THE ??FECT O COMPRESSIBILITY
CN THE FRICTICN HZAD LOSS DURINC LAMIWAR FLOW
OF ALUMINUM HYDROXIDE « FILTER AID SUSPENSIONS

of
James . Carr
A Theeis Submitted for Partial
Fulfillment of the Fequirements
for the
Degree of Naster of Soience

in
CHIMICAL ENGIVEERING

Approveds

In Charge of Investigation

Tead of Fajor Department

MdWw

Director of Graduate Studies

Virginia Polytechnic Institute

Blackeburg, Virginia
1949



I.
II1.

i11.

Ve

[A&621)

TABLE OF CORTENTS

INTRODUCTION & o e ¢ o o o o »
LITEFATURE REVIZH o o o o o o o
Introduction « ¢« o« « « o »
Fluld Flow « o o ¢ « s o »
Plaptic FIoW o o s ¢ o o »

»

L

-

.

Flow of Suspensions « « « « o

Cempresaibility of Suspensions
mmm&!‘...‘..ll"'

Purpose of Investigation .
Plan of Investigation .
Materinls « ¢« o ¢ » o o «
Apraratil® o o o o 0 o v o
HMethod of Procedure . « »
Data and Fesulte « o « o
Sample Caloulations o .« o
DISCUSSTON o o ¢ 6 0 s 0 0 o o
Construction of Iquipment
Hethod of Procedure o+ « »
Ddscussion of Fesults .
Focommendations o« ¢ o o o
Limitations « « o o o o o
CONCLUSINS ¢ o ¢ o 0 0 0 o ¢ o

L]

.
.

Page

132
133



VI,
vIir.

SUMARY

® % & & ¢ & & ® 3 " S s w D

BmlmyAP!uOOOQQQDQOCOOCOO

135
138

VIII. ACK!’“MI?:mE}{Q&WS e & & & & ¥ 9 & & s " e 8D

TABLES
Table I Homenclabure « o o ¢ o o ¢ ¢ ¢ ¢ 0 0 0 ¢ o
Table I1I Coafficients of Compreassibility for

Variouag Suspensions o« « ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o
Table III Surmary of Determinations of Yield Value,
Coefficient of Rigidity, and Coefficient
of Compresaibility for Aluminum Hydroxide -
Filter A4d Suspensions « « o o ¢ ¢ o ¢ o o
Table IV Friction 'lead Loss Tests in Pipes of
Various Sizes for Alunmimum Hydroxide
Suapension fumber 1 . o ¢ ¢ o s s ¢ ¢ o o
Table V Flltration Tests for Aluminum Hydroxide
Suspension Tmber 1 o s o e o s o 0 s 0o
Table VI Friction Head Loss Tests in Pipes of
Various Siges for Aluminum Hydroxide
Suspension Humber 2 « ¢ o e ¢ ¢ ¢ o o s o
Table VII Filtration Tests for Aluminum Hydroxide
Suspension Mumbor 2 4+ « ¢ o s o 0 0 ¢ s o



Table VIII

Table IX

Table X

Table XI

Table X171

Table XI1X

Table XIV

Table XV

Table XVI

Friotion Head Loss Teste in Pipes of
Varicus Siges for Aluminuws Hydroxide -
Filter A1d Suspension Number 3 « « « o o
Filtration Tests for Aluminum Hydroxide
Filter A4d Suspension Number 3 ¢ « o « o
Friction Head Loss Tests in Mipes of
Various Sizes for Aluminum Hydroxide =
Filter 2dd Suspension Number 4 « « ¢ o «
Filtration Tests for Aluminum Hydroxide
Filter 41d Suspension Numbor 4 « « « « o
Friction lead Loss Tests in Pipes of
Various Sises for Aluminue Hydroxide
Filter Add Suspension Number 5 « + « &
Filtration Tests for Aluminum Hydroxide
Filter iid Suspension Humber 5 ¢ o ¢ « »
Friction Yead Loss Tests in Pipes of
Verious Siges for Aluminum Hydroxide
Filter Aid Suspension Humber 6 . « « « »
Filtration Tests for Aluminum Hydroxide
FPilter 24d Suspension Fumber 6 . « + o «
Friction Head Loss Tests in ires of
Various Siges for Aluminum Hydroxide
Filter Ald Tuspension Number 7 . « ¢ o o

7%



iv

Table XVII Filtration Teste for Aluminum Hydroxide
Filtor Aid Puapension Number 7 o « o o « » 88
Table XVIII Friotion Head Loss Tests in "ipes of
Various Siges for Alumimm Hydroxide
Filtor 444 Suspension Nunmber 8 . . « ¢ « 90
Table XIX Filtration Tests for Aluminum Hydroxide
Filtor A34 Suspension Humber 8 . « o+ ¢ » «

R

Table XX Stormer Viscometer Tests .+ ¢ ¢ ¢ o o o o 9%
Table XXI Empiricsl Fquations Derived to Show a Fe=
lationship Between Coefficlent of Comw
pressibility, s, Concentration of Selids,
Cy and Yiold Valuey Sy o o o ¢ o ¢ o ¢ o 9%
Table XXIXI  Fmpirical Equations Derived to Show a Tew
lationship Between Coefficient of Come
pressibility, s, Concentration of Solids,
C, and Coefficiont of Rigldity, ¢ o o w 97

ILLUSTRATICNS

Figure 1 Friction Factor Diagram for lLong,
Straight, Clean Tound Pipede « o o « o o o 7
Figure 2 Pepresentation of Liquid, Plastie, and
Pgeudo-Plastic FIOW ¢ o o o o 0 ¢ o o o o 3



