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I. TIHTRODUCTIOH

The most common processes of surface apd ground water treztment
include filtration of the water through a layer of sand as the finel
clarifieation step in the trestment. The modern sand filter uvaed in mu-
picipal practice usumlly consists of an open watertight rectangular tank
generally greater than eight ft deep, containing a layer of sand 24 to 36
in. thick gupported on a layer of graded gravel 6 to 12 in. thick. The
tanks are generally mede of reinforced concrete. The gravel is underlain
by an underdrainage system which leads to & common point of cautlet. Dur-
ing normal operution, water to be filtered is maintalned at & noarly cop-
stant level 4 to 6 ft above the sand surfacc end flows through the filter
by gravity. A constant rate of filtration is maintained by a rate of flow
controller in the outlet pips.

As filtration proceeds, the sediment removed from the water builds
up in the sand layer resulting in an increasing pressure drop or head loss
through the sand layer. The rate of flow controller gradually opens the
outlet valve to offset the reduced pressure in the outlet pipe. When un-
acceptable water begins to pass the filter, or when the head loss becomes
excessivo, the filter is cleaned or backwmched by reversinog the flow of
vater, VWater is admitted under pressurs into the underdrain aystem at
such a rate that the upward flow of water will expand the sand bed about
50 percent. The risipg water, carrying with it the sediment removed from
the sand, flows int¢c washwater gutters which conduct the water to waste,
The cleen filter is then placed back in service. The period of operation

from one backwash to the next is known as a %filter run®, and varies in



longth for different conditions from a few heurs to several days.

Since the bhistoric work of Fuller (26) in 1897, rates of filtration
for sand filters have been commonly standardized at 2 zpm/sq ft. With
the ever increasing population of the United States, particularly ip urban
areas, and the ever incrossing demand for water per capita, meny cities
bave found their filtration capacity at this standard filtration rate in-
gdequete during peak demand seasons. I1f these towns could produce an
acceptable water at higher filtratlon rates, they might be able te delay
the large capital exzpenditure required for increased filiratiom plant
ecapacity.

During the past twenty years, considerable work has beern done with
higher filtration rates and many plents are nov operated at rates above
2 gpm/sq ft duripg peak water demend seasons. In those plants consider-
ing the use of higher rates, the plant opsrator or consulting engineer
should congider two questions:

a. Cen acceptable water be produced at higher filtration rates?

b, Within the range of rates whero acceptable water can be pro-
duced, what is the optimum rate from the standpoin? of maxizum
production per filter runt

High rate filiration experiences reported to dato gensrally contain
no reference to the latter questioen, indicating that the researchers may
be uneware of its possible existence, or its importance. The svalustion
of this questicn is the objective of this study: namely, undsr what condi-
tions, if any, ean an optimum rate of filtration be oxpected, and how can
it be identified?

If an increase in production of water per filter run is posszible by



operation at an optimum rate, two economics may be realized. A lower plent
investment will be required for a given capecity if the optimun rete is
above the standard rete. Operating costs will be lower due to tue smaller

physical plant and smaller percentags of water used in backwashing.



IT. VORK CF OTHER INVESTIGATORS
A. Early Development of Rapild Sand Filters

The history of water treatment has been well coverasd by Baksr (5)
and only those portions pertinent te this study will be summarized herves.
The sand filtration of water without pretreatment at rates of approximately
three mgad began in 1829 in England and the use of such filters was fairly
widespread in Burope in the late nineteenth cemtury. Successful use of
these Englich or slow sand filters was also made in the United States on
rav water supplies that did not carry a heavy colloidal sediment load.
The use of slow sand filters on unpreireated water containing a heavy
colloidal sediment load was generally unsuccessful because of the short
filter runs, which resulted from the rapid formation of & surface sediment
layer, and deep penstration of the sediment into the sand. Since the slotw
pand filter waz cleaned manuslly by periodic remcval of the dirty surface
sand layer, desp penetratien and short filéer runs could not be permitted.

This difficulty led to the development of the American or rapid sand
filter gystem in which aluminum or iron salts were used to coagulate the
colloidal matter prior to filtration. The early rapid sand filter systems
were proprietary devices, the firet one patented by I. W. Hyatt in 1884.
A mamder of others were on the market in the mid 1890's when G. W. Fuller
vas retained by the Louieville Water Company to test the suitability of
ropld sand filters for the treatment of Ohlo River water at Louisville,
Kentucky. Various companries installed their filter equipment at Louilsvilie

for test under Fuller's direction. The equipment installed had the follow-

ing general characteristics:



a. All plants had & capacity of 0.25 mgd. Sand filtering area, sand
size, sand depth and method of applying coagulant were fixed by
the company supplying the squipment.

b. Most of the devices added coagulant te the water as it enteresd
the filter box above ths sand. MNo separate mixing and settling
was practiced prior to filtration.

¢c. Most of the devices wers cleaned by an upward flow of water
through the sand which flushed out the sediment 360 tho sand could
be roused.

These proprietary devices were operated at & rate of 0.25 mgd which
was equivalent to rates of from 35 to 213 mgad. Most of the experimental
runs were made at rates of from 80 to 154 mgad. Fuller (26) comcluded
that none of these proprietary devices were continmually adequate dus to
the lack of separate cocagulation end settling. He also concluded that the
lower rates of filtration with these devices did not give significantly
vetter offluent theam the higher rates, and that the maximum safe rates
were not reached in this work. He recommended that rates be not less than
100 mgad and inferred tha? higher rates should be considered since the rate
of filtration was a predominant factor in the coat of treatment.

Fauller contimued his work using separate tanks for pretreatment con-
s8isting of plein sedimentation, coegulation and sedimenteztion of the coag-
ulated water prior to filtration. In these tests, he wag limited to maxi-
pum filtration rates of 94 mgad by the physical nature of the equipment in
uze. He concluded that with inadequate coagulation, good filtered water
could not be obtained even at rates as low as 50 mgad. With adequate co-

agulation, he felt rates could be increased materially above those he



gtudled. He recommended 100 mgrd for Loulaville with the Imowlsdge that
the rates would be increased to at least 150 mgad as the water demand in-
creasod.

These recommendations led to the widespread use of filtration rates
of about 125 mgad from the time of Fulleris work to the present. Sue-
cessful filtration at this rate over so long a period has led ¢o the con-
clusion by meny regulatory agency perasonnel, that 125 mgad (2 gpm/gq £4)
iz the maximum acceptable rate of filtration, and often cite Fuller's
gtudies as their basis. It is apparent from his original study that Fuller
believed considerably higher rates wore possible if adequate pretreatment
was provided. On the other hand, without adequate pretreatment, oven lower

rates may not produce acceptadble watar.
B. Studies of High Rete Filtration

The tremendous increase in filtration rates from the old slow sand
filters to the rapid sand filters must have been such an lmprovement tha?
for many years no one considered the poassibility that improvement was
8ti1l possible. At the tims of Fauller's work chlorination of water sup-
plies had not yet commenced and the filter was the final cafeguard agalnst
the passage of pathogens to the consumer. Perhaps it was only natural
that once relatively successful treatment had been obtained at 2 gpm/sq f%,
nobody would considsr risking any detriment to quality by venturing to use
higher filtration rates. With the octablichment of chlorination for water
disinfection during the 1900-1910 decade, the filter had an invaluable
ally in the control of disease. With the improvement of pretreatment,

the filter gradually assumed the role of a polishing step to assure low



finished-water turbidity, and chlerincstion was depended on for the finmel
bacterial control step. Filtration rates of 2 gpm/sq f¢ remained un-
challenged until the work of Baylis which began in 1928 at the Chiecage
Experimental Filtration Plant. Baylis (9,10,11) and Hudeon (33) reported
on the effact of rate of filtration on length of filter run for piloet
geale studies st the Chicage Experimental Filiration Plant. These studies
vere made using sand with an effective size of approximately 0.50 nm in
ptoel circular filters with 10 sq ft surface area, and glass tube filters
with 0.017 sg £t surface area. Coagulated settled water was filtered in
all testas. Tests were conducted during perieds of Wgtrong coagulation®
when good filter effluent quality was obtained.

On the 10 sq ft filters, studies were conducted with filtration rates
from 1.6 %o 3.5 gpnfeq £t. Influent turbidity averaged 7.68 units and ef-
fluent turbidity ranged from 0.06 units at the lower rate to 0.09 units at
the higher rate. Effluent bacteria averaged 60 per ml at 37° C and did not
increase at the higher rates., IEffluent E. Coll per hundred ml increaged
from 3.5 at the lower rate to 5.6 at the higher rate. One plot indicating
a linear relation of head loss vs. time at 2 gpm/sq ft was reported (9).
On the 0.017 sq ft filtere, studies were conducted at rates from 1 to 6
gpm/sq f£t.

On the basis of the teat results Baylis and Hudson both reported that
the length of filter run in hours was inversely proportional to the 1.5
pover of the filtration rate. An snalysls of the orlginal data, however,
reveals some interesting facts about the relative production at different
ratee. Table 1 is an analysis of the data presented by Hudson (33) for

relative filtrate production per ft head loss increase and per filter run.



Table 1. Effect of filtration rate on relative water production&

Filter Period Filtration Relative Relative Averpge
sizo of rate production production run length
(8q £t) study (gpa/sq £t) (per run)? (per ft)€ {bours)
10 192829 1.6 1.02 0.99 25.8
10 1928=29 2.0 1.00 1.00 20.1
10 1928--29 2.4 0.92 0.87 15.4
10 1928=-29 2.8 0.79 0.84 11.3
10 1932% 2.0 1.00 1.00 33.58
10 1932 2.5 0.77 0.80 22.75
10 1932 3.0 0.77 0.81 17.25
10 1932 3.5 0.72 0.80 13,86
0.017 1931-32° 1 0.92 0.85 48,2
0.017 1931-32 2 1.00 1,00 26.1
0.017 1931-32 3 0.77 0.62 13.4%
09017 1931"32 L’ 0.76 0088 9090
0.017 1931=32 5 0.58 0.75 6.13
0.017 1931=32 6 0.48 0.68 k,26

®analyeis of date presented by Hudson (33).

Ypor filter run to a termimal total head loss of 8 £t with 2 gpn/sa
ft considered unity.,

CPer ft of head loss increamse with 2 gpm/sq ft considered unity.
8Jan, 5, 1932 to June 16, 1932.

®Dec. 4, 1931 to Feb., 21, 1932.

A study of Table 1 indicates that although the run length may be greatly
reduced, the production per run or per ft head loss increase 1s not so
greatly affected, In fact, a slight optimun is evident at 2 gpm/sq £t on
the small filters.

Many surface water plants experience perlods of "weak coagulation®
when the floc will readily pass through the filters at low head loss, even

at filtration rates of 2 gpm/mq ft. During such periods, runs are tor-



ninated on observation of decreamsed filtered water clarity rather than on
the development of mzximum head loss. The practical use of higher filtra-
tion rates at suckh plents hinged upon the solution of this problem. In
1937, Baylis (12) reported the use of colloidal hydrous silicen dioxtide
(now called activated silica) as an aid to coagulation during such psriods.
He obgerved that the passsage of floc and turbidity through a filter at

2.5 and 3 gpm/aq £t was prevented by addition of activated silica during

a poriod of Yweak coagulation®, when the floc would readily pass without
the additive. This development opened the way for increcased opportunity
in the use of high filtration rates.

On the basis of the high rate experience with the expsrimental plent
and the development of a floec strengthening agent, the Chicago South Dig-
triet Filtration Plant was desligned and constructed for operation at 3
gpm/sq £t during the winter low demand seasen, and uwp %o 4.5 gpm/sq pig
during peak summer poriods. From time to time, Baylic has reported oa
plant scale experience at rates up to 5 gpm/sq f¢ (13,1%4,15,18). Pilgers
were oparated continmuously at rates of 2, 4, 4.5, and 5 gpm/sq f£t. The
10-year regults of the Chicago experiencs are summariged in Tedble 2. All
tests were made while filtering alum cosgulated Lake Michigan water whieh
vas settled prior %o filtration. Activated silica was used to strengthen
the floc during periods of weak coagulation. Sand effective size in the
filters was 0.65 mm,

The short runs obteined at high rates are due partly to high irnitinl
logaes in sand, gravel, underdrains and cutlet control piping et bigh
rates, which resulte in a relatively smmil svaileble head loss increase.

In each reference, Baylis suggests deeper penetration as the reason
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Table 2. Summary of Chicego plant-senle experience with high filtration

rateg®
Ran Time in
Rate Year _ Effluent
(gpn/sq ft) reporied 1?§§§h Performance (;:§::§2) aquality®
1949 (13) 15.%
k.5 1949 (13) 104
5 1949 (13) 8.1
2 1950 (14) 0.60-0.7%
b 1950 (14) 13.8 0.89-1.03
s g 1950 (14) 11.3 0.96=1.03
5 1950 (1k) 9.3 1.07-1.10
2 1956 (15) 28.7 0.71 98.9 0.0k&
b 1956 (15) 15.4 1,02 97.9 0.059
4.5 1956 (15) 13.5 1.07 97.6 0.072
5 1956 (15) 10.2 1.10 96.7 0.077
2 1959 (18) 26.5 0.66
b4 1959 (18) 4.0 0.92
L.s 1959 (18) 11.7 0.92
5 1959 (18) 9.8 0.99

BFrom reports of Baylis (13,14,15,18),

Yyil1ion gallons per £t of héad loss increase.

°Awerage cozsgulated matter in the effluant by cotton plug filter
tests (ppm).
for the higher performance at high rates but does not support this hypoth~
esis with experimental evidence. He also notes (15) that in some cases
the head loses increase per hour at the end of the run 1ls slightly greater
than &t the beginning. At higher rates, the totel inerease in heed avell-
oble 1s not as great due to higher initial head loss and thus, the run
Bay not enter the steeper range at the higher rates.

If the relative production per run is calculated besed on aeverage run



1
langth and filiratiocr rate, the regults shown in Table 3 are obtainsed.

Table 3. Relative water production p2r run at various filtration rates

at Chicagoa
Data Filtration rate (gpm/sq ft)
reported 2 4 4.5 5
1549 (13) 1.00 0.76 0.66
1950 (1%) 1.00 0.92 0.8
1956 (15) 0.9% 1,00 0.99 0.83
1959 (18) 0.93 1,00 0.92 0.85

8Prom reports of Baylis (13,1%4,15,18) with 4 gpm/sq ft considered
unity,

The data in Table 3 clearly indieates & slight optimum filtration
rate at approximately 4 gpm/sq f£t. The resulis summarized here cover sev-
eral characteristic periceds of microorganism coentent in the raw water.
Heavy microorganism populations causes short runs and head loss may develop
at an increassd rate towards the end of the run., Very light populations
may yield long rune with nearly linear total head loss ve. time curves.
Intermediste populations yileld moderate runs of about 20 hours with slight-
ly increased rate of head loss development as the run progresses (16).

After ten years of experience with high rate filtration at Chicago,
Baylis (18) concludes that sand filters will produce satisfactory quality
water at 5 zpm/sq ft but recommends that such rates only be used during
peak gummer demand periods due to the short runs caused by high initisl
head loss. In these extensive studies no measuresble detriment to tur-
bidity or bacterial content was observed at high rates. A slight increasc

in coagulated matter passing the filter was observed with the cotton plug
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filter,

Geyer and Machis (27) in en extencive series of studies of filtration
at rates of 2 to 10 gpm/eq £t found thet the volume of water produced per
ron increased as the rate increased. They reported relative production
volumes of 1:1.75:2.65 for ratea of 2:3.636 gmm/sq ft respectively. Tho
filter sapd had s megn goometric size of 0.27 mm and runs were terminated
at a terminal hesd lose of 30 ft of water. Alum coagulated Baltimore city
tap vater was filterad in fhese studies. The floec was keopt in suspension
by agitation and the water was mnot settled prior to filtration. Effluent
turbidity was less than 0.2 units in all %tests, being slightly poorer at
high rates. EHead loss was found to be proporticmal to the second power of
the volume of water produced. These results are contradictory to the esarly
work of Baylis (10,11) and Hudson (33) which indicated reduced water pro-
duetion per run as filtration rates were increased. When coarse 1.1 mm
sand was used in further experiments, Geyer and Machis noted that the
trend toward increased production per run at high rates was reversed, 6
percent less water being produced at 6 gpm/sq £t than at 2 gpm/sq £t.

Hazen (30) emphasized the importance of adequate pretreatment to the
uge of higher filtration rates. He also cautions against the use of rates
greater than 2 grm/sq ft if activated carbon is being used as a taste
control.

Eulbert and Fsben (h3) reported on plant scale studies at the Water
Works Park filtration plant at Detroit, Michigan at rates of from 2.2 %o
3.2 gpn/sq ft. They found the rate of head loss increase (ft/day) to be
directly proportional to the filtration rate. Thus, the production of

weter per ft of head loss incremsse would be the same regardless of rate.
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Brown (19) reported on 3 years of plent scale high rate filtration
studies at Durhem, N. Caroline. Prechlorinated water whieh had been co-
agulated with alum and lime was settled prior to filtration. The filter
sand had an effective size of 0.55 mm. His deta summary is reproduced De-
low in Table 4. An analysis of these date for relative production per run
clearly indicetes a slight optimum rate at 3 gpm/sq ft. The reletive pro-

duction per run is 1:1.29:1.20 at 2, 3, and 4 gpm/sq ft resvectively.

Table 4. High rate filtration data at Durkam, M. Caroline®

Filter number

12 13 14
Rate (gpm/sq ft) 2 3 L
Length of run (hr) 135.2 116.7 81.3
Turbidity (ppm) 0.34 0.38 0.43
Bacteria (colonies/ml) 0.32 0.42 0.136
Coliforms neg. neg. neg.
Wasu water (percent) 1.21 0.89 0.99

aReproduced from the report of Brown (19).

