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PREFACE

This report summarizes work between 1 July 1973 and
• 31 December 1976 on Air Force Civil Engineering Center

in—house research job order 21036W45. The project officer
was Stephen P. Shelton , Capt , USAF , BSC.

This report has been reviewed by the Information
Officer (10) and is releasable to the National
Technical Information Service (NTIS). A t NTIS
it will be available to the general publ ic, inc lud ing
foreign nations.

On 8 April , 1977 AFCEC was reorganized into two
organiz at ions.  AFCEC became par t of the A ir
Force Engineering and Services Agency (AFESA) ;
the R&D function remains under A ir Force Systems
Command as Det 1 (Civil and Environmental Engneer-
ing Development Office-CEEDO) FIQ ADTC . Both units
remain at Tv r i da l l  AFB FL 32403.

• This technical report has been reviewed and is approved
for publication .

~

,S’~E~’HEN P. ’SHELTON , Capt , UbAF , BSC
W er Quality Research Engineer
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SECTI ON I

INTRODUCTION

The methods used to accomplish the objectives of this
report will be detailed in subsequent sections. The fore-
most concepts, however , are:

1. to assure that none of the nondefinable or arbi-
trary variables are highly  inf l u e n tial upon the model
predictions and ,

2. to relate flow , pressure , efficiency , and t ime
predic tions made by the models to similar predictions made
by other models and observed data.

Compar ison between l i t e ra ture data and mode l pred ic t ions
may be somewhat less tha n adequa te since most l i te rature
data do not contain all variables required for the de-
veloped water filtration models. The literature data ,
however , y ie ld  valuable  compa rative trends from wh ich to
draw conclusions about the proposed models.

is not proposed that  the models developed herein
a’ rently suitable for industrial application . In

~—77-0l and 77—02 this model was proposed as first
• at converg ing current  desi gn procedures to their

L~~ying common theory. Future research is thus necessary
in ~i~ p1ied research and data evaluat ion  to provide the
parameters necessary to fully evaluate all variables in the
theory. The experimental methods for determination of input
data are available ; however , these methods have not been
routinely applied to filtration studies.

SECTION II

DISCUSS ION

The sand filtration model developed in CEEDO-TR-77-2
contains a number of conventional and nonconventional in—
puts. Grain size distribution of the sand bed has long

r been recognized as an important parameter in sand filter
design. Studies of the mechanisms of hydraulic flow in
clean sand beds have been the subject of many investiga-
tions. (References 1-24). The relationship between sand

1
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uniformity and pore clogg ing has also received much atten-
tion . The major developments gained from research in these
areas have been the hydraulic theory and the emp i r ical data
base for fil ter performance. Conversely , data inputs re-
quired fo r  e f f iciency prediction as a fu nct ion of suspended
particle/fluid characteristics are drawn from research in
aerosol mechanics. (References 25—39) . Thus data inputs
req uired in both research areas  are necessary for use of the
proposed model.

Addi t ional da ta req ui red is common to both th e wa ter
f il t ration and aerosol mechanics  research f i e l d s .  The
major analogous inputs include flow rate and filter media
depth.  Classical  wa ter f i ltra t ion  model s depar t at thi s
point  to empirical observation for coefficients to predict
filter performance. Some of these models vaguely consider
influerit water quality through turbidity; however , turbidity
is an obscure, nonspecific parameter that is far from
satisfactory as a quantitative measure of influent sus-
pended par t ic le  char ac te r i s t i c s .

The proposed model requires a deta iled input of the
characteristics of the suspended particles. The suspended
particles must be described in terms of concentration per
unit volume of water , mean size , size d i s t r i bu t ion , bulk
packing density, and discrete par t ic le  d e n s i t y .  These
parameters are evaluated in a procedure similar to that
used in the sand bed characterization . Because suspended
particles may be at low concentrations in the fluid and be
very small when compared to the sand grains , special tech-
niques may be req uired to f u l l y  evaluate  the necessary
characteristics. The special techniques required become
more sophisticated as the mean particle size decreases.
The methodology of these techniques has already been docu-
mented. (Reference 40).

Since the pressure  drop equa tion for  air  f i ltration
• theory , as applied to water f i l t r a t i on systems , is similar

to the classic Carman-Kozeny equation from which most of
the current water filtration models are derived , a deta iled
parameter study of the pressure drop expression alone is
unnecessary . (References 6, 7) . The relationships be-
tween pa rt icle load , pressure drop , and filter efficiency ,
however , do require a parameter investigation since current
water filtration models depart from theory at this point and
rely upon empirical information .