Figure 3 Conglant Pressure Filtration Curve for

Cr(()ﬁ)a&lmsiem--.......... an
Figure 4 Detervination of Compressibility Coof-

- fiolent for Cr(OH)g Suspension o+ « o » o o 32
Figure 5 Suspension Flow pparatud . ¢ « » o o o o 39
Figure 6 Fquipment for the Determination of
Compresaibility Coofficient . ¢ ¢ ¢ o o 40
Flgure 7 Datermination of Yield Velue and Coefw

ficient of Ripidity for “uspenpion Numberl 63
Figure 8 tetermination of Compreseibility Coofe

fieient for Suspensicn Imber 1i ¢ o » o o 65
Figure 9  Determinetion of Yield Velue and Coefe |

fiolsnt of Figiiity for “uspeneion

Hamber 2 o o o o o o ¢ 6 0 s 06 s v 00 00 €7
Figure 10 Deternimation of Cempressibility Coefe

ficient for Suspension Bumber 2. o « ¢ o » 69
Flgure 11 Teternination of Yield Value and Coefw

ficisnt of Rigidity for Suspension

Kamber 3 ¢ o o o o s o 0 0 v 0 e o o000 2
Figuwe 12 Deotermination of Compresaibility Coofe

ficlent for “uspension Humber 3. ¢« o o s o (]



Figure 13

Figure

Figure

Figure

Figure

Flgure

Figure

Figure

Figure

15

16

17

19

Determimation of Yield Value and Coef-
ficient of Rigi ity for Suspension

Humber 4 o o ¢ o ¢ 0 ¢ 0 0 0 0 00 00
Deternination of Compressibility Coefe
ficient for Suspension Mumber 4. « + o
Determination of Yield Value and Coefw
ficiont of Rigidity for Suspension

HumbOr 5 o o o o o 0 0 0 s 0 0 ¢ 0 oo
Netermination of Compraessibility Coef-
ficient for Suspension Humber S5, « « «
Determination of Yleld Value and Coefe-
ficient of Pigidity for Suspansion

Humber 6 o o o o s ¢ 6 6 6 0606060
Determination of Compressibility Coef-
ficient for Suspension Number 6. + « «
Determination of Yield Value and Coef=-
ficlent of Rigidity for Suspension

Tuwnhe® 7 o o o ¢ o ¢ o ¢ ¢ 0 0 0 ¢ o o
Determination of Comprossibility Coefw-
ficisnt for Suspension Number 7. « « «
Determination of Yield Value and Coefe
ficient of Nigidity for Suspension

Humber 8 o o ¢ ¢ ¢ ¢ ¢ s s 68 06 5 ¢ o



Page
Figure 22~ Determimation of Compresaibility Coefs
ficient for Suspension Number 8, « « o o « 93
Figure 23 Stormer Viscometer Tests on Aluminum
Hydroxide - Filter iid Suspensions 1, 2,
and 3 o o s v s e e v s vt et 000 95



Practically all of the important work on the subject of "Fluid
Flow" has boen for that type called true fluids., Very little infore
ration has been published rertaining to the flow of suspensions of
solide in liquids.

In the chemical industries of today, & knowledge of flow
characteristics of fluilds that contain solidas would be of great
importance, A fundamental understanding of the prineiples involved
in liquidesolid flov would aild the industries of oil well digping,
water and gsevege treatment, dredging, and papermaking., Today,
oractically all {low predietions for suspenaions are based on
empirical formula and arbitrary sssumptions,

In liquid-golid flow, it has been found that two types of
flow exist, sinilar to viscous and turbulent flow of true fluids,
It has been fairly well established that the flow of suspensions
within the turbulent sone follows rather closely the laws which
have been derived for true fluide. However, the flow of suspensions
in the laminar region differs widely from visoous flow of true
fluide. This type of flow vhen applied to liguid-solid mixtures
is called plastic flow,

Ths purpogse of this theasis is to study some of the factors
that influence the plastic flow of suspensions and to attempt to
find a relationship between these factors.



To underatand the mature of the flow of suspensions, it is
necessary that ons fully understands fluid flov and plastic flow,
and the difference betueen the two. Therefore, it becones essential
to define a plastic meterial snd a fluid in the sense that the terms
are used throughout this treatise.

According to Daugherty(25), when the shape of an elastic
solid is altered by extermal forves, the body tends to return to
its original configuration upon release of the extermal forces,
because of the tangential stresses between adjacent particles,

With a fluid, these tangential stresses are proportiomal to the
velocity and vanish when the welocity aprroaches zero., VWhen
notion ceases the tangential stresses dissprear and the fluld does
not tend to regain its original share,

The difference betwesn a plastic and a fluid material is best
illustrated by their behavior under shear strees., A true fluid
will flow upon application of the slightest stressj whereas, for
a plastic, the stress must exceed a certain value before flow will

begine



Fluld Flow

lomenclaturg. The nomenclature used in this thesis is given
in tabtle I, page .

Theory. Daugherty(?®) mays that a perfect £1uid 1s one in
vhich the internal forces at any internal section are always
normal to the section, even during motion. A perfect fluid is,
therefore, frictionlea= since there can be no shearing forces,
However, in an actual fluid, tangontial stresses always occur
vhenever motion takes place, These forces oppose the sliding of
one particle past another, causing fluid friction., These forces
are due to a property of an actunl fluid ealled viscosity,

Yiscoaity. The viscosity of a fluid is a measure of the
internal friction of the fluid molecules slipping rast each other,
the internal resistance to fluld motion.(41) Consider two parallel
plates a distance X apart, the spacs between being filled with the
fluid, The lower surface, of area 4} is assumed to be stationary,
while the upper one, nlso of area i) is moved parallel to it with
a veloeity V by an application of a foree Fo For viscous fluid
motion it has been found that the foree F ig directly rroportiomal
to the velocity V and to the ares A} and inversely proportional teo
the distance X. lathematically, this statemsnt is expressed as

Fa JVA! (1)
X

vhere ' is defined as the coefficient of viscosity.(??)