Brown corecluded thet high filtraticn rates were acceptable if compe-
tent supervision was availeble. Totel head loss vs. time data were ob-
tained from Brownl. When plotted with total head loss as ordinate, the
curves were linear to slightly corncave upward. The curves were highly

erratic since the datza were taker from cirecular chart recorders whick he

considered rather crude devices.

lBrown, W. G., Municipal water plant, Durham, N. C. Water filtra-
tion plent filter head loss experience. Private communication. Fedb. 17,

1960.
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Jackson (46) reported successful plant scale high rate opsration using
both sard and anthracite filtering media. Potomac River water was treated
by prechlorination, liguid alum coagulation arnd settling prier to filtra-
tion, TFifteen in. of sand with an effective sige of 0.56 mnm was used in
two filters under study while anthracite was used in other filters. One
porios of studies was made at constant rates of from 1.5 to 4.5 gpn/eq ft.
Comparative production data were presented on two anthracite filters.

Runs were termipated at low head losses of considerably different magni-
tude; therefora, the data on preduction per £t of head logs is the baest

means of comparison. These data are reoproduced in Table 5.

Table 5. High rate filtration data at Weshington, D. c.®

Date & i1t Bate Bun Initisl Fipal Production
ate T (gpm/ length loss loes (mil gal/ft
run no. DO, o ft) (br) (£%) (£t) increase)
June %53, Part 2
Bun 2 22 3.0 72 0.89 3.83 6.34
i 3.0 66 0.66 3.66 5.63
Ran 3 22 4.0 26 1.21 2.53 6.60
24 4.0 22 1.19 2.67 5.26
Ran 4 22 2.0 75 0.53 3.83 3.52
24 2.0 75 0.50 4,91 2.76
Ran § 22 l.5 58 0.33 2.18 4,20
2k 2.0 42 0.52 1.95 4,57
Octeber 53, Part 3
Ran 1 22 4.5 ) 1.76 3.43 5.38
2k L.,0 bl 1.23 3.10 4,85

8From the report of Jackson (U46).
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Production per feot of head loss increase was approximately the samo
from 3 %o 4.5 gpm/eq £t averaging sbout 5.6 mil gal which is slightly
better than the productlon at lower rates. One graph was presented show-
ing a linear relation between totol head loss and time at 4 gpm/sq f¢,
ard nearly linear at 3 gpm/sq ft. Effluent turbidity was not recorded
during thegse studies. Residuasl aluminum in the effluent was ebecerved and
found to average about 30 percent of the influent alumimum which averaged
about 0.20 ppm. Mud and floc were resdily observed in the anthracite to
within 2 in. of tho bottom at rates of 4.5 gpm/sq ft. Floc wes observed
in the bottem 2 in., with the aid of & microscope. This author also pre-
gented some experimental data on constant pressure (declining rate)
filtration.

Peo-Ti Ling (53) studied rates of filtration from ) to 5.5 gpm/sq £t
using a small laboratory scale plant consiasting of a mixing tenk, floc~
culation tanlk, settling tank and 2-1/2 in. ID plexiglase filters. Tap
vater with added diastomaceous sarth for turbidity was coagulated with
ferric chloride and slaked lime. Two series of tests were conducted using
unifora sized sand in all filters im each series. The offective size of the
sand was 0.458 mm in the first and 0.383 mm in the second series. The
head logs vs. time curves in all cases were linear for all incremental
portions of the bed except the top one in. layer. The rate of head loss
increase in the top 1 in. layer dropped off slightly towards thse end of the
run. Ran length for a 24 in. graded sand filter was found to be inversely
proportional to the 1.23 power of the filtratior rate. With uniform sand,
the exponent was 1.48. Total head losses were measured from the top to

the bottom of the sand layer. Runa were made with terminal losses of four,
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five, and seven feet, but the relation between head loss and run length
was the same, regardless of the terminal loss. This relationship was
also independent of the sand size., These results are in ressonably close
agreement with those of Hudson (33) and Baylie (9,10,11).

Stanley (51) studied filtration of homogenized iron floe labeled with
@ radicactive iodine tracer. Filter containers were 1-1/2 in. ID lucite
tubes. The penetration rate of the labeled iron floc was observed with o
Gelger tube. The penetration rate was directly proportional to the filtre-
tion rate for a given cand size. Head loss vsz. time curves for these
studies were linear. The effect of filtratlon rate on the pemstration
rate was observed for 20-30 mesh sand (0.84-0.59 mm) and 40-50 mesh sand
(0.42-0.29 mm)., No data were reported on actual iron coancentration in
the effluent, but the penetration depth was arbitrarily described as that
depth in the bed where the radicactive count was equal to the background
count plus one standard deviation. He observed that the run length to
en 8 ft head loss was inversely proportional to the 0.6 power of the fil-
tration rate indicating improved production at higher rates. ¥Full pene-
tration, as defined, did not occur within the rates and sand sizes studied.
Therefore, since the penetration rate was directly proportioral to the
filiration rate, one would expect improved production volume at the higher
filtration rates due to the greater utilization of the sand bed.

Hudson (36) states that higher rates result in greater penetration
of material into the filter and thus greater water production per unit
increase in head lozs. The water gquality can be safeguarded by using
greater sand depths or reducing the terminal head loss. Filtration rates

of 10 gpm/sq ft are possible without deterioration of quality if graln
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gize and depth of filter mand are proper. However, in a later article
(38) he states that high rates may result in lesz production per run.

Conley and Pitmen (20) studied rates of filtration from 2 to 35
gon/sq ft on send and send-anthracite pilot filters. They fourd that the
use of polyslectrolyte coagulent aid in the filter influent water resulted
in equal effluont quality at all rates. However, an upper practical limit
of 8 to 10 gpm/sq ft was suggested due to rapld head loss build up at
nigher rates resulting in short filter runs. An upper limi¢ of 0.01 ppm
of turbidity was set as the maximum acceptable efflucsnt level. A light
scattering microphotometer was used in turbidity measurement, however,
the msang of ecalibration leaves considersble doubt as to the true value
of effluent turbidity. They observed the distribution of head lose
through the filter bed and concluded that acceptable run length can be ob-
tained by permitting decp penetration of materlal ianto the bed. They
stated that the penetration depth could be controlled by the use of the
coagulant aid.

Folluta and Eberhardt (32) studied the filtration of iron bearing
weter at rates betwesn 2 and 16 gpm/aq ft on a pilot pressure sand filter
to terminal head loasses of 30 to 45 ft. Hard tap water was aerated and
passed through an activated carbon filter to remove all irom end chlorine.
Ferrous sulphate was then added to yield the desired iron content entering
the filter and little if any precipitation of hydrated ferric oxide oc-
curred above the send. The filter vhich hed & dismeter of 6 in. eand sand
depth of 47 in. was equipped with sampling and piezometer comnections at
11.8 in. intervels, The ponetration and precipitation of iron within the

filter was studied as the run progressed, with variable sand size, iron
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content and filtration rate. Xven deep within the bed only soluble fer-
rous iron was present in the filtrate. The precipitsted irom was imme-~
diately removed on the sand and no break through of the precipitzted iron
occurred even at the high rates. The rate limiting reaction wes therefors
found to be the exidatlon of ferrous iren to hydrated ferric oxide floec.
The natural log of the effluent iron ceateut was found to be proportional
to the time of iron contact within the filter which in turn is inversely
proportionsl to the filtration rate. High effluent iron centent was ob-
served at the higher rates. This was due, however, to inadequate time for
the oxidaticn reaction to take place. On the basis of the observations,
an empirical formula was developed for the depth of filter required to
reduce the irom content in the finished water to 0.1 mg/l for warious
conditions of sand size, raw water irom content, and filtration rate.
¥hile this work has rather limited application due to the conditions of
the experiment, it led Fberhardt to a subsequent study of economic cop-
gsiderations in rapid sand filtratien (22).

In this article Fberhardt observed that, in their research studies,
as retes of filtration were increased, greater weter production occurred.
However, due to the conditions of thelr work, effluent quality decreased
as the rates increased. He studied the relative economy of pumping costs
for pressure filters to various high terminal head losses. Disregarding
the decreased water quality, he observed that pumping costs per unit pro-
duction went down as rates were increased. Vhen provision wes made in
the calculations to produce comparable water by using greater sand depth,
however, he concluded that the ecomomic advantege was at the lower rates.

The nature of his experimental work, with soluble ferrous iron entering
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the filter is contrary to common American practice and precludes the direct
application of these observations to practical selection of optimum filtra-
tion rates. In addition, these observations were made in a pressure filter
with high termirsl head losses possible. The econonmics of various rates

on open filters 1s entirely different since the terminsl loss is generally

fixed at a falrly low value.
C. Summary of Status of High Rete Filtration

It is evident from the literature cited above that considerable work
has been done on high rate filtration. The data in some reports indicates
le3s water production or no increase in preduction per run as rates ere
increased (9,10,11,33,37,43,46,53). BHead loss vs. time curves in most of
these studies were linear or nearly linesr. The studies indiceate that
acceptable water can be produced at rates up to 5 gpm/sq £t but special
care must be exercised in pretreatment with coagulation aids during periods
of weak coagulation. The date in some reports indiceates better water pro-
duction per run or per ft increase in head loss as rates increased (13,14,
15,18,19,27,36,51). Yith opne exception (51) head loass vs. time curves in
these studies were not linpear; head loss increased at a more rapid rate
a8 the filter run progressed.

It is evident that the relative economy of high rate filtration from
the standpoint of water produced per run has not been fully investigmted
under controlled conditions. Some waters are such thet higher rates yield
deeper penetration and greater production for a given head loses increase.
Other waters do not demomstrate this improved production. The studies

reported represent & variety of water characteristics and filter details.
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Some were pilot scale or laboratory scale gtudies with good centrol ard
high terminal hesd loss; some ares plant scele studies in which control of
conditions and terminal head lese are limited by the physical arrangement
of the plant. Some of the reports indicate production per run while others
indicate production per ft of head loss increase, which are not comparable.
The data thus far available would certainly verify the preposition suggest~

ed by Fuller (26) that much higher retes then those which he gtudied are

possible.

D. Studies of the Fuanctioming of Sand Filters

1. Genersl

For approximately thirty years following Fuller's work in 1896-7,
little information was reported in the literature on studies of rapid sand
filtration. During this peried filters were designed more or less along
Fuller's recommendations for Louisville, namely, using sand with an effec-
tive size of 0.35 mm and filtration rates of about 2 gpm/sq ft. The gand
filters were freguently lnadequately cleaned durimg backwashing and the
belief was common that the filter weuld function better with slightly
dirty sand. This concept was a carryover from the old slow sand filters
which did not function properly until the "gchmutzdecke" had been de~
veloped. It was not until the late 1920's and the 1930's that much at-
tention was given to the mechanisms involved in filtratlion. In this sec-
tion, the more noteworthy contributionz to filtration theory will be
briefly ernumerated.

2. The hydraulics of the clean filter bed

It 18 well established that flow of water through a filter at rates
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common to rapid sand fillters is in the laminar or stream line flow range

and obeys Darcy's law for laminar flow through gramular material:

v = KS Eq 1

v = velocity of flow (fpd)

K = the coefficient of permeability (gpd/sq ft at unit
hydraulic gradient)

S = the slope ratio of the hydraulic gradient.

This fact has been observed by many workers lncluding Bulbert and
Feben (41) who observed thet the head loass through clean urmiform sand
filters was proportional %o rate of flow and to depth of filter. They
developed one of the first comprehensive emplrical formulas for the flow

of water through clesn sand:

_ 27 1a(73-p)
10° al+99(44+20.6)

Eq 2

YWasre:

loss of head (ft)

depth of bed (in.)

rate of filtration (mgad)
50% sand sise (mm)

water temperature (°F)
porosity (percent)

LI =R S -
[ T < T B T N 1

Thie formula was developed from results of tests using & mamber of glass
tube filters with uniferm sand ranging in size from 0.28 to 1.20 mm.
Temperatures from 320 to 80° P and rates of filtration up to 300 mgad were
investigated. A new method of measuring the sand porosity was suggested
for use in this formula (42). Since the formula was developed for uniform

sands (those between successive sieve separations) it is necessary to make
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successive applications of the formula to the separations found in a typ-
icsl sieve analysie to find the total loes for a given sand bed.

Filtering clean water through 2-1/2 in. ID filters with a media of
uniform glass ballotini (beads), Ghosh (28) observed that the heed loss
did not increase linearly with depth, dbut exhibited decrsascd head loss
per unit depth in the deeper lamina, He did not develop positive proof
as to the causes of this phenomenon, but hypothesized that it might be the
result of the sireaming potential developed across the sand. He presented
evidence that the phenomenon was not due entirely to stratification, un-
equal packing, or %o the release of dissolved gmses in ths lower depths.
Thig work would contradict that of Hulbert and Feben who observed hoad
loss proportional to depth for uniform sand filters.

The moat rational formulations for the calculation of head loss
through a clean filter were developed by Fair and Hatch (24,25).

_1.067 cp v¥ 0.178 Cp v2 A

h
-= Eq 3
1 gp“d gpbv'

Where:

= head loss in depth 1 "
coofficient of drag = %r & «% + 0.3

Reynolds number d v/,

Face velocity or velocity of water moving down upon

the sand bed

acceleration due to gravity

kinematic viscosity

porosity ratio of the filter bed '
characteristic diameter of the aand graine defined as & ¥
volume of sand particles A
surface area of sand particles

- LR 4 é?xr
T I I ) 0 4

><3

]
With the exception of the dismeter term (d = é%-), the eveluation of
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the factors in this equation is falrly straight forward. Experimental
observations which permit evaluation of this term are presented (25). For
a gtratified bed it is necessary to evaluate the diameter term incre-
mentally for each sieve size separation assuming that the particles be-
tween adjacent sieves are substantially uuniform in size.

Application of these formulae to the ecalculation of head loss in a
partially clogged bed as a filter run progresses is not yet possible.
Such a calculation will await the development of some universel measure
of water filtrability which can be related to head loss development.

3. Observations of filtration actien

The first report of any detailed observationsg of filtration aection
was made by Baylis (7) in 1926. He observed through a pilot filter with &
gless side the predominant surface removal. He noted that as the surface
layer became clogged, small chennels would bresk open to permit sediment
to pass to a slightly lowver depth where the water would fan out in the
cleaner sand and suspended matter would again be removed.

Similar observations were reported at about the same time by Tyler,
et al. (54). They observed that the principal removal occurred in the
upper 6 in. of sand. The large head loss development in the layer results
in negative head first appearing at about 6 in. belew the sand surface and
greduslly moving upward and downward from that depth. They suggested that
larger positive heads above the sand might reduce problems associated with
negative head. They aiso concluded that effective sise, surface modulus,
and gpecific surface were of about equal value in deseribing the sand

characteristics.
In & later article, Baylis (11) elaborated on his observations noting
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the upper laysr may remove practically nothing but the head loas in that
layer will generally continue to increase. Since the head loss iz in-
versely proportiosal to the fourth powsr of the porosity (equation 3),

e minute deposition of so0lid matter in an already clogged region of the
bed will result in a significant relative decrease in porosity and in-
crease in head loss. It was also observed that the size of the particles
reaching the lower layers was smaller than those reaching a somewhat
shallower layer.

Hudson (34,35) observed thet seasonal variations in water quality
often lead to periods when floc passes the filter at low head loss even
at normal filtration rates. At such times, which usually occur during the
winter, the head logs vs., time curves are apt to be linear. He describes
such periods as weak coagulation periods and the floc as weak floc. He
also observed that under normal coagulation, the floc did not readily pase
the filter and describes such floc as strong floc for which head loss
develops at an increasing rate as the run progresses. Intermediates de-
grees of floc strength were also recognized. He suggested (38) that a
linear head loss ve. time curve may be indicative of potential passage of
floc through the filter but did not support this hypothesis with evidence.
He emphasized the need of the consultant to design for the most critieal
soeasonal conditions that may te expected. As an empirical measure of the

floc strength, the "floc strength index" (35) was proposed.

Floc strength index = 9%2 Eq 4

Vhere:

h 1g the head lose at the time when floc passage is noted
through a bed of depth 1 and effective size 4.
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that the cuspended material which passed through the surface layer was
removed primerily at the contact spots of the sand grains. Stein (52)
also observed that removal was predominantely at the contact points of the
sand in & small filter which he observed with a microscope. He noted that
the penetrating material was primarily that in the water being filtered at
the moment and not old material boling foerced deepor into the ded. This
latter fact was verified by Stanley (51) using radiotracers.

Since the mid 1930's there has been a gradual tendency toward the use
of coarser sands, a tendency supported by several workers (1,2,3,27)
who observed that coarse sands will yleld good filtered water if they are
of sufficlent depth. Coarser sands will permit deeper penetration and a
heavy surface mat is less likely te form. The deeper penetration results
in longer runs. Fine sands result in a dengse surfece mat which is not
readily removed in washing. Pleces of the compacted mat adhere ¢to the sand
grains, settle to the hottom during backwashing and become the sourcs of
mad ball formation. While coarse sands require considerably higher back-
wash rates to yleld 50 percent expansion, lower expansion may yield better
cleaning due %o greater opportunity for abrasion between the sand grains.
These studies have led Yo the adoption of sands with an effective sise of
approximately 0.60 mm. The 1936 ASCE report (2) recommended sands with &
top size between 0.60 to 1,00 mm.