2
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The proposed water filtration model applies theoretical
c~ ncejits that relate flow , pressure , t ime , and eff iciency.

• Representative predictions for pressure drop as a function
of time for a given set of fluid , par tic le , and med ia con-
dit ions are shown in Figures 1 and 2. The fluid condi tions
indicated on the figures are defined as water at 20°C and
flow velocities corresponding to 2, 4, and 6 gallons per
square foot per minute (0.1358 , 0.2716 , and 0.4075 cm/sec).
The suspended particles are ctafined as 10 ~im on Figures 1
and 2 . The fluid conditions indicated on the figures are
deiined as water at 20°C and flow velocit ies corresponding
to 2 , 4 , and 6 gallons per square foot per minute (0.1358 ,
0.2716 , and 0.4075 cm/sec) . The suspended particles are
defined as 10 ;m on Figure 1 and 20 ..m on Figure 2 mass
mea n diame ters ; the other  pa rticle parameters  are the same
for both figures. These include log-normal standard de-
viation of 2.0 , a bulk density of 0.75 g/cm~~, a discrete
particle density of 1.5 g/cm , and a concentration of
15 mg/l. The sand bed characteristics for both figures are
constant; these characteristics include a log-normal standard
deviation of 1.5 , a mass me~ n sand grain diameter of 800 ~m ,
a bulk density of 1.10 g/cm with a maximum bulk density
of 1.60 g/cm , and a sand bed depth of 12.5 cm .

A s one would expect , the pressure drop is inversely
proportional to both mean particle size and flow velocity.
This concept is evident from the theory developed herein;
however , the currently used water filtration models pro-
vide no means of prediction since suspended particles are
included as an empirical correction factor. The shape of
the curves and their demonstrated relationship between
particle size and pressure drop further substantiate the
belief that disparities in current water filtration
theory are associated with subtle changes in the suspended
particle characteristics of the filter influent. Although
the size range chosen for demonstration in Figures 1 and
2 was a rb i t r a ry, substantial evidence in the literature
shows that the 10 pm to 30 pm mass mean size range is
typical for  raw na tu ra l  waters  and sand f ilter i n f luen ts
after standard flocculation and sedimentation water treat-
ment processes. (References 15 , 25 , 27, 4 1 ) .

In further discussion of Figures 1 and 2 the relation-
• ship between slope and flow rate requires evaluation. One

mi ght expect that a simple linear relationship exists

1
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between velocity and th,IL L h & ~ rate of ~
)ressur (~ dro p IL—

crease as a function of time . ‘Ihis , however , is not the
case because the efficiency, as determined by Friedlander ’ s
modified equation , increases as velocity increases. (Ref-
erences 34 , 35). Because th~ e f f iciency is increased , the

• rate of filter cake formation is increased; hence , the
rate of pressure change as a function of time is also in-
creased . Because the efficiency increase as a f u n c t ion
of velocity is nonlinear , the curves cannot be super-
imposed as one might expect. This is best observed on

• Figure 1 by a compar ison of the low and h igh  velocity
curves. For example , for the low velocity curve (0.1358
cm/sec) a pressure loss of 70 cm of water is observed at
10 hours into the filte r run . One might expect that for
the same volume of wate r at the hi gh flow rate , which is
three times the low flow rate (0.4075 cm/sec ), the same
pressure drop should be obta ined . However , by r e f e r r ing
to Figure 1 it is found that at 3 hours 20 minutes into
the cycle (the same wa ter volume as the low f low ra te)

- • the pressure drop is 2 35 cm of water , or 3 36 times the
expected pressure drop . This demonstrates both the in—

• creased clean filter pressure drop and the increased
efficiency for the early hours of the filter run; both
are caused by the increased flow velocity. The recogni-
tion of these re la t ionships  permits  a des ign eng ineer to
trade off energy requirements against desired effluent

• water qua l i t y  and un i t  s ize .

Though Figures 1 and 2 relate the concept of flow
velocity , f i l t r a t i o n  time , and pressure drop , the true
behavior of efficiency as a time function is difficult to
perceive. A more straightforward method for describing
the effect of filtration time for a given system upon
e f f i c i ency  is presented in Fi gure 3.