Table I

NOMENCLATURE

™= Y

unknouwn function

Symbol Heaning of Symbol Units
Used
A total area of filtering surface sq in.
At area of parallel plates sq £t
C concentration of suspended sollds 1b dried
s01ids/100 1b
suspansions
D diameter of pipe %
d diameter of capillary onm
F force 1b
T friction factor dimensionless
g acceleration due to gravity, 37.17 ft/sec-sec
N H friction head loss % of flowing
substance
m coefficient of "plugging”
N length of pipe ft
L length of capillary em
AP difference in unit pres-ure 1b/sq £t
P filtering pressure on cake 1b/sq in.
A p preassure used up during the flow over- 1b/sq £t
coming the friction due to the yield
value
p! prassure mn Hg
G volume rate of flow eu ft/sec
Te Feynolds number, DVf>[}L dimensionleas
r distance from any noint within a pipe £t
to the center of the pipe
e radius within a pine at wvhich the shearing %
stress equals the yield value
8 shearing stress per unit area 1b/sq £t
Sp shearing stress in a flowing material at 1b/sq 't
the boundary or pipe wall
Sy shearing stress in a circular pipe at 1b/sq £t
distance r, frecm the center
Sy shearing stress at ‘he yleld point of 1b/sa £t
a plastic material, called the yield
value
8 coeffTicient of compressibility
t temperature oC
v mean veloeity of flow ft/sec
Vo  veloeity of plug of radius re ft/sec
Vy  velocity at any distance r, from the ft/sec
center of the pipe
v volume of the eake cu in/1b of
filtrate
W total weight of filtrate collected up ib
to the vaerinble time &
W weight of water traversing a ecapillary 1b/sec
in a unit of tinme
X distance hetween two marallel plates 't
K coefficient of registance of cake
fa coefficient of resistance of filtering
moedium
V) coefficiont of rigidity 1b/ft-gsec
'?' coefficient of ripidity sluzs/ft-sec
e total time of filtration min
M coefficient of viscosity 1b/Pt=see
I coefficient of viscosity slugs/ft-sec
‘)L” viscosity, relative to water
density of suspension 1b/cu 't



The fluid can be considered to be made up of a series of thin
layers, esach of which will slip slightly relative to the next
layer. The force F results in a shearing stress per unit area, 8,

between the layers, given by

§=_E (2)
A' L]

Therefore, the coefficient of viscosity ’;J can be defined by

the equation

' “__g_v_!_ (3)

Fluidity is defined as the reciprocal of viscosity.(3o)

Laminar and Turbulent Flow. For a fluid there are two differ-
ent types of flows laminar and turbulent. Binder(16) makes the
distinction that in laminar flow the fluid moves in layers or
laminas, whereas, in turbulent flow there are secondary irregular
motions and veloclity fluctuations superimposed on the principle or
average flow. In other words, during turbulent flow tho individual
particles of the liquid, instead of flowing in an orderly manner
parallel to the axls of flow, flow in an erratic manner so that
there is complete mixinge.

Fluid Flow Equationg. In the particular case of a fluid
flowing through a eircular pipe, the fluid frietion will be influ~
enced by the diameter D, length of pipe N, fluid velocity V,
viscosity u , and density p o Pressure and temperature of the

fluid are relevant, but are not independent variables, since their



effect i1s likely to bs covered by those of the density and

viscosity of the fluld. Through a consideration of the dimensions

of these quantities, it vas shown that the following relationship(4l),
known as the Fanning eouation, exists:

aHe 20 Y2 _an (4)
g D
vhere
= (3)
yf(-al-e-ﬂ )

The terma in these equations ares
I » friction loss, fi=1b/lb,
£ = dimensionleas frioticn faotor,
V = average linesr velocity, ft/sec.
g = acceleration of gravity, 32,17 ft/sso-sec.
N = length of straight pipe, f't.
D = inside diametor of cirecular pipe, ft.
p = density of fium, 1b/eu £t,
M & absolute viscosity of fluid, 1b/ftesec.
¢ = unknown funetion,

This relationship indicates that f is a unique function of
Raynold's mumber, (DOVp/u). Figure 1 1s a plot of £ apainst
Reynold's mumber.(27) Inspection shows that the curve that
reprosents the points is broken up into two distinot parts, a 45-
degree line at the left and a vwery flat portion at the right, The
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45=degree line represents laminar flow which ococurs at low
velocities, during which the following relationship holdss (27)

£=26 | (6)
Re

whare Fe represents Reynolds mumber, The f{lat part of the curve
corresponds te the turbulent flow which exists at high velocities,

If equotion (4) is rearranged and tho‘lnmimr flow relation=
ship is substituted for £ in equation (6), the following equation
is obtained:

g.elg‘%’! (7

Thie equation is known as Hagen - Polispeuille's law, Its validity
hag heen established by careful extensive experimentation,
t¥e Critical vulocity(:‘” ) is considered as

that velocity below which the friction leas is directly proportional
to the welocitr and above which the f riction loss is directly proe
rortional to some powsr of the velocity between 1,7 and 2.0,
Results of numerous experimental tests have shown that the relation
betwesn the variables represented by the Revnolde-Stanton diagranm
15 widely applieable.(27)

reynelds(27) belleved thet the oritical velocity ocourred at
& definite value of the dimensionless number, DVeo/ju. This
number is novw called Feynolds number, Hecent work(3?) has shown
that flow in round pipes is elvays laminer vhen the value of
Reynolds mumber is 2100 or less.



