisnal trertie
for the low-densicy particulare mateer warcrs that resull
Ehe mast expensive ereatment. In such cases, the 4
tional particles created by coagulant addition impeoye
processes of floceulation and sedimentation for 9%
ing the existing partcles. Finally, wasre-handling ¢
<an add significant cost to the treatment plant zﬁ
(Dharmappa et al [1994] state that the Wﬂs*"—"hﬁﬂm
costs can be 30-50% of the eoral plant cnsts):
sweep—floc conventional treatment aptiem, the ”';a
processcs may be less expensive relative to :&e*
sweep—flac conventional treatment apaon; hf:'w? -
additinn of mare snlids to the waste spream willd
overall eost. These are just some of the jssues thet



I .;'-ed when estimating taral treatment cost, further
iring the need for integrated treatment plant design.
MARY
Wiz removal of particulate matter during drinking
rreatiflent is 2 complex process chat is aflected by
g influent particle concentration and size distrihe
When considering various treatment plant coatfig-
s, an integrated design framework must be con-
od during the design process rather than desigaing on
dividual-process basis without regard for the inter-
s hetween processes. Such a process-by-process
m can yicld a configuration that does nat adequately
; the treatment ahjectives. With snch complex
ssses andl the cansideration of process cost, forma-

Testigates the problem as a marhematical optimization prob-
il consi ~w : Wiprovides the design engineer with a tool to efficiently
Iditional fi3 Wliste 2 cange of possible designs that minimize cost and
Afect the

; the syskem constraints.
he base case results (Q =10 megd [37.85 MLid], p =
:oen?) illustrare that the maximum oeatment cost
¥l occurs in the range of 20-30 mp/L and for influ-
Bprrticle size disceibutions with shape values of B
e 4.0 and 4.5 (smaller-diameter particles). Treat-
costs decrease with an increase in large-particle
ber concentration in the size distribution and with
patticulate-concentration waters, The pverall treat-
it costs mimic the filtration costs, increasing ap to
Aluent concentrations of abouw 20-30 mg/L and decreas-
Hlithereatter. Nonsweep—floc conventional filteation is the
Mitominant treatment configuration specified. Contact
lifzation is the least-cost option for lower-influentpar-
Ritiinte concentrations, and direet filteation—when Pre-
fit—has narrow regions as the lcast-cose configuration,

lv comsjd

TG, and
S natoral o

tle size distr b
icle densior:
[ions, and th

® design PO islominantly at smaller f?;;}v valoes. There are some
the correct pulf ¥inons in which nonsweep—floc conventiona] teeamment

tien via chna )
2. Thicd,
L0 frear samgl

bed and han#

ple, swoep-

cified ar smaller fd_Pjv, when the sedifmentation tank
added ro sarisfy the effluent concentration and RR can-
_nints, rather than serving as the primary removal
mcess {<2 % of parricles are removed by sedimentation
hder this scenacio). The resubts from the hase case study
it llustrace that although the {dy by may be a conve-
kot measure for iflustratng trends in teeatment, its value
b not uniquely determine the preferred treatment can-
Rutations across different particle size ranges. Bath the
__ E. rt{r:]e size distribution shape and range, which together
LTIy the value of {efsJw arc necded to determine the
“Cist treatment configuration regions,

g Treanment plant designs are site-specific, and will dif-
7 8% hased on the desired capacity and raw warer charac-
casts). In " htistics 160 he treaced. Therefore, the effects of different Anwe
, the tffﬂtm“_'.'.[_ 2165 and particle densities are evaluated with respect to the
© to the nof: et.cost treatment configuration tegions, Increasing the
: however, 4 :

B rate 10 = 2, 10, and 75 mgd |7.57, 37.45, and 283,99

 will EH“IEEE-’ "Jﬂ_[.l'd]lj reduces the regian of direce Bloration gt larger
(s that '”‘-‘St'.-.; )y and expatids the region of direct filtration at smaller

ional creatmell
s that resalt
ases, the add
o0 improvet
ion for remd

t plant dosig
vaste-handlisg
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FIGURE 12 Fraction of particulate matter removed
by the filtar for differant particie densftios
ovar a rangse of influent concemrations
for two influent size ranges
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{d‘_F]V. In general, increasing the flow race expands the
region in which contact filtration is optimal. Although
increasiog the flow rate increases the overall design cost,
the cost per gallon decreases, iliustrating economies of
scale for higher-capacity plants, Increasing particle tlensiy
{p = 1.05, 1.20, and 2.40 gfcm?) decreases the divect fil-
tration regions and expands the contace fileration FEgions
as the least-cosr rreatment configprations, Althongh
increasing p reduces the cost of treatment by reduring the
size of the sedimentation tank because of more efficient
removal of large particles ducing sedimentation, the actual
percentage of particulate matter removed by the sedi-
mentation tank decreases with increasing particle density.
The reduction in particulare cermoval during sedimentation
comes as a result af beteer large-particle removal, which b
would othcrwise continue to flocculate with smaller pat-
ricles via differentia) sedimentation, this drereasing the
averall remaoval of particulate matter from the warer.
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