Two components w i t h i n  a sand f ilter con t r ibu te  to
filter efficiency; (a) the sand bed and (b) the suspended

• ‘Il particle cake that forms at the sand surface . This con-
cept of filter efficiency versus time , as shown in Figure
3, illustrates both the increase in efficiency with
formation of the suspended par t ic le  cake and the e f f e c t

4 
of sand size gradation upon the filter pressure drop and
efficiency. Because the sand used to determine the
characteristics of Figure 3 has a high log-normal standard
deviation , there is very little penetration of suspended

6
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Fi gure  3. Graded ho ci ia  F i l t e r  E f f i c i e n c y  as a Function ef
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7

• _________ _ _ _ _ _ _ _  . 

~~~~~~



- - - - - 5 - 5--— .’, 5— —~• . • •~~~~~~~~~

particles into the sand. This is shown by the low in-
crease in bed efficiency with time ; however , the filter
cake , composed of suspended particles on the first sand
layer , y ields a rap id increase in f i ltr ation e f f i c iency
as a func t ion  of t ime . This  demons t ra tes  the  e f f e c t  of
normally graded sand or poin ts out the po ten tia l benef it
of reverse graded filter media. If reverse graded filter
media were used , the uppe r reaches of th e f i lte r bed
would be the least efficient and increase the degree of
suspended particle penetration of the filter media. This
occurrence woul d be demonst rate d by a re duction of t : i e

• slope for cake e f f iciency an d an increa se in slope fo r
the graded media e f f i c i ency as a f unc tion of ti me in
Figure 3. The described reverse graded media would  a lso
be indicated in Fig ures 1 and 2 th rough  a reducti on in

• the slope of all pressure versus time functions.

Average f i l tration ru n e f f iciency has grea t in f l uence
upon the specif ic  deposi t term , ~~, used by classical wa ter

• filtration models. This term is defined for classical
water filtration theory as the ratio of the average voids
ratio of the filter at any time to the voids ratio of the
clean filter bed. Thus , if suspended par ticle load and
flow volume are known , the spec i f i c  deposit  (I i ) can be

• calculated as a function of filter efficiency. Figure 4
• predicts the average f i l t e r  run e f f i c i e n c y  as a func t ion

of time for the 10 .irn and 20 ~m suspended part icle  mass
mean sizes for the same filter conditions used in Figures
1 through 3. The end of each line represents the average
cycle efficiency reached when pressure loss across the
f i l t e r  exceeds 400 cm of water at 20 ° ( 4 0 0  cm of water  at
20°C = 13.12 f t  of water at 680F) . As discussed wi th
respect to Figure 1 when the flow rate is increased , the
mass of suspended particles f i l t e red  per u n i t  time is also ‘

1• increased. This occurrence is predicted by the inertial
term of the modified Friedlander efficiency equation. This
factor is best i l lus t ra ted by the 20 ~m suspended particle
curve on Figure 4 at the high f low rate . The rate of in-
crease in filtration efficiency with this particle-flow
combination is high while the volume of filtrate is also
large in comparison to the 20 p iu partic~.e at the lower
flow rate. This means that, at 50 hours into the f i l t e r
run , the ~ igh f low 20 pm mass mean size has f i l t e r ed
4 . 8 8  x 10 of the f l u i d  at an average efficiency of 98.5 - I

percent whi le  its counterpart , the low flow 20 ~m 
mass8
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mean s ize , has f i l t e r e d  o n l y  2 . 4 4  c 10 cm of f l u i d  a t  a l l

average e f f ici ency of 94 . 8 percent. In addition , t h i -  h i g h
f low f i l ter has reached 400 cm of pressure  drop a t  50 hou r s ,
the low flow filter has an additional 20 hours before it

• reaches its 400 cm pressure drop ; however , because  the
penetration of the bed is less with the slower rate filter ,
the total  f iltrate af ter 70 hours , when it reaches the
400 cm pressure drop , is onl y 3 . 42  x 10 cm or on ly 70
percent of the to tal volume of the hi gh ra te f i l t er .