Fliassen (23) and Tso-Ti Ling (53) using filters equipped with pieszo-
meter and sampling connections at intervals through the depth of the fiiter,
have observed that the burden of filter removal moves progressively down-
ward as the filter run progresses. As the upper layers get clogged they

remove less and less of the applied sediment load. As the run progresses,
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He later modified the index (36) and renamed it the “filtrability indexf.

. qd3h
1

Filtrabdility index for laminer flow? = Eq 5

Where!

q is the rate of filtration and all other nomenclaturs as in
the floc strength index.

Endson suggested that turbulence may develop in the clogged portions
of the bed towards the end of the filter run end that breakthrough of floc
may be associated with the developzent of turbulence. In accord with this
hypothesic, he developed an slternate "filtrability index® for turbulent

flov.

Filtrability index for turbulent flow = EEEEEKE Eq 6

Experimental evidence will be presented in a labter gection to ques-
tion this hypothesis concerning the development of turbulence. Since most
rapid sand filters contirually pass a small amount of turbidity, the use
and value of the "breakthrough index® hinge on gome arbitrary turbidity
level considered a breakthrough.

Hudson urges better control of filtration with o desired turbidity
lovel of less than 0.2 upits. He cautions against unsteady flow to the
filters, on-off operation, and surgea in filtratica rates due to the det-
rimental effect on effluent water quality (37).

iwvasaki (45) studied in minute detail the penetration of colloidal

naterial and bacteria into slow sand filters. Beginning with rational

differential equations for the time rate of removal of suspended matter in

2¥ow celled the Pbreakthrough index" (39).
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a filter lamina, he developed the necessary empirical constants for the
ugse of the equations with three t{ypes of particulate matter.

Steln (52) elaborated on the mathematical theory of Iwssaki and de-
veloped equations for the time rate of removal of suspsnded matter in &
rapid sand filter. The equations were applied to the actual experimental
data of Fliassen (23) and gave reasonable agreement with the experimental
observations.

k., Present status of ths theory of filtration

Several mechanisms for the removal of particulate matter in the rapid
sand filter bed have been proposed, but the experimental evidence support-
ing a predominant mechanism is s3till & subject for argument. Those mech-
anisms which have received most atvtention are straining, sedimentation,
and electrokinetics.

Tne stralning mechanism would result in the removal of large particles
at the gurface and gmaller particles at the contact pointa between the sand
grains. Since only the small unsettleable particles will reach the filter
of a well designed treatment plant, one might discount surface straining
as a major mechanism. However, as the surface gets partially clogged with
the few larger particles remaining in suspension, the openings will be re-
duced to strain out smasller and smaller particles. The heavy surface mat
observed on many filters operated at standard filtration rates testifies
to the importance of surface straining as one important mechanism of re-
moval. The geometry of the crevices at the contact points of the sand
grains would support the possibility that even the smallest particles could
be strained out at these crevices if they occupled a flow line close enough

to the contact point. Hall (29) has mathematically analyzed the removal
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expected from such a mechanism and finds the predicted curves of percent
of mccumulated ssdiment va. depth for particles from 10 to 25A'closely
follow actual curves (2). The observation by Stein (52) that removal was
predominant at the contact points of the filter media would also lend
support to this interstitial straipning mechanism.

The data which supporte the straining mechanism would detract from
the second mechanism, sedimentation. Stein (52) discounts this theory due
to the faect that particles removed had little preference for horizontal
surfaces as would be expected if sedimentation were a factor. However,
an analysis of the void spaces between the sand grains would lead one to
expect their individual action to be similar to small settling basins.

Due to the tremendous horizontal sand surface area within the bed and the
short vertical settling path, it should be poassible to settle a much smaller
particle in a filter than in an equal sized ssttling tenk. TFair arnd Geyer
(25, p. 657) chow that a filter one m deep composed of 0.55 mm sand would
be expected to remove, by settling, particles l/ZOth of the diameter of
particles removed in a settling basin with equal hydraulic loading. 1In
arriving at this figure, only 1/18th of the total sand grain surface area
was assumed to be available for sedimentation. One must consider however
that the hydraulic loading of filters and settling tanks is not equal.
Settling tanks are commonly designed at 1000 gal/sq ft/day. Filters can
operate successfully up to at lemst 5 gpm/sq ft (7200 gal/sq ft/day). An
average porosity of 45 percent for the filter sand would increase the ef-
fective filter loading to 16,000 gal/sq ft/day. Applying this difference
in hydraulic loading to Fair's example, the filter would then be expected

to remove particles only 1/5th as large as the settling tank. Since
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filters soem able to romove even the sgmallest particles, the importance of
gsedimentation would seem minor as sugzgested by Stein (52).

If sedimentation is considered unimportant, and if straining is the
only active mechanism, the effluent water quality would be expected to
improve continually during the run since surface straining should become
more sffective as the surface becomes clogged. This is contrary to experi-
mental observations which generally indicate a slight degradation of water
quality as the run progresses and in some cases a rather sudden decrease
in water quality which necessitates termination of the filter run. These
observations lead one to the conclusion that some additional mechanism muat
be active.

Stein (52) suggested "contact-action! as the principal mechanism of
removal. He suggested that particles which cams in contact with the sand
or with previously deposited matter within the bed will adhere until as
the fil%er becomes clogged, the viscous shear foreces gradually increase to
a magnitude which preveants further deposition, or even tear away already
deposited matter. He developed equations for removal of materisl result-
ing from contact of particles due to convergence of the stream lines pass-
ing through the interstices and found these equations to be in accord with
experimental observations.

Stanley (51, p. 6) studied the effect of pH on filtration of iron
floc and found the lowest rate of penetration at the iso-electric point of
the floc. He explaing the importance of pH on filtration as follows!

An H ion is a specific counter ion which neutralizes hydroxyl
groups on hydrous ferric oxide floe. This high affinity for the

floc produces positively charged particles when sufficlent H ions

are present, When particles are broken up in the presence of a
large npumber of H ions, they will not coagulate again as readily,
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because the resulting high positive charge causes an increase in
the electrokinetic repelling forces.

This reasoning may also be used in explaining why a large
percentage of such floc passes through a sand filter. Clean Ottowa
sand grains have negatively charged surfaces. Thus, it would seem
that positively charged particles in suspension would be readily
removed. This is probably true so long as the surface of the
filter medium remains negatively charged. However, the small
particles in suspension coat the sand grain surfaces very rapidly,
producing charge easentially the same &8 that on the floc particles
in the suaspension. The particles would then have the best chance
of adhering to one of these surfaces if the electrokinetic re-
pelling forces were at a minimum. This occurs at pH values close
to the iso-electric point. Thus, the best coagulating floc would
also be the best filtering floc.

Thue it would seem that the removal on contact proposed by Stein was

probably being aided by the important mechanism of electrokinetic forces

as suggested by Stenley. Since these forces would be greatest in the

clean filter and gradually decrease as portions of the bed become clogged

10 a point zpproaching zero removael, the effluent guality should decrease

gradually during the run. Thie is in agreement with experimental observe~

In summary, two mechanisms working cooperatively seem mogt feasible,
1. Straining both at the surface and at the interstitial
crevices within the bed.
2. Contact adherence of particles coming in close proximity
to sand or previously deposited floc facilitated by

electrokinetic forces.



31
I1I. OBJECTIVES AND SCOPE OFf THIS STUDY

The obJjectives of this study are as follows:

2. to0 determine whether there is an optimum rate of filtration
for a given water supply and for a giver filter, from the
standpoint of the volume of acceptable water produced per
filter run.

b. to establish simple criteria by which an opsrator can
determine whether an optimum rate can be expected for his
particuiasr water quality, and, 1f so; how the optimum rate
cen be identified.

c. to explaln the factors which result in the presence or
absence of an optimum rate of filtration on any water
supply.

To accomplish the objectives, alternstive aporoaches were avallable.
The first would be to operate ome filter at various rates in succeeding
time intervals. The second alternative would be to operate several filters
each at a different rate simultenecusly. In view of the difficulty of
meirtaining a constant filter influent water quelity for an extended peri-
od, the latter alternative was selected. A pilot plant was constructed
consisting of a rav water pump, mix tank, high 1ift pump, constant head
tank, and three plexiglass filters. ZFach filter was equipped with a tur-
bidimeter and rate of flow controller. The general schematic arrangement
of the pilot plant is shown in Figure 1. Parallel operation of the three
jdentical filters at different rates would permit eveluation of the first

objective. Three sources of filter influent water were investigated:



FPigure 1. Schematic arrangemen{ of pilot sand filters ard auxiliary
equipment
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Raw aerated well water from the Ames municipal wells which con-
tains between 8 and 9 mg/l total iron. One-belf mg/l of copper
wae added as copper sulphate and the water wes mixed in & slow
speed mix tank to assure complete precipitation of the hydrous
ferric oxide floc.

Ames city tap water to which ferrice chloride or ferrous sulphate
solution was added through a constent head capillary tube feeder
to yield the desired iron concentration. The mixture was mixed
ir o slow speed mix t{ank to form the hydrous ferric exide floc.
Filter influent water of the Ames municipal water treatment
plant. This water was diluted with tap water in some filter runs
to adjust to a desirable turbidity level and to 2id in its ste-
bilizetion prior to use in the pilot filters. The Ames municipel
wator treatment plant uses & typicel egplit treatment, lime-soda
esh softening process. The treaiment steps include aeration,
chenical addition, mixing, settling, recerbonation, sludge addi-
tion, mixing, settling, recarbonation, filtration, chlorination,

flouridetion, and metaphosphate stabilization.
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IV. PILOT PLANT APPARATUS

All components of the pilot plant shown schematicelly in Figure 1
were designed to enable operetion of the three filters at any desired rate
between 1 and 10 gpm/sq ft. Each component in the pilot plant is de-

seribed in the following peragraphs,

A. Pumps and Taenks

1l. Rew water pump to the mixipng tank

A 1-1/2 in. x 1-1/2 in., 1/8 hp, 1750 rpm close coupled centrifugal
pump was used to pump the water from the aerator, or from the filter in-
fluent of the Ames municipzl plant, to the mixing tank.

2. Slow speed mix tank

A mixing tank 3 ft high apd 3.5 ft in dlsmeter equipped with a slow
speed paddle was vsed to provide the necessary detention time to complets
the iron precipitetion reaction. Allowing 6 in, of freeboesrd, this 182
gal tank provided a 30 minute theoretical detention time at a pumping rate
of 6 gpm.

The plow speed mix tank was also used when filtering the lime-soda
ash softened water from the Ames municipal plant. Vater was pumped to the
mixing tank from the recarbonstion tank effluent. The mixing time aided
in completing the recarbonation reaction thus providing @ more stable water
to the pilot plant filters. In some filter runs, tap water was added to

the Ames filter influent water to regulate turbidity and aid in stabilize~

tion.
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3. High 1lift pump to the constant head tank

A 3/# in., x 1/2 in., 1/3 hp, 3450 rpm close coupled centrifugel vump
vas used to pump water from the slow speed mix tank to the constant head
tank.

4, Constant head tank

All water to be filtered was pumped to a constant head tank 12 in. in
diameter by 18 in. deep equipped with a 10 in. overflow weir. The tank
was located to provide 10 ft of Lead above the filter sarnd surface. The
water flowed by gravity to tne three filters from the constent head tank.
Head on the three filters varied slightly due to the difference in head
lose from the constant head tank to the filters at different filtration

rates. The head variation at different rates did not exceed 0.4 f% (4%).
B. Tilters and Appurienances

1. Pilot sand filters

Three cend filters shown in Figures 2 and 3 were constructed of 6 in.
ID plexiglass tubes 1/2 in. thick and 53 in. long. This dlameter pro-
vided a2 sand surface area of 0.196 sq ft in each filter. Combination
plezometer and sampling comnections of 1/4 in. ID plexiglass tubing were
installed at close intervals thrqugh the sand depth. The inside ends of
the piezometer connections were 2, 3, or 4 in. from the inner face of the
filter shell, e2lternating to prevent two adjacent sampling points from
lying direectly in a vertical line. The inner end of the 1/4 in. plastic
tube was molded to permit the easy entrance of water but to prevent the

passage of sand.

The underdrain system for each filter consisted of 9 in. of graded



Figure 2. Pilot sand filter and control equipnent
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Figure 3. Pilot sand filters and bottom of plezometer boards
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gravel placed over a perforated aluminum cup which in turn was centered
over the 1/2 in. filter effluent end backwash comnection. Thirty in. of
sand wes provided abeve the gravel. Filter influent water entered ap-
proximately 13 in. above the sand surface through & 3/8 in. pipe connec-
tion. Backwash water leaves through a 3/4 in. pipe connsction in the top
flange of the filter,

Inmediately ocutside the filter, each piezometer comnection was pro-
vided with & glass "TH#, One connsction lod to a pleosometer bosrd and the
other eonnection was provided with a rubber tube and scrow clamp for sam-
pling purposes.

The pieszometer boards werse 10 ft long and equipped vwith 6 - 4 =@ ID
glass tubes. The upper ends of the plezomster tubos were commected to a
menifold header to permit the application of a small constant pressure on
211 tubes. The presgsure was exerted by a rutber squeesze buldb at the be-
girning of each run to depress the wgter level in the tubes to approxi-
rately the middle of the board to facilitate resding.

2, Filter send

Pilter sand was obtained from the Northern Gravel Company of Muscatinse,
Yowa. Several greded sands were obtained and anslyzed using U.S. Standard
sieves. The sise characteristics of the various grades ar. shown in
Table 6. Sands used in the various experimental runs are referred to by
the designation in the table.

3. Flow meters

Effluent from each filter passed through a variable area glass tube,

float type, flow metsr sulteble for water flow measurement from 0.2 to
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Table §. TFilter sand characteristics

Sand Effective Uniformity
designation 3;29' coefficient
A 0.50 1.46
B 1.34 1.38
G 1.96 1.33
D 1.55 1.89
E 1.05 1.38

2.0 gpm1 (Pigure 4). The flow meters were calibrated by determining the
time to ill a two liter volumetric flask. The ealibrations gave some-
vhat different results at different times in ths experimental work, ap-
parsntly due to the deposition of a small amount of material on the inside
of the glass tube or the float. The experimental data for the various
filter runs was evaluated in terme of the actual flow as determined by the
celibration nearest the time of the particular run.

L, Turbidimeters

Each filter effluent is monitored by a photoelectric turbidimeter
(Figure 5) which uses a nephelometric method to measure turbidity2, The
precision and accuracy of these instruments is discuesed in a later sec-
tion on laboratory technigues.

5. Rate of flow controllers

The effluent from each turbidimeter passed into a float operated rate
of flow eontroller shown in Figure 6. The controllor maintained & constont

rate of filtration by holding a constant head on & needle valve outlet.

lpigcher and Porter "Flowrator®.

2Hach Chemical Company, Ames, Iowa, CR Low Range Turbidimeter,



Figure L. TFlow meter






Figure 5. Photoelectric turbidimeter
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Figure 6. TFilter rate of flow controllers
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The float chember, constructed of 12 gauge sicel plate, wag 9 in., x 9 in,
x 12 in. deep. One-half in. needle valves, 3/4 in. float velves, and 4
in. dianeter copper floats were provided. Piping was arranged to pass
2ll or any portion of the filter effluent through the turbidimeter prior
to dischenge to the float chamber.

The rate of flow controllers functioned remarkably well., Occasion-
glly, the float valve might temporarily stick ard, when it suddenly re-
leased itself, a surge of high flow rate might pesg through the filter.
When this occurred, some of the previously deposited sediment would be
flushed through the filter, resulting in a drop in head logs. The further
results for such a run were invalid and the run was termingted. Tor-
turately, this rarely occurred.

As the head loss through the filter increased, during a run the float
valve would gradually open %o maintain a conetant filtration rats. As the
float valve opened, the head on the needle valve was decreased slightly
and ths rate of filtration would decrease epproximately in proportion o
the square root of the ratio of the head change. To maintaln constant
rate, the needls valve was opened very slightly to0 compensate for this

head change.
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V. EXPERIMENTAL OBSERVATIONS

A. General

The initisl phase of the study was directed at the first odjective,
nsmely; to determinse whether there is an optimum rate of filtration frem
the standpoint of the volume of acceptable water produced on & given fil-
ter per filter run. When the first objective had been accomplished, ad-
ditional rumns were conducted with the pilot plant to shed light on the
secend and third objectives, namely! how can the operator identify the
optimum rate and what factors lead to the presence or absence of an

optimun rate,

B. Laboratory Techniques

1., Turbidity

During the experimental runs using Ames filter influent water as the
gource of influent water for the pllot filters, the pillot filter effluent
quslity was evaluated on the basls of its turbidity content. Turbidity of
water is that quality which interferes with the passage of light through
the water, or which restricis vigual depth. It is caused by a wide variety
of suspended material renging in size from colloidal to coarss dispersiona.
The accurate determination of this opticel property of a water presents
many problems. The recent development of @ new type of photoelectric
turbidimeterl, which is particularly adapted to low levels of turdbidity

such as those encountered in filter effluent water, was a great help in

lﬂnch Chemical Company, Ames, Iowa. CR Low Range Turbidimeter.
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this researeh.