However, the Reynolds number can exceed this value somewhat,
and flow remain laminar, Usually, in indﬁstrial piping instale
lations the flow will be turbulent above s Keynolds mumber of
3000{27), Between 2100 and 3000 there is uncertainty as to the
tyre of flow vhich may occur, To distinguish batween these two
values, the veloeity helow which the flow is laminar ia designated
as the lowsr eritieal velocity; and the velocity above which the
flow is turbulent 1e designated as the uprer eritical weloelity.

faetors that influence the rate of flow will now be discuesed.
Temporature has a decided effect on the viscosity of fluilds,
For liquids, an increase In temperature lowers the viscosity,.
‘E‘oinulllou?) gave a formula for flow through a carillary which
wvas independent of the capillary-useds
w = 1,836,724,000 (1 + 0,0336793 ¢t + 0,00022099 eﬂ)n_;fg (8)

vhere
v = woight of water traversing the cspillary in a unit
of time, 1b/sec.
t = temperature in degrees C.
p' a pressure in mm of mercury
d = diameter of capillary in om,
N' = length of ecapillary in om.
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The roughness of the pipe boundary surface will affect the
frietion drop during turbulent flows however, it is known that the
roughness of the pipe wall has little or no effect on the friction
loss during the laminar flow of fluids,(6, 40)

d Flowe In order that the fluid flow

equations that have been discussed to be of any practical value,
the me=surements of specific gravity and viscosity must be exact
and accurate,

Specific gravity (or density) of liquids may be dét!rminedl(BB)
(1) by the pycnometer method, weighing a known volume, or weighing
e-ual volumes of water and the liquid and comparing; (2) by the
Westphal balance method, determining the loss in weight of a
plummet of known volume weighed in air and in the liquid, or by
comparing the weight of a plummet of unknown volume weighed in
water and in the liquid; and (3) by means of hydrometers, i.e.,
weighted glass floats which sink in the liquid to a depth dependent
on the density, which is read at the liquid line on a calibrated
stem extending above the liquid.

Measurement of viscoaity(34) is done by three principal
methods in the case of liquidss (1) timing the efflux of a
definite volume of liguid through a short tube; (2) measuring
the shear of a fluid in an annular space between concentric
eylinders; and (3) timing the fall of a ball through a fluid.

Viscometers of thé first type are the Saybolt Universal, Engler,



/

Redwood, and Ostwald. The seoond type is represented by the
Stormer and Maciiichael vinmcometers. In the Stormer, the cuter
oylinder is a stationmary cup, and the inner cylinder is revolved
under the applicstion of a known forece, while the time is determined
for a certain number of rewolutions, In the MacHichael the outer
cup is rotated at a known constant speed, and the force tending to
turn the inner cylinder is measured in terms of the torsionmal

stress in a supporting filament,

~Llastie Floy

Plastielty is the property of a substance which smables it
to be continucusly snd permanently altered in any direction without
rupture when the stress applied exceeds a certain yleld valun‘.(m)
Under the acticn of small shearing stresses, a plastic substance
holds ite shape permanently, but, under somevhat larger stresses,
1t ray be readily deformed or molded.(1%) 5ince part of the arplied
shearing stress, S, 1s used up in overcoming the yleld value, Sy,
the equation for plastic flow is

vhere
n' = cosfficient of rigidity of the material, or the
/ measure of the reasistance to flov of the substance

after the yield value has been overcome, slugs/ft-sec.



Sy = yisld walus, or force necesssry to start deformstion
of the substance, 1b/sq ft.
X = distarce between two parallel plates, the space
between which 1g f1lled with the plastic, ft.
V = valooity with which one plate is woved parallel to
the other, ft/sec,
8 « applied shearing stress per unit arva, 1lb/sq ft.
This is the equation for plastic flow which is analagous to
equation (3) for fluid flow.

The analogy betwaeen trus flulds end true plastics is shown
in the graphical presentation in figure 2 of the mathesatioanl
concepts of these two types ér nw.‘”’ In cage I, the slope
of the line is proportiomal to the ccefficient of viscosity.

Camve II represents the true plastic, and 1s a graphioal represen-
tation of equation (9). The slope of this line iz proportiomal to
the cosfficient of rigidity whereas the intercept on the shearing
stress axis 12 the yleld value. Case III represents the flow of a
pseudoplastic material, It can be sesn that this curve does not
obey the fundamental equation of plastic flow, bscause the line
bends toward the origin st low rates of flow., According to
Binder(15), some suspensions fall into the category of case III.

Plagtic Flow Eousticng. The following extension of this
mthematiocal deriwation of the flow of a plastio mﬁatnm in
ciroular pipes was presented by Fabbitt and Caldwell.(?)
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Eingbml(a) first fermulated a4 mathematiocal analysis for
plastic flow in caplllary tulbes., The total Torce producing flow
between two seations of tubing of length I batwsen the sections,
and of diameter D, ia 7 D? A P/, where AP is the difference in
unit preasure batween the two ssetions. Since there is no
acceleration in atsady, uniform flow, there is an egqual opposing
force in the opposite direction which is wD ¥ Sp, vhere Sp is the
shearing stress in a8 flowing material at the boundary or pipe wall

in pounds mer square foot, Therefore

Sp = D(ap) (10)
A B
Likewise, at any radius, r, from the center of =« pipe
Sp ® "ﬁ?‘m (11)

where Sy, is the shearing stress in a eircular pipe at a distance
r, from the center, in pounds per square foot,

In plastic materisl confined betwsen two parallel planes of
indefinite extent which sre being sheared over each other, the
shearing strass will be identical at every point(m). But in flow
through a tube, according to Buokinghn-(a') s this 18 not the casej
the shear increases continually from the center of the tube cutward
end only at a certain distance To» does the shearing force becoms
sufficient to overcome tha yield walue of the vlaatic, Thersfore
the material at the center of the tube moves as & solid plug snd

beyond the rsdius rg the material moves in telescoping layers,



L IfO » 18 the pressure which 1s used ur during the flow ip
overcoming the friction caused by the yield value, the yileld vslue,

S,, is expressed by

« D ‘A n! (12)
3, 4R
Also

For a eircular pipe ecuntiom (9) becores:
Ve -3 - ar (14)
3 (sy - 8)
or, substituting the value for S, from equation (11)

dV--% [x_%g_ﬂ -s,]a;- (15)