This  type of comparison made by a design eng ineer
would indicate tha t for the same maximum pressur e los s,

• -
~~ a higher flow , smaller filter would yield a higher quality,

less expensive product. Figure 4 provides an excellent
sample of how more theoretically oriented f i l ter des igns
could yield great advantages to the water  indu stry and to
the design eng ineer. The reason is straightforward be-
cause with curren t f il t rat ion des ign techniques the filter

- -- would have been designed at the low flow rate which cor-
• responds to the rule  of thumb - two gal lons per min ute pe r

square foot (gpm/ sq f t)  and not the hi gher r a te  which is
two times tha t  loading.

The Carman-Kozen~ (References  6 , 7) r e l a t i onsh ip  has

I ‘~ been shown , by many previous investigations (References
1—4 , 11-14, 42-53), ~o be a reasonably accurate measure-ment of the hydraulic characteristics of a clean graded
media if t.Le characteristics of tn e  iredia are properly
described. It has also been shown that when the media is
used to f i l t e r  a water laden with suspended par ticles ,
the hydrau l i c s  cont inue  to be predictable  if the spec i f i c
surface relationship in the Carman-Kozeny (References 6, 7)
equation can be determined experimentally. The problem

• with current water filtration models lies in their failure
to consider the change in filter bed characteristics from
the standpoint  of the suspended particle-fluid suspension ;
this has been the primary parameter developed and studied

• in this paper. As demonstrated by Figure 1 th rough  4 the
mass mean particle size , dis t r ibut ion, and the ra te  of
flow are predictable and real is t ic  in their  e f f e c t  upon
filter efficiency and pre~ sure drop .‘ S}

Because there has been l i t t l e  interest in f i l t e r
efficiency in the literature and the methods used currentl y
by water filtration theory do not require suspended

10
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particle size information for their headloss predictions ,
little data are available incorporating a l l  of the re-
quired i n f o r m a t i o n  for  model v a l i d a t i o n . Model v a l i da t i on
must  thus  be per formed by a l te r a t i o n  of the  p red ic t ion
parameters in the air filtrat ion theory for water applica-
tion .

Many of the headloss theories in filtration are pre-
sented in terms of the ratio of headloss at tir.te t to
in i t ial headloss p lotted as a function of a , the ~j~c c i f i ~

- -1 deposit. Most water models assume that a is uniform
throughout  the bed pene t r a t i on  d e p t h .  In r e a l i t y , a con-
centration gradient of particles must exist; thus , is

- ~. a c t u a l l y  an average term for  the pene t r a t i on  dep th .  Us ing
this definition and the air theory for water application
model , the value of a in the context of wate r  researchers
can be calculated :

C I U t
• IT = — 

~ TA ( 1)
Lc~~ BC

where a is the speci f ic  deposit , C1 is the suspended par-
ticle concent r a t ion  of the inf l u e n t , u is the filtration
velocity, t is time , Lc is the sand bed th ickness , 

~BC is
the bu lk dens i ty  of the sand bed , and rITA is the average
filter efficiency at time t into the filter run . The head-
loss ratio is the ratio of the headloss at some time in
the f i l ter  ru n to the headloss of the clean sand bed for
a constant velocity . This ratio can be calculated at any
time dur ing  the f i l t e r  run by the proposed water f i l t r a t i o n
model.

Using the headloss ratio and specific deposit, Figure 5
was developed to compare current water filtration models
to the proposed water filtration model. The hatched area
in Figure 5 indicates the range of headloss predictions
made by the various classical models considered. (Refer-
ences 5 , 14, 54-56). The filter media used for the pre-
dictions was assumed to be 800 ~m mass mean sand grain
diameter with a log-normal standard deviation of 1.5. The
flow rate was assumed to be 0.1358 cm/sec (2.9 gpm/sq ft).
All of the above assumptions were made by previous in-