Each filter was equipped with a photoelectric turbidimeter. ZEach
turbidimeter has a 4 in, ID plastic tube approximately 4 ft long. The
water enters tne bottom ard overilows through a pipe connection approxi-
mately 1 ft from the top. At the top of the tube above the overflow are
a light source and two lenses. The light source and lens system sends &
2 in., diemeter light beam axially down through the water column. A number
of selenium photoelectric cells are mounted around the circumference of
the tube at about mid devnth. The interior of the tube is dull blaeck to
prevent reflection of light from the bottom or sides of the tube. As
the light beam passes through the water column, light is sczttered by the
turbidity particles due to the Tyndell effect and the scattered light re-
celved by the photoelectric cells results in the generation of a small
electric votential whiech is messured on a highly sensitive lamp and scale
galvenometer., The intensity of the seattered light is in proportion to
the surface ares of the particles in suspension. A potentiometer in
parellel with the galvanometer can be adjusted to impress any desired
portion of the vhotoelectriec cell output through the galvanometer. In
these experiments, tue potentiometer was generally set to yield one mm
scale deflection of the galvanometer Tor 0.02 units of turbidity. With
this potentiometer setting, turbidity was easily read with a fineness of
0.02 unit. However, it is a well recognized fact that turbidity is a
difficult quality to measure. Many problems prevent the accurete deter-
mination ¢f an absolute turbidity level for any water sample.

The stendard method (50) for determination of turbidity is the

Jackson candle turbidimeter which can be used only above 25 units of
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turbidity. Other instruments may be used in plece of the Jackson meter,

but they must be calibrated against the Jackson candle turbidimeter by

making up & suspension above 25 nnits turbidity and diluting to the level

required in the instrument te bs used. This requirement is the reaszon

for inaccuracies in calibration.

B

Ce.

d.

Human inconsistancieg are involved in the vigual observations
required with the Jackson candle turbidimeter in preparation of
initial standards.

The type of suspended metter used in standerdizing the instru-
ment. The standard method suggeats using suspended matter in
calibration of the sams type that will be observed in subsequesnt
use of the instrument.

The possibility that the suspension used in calibration may
partially dissolve when diluted to less than 1 unit.

The changes in particle size or other characteristics which may

occur during dilution and handling 28 & result of natural coegula-

tion.

Farther, in the accurate meagsurement of turbidities less than one

unit, zero turbidity water must normslly be used in preparing the desired

dilutions for calidbration. An instrument such as the Baylis Turbidimeter

requires an absolute zero turbidity dilution water to be used in prepare~

tion of the standards. Any turbidity in the dilution water will result

in inaccuracy.

An advantage of the CR meter is that the meter calibration does not

depend on zero turbidity water for the preparation of the standards. The

photocell output can be observed for the dilution water and the increase
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in output can then be observed for any desired level of mdded turbidity.

The photocell output of the metsr is essentially zero for gero tur-
bidity water. Various methods were used ir an attempt to prepare a zero
turbidity water including low rate gand filtration, recycled diatomacssus
carth filtration, membrane filtration of distilled water, and recycled
activated carbon filtration. The last method produced a water which most
nearly approached zero turbidity. The filter was a perforated copper pipe
geptum wound with felt cloth 1/2 in. thick. Activated carbon was the
filtering medium, and water was recycled through the turbidimeter and the
filter. The galvanometer soon reached a constant reading equivalent ¢o
approximately 0.05 units turbidity. This photocell output may be due
partially to reflected lisht reaching the photocells within the meter.

Various other problems involved in low level turbidity monitoring are
solved with this meter. Some photoelectric turbidimeters measure both
transmitted light and scattered light. Though this is 2 desirable method
of observing the optical properties of medium to high turdbidity suspen-
gions, the change in transmitted light is insignificant when dealing with
very low water turbidities. One unit of turdidity reduces transmitted
light by about one percent, end it is difficult to measure such a small
difference dbetwsen two rslatively large values accuratsly. In contrast,
an increase of from 0.1 to 1.0 unit of turbidity increases the scattered
light approximately tenfold. Such a change can be msasursd accurately.
For this reason, the meter attempts only to measure scatterod light.

The measurement of transmitted 1ight presents some additional prob-
lems. Color in water from other causes than turbidity will also reduce

the intensity of the transmitted beam and will be measured as turbidity.
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The manner in which the 1light beam enters the wvater may also cause falge
turbvidity readings. In some photoelectric turbidimeters, the light beam
passes through a window into the water, and the scattered &nd transmitted
light pass through other windows to the photocells. Submerged windows of
this type tend to collect air bubbles or to become fouled with slimes. This
fonling will scetter the light of the incoming beam and will glve false
high measurements of scattersed light. Fouling will also reduce the in-
tensity of the transmitted beam., In this meter, the light beam enters
directly through the surface of the water which is constantly overflowing
and is therefore self cleansing.

The windows in thls meter through which the scattered light pass may
become fouled, and this will result in slightly low readings, dbut it can-
not result in false high readings. The meter is furnished with a gless
reflectance rod whick can be used to check the potentiometer adjustment
and proper functioning of the meter. The potentiometer adjustment can be
measured by the gmlvanometer deflection (in millimeters) caused by the
light reflected by the reflectance rod. This value will subsequently be
called the sensitivity. If the sensitivity decreases due to fouling, the
window can be cleaned, or the potentiometer can be adjusted to increase
the sensitivity tc the desired level.

The mamfacturer of the CR Low Range turbidimeter anticipated a poa-
sible correlation between the light reflected by the reflectance rod and
the light reflected dy some standard unit turbidity suspension. Thiae
relationship will vary for different waters due to the variations in par-
ticle characteristic and size distribution. This relation, therefore,

must be observed for the particular suspension in question.
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During the studies with Ames filter influent water, the rslation-
ships between gelvenometer scale increase, turdidity, and sensitivity were
gtudied. Backwash water from the filter was used in preparing standard
solutions of 1 unit, 0.5 unit, and 0.25 unit turbidity which were passed
through the turbidimeters. The sensitivity of the turbidimeters was
observed. The galvanometer scale increase for the various turbidities was
noted at several different sensitivities.

The gelvanomster scsle reading increased in direct proportion to the
added turbidity at these low levels, and the gslvanometer scale reading
for a given turbidity inereased in direct proportion to the gensitivity.
Since both turbidity and sensitivity bave a linear effect on the gelvano-
meter reading, the calibration for a particular water may be stated in
terms of the mm of galvanometer deflection per unit turbidity psr mm sen-
gitivity. Tor the Ames filter influent water, this value was found to be
2.95.

In view of the foregoling discussion, it can be concluded that abso-
lute values of turbidity will remain in question as long as the Jackson
candle turbidimeter remains as the standard. Vhen carefully calibrated
for a particular water, the CR Low Bange turbidimeter will give consistent
relative results to a fineness of 0.02 units,

Operational instructions of importance in the use of the turbidi-~
meters are summarized below:

&, (lean the photocell windows periodically. Deposition of material

in the windows will result in reduced sensitivity.

b. Clean lens system carefully before each experimental filter run.

¢. Check sensitivity at beginning end end of each experimental run;
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and in long runs, at intervals during the run. Adjust sensi-
tivity carefully.

d. Several hours are required for the consitivity to stabilize
when the meter power has bsen turned on after a periocd of idle-
ness.

e. Limit flow thru the meter to prevent submergence of the outlet
pipe. Submergence prevents the water surfece from belng sel?
cleaning ard may cause the lens system to get wet.

f. Voltage regulators on the light source pover are necessery to
gtzbilize sensitivity and thus the turbidity readings.

2. _Iren

During the experimental filéer runs using water containing precipi-
teted hydrous ferric oxide particles, the effluent gquality was evaluated
on the basis of the iron content. Since several thousand analyses of to-
tal iron were required during the experimental work; & simple, accurate
nethed of iron apalysis was desireadle.

During the first year of the research, the 1,10 phenanthroline method
was selected (50) since it is the standerd method for the water supply
field. This method is not adequately sensitive vhen measuring iron at the
low levels encountered in typical filter effluents, gensrally less than
0.3 mg/l. For this reason, in the last year ¢f the research, & new re-
agent was used which has greater semnsitivity for low levels of iron., The
properties and use of this reagent, 2,4,6,-tripyridyl-c~triacine, commonly
abbreviated TPPZ, are discussed by Diehl (21).

1,10-Phenanthroline reacts with the ferrous ion to yield an orange-

red color which obeys Beer's law and is therefore sulted to colorimetric
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deternination. Threo molecules of 1,1C-phenanthroline chelate each fer-
rous ion.

TPTZ reacts with the ferrous ion to yield an intense violet color
which obeys Beer's law and is also suited to colorimetric dstermination.
Pwo molecules of TPTZ are required to chelate each ferrous ion.

Both reagents are specific only for the soluble ferrocus ion. There-
fore, the normal method for total iron involves dissolving and reducing
any precipitated iron with acid ard hydroxyl ammonlum chloride before
analysis. In some cases, heat is required to complete the solution of
the precipitated irom. The reagenis can be purchased in a patented powder
form which will dissolve and reduce the iron in a single atepz without
heating. To speed vp the analyses, the patented reagents were used. No
interfering ions weras present in the Ames water in sufficient quantity to
affect the accuracy of the results. Color was observed on either a photo-

electric filter photometer3 or a photoelectric spectrophotometerh.

C. Efflvent Vater Quality Requirements

In sveluating the first objective, it is necessary to set a standard
of accepteble water quality. Since the water in question is essentially
gterile as it is pumped from the wells, & bacterial evaluation would be

of 1ittle value,

2Hpch Chemical Company - FerroVer powder
TeeVer powder.

3Hach Chemical Company - DR Colorimeter.

MBaush and Lomb - Spectronic 20.
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In those runs where water conteining precipiteted iron was filtered,
an iron content in the effluent of greater than 0.3 mg/l was considered
unsatisfactory since this 1s the standard set by the U.S. Public Health
Service (48),

In thoge runs where the filter influent water of the Ames municipal
plant was filtered, the effluent quality was evaluated on the basis of its
turbidity content. U. 5. Public Health Service drirking water standards
limit turbidity to 10 units; however, many plants strive for a much better
water quality. Baylis (8) and Babbitt (4, p. 384) state that Yturbidity
greater than about 0.5 wnit may be noticeable to the consumer when the
wveter is hold in 2 white enzmel containerd,

Beylis (8) and Hudson (38,39) have indiceted that less than 0.2 unit
of turbidity is a desireable goal. However, it 12 doubtful that the tech-
ricues used in their studies would yield valid results at this lsvel.
Turbidity in their studies was measured by the Baylis Turbidimeter cali-
brated agairst suspensions observed on the cardle turbidimeter and diluted
to the desired lovel. Since it is unlikely that they had absolute zero
turbidity water in making the dilutiomns, ths absolute level of their tur-
tidity is subject to guestion.

In thie study, & maximum level of 0.5 unit of effluent turbidity was

arbltrarily set ea a desireable goal.
D. Brief Chronology of Experimental Runs

The first three monthe of operation of the pllot plant involved some
wasted effort as operating techniques were refined to eliminate erromeous

influences. While many of the early runs bave invalid results, important
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epsrational lessonc were learpned. Table 7 summarizes the variocus runs
performed. A brief chronoclogical discussion of them follows.

Sand B0 which 18 & very coarse sand with an effective sisze of 1.05
nm wag chosen for the initial runs %o enable appreciable penetration to
occur., It was felt that an optimum rate would be observed only if signifi-
cant changes in penetration could occur at different rates.

Fups 1, 2, and 3 are invalid due to disturbances in the rate of {il-
tration which resulted in passage of iron through the filter and decrease
in hesd loss. Excessive iron was passed at rates above 2 gpm/sq ft with
the cearse sand in use.

Runs 4, §, and 6 reflect efforts to prepare a larger floc particle
size with ferric chloride and city tap water in the hope that the larger
floc would not pass through the cosrse sand in use. Even though & larger
floc was obtalned, excessive iron was passed and all three runs sre invalild
for this reason.

Rons 7 apd 8, in which highly turbid water from the secwd stage mix-
ing tank of the Ames municipal plant was filtered, are invelid due to pas-
sage of excessive material through the filter,

It was evident from runs 1 through 8 that a finer sand would be nec-
essary to permit filtratior within the desired rates of 1 to 10 gpm/sq ¢
for wvhich the pilot plant was designed. Sand D with an effective size of
.0.55 mm was therefore installed in all three filters,

Runs 9 through 15 with the flner sand indicated that acceptable iron

removal could be accomplished at rates up to 6 gpm/eq ft. However, thege

5See Table 6.
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Table 7. Summery of experimental runs on pilet plant filters

Filtration rates®

Ran sapad Filter influent water typs Filt. Filc. T
no. Source® Treatmentd Additives® 1 2 3
1 s 1 1,2 2.5 L 9.5
2 B 1l 1,2 1 1 2 4
3 B 1 2 1 0.6 1 2
L B 5 1 3 1 2 3.5
5 B 5 1 3.5 1 2 3.5
6 i 5 1 3.4 1 2 3¢5
7 I 2 1 2
8 B 2 1 1 3 5

&gpm/aq ft.

Psee Table 6.

Cater sources designated as follows:
1. Raw Ames city well water
2. Ames treatment plant, no. 2 mix tank water
3. Ames filter influent water, 1 well in operation
4., Ames filter influent water, 2 wells in operation
5. Ames city tap water,

dpreatment of gsource as follows:
1. Mixed in slow mix tank
2. Aerated in tray type aerator
3. Diluted with tap water to control turbidity and stability,

®Additives to the source as follows:
1. 1 mg/l copper as copper sulpbate solution
2. 1/2 ng/l copper as copper sulphate solution
3. Ferric chloride to yield 10 mg/l iron content
4., NaOH solution added to hold pH at 10
5. "Nalco 600" comgulant aid added at 7 mg/l.
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Table 7. (Contimed)

Filtration rates®
Run Sandb Filter influent water type =1 T
. 2 5 1t.  Filt.  Filt.
no. Source- Treatment™ Additives 1 2 3
9 D 1 1,2 1 1 2 3
10 D 1 1,2 1 3 2 L
11 D 1 1,2 1 3 2 4
12 D 1l 1,2 1 5 é L
13 D 1 1,2 1 6 2 gf
1k D 1 1,2 1 0.7 3 6
15 D 1 1,2 1 3 3 3
16 D 1 1,2 1 0.7 3 68
b,5 2
17 D 1 1,2 1 3 3 3
18 D 3 1 3 5
6 7 2
19 D L 6 5 2
3
20 D L 1 6 & 2
21 D 1 1,2 2 6
22 D 1 1,2 2 2 8 &
6
23 D 1 1,2 2 6 L 2
6f,1
24 D L 1,3 1 6 2
by 3
25 D L 1,3 2 3 L
6

foonatant pressure operation, rate indicated is the starting rate om
the eclean filter.

€puring and after run 16, the higher rate filters were frequently
backwashed and operated at more than one rate. This was possible eince
the run length at low rates was considerably longer than at high rates.
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runs cannot be used to evaluate the first objective for a number of ree-
sons. Rate disturdbances occurred during run 9. Inconsistent results
duriag runs 10 through 15 led to the suspicion that the sand was not
identicael in all three filters at the beginning of the runs,

After refinements in technique, and slight changes in the sand to
provide uniform head loases through the clean filter bed, several valid
runs were obtained which permitted evaluation of the first objective (runs

16,18,19,20,22,23,24, and 25).
E. Refinements in Operational Technique

Several operational refinements were found necessary during runms 1
through 15. The observations and refinements are discussed below.

1. Incomplete precipitation of iron

Complete precipitation of the iron did not occur due to mixing along
in run 1. To facilitate precipitation, 1/2 to 1 mg/l of copper was added
in the form of copper sulphate solution in all subsequent runs on raw
aerated water. The copper catalyst consistenily gave soluble iron levels
entering the filter of less than 0.10 mg/l.

2. Rate disturbancas

Sediment which had been removed in the filter was very sensitive teo
rate changes. Any sudden increase in rate would flush a large amount of
sediment out of tha filter with a resultant decrease in head loss. The
effluent quallty would quickly recover but such rate increases would in-
validate the results for a given run. Therefore, it was necessary to
eliminate, &8 nearly as possible, =ll sources of rate chenge., The pre-

cautions taken are discussed delow.
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2. Sample withdrawal To prevent the rate change that would occur

if a2 sempls were periodieally taken from any of the plezometer sampling
connections, such samples had to be withdrawn continuously through a 0.5
mm ID capillary tube of sufficient length to provide & sampling rate of

approximately 5 ml/minute.

b. Float valve difficulties Fleat valves on the controller were

adjusted to give minimum linkage friction to try to prevent the floa
from sticking and suddenly releasing with a resulting rate change.

c. Alr-binding Rolease of dissolved gases within the filter

media (air binding) towards the end of a filter run would result in re-
duction in available filter area and thus increase the effective filtra-
tion rate. Such occurrences were obaserved to have the same effect as the
other causes of rate changs. 1t was necegsary to terminats the filter
ruana if such air-binding was observed.

3, Initial start up

The procedure followed at the beginning of a filter run was found to
be important in obtaining uniform conditions. It was necessary to adjust
the rate of flow controller to the desired rates prior to commencement of
the actual run. Several operational procedures were attempted. The method
finally selected consigsted of opening the backwash supply vaelve slightly
8o that water flowed through the turbidimeter and controller and a small
amount of excess water flowed upward through the filter and out the back~
wash outlet. The controller was then set at the desired rate while pass~
ing the backwash water. Using this procedure the clean filter was not
affected during the time that was required for adjustment of the rate of

flow controller. When the rates were properly mdjusted on each filter,
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the run was commenced simmltaneously on &ll three filieru.

4, Backwash

It wag observed duvring runs 9 to 15 that the manner used in cloaing
the backwash valve affected the porosity of the sand and the resulting
head loss development ip a subsequent run. In all gubsequent runs, the
backwash needle valve was turned off 1/6 revolution at & time, The sand
was permitted to reach equilibrium before the valve was closed further.

When this precaution was practiced, it was noted that some difference
in sand depth waz present in the three filters following backwashing.