The veloeity, Vy, at any distance r, in the variable regicn,
is obtained by integrating equatiom (15) fromr = D/2 tor = 3
Y’ra—],j [@—m‘-s’]dr- [t E!t‘z s’r]
Vo= 3 [ 23 1-2) r)] (16)
'Z'
The velocity, Vg, of the so0lid plug is cblalned by letting

T = Ty in equation (16):
o - B2 ]

Substituting 2l Sy for r, as obtained from equation (13)

70"%[%% - fzf - ¥] (17)
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The volume of flow per unit of tire is ¢ and

2
QE/ 2mwrV dr

or, if equations (16) and (17) are used
Q= + 2 / V, dr . (18)

But, from equations (13) and (17)

e s dnst @ (apn v ig2 - )

(ap)?
and from equation (16)
2 2
Y 3 2
of ez [l (229) 5 (-9 ]
or,

T , ) )
o e - 23 - B - B2 o) sl - 5]

and, if the value of ro from equation (13) is introduced

2“[""“”3‘*( - gy - DAt - A - WB)

If the relationships obtained for 1rrjv, and 2W rv,m- are

f,
sutstituted into equation (18), it becomes ¢

- 3 [H0 - 2 - 1]
© B0 - 4(8%) s (8]

introduce the value of A p given by equation (12),

Q= _m DA [(AP)-uAph(A 4]
3 3(AP

128N

or



The mean velceity of flow, V, is:

V= 4Q = _D2 AP = 4 Ao+ 222
1r§§ 32N [ 3 Ap ;figp) ]

or, if OP and Ap are changed to terms of shear by equations
(10) and (12),

kg ]

If it is desired to express the coefficient of rigidity in
pounds per second foot, n , the left hand member of the equation
must be divided by the gravitational constant, g. Using n instead
of Q' s and taking g as 32 feet per second per second, the equation
reduces to

Ly )

which may be written as

o a(E) ()

From this equation, it was shown by Babbitt and Caldu011(7)

that the last term may be omitted with little error when the ratio
of Sy/Sp is less than 0.5, The error will be 5.9 per cent when
8y/Sp is 0.5 and 1.8 per cent when Sy/S; is 0.4. If the last term

is omitted, equation (19) reduces to

V= %[Sp‘é S,] (20)
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g Floy. Pingham(??) set forth the theoretical
sxplanation of the flow of plusticss "A plastic solid ias made up

of particles which touch each other at certaln roints, The space
betvean the rerticles may be empty or mey be filled with gas,
liquid, or amorphous solid., Flow neceasitstes the sliding of
these perticles one over snother according to the ordinary laws
of friction, so long as the rarticles are large enocugh so that
their lrownian nmovement is negligible.” "It is by no means
necessary,” says Bingham, "that the particles be touching at the
naximum number of roints, corresponding to 'close-packing'. It
is merely necessary that the particles touching esch other form
arches eapable of carrying the load, It is evident that as
aggregates of particles are formed in the process of collisions,
and the size of these agyregates increases as the concentration
of solid increases, there must come a time wvhen much aggregntes or
clets will touch esch other and form an arch or bridge across the
svece through which the flow is taking place, At that concen-
tration the friction will have a finite walue, and the material

may be said to have a structure,”

-

The following presentation of the

theory of the flow of suspensicns was given by mughu(m).
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Considering the simplest concéivable case of a solid suspended
in a licuid, imagine that all of the sclid rarticles are united
into sheet parallel to the direotion of flow. In this cace, the
total flow will be the sum of the flows of the liquid bLetween the
aheets of colid,

flowever, 1f the sheota of the zolid have an {rregular swrface,
the fluide will £111 in the irregularities, yet the atrcam lines
will not paas through these pores or be arpreciahly distorted by
their presence,

Spherigal Particle Concepte The ordinary suspsneion consists
of discrate particlu(m) and, for the sake of simplicity, a asphere
that {e suspended in a fluld of itz own specific gravity may be
conpidered. The shearing of the fluid which causes any cublcal
figure of the fluld to assume the form of a rhombohedron, will
cause the sphere to rotate, The strearm lines will be curved on
aacount of the presencs of the sphere, but the sphere itself moves
in & linear direction with the velecity of the layer of fluid in
which it 1s surpendsd, Different spheres in the same lsyer of
fluid do ot anrroech each other since it is sssumed that they
all have the same velocity,

Spheres in different strata of fluid move with unecusl
valocities depending on the velocity of the stratum in which each
is suspended, Hence collisions must take place, depending upon
the redii of the spheres, their number per unit volume, and also



upon any attraction or repulsion vhich mey exist between them,
If 1t is sssumed that twe spheres which are aprroaching each
other in sdjacent strata of fluid are rotating in the same
direction, the surfaces of the two spheres must be moving in
opposite dirsetions, which sre at right angles %o the line
loining their centers., The resistance tc this shearing action
vhich is set up as they collide will rapidly dissipate their

enargy of rotation as heat,

It is considered Y
that the particles are large im comparison with molecular dimensions,
consequently, thelr contaot brings the lswe of ordinary friction
into play.(19) The spheres canmot rotate unless the torque exe
ceeads & certain wvalue., This walus<epends upon the pressure existing
at their point of scntact normal to the surfsces, and this pressure,
in turn, depends not only on the rate of shear, but on the attriet—
fon or repulsion which may exist betwesn the particles. So, vhen
tvo particles come into contset, thsy must remsin in contaect for a
definite period, If the spheres were without aitraction or re-
puleion for sach other, they would becoms serarated as soon as
their centers have come to be in a plane perpendicular to the plane
of the strata of fluids.