• vestigators (References 5, 14, 54—56) and their respective

11
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predictions presented i n  the  literature as plots of head-
loss ratio as a function of specific deposit. Thus the
hatched area in F igu re  5 represents the br ead th of pre-
dictions made by classical models for the above stated fil-
tration conditions.

The above discussed classical models do not require
specific data with respect to the suspended particles; they
requi re only nonspecific descr iptions of the  wa ter qu a l i t y
such as turbidity. For this reason no data were obtained
by these investigat ions (References  5 , 14 , 54-56) with
respect to suspended par t ic le  size or size d istr ibuti on.
For the same reason typical values of mass mean particle
size were assumed with a log-normal standard deviation
of 2 . 0 .  The par t ic le  sizes used in the headloss p red ic t ions
as wel l  as the d i s t r ibution of sizes were typica l  va lues
from the literature (References  15, 25 , 29 , 41) for  na tura l
waters  of f loccula ted  and sett led water t rea tment  p lan t
e f f l u e n t s .

• Examination of Figure 5 reveals tha t  the rate of pres-
sure drop increase is inversely proportional to particle
s ize .  This is the expected result  because smaller  par ticles

• tend to form less porous cake structures. The middle ground
for predictions made by the current water filtration theory

• indicates a mass mean particle size range , if  predicted by
the new model , to be between 10 pm and 20 ~m. A lthough
suspended particle size determinations were not made by
the investigators proposing the headloss equat ions that
form the hatched area in Figure 5 , there is subs tan t i a l
evidence in the literature that the suspended particles ,
in most na tu ra l  waters  and/or micro- f loc  carryover from
chemical pretreated process , f a l l  in the genera l  mass mean
size range between 10 urn and 20 pm . The indirect conclusion
that can be drawn from Figure 5 is that a model which con-
siders the i n f l u e n t  suspended part icle  charac ter i s tics is
at least as valid as the current water filtration models.
Because this model predicts  the r e l a t ionsh ip  be tween
pressure , flow , time , and efficiency from the basic char-
acteristics of the system , great  benef its could be accrued
from its use in the design of filtration systems for
atypical  waters .

Current water filtration design models are not con-
cerned with efficiency. Therefore , data to this end are

13
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n o r m a l l y  not d i r e c t l y  a s soc ia ted  w i t h  f i l t r a t i o n  r e s e a r c h .
For t h i s  reason the  best a v a i l a b l e  data  c h a r a ct er i z e s  the
media , suspended p a r t i c l e s  (t o  v a r i o u s  degrees)  , and
e f f i c i e n c y ,  but u n f o r t u n a t e ly it does not r e l a t e  pr e s s u r e
drop and t i m e . However , if it is assumed t h a t  the va l ida -
tion presented by Figure 5 is sufficient to indicate a
reasonable relationship between particle size and pressure,
time , flow , and efficiency and if it is further assumed
that the Carman-Kozeny pressure drop equation is reasonably
accura te , then inferences with respect to efficiency from
data that does not contain headloss information can be made .

1 Tables 1 through 8 p resent  f i l t e r  e f f i c i e n c y  da ta  for
graded media f i l t e r  systems f rom s tud ies  presented  in the

• literature (References 57-61) . These data  cons ider  graded
media systems tha t  use sand , a n t h r a c i t e, and sphe r i ca l
glass media components to filter a variety of fluid/parti-
cle suspensions. Particle size and distribution character-
istics for the suspensions were not given by the investi-
gators whose data comprise the tables; however , a consis—
tent  set of cha rac t e r i s t i c  values was used for each par-
ticle type (i.e., iron floc and alum floc) . Furthermore ,
the values assumed are in the ran ge of those descr ibed by
previous investigators (References 15, 25 , 27 , 41) as