City tap water was filtered to observe the loss of head through the threes
clean filters at the same rate. Filter 1 had considerably more loss in

the upper layers than the other two filters. Portions of sand were re-
moved from the desired layers through the top piezometer comnection while
backwashing the filter. After several trials at sand adjustment, the clean
bed head losa was found to be nearly identical in all filters at the same
rate., Filter 1 had somewhat smaller head lose in the deeper layers bud
this had little affect on the head loses development since most removal
takes place 1n the upper sand layers.

All three filters were held at the same rate during run 17 to check
the comparability of the head loss development., The total head loss ve.
volume of filtrate curve for the run is shown in Figure 7. It is evident
that the sands are nearly identical in hydraulic characteristics.

The vlotting of total head loss vs. filtrate volume as in Figure 7 is
one of many such plots presented in this papser. Thus, some explanation of
the units used may eid in proper interpretation of the curves,

The ordinate, total head loss, represents the total drop in pressure



Pigure 7. FRun 17, total head loss vs. filtrate volume

All filters were operated at 3 gpm/sq ft for the
purpose of comparing sand characteristics.
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(ft of water) from the top pieszometer tube abev: %he zend to the bottom
plezometer tube in the gravel layer, including the clean bed head loss.
The head loss is given at the actual water temperature of the filter run
as noted in the tabulations of filter influent water quality data. No
attenmpt was made to correct for viscosity changes to any standard tempere-
ture since temperature changes result in other more important head loss
influences which cannot be evaluated. Thus, to correct for one varlable
and not for the others might tend to obscure the true importance of tem-
perature change on head loss development. The temperature change during
any single filter run never exceeded 5° F, and was generally less than
30 T,

The absicca, filtrate volume, is expressed in the volume unit, gpm-hr.
This volume unit was selected since it is readily determined as the product
of the experimental observations made, rate (gpm) and time (hr). This
unit of volume cen also readily be converted to run length (hr) or to vol-
ume expressed ia gel or gel per sq ft of filter area. One gpm-hr is equal
to 60 gal. Volume (gpm-hr) divided by rate (gpm) will yield the corre~
sponding run lengtn (hr) to produce the indicated volume. Since the sand
filter area in the pilot filters is 0.196 sq ft, it is a simple matter to
convert to volume/ﬂq ft if so desired. Consider a simple example with a
given filtration rate of 4 gpm/sq ft and a filtrate volume of 10 gpm-hr.
This is equivalent to a volume of (10 gpm~hr)(60 min/hr) = 600 gal. The
filtration rate is (4 gpm/sq £%)(0.196 sq ft) = 0.784 gpm. The run length

to produce the indicated volume is (10 gpm-ar)/(0.784 gpm) = 12.8 hr,
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F, Experimental Runa without a Pronounced Optimum Rate

After the various refinements in technique had been developed to
elimiprate erronsous influences, it was possible to make a series of wvalid
experimental runs to evaluate the firast objective of this study, namely:;
iz there an optimum rate of filtration from the standpoint of maximum
volune of acceptable water produced per filter run.

Vhen filtering water containing precipitated hydrous ferric oxide
particles, ne pronocunced optimum rate was apparent. Figures 8, 9, and 10
for run 16, 22, and 23 are typlcal total head loss ve. volume of filtrate
curves for this type of filter influent water. Filter influent water in
runs 16, 22 and 23 had the followlng average characteristics:

Total Iron: 7=9 —0 o mgfl
Ferrous Iron: 0.00-~0.07 mg/l

Temperature: 57-580 F FRun 16 & 23
57-62° F FRun 22

pH: 7.5 to 7.7

Certain general characteristics are evident in Figures &, 9, and 10.
The curveg are nearly linear, particularly at the higher filtration rates.
The curves tend to be parallel. XNo pronounced optimum rate is present
with nearly linear curves and the lowest filtration rate will generally
produce the largest volume of water to a given terminal head losz. An
exception to this is the very slight optimum obtained at 3 gpm/sq £t in
run 16.

Effluent water quality at a terminal loss of 6 ft was acceptable ex-
cept at rates of 6 gpm/sq ft or above. Effluent water qualiiy was the

poorest near the beginning of each filter run, reaching a peak in tur-



Figure 8. BRun 16, total nead loss vs. filtrate volume

Typical filter run which shows no strong optimum
rate tendency. Filtering water containing pre-
cipitated hydrous ferric oxide. Curve for 6

gpn/sq £t not shown due to erratic initial behavior.
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Figure 9. FRun 22, total head loss vs. filtrate volume

Typical filter run which shows no optimum rate
tendency. Tiltering water containing precipitated
hydrous ferric oxide. Temporary drop in head loss
at 2 gpm/sq ft resulted when run was recommenced
after 1 day plant shut down.
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Figure 10, PRun 23, total head loss vs. filtrate volume

Typicel filter run which shows no optimum rate
tendency. Filtering water containing precipi-
tated hydrous ferric oxide,

Uncontrolled run started at 6 gpm/sq ft and per-
mitted to decline in rate as the heed loss in=-
creased.

Curve for 1 gpm/sq ft not shown dus to insuffi-
cient run length.
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bidity or iren content at approximately the theoreticel time reguired to
displace the water from the filter and the turbidimeter, This is ir agree-
ment with the results of Too-Ti Ling (53). The effluent water quaiity

then quickly improved to some minimum level of iron content. At the lower
rates of filtration, this level was maintalned throughout the filter run.
At the higher filtration rates, the effluent quality might gradually de~
grade during the filter run. PFigure 11 demonstrates the typicel initisl
improvement in effluent irom content at the varicus filtraticn rates in
Tan 23. Figure 12 shows typical effluent iron content as observed in run
23 following the initiel improvement period.

From these figures and Teble B, several observatiomns coucerning ef-
fluent quality can be made. Effluent water quality decreases glightly as
filtration rates are increased. However, even at very low rates, some
iron passes through the filter. Apparently some portion of the particles
are of such size or charge characteristic that they cannot be removed by
filtration even a2t unusually low rates.

The importance of iron passage during the initial improvement period
on average water quality increases as the rate increases. However, the
effect of the initial improvement period on average water quality is not
excessive even at the highest rate of 6 gpm/sq ft.

Even though the full filter bed is apparently active in filtration as
evidenced by the presence of effluent ironm at all rates, effluent quality
does not necessarily degrade as the filter run progresses. Only at 6

gpm/sq ft was gradual effluent degradation apparent in run 23.



Figure 11. BRun 23, initlal effluent improvement

Effluent iron content vs. the time after
commencement of the filter run.

Data for uncontrolled run and 1 gpm/sq f%
run not observed,
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Figure 12. Run 23, effluent iron content va. filtrate volume

Constant pressure run started at 6 gpm/sq ft and per-
mitted to decline in rate ag the head loss increased.
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Table 8., Summary of effluent iron content, run 23

Filtration Minimum Initial b Averege increase
rate effluent iren® iron passed effluent iron®
(epm/sq ft) (mg/1) (mgfoq £t) (mg/1)
1 0.08 25 0.001
2 0.09 97 0.005
& 0.18 123 0.007
6 0.28 581 0.031

owest level of iron content at any time during the filter run.

bThe total mg/sq ft of effluent iron passed above 2 level of 0.30
mg/l during the initisl improvement period.

CAverage increase in effluent iron due to the iron passage during the
initial improvement.

G. Experimental Runs with & Pronounced Optimum Rate

When filtering the filter influent water of the Ames municipal 1ine-
soda ash softening plant, a proncunced tendency for greater production per
filter run was apparent as filtration rates were increased. In gome fil-
ter runs, the production reached an optimum at some medium filtration rate,
and decreased at higher filtration rates. Figures 13, 14, 15, and 16 for
runs 18, 19, 24, and 25 respectively are typical total head loss vs. volume
of filtrate curves for this type of filter influent water.

The average influent water quallty during these filter runs is de-
scribed in Tgble 9.

Certain general characteristics are aspparent in Figures 13, 14, 15,

and 16, At the lower rates of filtration, the head loss increases at an



Figure 13. Run 18, total head loss vs. filtrate volume

Filtering Ames filter influent water. Plant
operating one well at 1100 gpm.
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Figure 14, Run 19, total head loss vs. filtrate volume

Filtering Ames filter influent water. Plant
operating two wella at a total of 1400 gpm.
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Figure 15. Run 24, total head loss vs. filtrate volume

Filtering Ames filter influent water diluted with

an squal amount of tap water to regulate turbidity
and stabllity. Plant operating with two wells at

a total rate of 1650 gpm.
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Figure 16. Run 25, total head loss vs. filtrate volume

Filtering Ames filter influent water diluted with
tap water to regulate turbidity and stabllity.
Plant opsrating two wells at a total rate of 1650

£pm.
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Table 9. Average filter influent quelity in runs 18, 19, 2k ard 25
b Stability™
o o hardness®  (C0,)%  (HCO5)"  pE roidity™ 4 b in Corments
ng/1 ng/1 ng/1 hardness
18 56=58 83 28 2k 9.2 Unstablo Plant operating
9 one well at 1100
gpn
19 56=57 82-89 26 25 9.3 Unstable Plant operating
1k two wells at
1400 gpnm
2k 59-63 79=85 22 15 9.2 Stoble Plant operating
0 two wells at
1650 gpm., In-
fluent diluted
with tap water
25 61-63 83=89 20 21 9.2 Stable Semoe es run 2k
0

845 indicated by drop in alkelinity and hardness through the dirty filter, mg/l as CaGO3°

bExpressed as CaCO3.

CAs measured with Hellige turbidimeter.

dDiluted with tap water to control turbidity and stabil ity.

L8
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increasing rate as the run progresses. At higher filtration rates, this
tendency is reduced. The curves may approach linearity at high filtre-
tion rates as in Figure 15. In Figures 13 and 15, beyond the rete at
which the curves most nearly become linear, higher rates resulted in head
loss curves which were nearly parallel. The optimum rate, where maximum
production to & given head loss will occur, is the lowest rate where the
head loss develcopment approaches lipnearity.

Effluent turbidity, Table 10, behaved in a masnner simllar to the ef-
fluent iron content described in the previous section. At the beginning
of a filter run, there was a brief period of high turbidity, the peak oc-
curing at approximately the theoretical displacement time of the filter
and turbidimeter. The turbidity then dropped quickly to some minimum
velue. At the lower rates, this value remsined nearly constant during the
filter run. At the mediur and higher rates of filtration, the effluent
turbidity ineressed gradually as the run progressed.

Effluent turbidity was not elways satisfactory at the higher filtra-
tion rates. Therefors, the optimum rate from the standpoint of production
may not be u feasible rate due to unacceptable water quslity. Table 11 ig
& comperison of relative production to a § ft terminel total head loss
(including initiel clean bed head loss) in runs 18, 19, 24, and 25.

Study of Tables 10 and 11 permits the following observations. When
filtering a feirly high quality influent water as is produced with one
well operating at ths Ames municipal plant (run 18), the optimum filtra-
tion rate lies between 3 and 5 gpm/sq ft. Expected production per run
will be over twice the production at the standard rate of 2 gpm/ag ft.

Rates in excess of 5 gpm/sq ft result in reduced production and water



89 -

Table 10. Effluent water $urbidity in runs 18, 19, 24 and 25

Run FPiltration rate (gpm/eq ft)
no. 1 2 3 4 5 6 7
18%  Initial turbidity® 0.2 0.3 0.3 0.5 0.3 0.6
Fipel turbidity® 0.2 0.3 0.3 0.7 0.3 0.6
198 Initial turbidity 0.4 0.4 0.7 0.5
Final turbia.ty 0.5 0.7 0.9 1.7
2u Initial turbidity 0.14% 0.16 0.16 0.36 0.50
Finel turbidity 0.14 0.21  0.3% 1.16 1.20
25 Initial turbidity 0.13 0.16 0.22 0.37
Final turbidity 0.32 0.46 0.70 1.0k

8Purbidimeters were not completely calibrated until after runs 18
end 19. Therefore, these turbidity values are less relisble than tur-
bidity values in later runs.

bafter initial improvement period.

€At a terminal head loss of 5 to 6 ft.

quality.

Pun 24 and 25 are similar in some respects to run 18. In these runs
a stable water of moderate Yurbidity was filtered. The optimum rate from
a production standpoint was 4 gpm/8q ft, where 152 and 121 percent of stan-
dard rate production was obtained, respectively, in run 24 and 25. The
terminal turbidity at the optimum rate was above the acceptable level of
0.5 unit, therefore, the desireable operating rate would be between 3 and
4 gpm/sq ft.

When filtering a more unstable, and more highly turbid influent water,
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Table 11. Relative water productiona in runs 18, 19, 24 and 25

Run Filtration rate (gpm/sq ft)

noe 1 2 3 4 5 6 7
18 0.80 1.00 1.93 2.65 2.32 2.07
19 1.00 1.42 1.47 1.84

2k 0.60° 1.00 1.23° 1.52 1.40

25 1.00 1.03 1.21 1.21

870 a terminal total head loss of 5 ft, with the production at 2
gpn/sq £t considered unity.

bEetimated by extrapolation.

ag is preduced when the Ames municipal plant operates more than one well,
the optimum rate hed not been reached even at 6 gpm/sq ft. Production in-
creased steadily as the filtration rate lncreased. However, terminal water
quality was not acceptable, even at the 3 gpm/sq £t rate. Therefore, with
this type of water, the filtration rate should be governed by the accept-
able water quality and established at between 2 and 3 gpm/sq f%t.

It is evident that the optimmm tendency is more pronounced in runs 18
and 19, in which an unstable water is being filtered, than in runs 24 and
25 in whick the influent water is stable. The instability of the water
results in precipitetion of calcium carbonate in the filter bed, The un-
stable calcium carbonate 1s catalyzed by the calcium carbonate already re-
moved in the filter. The amount of after-precipltation is practically zero
on the clean sand at the beginning of a filter rur, but soon reaches an

equilibrium value which is then constant throughout the filter run.
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After-precipitation in the bed is a siznificant load on the filter as
evidenced by the lower production in runs 18 and 19 (Figures 13 and 1h)

than in runs 24 and 25 (Figures 15 and 16).
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VI. REASONS FOR AN OPT1MUM RATE TENDENCY
A. Genersal

The foregoing sections indicate that the two types of weter belng
filtered contained particles which were distinetly different from the
standpoint of head loss development. The water which centained hydrous
ferric oxide particles caused nearly linear head loss development at all
rates of filtration. The filter influent water of the Ames municipal
treatment plant, which contalned principally celcium carbonate particles,
caused head loss to go up &t an increasing rate ag the run progressed.
This tendency was most pronounced at lower rates,

With a typical linear head loss development, increased filtration
rates result in reduced water productlon to a given terminal hcad loss.
With a typical increasing rate of head logss development, higher rates re-
sult in greater water production to a given terminal head loss. In the
latter case, an optimum rate may be reached as the head loss development
curve approaches linearity and further rate increases will result irn re-
duced production.

VYhat are the basic reasons behind these two characteristic manners of

head loss development? This chapter will try tc answer this guestioa.
B. Hydraulic Conditions Existing in s Dirty Filter

To evaluate the reasons which may cause an optimum rate tendency, we
mast first study the bydraulic conditions which exist in a filter bed as
it becomes filled with sediment,

As previously mentioned, in Chapter II (p. 20), the observation of
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laminar flovw in a clean sand filter has been made by & pumbor of investi-
gators. Thie observation has also been duplicated in this research at all
rates of filtration studled. Ths characteristic of flow through a dirty
filter, however, has not been reported.

Hudson (36) has suggested that the excessive passage of material
through the filter may be associated with the development of turbulent
flow, and he developed a ¥filtrability index® for ‘turbulsnt flow condi-
tions (eq. 6, p. 26). He did pot present valid experimental proof of the
existance of turbulent flow,

According to Darcy's law for laminar flow through porous media (eq. 1,
P. 21), head loss is directly proportional to the rate of flow. Thus, the
observation of this proportionality in a dirty filter would support the
presence of leminar flow conditions. On several occaslions, the change in
head loss with flow rate was observed at the end of a filter run when e
filter was quite dirty. The head loss at varlous depths was observed ag
the rate of filtration was progressively reduced from the rate during the
run %o lower rates. Figures 17, 18 and 19 are examples of the typical
curves for these observations. Thess figures show almost a linear rela-
tion of head loss to filtration rate for the full bed and for the upper
layers where turbulence might be expected to develop due te the high de-
gree of clogging. Figure 17 represents a typlcal run on water containing
precipitated hydrous ferric oxide. Figures 18 and 19 represent a typical
run on Ames filter influent water.

The curves of Figures 17 and 18 are sl ightly concave downward. Preg-
snce of turbulence would have had the opposite effect, since in turbulent

flow, the head loss is proportional to epproximately the second power of



Figure 17. Run 23, demongtration of iaminar flow in a dirty filter

Following & run at 4 gpm/sq ft, filtering water containing
hydrous ferric oxide.
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Figure 18, PRun 24, demonstration of laminar flow in a dirty filter

Following a run at 4 gpm/sq ft, filiering Ames filter
influent water.
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FPigure 19. Run 24, demonstration of laminar flow in a dirty filter

Following a run at 2 gpm/sq ft, filtering Ames filter influent
water,
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the flow rate as shown in the following general equationt

B =t Q Eq 7
Where:

= Head loss due to frictionm

= Resistance coefficlent

= Flow rate, volume per unit time

= Exponent, approximately 2 according to most turbulent
flow equations.

b@"i'_gﬂ

The unexpected concave downward tendency observed im Figures 17 and 18
must, therefore, be due %o come increase in parmeability as rates are de-
creased. The permeability increase is due to reduction of the compressive
forces exerted by the hydreulic gradient which are reduced as the flow
rate is decreased. The curvature is most pronounced in the upper layers
and absent in the lower layers, supporting this hypothesis.