During the period of oontact, the spheres cannot rotute as
individuals until the torque exceeds a certain value, The result
ia that during the time of contact the group of spheres begin to



rotate as a whole, and they rass out of the strata to which they
formerly helonged and into layers of different velocities, During
thie period the liquid will flow arcund the spheres snd through
interstices between them, Thus other spheree tend to collide with
these already in c-ntact with each other, after which the combined
mass tends to rotate as a whole., This process of accumulation
increases until squilibrium is reached when these clots will have
a certaln average size, depend!ng upon the number, size, and

specific atiration of the particles,

Aprlomeration and Plagtlc o¥e. “he irportant thing is that

the collisions of the psriicles give rise to an additional loss
of energy, and if these clots increase in size and number there
must come a peoint when the clots come in erntact acrosa the
entire width of the passage. At this point viscocus flow of the
raterial as a vhole stops and plastic flow begins.

For a given substance and velume concentration, the number
of collisions will be proportional to the number of particles,
which varies inversely as the cube root of the radiua. But if
the angular velocity is independent of the radius, the energy of
rotation will be proporticnal to the square of the radius, hence
the loss of energy, caused by colliasions, will be inversely
proportional tc the radius. This conclusion, if correet, indicates
that very finely divided particles give comparatively visecous
liquida or at higher concentrations, plastic solids,
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sternination of Criticsl Concentration. Bingham and
burham'*>) found that the suspension of s solid depresses the
fluidity of liquid irn whieh it 1s suspended by an smount pro-
rortional %o the velume of the solid., Hovever, the derreasion
s such that a gerc value of fiuidity is reached at a definite
Hat cdmparaéivoly small ﬁorcontago by volume of the solid. This
composition was {found to be the same for all temperatures but
varied with the solid used, Thig reprasents composition

the point of transition of viscous from plastic flow.

Gradishar, Paith and fedriok(?8) later confirmed the work
of Dingham and Durharm, by means of suspensions of coel in fuel
c¢iles They concluded thet 2 suavenaion may exhibit either
viseous or plastic flow rroperties derending uren the concene
tration of the suspended matter, Above a eritical concentration,
‘he mechaniem of flow will be transformed from viscous to rlastie
flow and the suspension will possess an arrreciable yield valuej
i1.8., & resistance vhich must be overcome before flow begine. It
was shown that *his oritical concentraticn corresponded roughly
to thst concentration at which the particles juat touched each
cther sufficiently to form zn arch or bridge capable of re-
sisting slight pressures, according to the rreviously discuased
theory rroposed by Binghem, "he ccnocentration at vhich zero
fluldity oocured was ghown to be rractically idential tc the

eritical concentratione
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suspensions when the flow became plastic, They found that

frictional losses 7or turbulent flow could be evaluated by means
of the Reynolds-Stanton diagram, if use of the viscosity of the
dispersion medium of the suspension is made in determining
Reynolds number, Y¥hen the velocity was not sufficient to cause
turbulence, the plastic flow equation (equation 20) had to be
used, This they wrote in another form more eonvenient for most
cases of suspension flows
A% = 3.9_3! + _% (21)
3eD e

where

H = friction gead loss between two points in a pipe,

feet of flouing’subatano-;

N = length of pipe, ft.
/ 8y = yleld value of flowing substance, lb/sq ft.
1 = coefficient of rigidity, lb/ft-sec.
V = mean velocity of flow in a pipc? £t/sec.
D = diameter of pipe, ft.

© = density of flowing substance, 1b/eu ft.

Equation (21) was checked by experiments; the agreement
between observed and computed frictional losses was sufficiently

precise for practical purposes. To devise a simple means of



ealeulating the yield value and the coefficient of rigidity of a
suspension, a rodified Stormer viscometer was calibrated., 4

sreat number of Pabbitt end Caldwell's testa were performed on
sevage sludges, snd by reacon of the numercus large particles
rresent in sueh sludges which tended to bind the rotating cylinder
of the standurd Stormer viscometer, a medified cup was devised for
use with the regular Stormer viscometer.

The chief objection to Babhitt and ‘aldwell's work is that
practically all of it was carried cut on elay suspensions and
sewage sludges. The applicability of their squations and methods
to suspensions other than sewage sludge sand olay suspensicns has
“ot baen proven. J.D. Parent(’1) attempted to correlate the
literature on the subjeet of flow of suspens! ns, and, in this
correlntion, he smingled out Babbitt and Caldwell's work as the
most eonclusive in the laminar region of flow.

Another difficulty encountered when attempting to predlet
frietiocn losses in the laminar flow of suspensicna by Babbitt and
Caldwell's method arises from the fact that *he walues of the
vield value and the coefieclent of rigidity of the susrension in
cuestion oan not be readily obtained without rodifying the Stormer
viscometer as they described,

Compressihidity and Friotion Factor. ‘assano(36) vorked with
suspensions of aluminum hydroxide and filtercel, and found that
there appeared to be an aprerent reletionship betueen compressibility



coefficiont and fridtion factor, He concluded that the aluminum
hydroxide suspension which was corposed of particles with a high
coefficient of compressibility had a much higher ffiction factor
than the filtercel suspensions with a low compressibility factor,
Sassano measured apparent visecality with a ealibrated Stormer

viscomator,

Introduoticn. Most suspensions are compressible to some
axtent, That is to say, the rarticles of the suspension are
carable of being resrranged so that the space between the particles
becomes less. This, then, is what happens, when a suspension is
filtered, Am the rressure on the ocake becomes preater, the
~articles pack more closely together, decrsasing the srsce between
the particles through which the filtrate can flow, thus increasing
snormously the specific resistance of the cake,

tvdrated sludgpes, such as the heavy natal hydrates and the
caleium phosphate used for defecation of sugar siruve, are highly
cowprosaiblo.(‘?) “orous, granular suspensions, such as diatomacecus
sarth and ealeium carbonate, =re reletively nonw-eompressible.