typical for the suspensions under consideration. These

• typical values were used for both the iron and alum floc
part icles. Although the predic t ions  of the new model are
not always precise , all cases in Tables 1 through 8 agree
to a reasonable degree. The comparisons made in these
tables seem to indicate the validity of the model and show - 

-

promise for its use as a filtration design tool.

In addition to the data presented in Tables 1 through 8,
efficiency data from the virus removal literature were also
analyzed .  (Refe rence  5 7 ) .  Al though the predic t ions  made
by the model in these areas were sometimes reasonable , it
was determined that, because the virus particles are vir—
tually mono-dispersed , mono-changed , and in the sub—0.1 pm
size range , any conclusions with respect to removal effi- —

ciency would be conjecture, due to the increased electro-
phoretic effect. A possible future research area , however ,
could consider collection e f fi c i e n c y  in t h i s  range , modi-
fying the Friedlander equation to consider electrophoretic
mobility .

14
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i’A!~1,~ 1 . ( ( ~~1j ’ A R [ S O \  f lF  1 l i I - ~RA’ftRF I J A I A  I I ~O~ RE! - !- I L [N r I - ~ 61
FÜR S A N I )  F r l , T R A l l o N  j~tTlC1 

j NC’r t~1 1 f l ~ P R E D I ( i 1 l ) N S
I- l eN T i l l S  1NV [~ T f  IoN FOR N I  N — S P 1 ! L R I  CAL \ N D  PART I  CLi S

invest ip ;ltiOfl Referencl- 61 This Invest i gation

M a t e r i a l  Sand Sand

Filter depth (cm) 2•86a 2~ 90b

Porosity of material 041 a 0 4 1 b

Sphericity 0~ 86b 1~ 00b

Filtration rate (cm/sec) 0 347
a 0 347 b

• Ternperature(°C) 2 0 0 a 2 0 0 b

Sand Bed :  mass mean size (rn) 700 0a 700 0b

Log—norma l standard deviation 1 0 a 1 0 b

Tvpt-  of suspension Iron flOC a Iron flocb

Suspended p a r t i c l e s :

N i ~~~~ mean size (rn) d 3 0 0 b

~ r-b
Loc— norm a]  s t anda rd  d e v i a t i o n  d

I - , r - & - n t r a t j o n  i n f l ue n t  2 8 a (mg/i) 2 8 b (m g / i )

- • - 2 • 1 5 a ( m g / i )  i .84 C ( m g / i )
( .on~~t - n t  r e. ton 1- f t  luent

F i I t t - r  - t f i c i r n c v  ( - , ) 22~ 3a

E j i t  r a t  ion t ime ( m m ) ma 10b

4

1 mu o-oir ed by t h i s  or r e f e r e n c e d  i n v e s t i g a t i o n

b
~i~ sriineii by t h i s  or referenced investigation

C p r ~~i i c t e d  b y t h i s  i n ves t i g a t i o n

d~ 0~ reported by r e f e r enced  i n v e s t i g a t i o n

15 
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.~~. CO~1PAR1SON OF LITERATURE DATA FROM R E F E R E N C E  59
FOR SAN!) FILTRATION EFFICIENCY WIT !! P R E D I C T I O N S

FROM THIS I N V E S T I G A T I ON  FOR 723 rn ~IASS SA N I ) S I Z E

Investigation Reference 59 This Investi gation

Material Sand Sand

F i l t e r  d e p t h  (c m )  76~~2 a

Poros i ty  of m a t e r i a l  0 4 1
a

Sp h e r i c i t v  0 8 6 b

Filtration rate (cm/sea) 0 347
a b

a b
Tempera ture  (° C) 20 .0  20 .0

a b
Sand bed: mass mean size (im) 723.0 723.0

b
Log—normal standard deviation 1~ 51a 1.51

Type of suspension Alum flOC a Al um

Suspended part~~c1es:

Mass mean size (I ’m) d 1 0 0
b

b
Log—noraml standard deviation d 1.8

Concentration influent 2 5 a (JTu) 2 5 b (mg/i)

Concentrat ion e f f l u e n t  0~ 2a (mg/i) o . io ~ (mg/ i )

a b
Filter efficiency (Z) 92.0 93.7

b
Filtration time (mm ) 615a 600

4

ameasured by this or referenced investigation

bassumed by this or referenced investigation

C predicted by this investigation

dnot reported by referenced investigation
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TA!~LE 3. COMI ’AR I SON OF L I T E R A T U R E  DATA FROM REFERENCE 59
FOR SANI) FILTRATION EFFICIENCY WITh PREDICTIONS

FROM THIS INVESTIGATION FOR 170 pm MASS MEAN SAND SIZE

Investigation Reference 59 This Investigation

Material Sand Sand

Filter depth (cm) 762
a 

7 6 2 a

Porosity of material 0~ 4 1a

Sphericitv 0~ 86b

Filtration rate (cm/sec) 0 347
a 0 347 b

Temperature (°C) 2 0 0 a

Sand bed : mass mean size (urn) 170 0
a

Log—norma l standard deviation 166
a 1 6 6 b

Type of suspension Alum flOC a Al um floc b

- 
- Suspended particles:

Mass mean size (pm) d