Figure 19 for run 24 shows nearly a linear relation between head loss
and rate of filtration. These date were collected following & run on Ames
filter influent water at 2 gpm/sq ft. The curves for head loss through
the full bed and the top 1—1/8 in. layer are slightly concave upward.
Turbulence would be moat apt to develop in a run of this type at low rates
with a strong tendency towards surface removal. If turbulence was presernt,
it should be present in the top layers. The ecurve for the top layer is
far from the exponential type curve experienced with turbulent flow.

It can be concluded that laminar flow conditions existed throughout
all filter runs, in all layers of the filter, for all waters and for all

filtration rates covered by this study.
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C. Utilization of Filter Veids at Variocue Rates

Head loss observations wers made on 2l plezometsr connsctions at two
hour intervals during each filter run., The following observations are the
result of study of these head loss data.

At the beginning of & fillter run, most of the sediment is removed ir
the upper layers of the fllter. As the run progresses, the upper layers
get filled with sediment and the burden of removal is carried to progres-
gively deeper layers of the filter. This observations is particularly true
at low to standard filtration rates and supports similer observations made
by Eliassen (23).

A larger segment of the filter depth plays a significant role in sedi-
ment removal at high filtration rates thah at low filtration rates. Thie
resulte in better utilization of the sand bed and may be one reason for the
presence of an optimum rate tendency. It view of this possibility, a study
was made of the relative utilization of the voild spaces in the sand at
different rates and with different influent waters.

The existance of laminar fiow conditions throughout the filter runs
makes it possible to calculate the relative utilization of the voids within

the sand. By Darcy's law for laminar flow:

v = kS Eq 1 (p. 21)
Where:
v = Velocity of flow
S = Hydraulic gradient ratio
K = Constant, coefficient of permeability.
And since!
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Vhere:?
Q = Volume of flow per unit time
A = Area of flow
v = Velocity of flow.

Combining equations 1 snd 8:

Q-
A.Ks Eq 9

The area avallable for flow per unit area of the filter at any in-
stant, would be proportional to the porosity at thait instant.

A=2a'p Eq 10

Where:

p is porosity of the sand at any time.
A' is horizontal area of the filter.

Combining equations 9 and 10:

Eg 11

5.8
KA b

Fquation 11 indicates that the hydreuliec gradient is inversely pro-
portional to the porosity. If 5S4 and p; designate initial values and Sj

and p, designate values at any time "nY, then for constant rate filtration.

m'm
=]

=21 Tq 12
i Pa

Egquation 12 is illustrated graphieally in Figure 20.

It 1s evident from Figure 20 that slight increases in hesd loss rep-
resent utilization of releatively large amounts of storage within the filter.
As the head loss or hydraulic gredient ratio increases, the corresponding
returns in the form of materisl stored diminish rapidiy. ZFor example, a

fifty fold increesse in head loss occuring only in the top 2 in. layer



Figure 20. Relation of hydraulic gradient to porosity

5,/S; = ratio of head loss at eny time "n" to the
initiel head loss., ’
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would represent 98 percent utilization of the voids in that layer. On the
other hand, the same to%al increase in head loss distributed over a 20 in.
layer of uniform sand would represent 80 percent utilization of the voids
in the 20 in. layer. The tremendous advantsge of increassd penetration is
therefore evident.

Calculation of the void utilization in runs 16 and 18 illustrates the
difference betwesn a run with no optimum tendency and a run with a pro-
nounced optimum tendency. Table l2a gives the percent utilization -f
volds to a 5 ft head loss. It is also possible to determine the depth of
stored material in eacn layer in a similar meaner. If an initial porosity
of 40 percent is assumed, which is a fairly typical velue for sand, a 1 in.
layer of sand would have an equivalent void layer of 0.4 in. If these
voids are 75 percent utilized, the depth of stored material would be 0.3
in., Table 12 b gives depths of stored material calculated in this manner
for runs 16 and 18 for the void utiiizations of teble l2a.

Study of table 12b revesls a striking difference in the results from
the two filter runs. BRun 18, which had a strong optimum rate at 5 gpm/sq
ft, shows a similar optimum in the amount of material stored within the
bed. The predominance of surface removal 1s evident at the lower rates.
Filter bed utilizatien increases as the rate increases, and it is apparent
that the full bed contributed significantly to ths storage of material at
5, 6, and 7 gpm/sq ft. The decreased storage obtained at 6 and 7 gpm/sq
£t is the result of reduced time of operation due to higher initial head
lossss.

Fan 16, in whieh no strong optimum rate was apparent, shows a similar

lack of optimum in the amount of material stored. Some lncreased utilizae-
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Table 12a. Percent void utilization in a dirty filter bed®

Rate Filter lemins (in. from surface)
ft
epn/eq 0-2 ol s 6-9 9-15 1521 2127

Run No. 16 (Wo optimum rate evident)

0.7 99.5 98 &8 75 38 0 4]
2 97 96 92 83 38 0 0
3 95 90 86 75 50 0 0
L 90 86 77 6l 41 17 0
5 89 8ls 71 67 40 17 0
6 88 80 52 82 L7 22 8

Run No. 18 (Strong optimun rate evident)

1 95.1 38 0 0 0 0 0
2 98 50 17 17 0 0 0
3 96 75 31 20 0 0 0
5 93 71 50 22 17 5 9
6 92 75 50 23 14 5 5
7 86 55 33 18 8 7 5

8At a terminal head loss of 5 ft.
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Table 12b. Depth of stored material in a dirty filter bed (inches)®

Rate Filter lamina (in. from surface) Water
gpa/sq £t o5 o L6 629 9-15 15-21 21-27 Total ?2;2?;2?
Run No. 16 (No optimum rate evident)
0.7 \79 .78 .70 .50 .91 0 0 L,08  13.2
2 77 W76 W74 1,00 91 0 0 4,19 14,0
3 W75 W72 .69 .90 1.20 0 0 b, 26 15.0
4 .72 W69 .62 .78 .96 . 0 4,18  11.0
5 .72 .67 .89 80 .96 .ul 0 4,05  10.8
6 .70 G64 b2 1,00 1,17 .53 .19 k.65  11.9
Run No. 18 (Strong optimum rate evident)
1 .79 .30 0 0 0 0 0 1.09 7.5
2 .78 W0 13 .20 0 0 0 1.5% 9.1
3 .76 L60 .25 2% 0 0 0 1.85  17.7
5 .57 40 .26 A3 .12 .24 2.76 2b.5
6 73 .60 L0 .26 .33 .12 .12 2.56  21.5
7 69 W43 27 .23 .19 .17 12 2,10  18.7

)t a terminal head loss of 5 ft, assuming 40 percent initial

porosity.
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tion of the lower portion of the bed is evident at higher rates. However,
compared to run 18, this run without an optimum rate tendency is charac-
teriged by more uniform utilizetion of the bed at all rates. It is in-
teresting to note the much greater storage at all rates than in run 18,
The optimum tendency ir run 18 can be attributed, therefore, to a
predomivant surface removal with lack of penetration at the lower rates.
This lack of penetretiocn results in poor utilization of the filter bed and
low production. In the runs without en optimum rate tendency, consider-
able penetration occurs at a2ll rates, resulting in good utilization of the

bed and good production even at low rates.

D, The Rols of Surface Removal with an Optimum Rate

l. General

As suggested in the previous section, an optimum rete tendency is the
result of strong surface removal and the lack of penetration of suspended
matter at low filtration rates., However, increased penetration was ob-
gerved at higher rates regardless of the presence or absence of an optimum
rate tendency. Therefore, deeper penetration cannot be the only facter
leading to the two characteristically different types of head loss devel-
opment, Some other importent factor must be responsible for the increas-
ing rate of head loss developmernt assocleted with the presence of an opti-
mam rate tendency.

2., Comparison of surface and subsurface head loss development

A study of the head loss development in the top layer of sand and in
the remaining depth of the filter bed permits some pertinent conclusions.

In the case of water containing hydrous ferric oxide particles, the head
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loss in the top 1 in. layer developed 1r nearly & lipeer manner as did the
head loss in the entire bed. Figure 21 is & typlcal plot of the head loss
in the top 1 in. laysr fer run 23. Figure 10 shows the typical linear head
loss develepment for the entire filter bed for the same run.

On the other hand, when filterirg Ames filter influent water, the loss
in the top layer was almost entirely responsible for the typical increasing
rate of head loss development., This is illustrated for run 24 by the head
loss development curves for the top 1 in. of the bed shown in Figure 22
and for the remainder of the filter bed shown in Figure 23. 1% can bve
observed from Figure 23 that the head loss exclusive of the surface layer
develops in much the same manner as with the water conteinirg hydrous fer-
ric oxide precipitate. The curves at different rates are nearly linear and
parallel, The slight upward curvature evident in Figure 23 is probably
due to inereamsed load received by this portion of the filter bed as the
surfzce layer graduslly becomes so dirty that it removes & emaller and
smaller portion of the applied load. TFigure 22, for the top 1 in. layer,
shows the typical increasing rate of head loss development at lower fil-
tration rates, with a diminishing of this tendency as rates are increased.

It is apparent from these typlcal figures, that the surfece layer is
responciblo for the different typee of head loss development which result
in the presence or absence of an optimum rate tendency.

3., Surface filtration observations by other investigators

Chemical enginsers have obgerved typical exponentisl head loss de~
volopment when filtering various types of compressible precipitates on
cloth filters. Such filtration might be described as cake filtration

since the deposited precipitate, or cake, acts as the filtering media ex-



Figure 21. Run 23, head loss in the top 1 in. layer ve. filtrate volume

Filtering water containing precipitated hydrous ferric oxide
particles.

Curves for uncontrolled run and 1 gpm/sq £t run not showm.
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Pigure 22. Run 24, head loss in the top 1 in. layer vs, filtrate volume

Filtering Ames filter influent water diluted with tap water to
control stability and turbidity.
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Figure 23. FRun 24, head loss excluding top 1 in. layer vs. filtrate volume

Filtering Ames filter influent water diluted with tep water to
control stability and turbidity.



115

R — =
N
! J o
N N e
: Sg-wmve
i e o c o<y
NG HE
: ks
N //ﬁn S
\, %
B} _..q/ﬂ L R
/ g m
- | /ﬂP /.l,, N S A
s i /> :
n / /ﬁ/ OWV ;
6/ Y x/Z IA .
/ M,.Mﬁh_i N
r/ ¢ /wwv _x/x
LI v : A\ - )
Ny m
| JLEJ AJ_%, /x,.ﬁ o
I
o O o SR
N i = o

P
@
(T,
v,
0
w
o
N o)
o
D
-

35

30

25

5 20
Filtrate Volume (gpm-hr)

10)



116

cept for a short period at the Begimning of the filter run. ZEquations
have been developed by Ruth (49) for both zcnstant pressure and constant
rate cake filtration. Neglecting the head loss in the filter cloth, his

equation for head loss development during constant rate filtration is:

2
P= IELE;Zfi__ (;QI S} Eq 13

Azgc(l-mw) a0
Yhere:

Volume of filtrate (cu £3%)

Pime (hr)

Pressure difference across the cake (1b/sq ft)

Area of the filter ceke normel to direction of fluid flow
(sq ft)

Density of filtrate (# mass/cu ft)

Welght fraction of solids in slurry

Viscosity of fluid (# mess/ft hr)

Specific cake resistance

weight ratio of wet cake to dry washed cake

dimensional constant, 4.171108 (ft 1b mess/1b forece hre),

Wououn

BRIE™S WO
TR T

1]
(¢]

For & given slurry, 2ll items in equation 13 are constant except P, O,

av
ae

fied as follows for comnstent rate filtration.

, and o, Combining the various constante, equation 13 may be simpli-

2

The specific cake resistance (x ) has been found to be pressure de-
pendent for cakes that exhibit some cobpressibility. In the usual range

of pressures in industriel cake filtration, the relation between < and

P bas been expressed as follows (47, p. 965):

A = L'P® Eq 15

Where:?
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|
ol = A constant determined largely by the zize of the particles
forming the cake.
g8 = Cake compressibility.
The calke compressibility (s) varies from O for granmular incompreseible
cakes to 1.0 for highly compressible cakes. For most industrial slurries,

8 liec between 0.1 and 0.8. Combining equations 14 and 15 for an incom-

pressible cake yislds!

2
- v (&¥\ g ;
P=K ot ae) Eq 16

Equatien 16 indicates a linear development of pressure during the filter

run. Combining equations 14 and 15 for a pertially compressible cake

yields:
2
tpe (dV) Q9
= M —— i
P=XK P &6) Eq 17
2 1
Pz[KoL‘@ige]r‘-s Eq 18

For values of s between O and 1.0, equation 18 indicates ar expomential
development of pressure during the filter run.

Baumenn (6) has observed the strongly increasing head loss curves
when filtering iron caogulated water through diatomaceous earth filters
without the aid of body feed. 1In these experiments with the fins precoat
layer acting as the only filtering media, surface straining was the pre-
dominant mechanism of removal. When the surface layer became clogged,
the head lcss increased at = more and more rapid rate. TFigure 24 is a
typical plot of dsta from Baumenn's studies of the effect of filtraetion
rate on filtrate volume without the use of body feed. Figure 24 illue-

trates exponential head loss development at all filtration rates, and,



Figure 24, Total head loss vs. filtrate volume for diatomite filters
without body feed

From Baumann (6, p. 81) filtering ferric chloride coagulated
water with 0.15 1b/sq ft €535 precoat with no body feed. Influent
turbidity = 1.0 units,
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therefore, conformity with equation 18 for cake filtratinn of a compres-
sible precipitate. The slops of these curves is equal to <l/l-e)‘ Values
of the cake compressibility (s) calculated for Figure 24 yield values of
0.51 at 2, &4, and 5 gpm/sq £t and 0.58 at 1 gpm/sa ft.

Baumann also observed that the use of adequate body feed to completely
preclude the development of a surface sediment layer would cause the head
loss curves to become linesr,

L, Surfece removal observations

On the basis of the foregoing equations for cake filtration, it can
be concluded that the presence of & head loss vs. volume relationship whieh
approaches an exponential curve is an indication of the formation of a
partially compressible surface cake. To cazuse such expounentisl development
of head loss, the surface cake must have adequate strength to bridge across
the sand openings and resist the hydrsulic forces tending to wash the de-
posited material deeper into the bved.

The precence of such & surface cake development was evident when fil-
terimg Ames filter influent water at lew rates of filtration. For example,
a layer of calcium carbonaste precipltate was apperent on the gand surface
at all filtration rates in run 18. At the lowest rate of 1 gpm/sq ft,
this layer appeared 1/16 to 1/8 in. thick. When backweshed, the layer
disintegrated into large pieces, many of which were up to one inch in
major dimension. These particles could not be removed by backwashing and
resisted further disintegration, indicating that the layer had been strong-
1y compressed. The surface layer was not so thick at 3 gpm/sq ft and left
particles unwashed of about 1/4 in. maximum major dimension. At 5 grm/sq

ft the layer was thin and broke into pleces less than 1/8 in. in major
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dimension, most of which were removed in backwashing.

The development of a compacted surface layer was not evident in any
of the filter runs on water contalning precipitated hydrous ferric oxide.
While the sand surface was generally covered with a layer of red irom pre-
cipitatie, the layer was soft and backwashed from the filter without diffi-
culty.

5. Demonstration of conformity with surface cake equations

It can be hypothesized from the foregoing observations that head loss
development on a sand filter is the sum of the head loss caused by removal
in the sand bed plus the head loss caused by the surface cake when such a
ceke develops during the run. The head loss caused by removal within the
bed should develop in nearly a linear manner at constant sediment loading
rates, since the sand will act as & rigid matrix to prevent compression of
the sediment. The head loss caused by the surface cake should develop
exponentislly in eaccordance with equation 18.

To test the validity of this hypothesis, an attempt was made to sep-
arate these two components of head loss development, for the top sand
layer, for all filter runs on Ames filter influent water. A tangent line
representing head loss in the sand bed was fitted to the slope of the
initial head loss development. The choice of slope was based on the as-
sunption that the initisl slope, before the surface cake had time to de-~
velop, would represent the linear development within the sand layer. The
increase in hsad loss above this tangent line was assumed to be the de-
velopment in the surface cske. This increase in head loss was plotted on
log-log peper against filtrate volume to determine if it was expornential

end in accordance with equeation 18,
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Figure 25 for run 24 is typical of these curves and indicates con-
formity with an exponential equation. The slope of the curves is equal
to (1/3.g). Values of the cake compressibility (s) calculated for all

runs on Ames filter influent water are recorded in Table 13. Some

Table 13. Particle compressibility ¥g¥ in rums 18, 19, 20, 24 and 25a

Run Filtration rate
no. 1 2 3 b 5 3 7
18 0.75 0.65 0.65 0.62 0.65
19 0.69 0.51 0,51 0.50

20 0.60 0.60 0.60

2l 0.55 0,55 0.50 0.52 0.50

25 0.63 0.55 0.52 0.45

8Baged on Eq 18.

decrease in cake compressibility (s) is apparent at higher rates. This is
in accord with the observations of Ruth (50) who explains this as a time
phenomena. Less time is avallaeble for compression of the cake at higher
rates, and thus lower values of compressibility (s) are obtained., Theo-
retically, the cake compressibility (s) should be independent of the rate.
Compressibility may vary for the different rums due %o slight differences

in the particle characteristics. The overall average value of caks com-

pressibility is 0.59.



Figure 25. Run 24, surface cake head loss vs. filtrate volume

Filtering Ames filter influent water diluted with tap water
to regulate turbidity and stability. Surface cake head loss
component above estimated initial tangent to top 1 in. layer
head loss curve shown in Figure 22.
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B. Conclusions

From the foregoing observations, several conclusions can be made con-

cerning the cause of an optimum rate tendency as follows:

8o

Q.