Whereas a graat

deal of expaerimental work has been done on the problem of the
compressibility of suspensions, the theorstical scluticn of this

problem has not been accomplished, vaia(AQ) atates that the



difficult nature of the problem has prevented its solution, For
cne thing, the suspensicns that show a high degree of compressi-
bility are hydrated precipitates; their degree of hydration and
particle sige are extremely sensitive to the conditions under whieh
the precipitates are produced and change progressively with time,
prcvanting the production of suspensions of fixed charscteristies
for experimental work, In addition, these suspensicns are ex-
tremely sonsitive to temperature changes; conssquently, slight
temperature changes during filtration sericusly affeet results,

It was originally thought thnrt the rate of flow of a liquid
through a filter cake was directly rroportional to the thickness
of the cake. In 1912 Almy and Lewis(l) proved that this was not
a general rule and did not apply in many csses. In their work
they conceived the idea that the specific resistance of the eake
is a power function of the pressure of filtration, This was proven
by their work and by subsequent work by Lavil(‘z). They devised a
rather easy method of determining this exponent of the pressure,
It was found %hat this exponent, designated by the letter g, is a
measure of the compressibility of the suspenaion being filtered,
hence, it is called the coefficient of compressibility.

The general equation which Lawia(43) devised for filtration
lss

(22)

- Pg
dae )A"(OCVP.OI oﬁ&”)
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where
W = total weight of filtrate, 1b, up to the variable
time, 0.
0 = total time of operation, min.
P = filtering pressure on cake, 1b/sq in.
}L” = viscosity, relative to water,
v = volume of the cake, cu in/lb of filtrate.
- A = total area of filtering surface, sq in.
o = coefficient of resistance of cake,
/3 = coefficient of realstance of filtering medium.
8 = coefficient of compressibility.
m = coefficient of "plugzing".
Underwood(38) ghowed thet this equation would apply both to com-
pressible suspensions and to incompressible suspensions, if integrated
between the proper limits. The integrated sgquation for constant

pressure flltration of compressible homogeneous sludgss 1g3 (44)
= VP8 Y 4+ » pm (23)
1H5A5 7 A /3#

Theory. To visualize the compressive acticn, consider a
single particle of suspension, just approaching the face of the
cake.(4?) There 1s exerted on this particle the pressure of the
liquid around it. Its motion is free until it touches the face of
the cake, when its motion is stopped. However, the liquid flows

on around it, preducing a frictional drag which pushes the particle



spainst the particle ahesd of 1t, As the cake builds up the
particle is subject to the cumulative pressure of all the particles
behind 1%t; however, the ligquid pressure decreases, That is to say
that as one goes deeper in the ¢ake in the direction of the filter
cloth, the ligiud pressure will drop off but the compressive

effect increases, This effect i3 noticeable when one observes the
filter cake when 1t is reroved from the preas, The czke is compact
and dense near the filter cloth, but more open towards the center

of the eake,

According %o
acuation (23) the ratio (P)/(¥/A) should be preoportionsl to the
totel volume of filtrate per unit ares, (W/A); the proportionality
constant varies s & pover function of the pressure, the exponent
being 8, the coefficlent of compressibility,

Thus, a relatively simple method of determining the coefw-
ficient of compressibility is furnished. The muspension is
filtered at constent pressure; and the weight of filtrate, (V¥),
noted at various times, (0), during the filtration., Frem these
dats a rlot of (PO)/(W/A) versus (/&) 4ie mede. This procedure
ie repcated several times at differemt pre-sures., In each case,
for a constant pressure, the dsta will conform to straight
lines. The slope of each line corresponds to oCy }4."?'/2.

If the logaritime of these slopes are plotted versus the loga-
rithms of the pressures at which the filtration cccurred, the slope
of the resulting line will be ecusl to the compressibility



coefficient, s, Figure 3 is a rlot of (PQ)/(W/A) versus (W/A)
for the compressible homogeneous sludge of chromium hydroxide,
the vork of Almy and Lewis.(1) Figure 4 s a plot of the loga~
rithms of the slopes of the straight lines in figure 3 versus
the logarithms of the corresponding vressures. The aslope of the
atraight line in fgure 4 is *he compressibility coefficient, s,
and is found to be 0,21, The values of s for nri.oua(“’) aus=

pensions are given in table II,
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Table IX

CORFFICIENTE OF COMPRESSIBILITY IOF VARIOUS SUSPENSIONS®

Tyre of Suspension Coefficient of
Compresalbility, s

K1 (OH)q 0456=0,88

F. (0“)3 0-69

thﬂa 0018"00‘1

g0y 0.10

CaC0y 0.09-0,14

Kieselguhr 0402=0,05
#Pgviged {rom:

Walker, W.H., ¥W.K, Lewis, ¥W.H, Mc’dame, and ©.F, Gilliland
*Principles of Chemical ingineering.” p. 355. MeGraw-Hill
Beck Co., Ine., New York, 1937. I3rd edition,
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I11. EXPERIMENTAL

Ae

The purpose of this investigation is to study the effect of
compressibility on the friection drop in the laminar flow of

alurinum hydroxide - filter aid suspensions.

A review and study of the

literature covering the subjeets of fluid flow, plastic flow,
flow of suspensions, measurements of viscoeity, and compressibility
of suspensions vag made.

The use of the

Stormer viscometsr in determining the wiscosity of fluids, and
the yield value and the coefficient of rigidity of suspensicns
wag studied.

Tests on SAE 10 and SAE 30 oil were made, using the Stormer
Viscometer, for the purpose of ealibrating the instrument for the
determination of viscosities. Absolute viscosities of these oils
were determined by use of the Saybolt viscometer and specifiec

gravity measurements,



Tests were made using the Stormer viscometer on the following
suspensions of varying concentrations: (1) filter aid suspensions
(non-compressible), (2) alurminum hydroxide suspensions (compressi-
ble), and (3) mixtures of filter sids and alunimum hydroxide to

obtain suspensions of varying compressibility.

so that the {low of suspensions within pipes of circular erosse

soction and of varying sizes could be astudied, The apraratus was

so constructed that (1) the flow veloeity of the suspension, (2?) the
temperature, and (3) the pressure loss from fricticn over a section
of pipre could be determined,

An apparatus, including a filter
press, wes assembled onto the suspension {low apperatus, This
auxiliary apparatus was congtructed so that the compressibility
coefficlent of the suspensions could be determined. It was so
eonstructed that the suspensions could be filtered at a oconatant

Iresaure.