Log—normal standard deviation d

Concentration influent 2 3 a (JTU) 2 3 b (mg/ i )

Concentration effluent 0~ 39
a (mg/i) 0.50: (mg/i)

Filter efficiency (%) 83~0a 78.3

Filtration time (mm ) 204a 240b

ameasured by this or referenced investigation

bassumed by this or referenced investigation

cpredicted by this investigation

dnot reported by referenced investigation

17
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TABLE 4 . COMPARISON OF LITERATURE DATA FROM R L F I : R  . 5CC 60
FOR S A N I )  F ILTRAT I ON E F F I C I  CNCY W I T h  PRE !) I C I  I )  INS

I - N ON T I l TS INV [S I ’ [ CATION FOR 0 . 3 4 7  cm/sea FT I TR \T I O N  RATE

I n v e s t i g a t i o n  R e f e r e n c e  60 This  In v e s t i g a t i o n

M a t e r i a l  Sand Sand

F i l t e r  dep th  (cm) 121 92 a

P o r o s i t y  of m a t e r i a l  0~ 43a 
0 4 3 b

Spher icity 086
b

Fi l t r a t ion  rate  (cm/ sec)  0 3 47 a

Temperature (°C) 200a

Sand bed : mass mean size (pm) 100.0 0

Log—normal standard deviation 1 0

. aType of suspension Iron floe Iron floc’°

Suspended particles:

Mass mean size (~m) d

Log—normal standard deviation a

Concentration influent 3~4a (mg/i) 3 5 b (mg/i)

Concentration effluent 0 0 5
a 
(mg/i) 0 0497c (m g/ i )

Filter efficiency (%) 98.57
0 

98 58c

Filtration time (mm ) 1068a

ameasured by this or referenced investigation

bassumed by th i s  or referenced invest igation

cpredicted by this investigation

d~ 0~ reported b y referenced investigation

18
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.4 I ’API.L 5.  ( I ) M I A R I S O N  OF h I T E R A F I RI DAlA FROM RIi:I RI:NC!: 61
OR S.\N I ) E l  LTRA T I ON E F F  I C E  CMIV W [TI! PREDI Cli I )NS

I I I  15 INV SS1 1 CA I ION I-’OR SI’IhI-:R ICAL SANP l ’ ARII Il LS

Iii vi -~ t igat ion ReFerence 61 This Investigation

-
• 

Nat~-r i i 1  Sand Sand

Fii ter depth (cm) 2~ 86a 2 8 6 b

Porosi ty of m a t e r i a l  0~~37 a

- 
.1 Spheric ity

- 
v F i i t r i t  ion r a t e  (cm/sac) 0.347 0.347

- - ~~ ,~a 20Temperature (°C) LL4 .U

Sand bed: mass mean size (urn) 7 0 0 . 0
d

Log—norma l s tanda rd  dev ia t ion  1.0 1~ 0b

Type of suspension Iron floc0 Iron flocb

Suspended particles:

Mass mean s i z e  ( r n )  d 3 0 0 b

Log—normal standa rd deviation d

Concentration influent 2.2
0 
(mg/i) 2~ 2b ( m g/ i )

C o n c e n t r a t i o n  e f f l u e n t  i .45 1 (mg / i )  i.45c (mg/i)

.4 Filter efficiency (7) 3 4 . i 0

Filtration time (mm ) 4a 4b

ameasured by this or referenced investigation

bassumed by this or referenced investigation

cpredicted by this investigation

d~0~ reported by referenced investigation

19
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TABLE P . COMPARISON OF LITERATURE DATA FROM RI F I R E - N I l  59
FOR SAN D FILTRATION EFFI (1 [N(Y WITH PREI)ECTION S

FROM THIS INVESTIGATI ON FOR h~~~
( )  rn MASS M I A N  SAND S I Z E

I n v e s t i g a t i o n  R e f e r e n c e  59 This Investi gation

Mater ia l  Sand Sand

Filter depth (cm) 76.20 76.2

P o r o s i ty  of m a t e r i a l  0 3 7 a 0 . 3 7

Sp h e ric i t y  1 0 0 a 1.00

F i l t r a t i o n  r a t e  (cm/see) 0 347 a 0 . 3 4 7

Tempe r a tu r e  ( °C) 2 0 0 a 20 .0

Sand bed: mass mean size (pm) 660~0a 660.0

Log—norm n 1 standard deviation 1~ 43a 1.43

Type of suspension Alum floc a Alum floc

• Suspended particles:

Mass mean size (pm) a 10.0

Log—normal s tandard deviation d 1.8

Concent ra t ion  i n f l u e n t  2~~4a (JTu) 2 . 4  ( m g/ i )

Concen t ra t ion  e f f l u e n t  ]~~2 1a ( m g/ i )  0.358 ( m g/ i )

Filter efficiency (%) 91~2a 85.1
p

Filtration time (mm ) 453a 480.0

4
Limeasured by th is  or re fe renced  inves t iga t ion  - -

bassumed by this or referenced investigation

Cpredicted by this investi gation

dnot reported by referenced investi gation

• 1 20
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IAB ld~ . COMPARISON OF L I T E R A T U R E  OATh FROM RI- : I- I-y~l:NIE 59
FOR SAND FILTRATION EFFIC] INC Y WIT!! PREI ) i  C U !  ONS

FROM Til l S TNV [ST I CAT I (IN FOR 1694 -rn MASS MCAN S IZE

Investiga t ion Reference 59 This Investigation

Material Sand Sand