Head loss which increases at a more rapid rate as the run pro=-
gresses 1s the regult of the formation of & compressidble caks

on the sand surface.

Totel head loss development in such cases 1s the sum of the loss
in the sand bed and in the surface cake. For constant loading
rates, the loss in the sand bed probably develops in a linear
manner, while the loss 1n the surface cake develops 1ln an ex-
ponential manner in accord with established equations for cake
filtration.

An optimum rate tendency can be expected when the particles being
filtered are of such nature as to have adequate strength to form
a surface caks which can resist hydraulic forces trying to wash it
into the bed. The surface cake thus formed 1s subjected to in~
creasing compressive forces as the run progresses., The gradual
compression of the cake reduces 1ts permeability and thereby ip-
creases the hydraulic gradient necessary to maintain constant
flow rates. The reduced permeadil ity Improvea the opportunity
for further surface removal and further compression.

At higher filtration rates, deeper penetration takes place re-
gardless of the presence or absence of an optimum rate tendency.
The improved production at higher rates, in runs with an optimunm

rate tendency, is the result of & smaller fraction of the suspended
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matter being removed in the surface cake, This permits & larger
volume of water to be produced before an apprecimble surface
cake develops.

The lowest rate at which the head loss development approaches
linearity is the optimum rate., Higher rates, above the optimunm,
regult in less production since the surface ceke filtratioan in-
fluence has been reduced so that the head loss development ig
similar to that associated with suspensions which do not exhibit
an optimum rate.

Suspensions for which head loss development is nearly linear do
not exhibit an optimum rate tendency. With such susepensions,
higher rates result in reduced production to a given total head
loss due to the higher initial loss of head. The higher initial
head loag leaves less head lose avallable for the increase which

occurs during the run,
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Vii. EXPLANATION OF EFFLUENT QUALITY BEHAVIOR

The filter effluent quality behaved in much the same manner irre-
gardless »f the influent water type or the presence or absence of an op-
timum rate tendency. Certain general observations concerning effluent

quality behavior are discussed in the following paragraphs.
A, Effect of Filtration Bate on Effiuent Quality

Effluent quality gets poorer at higher filtration rates. The effect
of filtration rate on offluent quallty was studied following run 25 in
which Ames Filter influent water diluted with tap water was filtered. All
three filters wore operated at several different rates for a short period.
The best water quality following the initial recovery period was observed.
The results of this study are shown in Figure 26. At rates below %4 gpm/sg
ft, the curve is guite flat with only slight changes in quality at dif-
ferent rates. Above & gpm/aq ft, the curves turn up sharply indicating
more rapid degradation of initial quality as filtration rates are in-
creased,

The effect of filtration rate on effluent quality does not svem to
follow any simple mathematical relation. These data do not fit a straight
line on either semi-log or iog-log paper.

A water of zero turbidity or gzero iron content was never achieved in
any of the filter runs, even at rates as low as 0.7 gpm/aq ft. Figure 26
indicates this, since the curves are nearly horizontal at 2 gpm/sq £s.
Apparently, some fraction of the particles, due to size or electrical

charge characteristic, cannot be fiitered even at extremely low rates.



Figurse 26. Initial effluent quality vs. filiration rate

Quality following the pericd of effluent im-
provement at the begirning of the fil ter run.
Special study of the effect of filtration rate
on initial effluent quality conducted follow-
ing run 25.
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Sueh a behavior might bs expected considering the fact that the sus-
pensions being filtered were heterogeneous in size and, most likely, also
in charge characteristic. The hydrous ferric oxide particles gemerally
ranged from 1 to ZO/Q in size with a majority about 5/{. Calcium car-
bopate particles in the Ames filter influent water ranged from 1 to 1Q4;
with a few observations of particlaes up to QOA:. These particle size dis-
tributions were observed with a Sedgwick-Rafter coeunting chamber, using
a calibrated ocular micrometer in the eyepiece of the microscope. Ob-
servations were made at 100 and 430 power magnification and it 1is possible
that some perticles smaller than one/ﬁ were present but could not be
readily observed.

With this range in varticle size, one would expect the smaller frac-
tions to be less easily filtered by interstitial straining than the large
fractiongs., By the electrokinetic mechanism of filtration, those particles
with the unfavorable charge characteristic would be most difficult to re-
movae,

Therefore, whether the principal mechanism is straining or eleciro-
kinetic attraction, the increment of quality improvement at successively
lowsr rates would become smeller and smaller due to the fact that the par-
ticles remaining are the most difficult fraction to remove. As rates are
prograssively increased, the quality willl degrade more and more rapldly
aB the more sasily removed particle fractions are forced through the bed.
The best filtration rate would lie in the more horizontal portion of this
curve below 4 or 5 gpm/sq ft. It is interesting that the optimum rate for

maximum production per run weas generally between 3 and 5 gom/eq ft.
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B. Filtrate Quality at Various Depthe

The presence of some turbldity or iron in the effluent at all ratesn
indicates that the entire filter is playing some active part in the clari-
fication. To investigate the validity of this statement, the relationship
between iron removal and depth was studied in runs 21 and 22. VWater was
permitted to flow continuously through capillary tubes attached to the
plezomster sampling connections at successive depths in the filter. At
pericdic intervals, samples were collected at each depth and snslyzed for
total iron content. It was observed that some iron removal doss take
place between each plezometer connection at s8ll rates of filtration. The
full filter is thus contributing to the filtration act;on. The amount of
iron removed in a lower lamina of sand, however, is much less than in a
lamina near the surface. This suggests that perbaps any lamina in the fil-
ter can only remove some fraction of the iron which it receives. If this
fraction were constant, the iron content of the water plotted againgt
depth, for & clean filter, should plot &s a straight line on semi-log
paper.

Ives (44) has recently proposed a methematical expression for the re-
lation beiween time, depth, and concentration of remaining sediment in the
filtrate. According to his equation for a clean isotropic filter bed, and

for a suspension of unisize, homogenious particles:

=k}
I=1I,0 Eg 19

VWhere:

I = Concentration of suspended particles in the flow at any

depth
=z Concentration in the filter influent water

Iy
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= Constant called initial rate factor
= Distance from the filter surfeces.

k
1

Such an exponential equation will plot as a straight line on semi-
log paper. Iron concentration in the filtrate vs. depth is plotted in
Tigure 27 for runs 21 and 22. Thies figure indicates that Ive's equation
iz not completely velid when applied to & non-isotropic filter bed and a
heterogeneous particle suspension.

The curves for e£ll three rates are neerly linear in the top 6 in. of
sand indicating conformity with Ives'! equation. Thie portion of the sand
bed appears to be nearly uniform in size. Below the 6 in. depth, the
points are more eratic and follow a slight curve. The much flatter slope
in thig lower region indicates a much leas efficient removal and a wide
divergence from Ives' equation. This divergence is due both to a non-
isotropic sand bed and to the heterogenious particle suspension described
in the previous section. The filter sand is a graded send and gets con-
alderebly coarser at greater depth. It is impossible to state, on the
basis of the work done in this study, which of these two factors 1is more
responsible for the divergence. Additionel work should be done with a

mniform sand filter to study the single effect of the heterogeneous par-

ticle suspension.
C. ZEffluent Quality During a Filter Run

At lower rates of filtration, the effluent quality remained fairly
constant throughout a filter run. At higher rates, however, the effluent
quality gradually degraded as is illusitrated in Figure 12 and Table 10.

In some cases, the effluent quality would remain fairly constant through
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the early part of the run and then greduslly degrade.

Thie behavior is rather unexpected since the entire filter bed is
playing an active role in filtration. As the filter run progresses, the
burden of removal moves deeper and deeper into the filter bed. As a
greater burden is forced deeper into the filter bed, one would expect the
effluent quelity to degrade. This does not occur at the lower rates of
filtration. A study of the relationship between iron concentration and
depth at various intervals during the filter run may shed some light on
this anomaly., Figure 28 shows this relzationship at various times during
run 22 conducted at & filtration rate of 4 gpm/sq ft. A family of stralght
lines is apparent on Figure 28. As the run progresses, the upper portions
of the bed cease to follow Ives' equation 19 as they get dirty. They are
replaced, however, by a deeper region in the filter which is still eclean
enough to follow Ives' equation. TFewer and fewer of tne lower filter
layers follow the flat slope observed on the clean filter. It is hypoth-
esized that gradual effluent degradation will begin when the filter be-
comeg sufficientiy dirty that the straight lipe obeying Ives' equation
continues to the bottom of the filter. It is further hypothesized that
the heterogeneous particle dispersion is more responsible for the non-
conformity with Ives! equation than the nonuniformity of the sand bed.
These hypotheses sre not verified since they are outside of the objectives

of this study. They should receive further attention in & separate study.
D. Relationship of Curve Type to Efflusnt Quslity

It would be convenient if an operator could detect the tendency toward

passage of excessive materiel through his filters by observation of his



Figure 27. 1Iron concentration in the filirate vs. depth for runs 21 end 22

At three different rates on & clean filter after 0.6 hours of
operation.
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head loss vs. time cherts. Hudson (38) hes suggested that a linear curve
would be &n indication of this tendency. Figures 8, 9, and 10 would 3in-
validate this statement as evidenced by good quality water produced at
various rates in which the head loss vg. time curves were nearly linear.

On the other hand, a head loss vs. time curve in which the head loss
goes up at an increasing rate as the run progresses does not necesserily
preclude the passage of excessive material as evidenced by Figure 14 for
run 19, in which excessive materisl was passed at high rates with this
type of heed loss developme .

The only conclusion, if any, tnat can be drawn from these observa-

tions 1is that good effluent quality is not necessarily assoclated with any

charecteristic head loss vs. time curve.
E. Ivaluation of Predosinant Hemoval Mechanism

Hydrous ferric oxide particles precipitated from the raw city water
by aeration and slow mixing were observed to be extremely fine, es de-
geribed in sectiom VII A. VWith the coarse sand in use in the first eight
filter Tuns (1.05 mm effective size) it was impossible to get adequate re-
noval of these fine particles at rates above 2 gpm/sq ft. The particles
aversged about 5/% in size and ranged from 1 to ZO/Q,. Since the par-
ticles were small, experiments were conducted using ferric chloride solu~
tion in city tap water to try to precipitate a larger particle which might
be filterable et somewhat higher rates on the coarce sand in use.

Laboratory Jjar tests and subsequent pllot plant operation indicated
that & much larger particle could be produced in this manner. Particles

between 20 and SO/Q predominated with a few as large as 100/4. and a few



Figure 28. 1Iron concentration in the filtrete vs. depth at various times during run 22

Rate of filtration was &4 gom/sq ft.
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less than 20/6 . Bun 4 was conducted using water prepared in this manner,
Contrary %to expected results, the large particles were even more difficuls
to remove than the 1~20/ﬁ' particles, with excessive iron pasesing throusgh
the filter at rates as low as 1 gpm/sq ft and at a head loss of only 1
ft., City tap water with 10 mg/l iron sdded in the form of ferric chloride
solution had & pH of 7.6. This should be approximately the lso-electric
point of the floc as observed by Stanley (51) and, thersfore, it would be
expected that the iron would be filtered with ease. In these runs, the
head loss vs. filtrate volume curves were approximately linear. This type
of particle would be described as & very fweak flec! since it has the fil-
tering characteristics of a weak floc described by Hudson (35) (see p. 25).

In a further attempt to alter this particle in some manner to meke it
filterable, further jar tests were conducted using & commercial coagulant
aid, Nalco 600. Large distinct particles aversging IOO/Q in gize were
precipitated. This additive was used in run 5 with no improvement in the
iron removal atteined. ZExcessive iron passage occurred during the entire
filter run at 2 and 3.5 gpm/sq ft. Iron begen to pass at a head loss of
1.5 ft at 1 gpm/sq ft.

Run 6 was made in a further attempt to improve the filterability of
the particles by adjusting the pH to a high value of approximately 10.6
which yielded = large heavy particle in laboratory Jar tests. No improve-
ment in iron removal was obtained.

It was apparent from rums 1 through 6 that the size of hydrous ferrie
oxide particles had iittle to do with the relative iron removal efficiency
of the filter. The larger particles were less filterable then the smeller

particles. This behavior may be interpreted, as follows, in terms of the
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three mechanisms of filtration previously discussed, namely: ipterstitial
strainipng, sedimentation, and electrokinetic attractive forces. If the re-
noval mechanism is primarily mechanical in nature, such as interstitiml
straining or sedimentation, then larger particles should be more filterable
than small particles. The opposite behavior may be explaired by either of
the following two possible hypotheses. The internal bonding of the par-
ticles, which are formed under very gentle mixing, may be of insufficient
strength to resist the hydraulic shearing forces that exist within the
filter; or, the external electrical charges carried by the particles may
not be suitable for attachment elther to the sand or to previously de-
posited particles. Particles which ere formed and filltered at a pH other
than the iso-electric point could be expected to exhibit both characteris-
tice.

On the besis of these observations, electrokinetic forces appear
primarily responsible for the removal of hydrous ferric oxide particles.
This is in egreement with the couclusions of Stanley (51) end Stein (52).
Particles removed by such a mechanism should have little prefersnce for
removal on any perticular position on the sand grain. Such appears to be
the case. When the dirty filters were observed with a hand lens, iromn
particles appeared to surround the sand grains completely. They exhibited
no preference for horizontal surfaces or interstices. It was further ob-
served on several occasions that the presence of some dissolved iron in
the filter influent water improved the removal efficliency. Precipitation
of the dissolved iron seemed to be catalyzed by the particles already
deposited. Its precipitation within the hed secmed to aid in bonding the

small particles in aﬁepension to those already dsposited in the filter.
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Under these conditions, greater removel took place in the upper regions
of the bed. Both of these observations support the importance of the elec~
trokinetic mechanism irn the removal of hydrous ferric oxide particles.

Particle size in the Ames filter influent water was observed to range
from 1 to 10/4 3 thus, the aerated mixed raw water contaluing hydrous fer-
ric oxide particles and the Ames filter influent water containing caleium
carbonate particles had about the same particle size. Yet, the Ames filter
influent water had a strong tendency toward surface removasl; whereas, the
water containing hydrous ferric oxide particles did not.

Wbat are the reasomns for the differsnce in the removal of these two
types of particles? The calcium carbonate particles appeared granular and
nearly spherical under the microscope, in sharp contrast with the gele-
tinocus irregular hydrous ferric oxide particles. Since the particle size
was about the same in both waters, one would suspect either the internal
structure, or the externel charge characteristic or both to be responsible
for the different filtering characteristics. When the dirty filters were
observed with a hand lens, the calcium carbonate particlee appeared to pre-
dominate on the upper surfaces, at and above the interstices of the gand
grains.

These observations indicate a predominence of interstitisl stralning
and sedimentation as mechanisms of removal for this type of particle. A
granuler or less gelatinous particle of this type would lend itself to &
mechanical removal. They should be capable of bridging at the inter-
getices and resisting the hydraulic forces tending to cause their disinte-

gretion.

The term fstrong floc", which is frequently used to describe an easily
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filtered particle gusyension, way have two connotetions when viewed in
light of the foregoing observations. It may mesn & particle which pos-
sesses strong internal bonding, such as the celcium carbonste particles,
and which can then be removed mechanicelly by interstitial straining or
sedimentation. However, the removal of such particles may also be ailded
by electrokipetic forees if the external charge characteristic is suitable.
Thus, the gecond connotation of the term Pstrong floc" refers to the er-
istencs of a suitable external charge characteristic on the particles to
permit their removal by the electrokinetic mechanism. Some particles,
such as ths hydrous ferric oxide particles, may have weak internsl bonding
and are incepable of removal primarily by interstitial bridging. Such
particles must depend on the electrokinetic mechanism for removal. If
they do not bear sultable electrical charge characteristic, they will not

be readily removed by the filter.
¥. Effect of Rate Changes on Effluent Quality

On severel occasions in the earlier runs, a disturbance in rate ac-
cidentally occurred for reasons previously outlined in section V E. Such
& rate disturbance resulted in the passage through the filter of consider-
able material which had been previously deposited. The pagsege of such
materisl was accompanied by a reduction in head loss. The filters re-
covered quite rapidly, and soon were producing water of quality equal to
that produced prior to the disturbance.

This phenomenon was studied more objectively on several occasions by
causing a moderate rate change on a dirty filter near the end of a filter

run., Figure 29 presents the effect of such an experiment on the effluent



Figure 29. Run 1%, effluent iron content vs. time following rate disturbance

Following run 14 on filter 2 at 3 gpm/sq ft on water containing hydrous
forric oxide particles. Rate increased from 3.0 to 4.20 gpm/sq ft for
approximately twenty minutes, and then returned to initial rate,



Effluent iron concentration (mg/l)

n. s 0 @
@ &5 o 0o

00l

(sainuiw) swi]
ol 2l

0¢

be

9¢

71 N

2« 134

™t



42

quality at the end of run 14 on filter 2., The rate was changed from 3.0
to 4.2 gpm/sq ft in this experiment. The area under the curve represents
a total of 2.28 grams of iron flusbed from the filter bed. While this is
only about 3.3 percent of the toital iron previcusly deposited in the bed,
it was asccompznied vy a reduction in heed loss of 28 percent.

Similar observations were made when filtering city filter influent
water. Rate chapges of as little as 10 percent were observed %o have »
detrimen’al effect; however, the greater the rate change, the greater the
effect on effluent quality and head loss. The duration of the rate change
had little effect. A change for less than a minute would bave about the
same effect as a longer change lasting 10 to 20 minutes. The amount of
sodiment passed increased with the run length at the time of the disturb-
ance.

From these observations, it is evident that the material removed in
the filter is attached rather delicately to the sand or to previously de-
posited materisl. The manner of distribution of the material within tae
filter is peculiar to the specific rate of operation. Any rate increases
result in unbelancing the equilibrium between the attachlng forces whieh
hold the material and the shearing forces of the liguid which try to tear
it loose. After sufficlent material has been flushed tarough the bed,

8 nevw equilidbrium will be resched between the attaching forces and the now
reduced shearing forces. The effect of rate increases on head loss is
most pronounced in the dirtiest portiops of the filter. Table 14 sum-
marizes the effeect of a rate increase on the head loss for run 14, filter
2, before and after the rate change described in Figure 29. It is in-

teresting to note that in the upper 9 inches, the reduction of head loss
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Table 14, Effect of rate increase on head loss, run 14, filter 2

Iaminae of the sand filter (in., from surface)
0-2 24 -6 6-9 9-=15 15-21 21-27

Head loss Befors (ft) 3.50 1.68 1.25 1.15 1.49 0.60 0.13

Head Loss After (£t) 2.45 1.17 0.88 0.81 1.09 0.48 0.12
% Reduction 30 30 30 30 27 20 8
% Change in Porosity 1 2 3 3.5 [ 9 5

was uvniform. However, the change in porosity increased with deptha. The
upper layer which was tne most filled with maeterial hsd the greatest head
loss change but the smallest change in actual porosity. This is quite un-
sxzpacted. One might expect the dirtiest portion of the bed to lose the
most material on a rate increass. The opposite observation would lend
support to the hypothesis previously suggested that in a heterogeneous
sugpension the different particles are removed with varying degrees of
eags. Some are so difficult to remove that they pass the filter even at
very low rates, Others with intermediate ease of removal reach interme-
diate depths. The flushing action of the rate change has increasingly
greater affect on those particles at lower depths, which being more 4if-
ficult to remove, are less firmly held in the filter.

The seme conclusion can be reached by analysis of the head loss
change data of Table 14. Since leminar flow conditions exist, the uni-
form percentage drop in head loss in the 4 upper layers reflects a uni-
form percentage drop in hydraulic gradient. The absolute level of the

gradient is much higher in the upper layers than in the lower layers both
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before and after the rate change. Thus, those particlec in the upper
layers resist greater hydraulic shearing forces before and after a rate
change than the particles at lower levels. The abllity of the particles
in the uwpper levels %o resigst greater hydraulic gradients indicates strong-
er attachment to the sand,

The moat important conclusion to be reached from these observatiouns
is that a2 rate increase, during a filter run has & very detrimental effect
on filter effluent quality. Such rate increases should be positively
avoided. This fact is not recognized by many water treatment plant opera-
tora. It is the practice in some treatment plants to increase filtration
rates on dirty filters when plant rates are increased. This and other
sources of rate change such as air binding, hunting rate controllers, and
filter bumping should be eliminated.

These detrimental affects have gone unobserved in the past due to the
absence of continuous turbidity monitoring devices. The development and
use of the device used in this research should de much to help the pro-
gressive operator sce poor operational practices and correct them.

G, A Cholce:! Constant Rate, Constant Pressure or
Uncontrolled Filtration

The time tested method of constant rate filtration advocated by

Tuller (26) at the turn of the century has recently been challenged by two

alternative methods of operation namely: constant pressure} and uncontrolled?

filtration.

1Sometimes called declining rate filtration.

2Sometimes called variable rate filtration.
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1. Constant rate filtration

Rate of filtration is held constant by means of a rate controlling
device which automatically opens or closes a filter effluent valve to
reintain the pre-set rate of flow., A disadvantage of this system is the
initial and operating cost of the rate controllers. An improperly func-
tioning rate controller may continually hunt for the desired wvalve posi-
tion, first going above and then below the desired rate. Such rate varia-
tions will reduce the effluent quality.

Many treatment plants operate at a constant rate for several days.
The rate is dictated by the average consumption. Constant plant input
simplifies chemical handling and feed ing problems. One major advantage of
constant rate filtration is the esase of balancing & constant plant input
to the filter output. For & small plant with only a few filters, this is
a distinct advantage. In addition, sixty years of constant rate experi-
ence have clearly shown that good effluent water quality can be obtained
by this means of operstion.

2. Constant preassure filtration

Thia method of operation involves setting the effluent valve to yield
a desired maximum filtration rate at the beginning of the filter run and
thereafter allowing the rate to decrease graduslly as ‘he filter becomes
dirty. If the water level is held reasonably constant above the sand sur-
face, the filter is actually operating with a total pressure drop through
the sand, gravel, underdrains and piping which is constant throughout the

m.
The principle disadventage of this method is the difficulty of bal-

ancing a constant plant input to filter output. Since the rate on each
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filter is constantly decreasing, 1t 1z difficult for a small plant to
equate the total filtration rate to a constant plant input rate.

Advantages of this method include the elimination of the initial and
oparational costs of thas rate controller and the elimination of associlated
problems such as the detrimental effect on water quality due to the hunt-
ing controller. Some rate measuring device is still necessary so that the
full cost saving of the rate controller 1s not realized.

While relatively little experience has been obtained with constant
pressure filtration, some writers claim an improvement of water quality,
and water production per run by this operating procedure (31,39,40).

While a complete study of constant pressure filtration is beyond the
scopse of tnis study, one filter was operated in this manner during run 23.
The filter was started at 6 gpm/sq ft and the rate was permitted to de-
cline a&s the head loss through the filter increased. The head loss de-~
velopment 1s shown in Figure 10 and the effluent quality is shown in Fig-
ure 12. From Figure 10 it is evident that the volume of water produced to
e given terminal head loss was nearly equal to that produced on the filter
operated at a constant rate of 6 gpm/aq ft. The effluent quality was much
better in the constant pressure run as shown in Flgure 12. 1In fact, the
constant pressure filter had better effluent quality than the constant
rate filter at 4 gpm/sq ft. These observatione support the reports
(31,39,40) regaerding quality, but do not support the reports of increased
water production.

Hudson (40) has suggested that constant interstitial velocities are
presant during a constant pressure filter run. Since laminar flow condi-

tions exist, constant velocity would be svidenced by constant head loss
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during the run. I% is readily apparent from the increasing head loss
shown in Figure 10 that increasing velocities do tzke place and that
Hudson’s suggestion is erroneous.

The improvement in effluent quality with constant pressure filtration
makes 1t an attractive operating procedure. In large plants where many
filters are in service, the difficulties involved in balancing inflow and
outflow rate, and maintaining a constant water level, may be fairly easy
to overcome, In small plants however, no easy solution 1is evident.

3. Variable rate filtration

In some large plants, the filtration rate is controlled by the water
level in the clear well following the filters. The filtration rate is per-
mitted to increase as the clear well water level decreascs; and the rate
decreases as the clear well level rises reducing the available hegd for
filtration. A notable example of this type of operation is the Chicago
South District Filtration plant where some of the many [ilters are operated
in this menner. Baylis (17) has reported no detriment to the water quality
due to the varigble rates. Since the effluent quality is detrimentally
affected by increasing the rate of filtration on a dirty filter, one would
expect reduced water quality to be the result of variable rate filiration.
However, at Chicago the rate changes e&re probably quite gradusl due to the
size of the city. If the period of rate change is fairly long and the fil-
ter run length fairly short as they are in Chicago, no appreciable detri-
ment may develop. In smail towns, however, where signiticant rate changes
may occur during a frecticn of a run length on a dirty filter, appreciable
material may be forced from the bed.

This method of operation should te avoided as should any other
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operational method which permits rates to increase even a2 small smount

for a short peried on a relatively dirty filter.



149
ViIl. SUMMARY AWD CCWCLUSIORS
A. Present Status of Water Filtration

The development of the rapid sand filter began in 1884 and was stap-
dardized by Puller's (26) nistoric research reported in 1898. The long
years of relatively successful operation of sand filters at 2 gpn/sq £%,
as originally suggested by Fuller, led to the common acceptance of this
rate as the maximum acceptable rate of filtration. However, Fuller sug-
gested that considerably higher rates were possible.

This suggestion hae been verified in the past twenty yearz by a large
amount of research and plant scale experlence at higher rates of filtre~
tion. Mmny plants are now operated at higher rates during peak demand
seasong. However, no research has pointed the way to the selection of the
best rate of filtration. The best rate of filtration will be the rate
which produces the largest gquantity of acceptable water per filter run.

It is to this problem that this research is directed, nomely:

a. to determine whether there is an optimum rate of filtration for

& given water supply and for a given filter from the standpoint
of the volume of acceptable water produced per filter rua.

b. to establish simple criteria by which the operator can determine
whether an optimum rate can be expected for his particulsr water
quality; and, if so, hov the optimum rate can be identified.

¢. to explain the factors which result in the presence or absence

of an optimum rate of filtretion on any water supply.
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B. Inveatigations

A pilot plant was constructed which included three 6 in, ID sand fil-
ters, each with a 30 in. layer of graded sand supported by 9 inches of
groded grevel. The pilot filters are capable of operation between 2 and
10 gpm/aq ft and are equipped with combined plezometer and sampling con~-
nections at short intervals through the fil ter depth. Twenty-five experi-
mental runs were conducted on the pllot filters over a period of 18 months
on two types of influent water described below:

a. VWater contalning precipitated hydrous ferric oxide in suspension.

This water was obtained either by merating and mixing the raw
well water of the Ames municipel treatment plant, or by adding
iron salts to the Ames tap water followed by mixing to cauwse pre-
cipitation., The iron preciritated from the raw water was found
to be more filterable and was used more frequently,

b. Viater containing primarily calcium carbonate particles in sus-
pension. This water was obtained from the influent to the Ames
municipal filters following a typlecal two stage, aplit treatment,
lime-~-soda ash softening process. In soms filter runs, this water
was diluted with tap water to regulate turbidity and stebility.

The three filters were operated et different constant rates during
the various filter runs to observe the existence of an optimum rate. The
relation between total head loss and filtrate volume was plotted and used
to select the optimum rate and to detect the identifying characteristics
end the possible cguse of the optimum rate tendency.

Effluent quality was monitored on all filter runs with continuous
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reading turbidimeters. During filter runs on water conteining precipi-
tated iron hydrete, effluent quality was also monitored by quantitative
coloriretric iron determinations. This data permitted an evelumtion of
the effect of increased filtration rates on effluent quality.

In two filter runs, the filtrate quality at various depths in the
filter was studied at intervals during the filter run. These data per-
mitted the evaluation of the validity of recently proposed egquations for
the relation between filtrate quality and depth. It also formsd the basis
for several hypotheses explaining effluent quality behavior,

Head loss development was observed by readings of the piezometer
tubes at two hour intervals. Analysis of the head loss development in the
various layers of the sand bed provided ar explanation of the principal
ceuse of an optimum rate tendency. It also permitted observation of ths
relative utilization of the filter volds at various filtration rates, and
the gradual transfer of the burden of removal deeper into the filter ag
the run progressed.

During one filter run, constant presgure filtration was compared with
constant rate filtration from the standpoint of water production and ef-

fluent quality.

C. Conclusions

l. Presence and identification of an optimum filtration rate

In constant rate filtration, several conclusiong can be made with re-
gard to the presence and identification of an optimum rate of filtration

a8 follows:
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In the filtration of suspensions which cause head loss® to de-
velop at an increasing rate as the filter run progresses, greater
water production psr run can be expected as rates are increased.
Apn optimum rate mey be reached beyond which further rate increoases
result in decreased production.

The optimum rate tendency described above is absent when filter-
ing suspensions which cause head loss tc develop in nearly a
lipear manner. Head loss development curves for such suspen-
sions are nearly parallel at different filtration rates. Sines
the higher rates cause higher initial head losses, lower pro-
duction can be expected to any given terminsl hesad loss.

The optimum rate can be identified as the lowest rate at which
the head loss development curve becomes most nesrly linear,

At and above the optimum rate, head loss development curves are

nearly parallel and resemble the curves of a suspension with no

optimumn rate tendency.

2. Cause of the optimum rate tendency

Several conclusions can be made with regard to the cause of the opti-

mun rate tendency as follows:

e

The increasing rate of head loss development associated with an
optimum rate tendency is caused by the development of a compres-
sible surface cake on the sand surface.

The surface cake only develops when filtering a suspension which

has a strong tendency for surface removal, and in which the par-

1Tota1 head loss vs. volume of filtrate relationships.
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ticles have adequate internal strerngth to resist the hydreulic
shear forces tending to wash the particles into the filter.

¢. Total head loss in the filter bed is the sum of the surface cake
heed loss development and the head loss development within the
sand bed.

d. The head loss within the szand bed develops in a linear manner duc
to the rigid matrix of the sand grains which prevents compression
of the deposited material.

¢. Head loss in the compressible surface calte increases exporentially
as the filter run progresses. The exponent depends on the cake
compressibility and averaged 2.4 for the Ames filter influent
water, This development is in agreement with established eque-
ticns for cake filtration.

f. Increased production at higher rates is the result of two factors;
greater utilization of the filter bed due to deeper penetration,
and a reduction of the fraction of the particles removed in the
surface cake., The latter factor permits greater production dbefore
a significant surface cake is produced.

€. At the optimum rate of flltration, the surface cake influence hase
been minimized and the head loss development approcaches linmearity.
Above the optimum rate, production to a given terminel total head
loss decreases since the underlying cause of am optimum rate tend-
ency has been minimiged or eliminsted.

3, Effluent quality bebavior

Several conclusions can be made regarding the reasons for effluent

quality behavior as follows:
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During a brief period at ths beginning of each filter run, rela-
tively poor sffluent quality is obtained. The poorest quality
occurs at approximately the theoretical displacement time of the
water in the sand, grevel, and underdrains.

Following the peak of poor quality at the beginning of the run,
the suspended matter in the effluent rapidly decreases to some
minimum level.

Thie quelity may then remoin fairly constapt throughout the fil-
ter ran, or may graduslly degrade during the entire run or the
latter portions of the run.

The effluent quality following the initial improvement period is
decroased by increased filtration rates. The curve of quality
va. filtration rate for Ames filter influent water is nearly flat
at the lower rate when gquelity is plotted as the ordinate. The
curve becomes increasingly steep at higher rates, particularly
ebove 5 gom/sq ft. Thus, the effect of filtration rate on ef-
fluent quelity degradation becomes more and more important at
progressively higher filtraticn rates. The relation between
quality and rate did not fit any simple mathematical formulation.
Effluent water quality may not be acceptable at the optimum fil-
¢tration rate selected from production considerations. 1In such a
case, the selected operating rate must be reduced to meet the
desired quelity.

Conmplete removal of suspended materisl was not attained at rates
as low as 0.7 gpm/sq ft, indicating that some fractiom of the

particles are of such size or charge characterlstic as to be
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unfilterable.

Good effluent quelity is not necessarily associated with any
particular type of head loss development curvas,

Based on studies with water containing precipitated hydrous fer-
ric oxide particles, the relation of filtrate quality to depth
for a clean filter followed a first order reaction in the top 6
to 9 in. of sand as predicted by Ives (44) for a homogeneous sus-
pension and an isotropic filter. The nonconformity in the re-
meinder of the filter depth 1s believed to be due primarily to
the heterogenmous particle suspension. Further study of this re-
lation is needed.

A3 the filter run progresses, a deeper and deeper segment of the
filter depth followa the first order relation between filtrate
quality and depth, It is hypothesized, but not verified, that
effluent degradation takes place when this segment reaches the
bottom of the filter.

Rate increases on a dirty filter result in the flushing of con-
giderable material through the filter before & new squilidrium
is reached and good effluent quality is again attained. Such
rate increases, regardless of cause, should be avoided.

The electrokinetic mechanism seems primarily responsible for the
removal of precipitated hydrous forric oxide particles.
Interstitial straining end sedimentation appear to be the pre-
dominant removal mechanisms for ths calcium carbomate particles
in the Ames filter influent water,

Particles removed in deeper regions of the filter bed are more
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difficult to remove and are less firmly held than particles re-
moved near the surface. Tnls 1s evidenced by the fect that par-
ticles in the lower portions of ths filter are more easlly washed
ocut by a sudden rate increase than are the particles in the upper
portions of the filter.

Constant pressure filtration results in better efflvent quality
than compsrable constant rate filtration.

Laminar flow conditions existed throughout all filter rumns, in

all layersz of the filter, for all waters, and for all filtration

rates covered by this study.
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He later modified the index (36) and renamed it the "filtrability index®,

a3n

Filtrability index for laminar flow< = S_i_. E 5

¥Yhere!

q 13 the rate of filtration and all other nomenclature as in
the floc strength index.

Hudson suggested that turbulence may develop in the clogged portions
of the bed towards the end of the filter run and that breakthrough of floc
may be assoclated with the development of turbulence. In accord with this

hypothesis, he developed an slternate "filtrability index" for turbulent
flow.

qdzhl /2

Filtrability index for turbulent flow = Eq 6

Experimental evidence will be presented in a later section to ques-
tion this hypothesis concerning the development of turbulence. Since most
rapid sand filters continually pass a small amount of turbidity, the use
and value of the "breakthrough index" hinge on some arbitrary turbidity
level considered a breakthrough.

Hudson urges better control of filtration with a desired turbidity
level of less than 0.2 units. He cautions against unsteady flow to the
filters, on-off operation, and surges in filtration rates due to the det-
rimental effect on effluent water quality (37).

Iwvasaki (45) studied in minute detail the penetration of colloidal
naterial and bacteria into slow sand filters. Beginning with rational

differential equations for the time rate of r1emoval of suspended matter in

2Now called the "breakthrough index" (39).
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