Filter depth ( cm) 76.2°

I Porosity of material 0.510

Spericity 063°
5,

• a bFiltration rate (cm/see) 0.347 0.347

I -~~ Temperature  (° C) 2 0 0 °
p . . 0 bSand bed: mass mean size (,~m ) i694 1694

- Log—normal standard deviation 1.760

- ,  Type of suspension Alum flOC a Al um f l ocb

Suspended particles:

Mass mean size ( , m )  d

Log—normal standard deviation d 2~ 1b

Concentration influent 2.6° (JTIJ ) 2~ 6b (mg/i)

Concentration effluent 0~ 4oa 
(mg/I) 0. 24c (mg/i)

41 Filter efficiency (%) 846a

I Filtration t ime (mm ) 300 0a

ameasured by this or referenced investigation

bassumed by this or referenced investigation

I 
Cpredicted by this i nves t iga t i on

- I dnot reported by referenced investigation
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lABLE 8. COMPARISON OF L I I ’ [~pA1uRE DA’l A FROM R E F E R E N C E  60

FOR SAND F I L T R A T I O N  E F F I C I E N C Y  WIT !! P R E D I C T I O N S
FROM Ti l l S  I N V E S T I G A T I O N  FOR 0 .289 cm/sec Fl LTRA I’ION R A I C

I n v e s t i g a t i o n  Refe rence  60 This Investi gation

Material Sand Sand

Filter depth (cm) 121•9 a 121 9b

Poros i ty  of mater ia l  0 .54 °

Sphe r i c i ty  0 6 3 a 1 0 0 b

Filtration rate (cm/see) 0.289° 0 289 b

Temperature (°C) 20~0a 2 0 0 b

Sand bed : mass mean size (pm) 1000 0

Log—normal s tandard deviation 1~ 0a 4~ 0b

Type of suspension Iron fioca Iron flocb

• Suspende:~ par t ic les :

Mass mean size (~ m ) d 3 0 0 b

Log—normal standard deviation d

Concentration influent 3~ 5a (mg/l) 3~ 5
b (mg/ l )

Contration effluent 0~ 08a (mg/i) 0•02c (m g/ l)

~i1te r eff ic iency (%) 977 0

Fi l tra t ion time (mm ) 1524 a

ameasured by this or referenced investiga t ion

4 
bassumed by this or referenced investigation

Cpredicted by this invest igat ion

d~ 0t reported by referenced investigation

• 22
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Parameters and data have been evaluated for the sand
filtration model derived from water and air filtration
theory. It has been shown , as presupposed , tha t the ph ysi-
cal cha racteristics and concentration of the suspended par-
ticles are influential in the performance of graded media

• filters , w i t h  respect  to the  r e l a t i o n s h ips between pressure,
f l o w , time , and e f f i c i e n c y. Fur thermore , da ta wi th respect
to the hyd rau l ic characteristics and filter efficiency have

- -. been presented that substantiate the meri t  of the proposed
rLIodel. The model requires further testing before confi-
dence can be placed in all aspects of its performance. It
is felt , however , that  the founda t ion  fo r a new approa ch

- 
•~ for  sand f i l tration model ing has been bu il t .
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S E C T I O N  I I I

CONCLUSIONS

The use of combined air and water filtration theory has
been considered by this investigation . Theoretical concepts
from aerosol mechanics were successfully modif ied for use
in wate r—or ien ted  sys tems . From these concepts  a f i l t r a -
tion model was proposed to predict the interrela ti onsh ip
between flow , pressure , time , and eff iciency for graded
media water filters. These models were subsequently tested
f r om the stand poi nt of thei r  in te r r e l a ted parameters and
their app licab ility to filtration data in the literature .

The proposed sand filtration model demonstrated a
potential to predic t the relationship between flow , pressure ,
time , and efficiency. Data validation of this model m di-
cated that its predictions were within the range of pre-
dictions made by classical water filtration models for
typical data ranges. It was further shown that the new
model could adequately predict filter efficiency for a
wide range of fluid/particle suspensions and fi lter media
described in the l i t e r a t u r e. I t  was concluded that the
new model o f f e r e d  a twofold  advantage over classical models
in that it (a) considers the suspended particles quantita—

• t ively and (b )  it can predict  the f i l t e r  e f f i c i e n c y .

t
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