The pipe apparatus wasz tested
with water to check the mechanical functioning of the apparatus,
Determinations of pressure less, flow velccity, tempernture, and
age of suspension vere made on the following suspensions: (1) filter
aid susponsions (non-compressible), (2) aluminum hydroxide
suspensions (compressible), and (3) mixtures of filter sid amd
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aluminum hydroxide to obtain suspensions of varying
compressibility, By use of the filter press, the compressibility
coefficient of each suspension was determined, Specific gravity
and the concentration of the suspended solids of the above
suspensions were determined by usual laboratery methods.

Interpretation of Data. An attempt to find a relationship
between the factors that influence the flow of suspensicns and
the compressibility factor as measured by filtration was made,

A check on the methods uscd by Babbitt and Gnlﬁvoll(s) to
determine the yleld value and the coefficient of rigidity was made
to determine if their methed is applicable to aluminum hydroxide -
filter a2id suspensions,



C. laterials

The materials used in this investipation were as tollM:

Aurdmm Sulfatg. Cround, stanlard grode, in 170wlb net
weight bag. Obtained from Allied Chemical and Dye Corporation,
Ceneral Chemical Division, New York, !.Y. Used for the production
ef the sluminum hydroxide susrensiona.

Cglelun Carbonate. U.5.P., code 1541, lot no. €710, in 25-1b
cartons, lenufactured by General Chemical Company, New York, N.Y,.
Used in prelininary tests on the filter rress,

Technical grade, specific gravity 1.595
at 20°C,, code 1555P, in S-gal can, Obtained from Phipps and Bird,

Hiiehmond, Va. Used as a manometer fluid,

Hlter Add. Celite 503, diatomaceous silica, in l-lb cartonm,
Obtained from Johns-Hanville, Yew York, 4.Y. Used for preliminary
tesﬁ on sottling timo for various filter aids.

Filter Ald. Dicalite, diatommcecus silies, in 3-1b tags.
Obtained from the Dicalite Compmny, New York, N.Y. Used for pre-
liminary tosts to determine settling timos for various filter
aids,

Filter Ald. lyflo s per-cel, diatomacecus silica, code
AGG050, in 50e1b bags., Obtalned from Johneoelenville, New York,
H.Y. Used for the production of filtsr ald suspensions and alumie

num hydrovide - filter aid mixed suspensions.



Joding. Fesublimed, C.T., cods no. 5 « <7300, in 2=1b bottle.
Hanufactured by Merck snd Company, Fahway, N.J. Used to color the
carbon tetrachloride for use as a manometer fluid.

dydrochloric icid. Feagent grade, C.P., 37 por cent IC1
(nintmun), specific gravity 1.178 at 60°C, (minimum). Manufactured
by General Chemical Division, Allled Chemical and Dye Corporation,
Hew York, N.Y. Used to digest the aluminum oxide in the determi-
nation of the parcentage of suspended solids.

Mereury. Distilled, Obtained from F.¥W, Berk and Company,
Wood Ridge Division, Wood Fidge, H.J. Used as a manometer fluid,

Hotor Ofl. CAE 10, Esso Yo. 1, in quart cans, Manufactured
by Standard 04l Company of New Jersey, Bayway, N.J. Used for
calibration of the Stormer viscometer.

Motop O4l. SAEZ 30, Easo No. 3, in quart cans. HManufactured
by Standard Cil Company of Mew Jersey, Bayway, H.J. Used for
calibration of the Stormer viscometer, |

Sodium Hydroxidg. Flake, 76 per cent sodium oxide, in 100=1b
drum, Obtained from “hipns and Bird, Pichmond, Va, Manufactured
by Diamond Alkald Company, Pitisburgh, Pa. Used for the prepa-

ration of aluminum hvdroxide suspensiona,
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D. Acparatug

The apparatus used in this investigation consisted of a
suspension flow apparatus and auxiliary equipment. The suspension
flcv. apparstus, used to determine the friction loss of the sus-
pension flowing through pipes and the compressibility facter of
the suspension, is shown in figures 5 and 6, pages 39 and 40, It
consists of the following partss

Pump. Centrifugesl, steel, 2-in. inlet and cutlet, 60 gal/min
capacity, size 2, figure No. 3010, style No. 621.3301, Mamufactured
by Gould's Pumps Inc., Seneca Falls, N.Y. Used to pump the sus-
pension to the test lengths of pipes and the filter press.

Electric Motor. Craftsman, 2 hp, 60 cyele, 200/400 volts,

3 phase, 1740 rev/min, 5.6/2.8 amp, serial No. 844703-99. Manue
factured by 3ears, Foebuck and Co., Philadelphia, Pa, Used to
drive the pump,

Make=Up Tank. Steel drum constructed from an empty gasoline
drum, 55 gal capacity, with 2-in, and 3/4~in. ocutlets loecated in
the bottom of the tank, open top. Used as a reservoir from which
the suspensions were pumped.

Heighine Tank. Steel drum constructed from an empty gasoline
drum, 55 gal capacity, with a l#-in. outlet located on the side
near the bottom of the drum, open top. Used as a weighing con=
tainer for the suspension pumped during a ecertain peried of time.
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Hanomoter. Filled with either mercury or carbon tetrachloride,
32 in. long, i-in. pipe connections, Case wms manufactured by the
Meriam Co,, Cleveland, Ohio. The glass tubing was constructed
with a gide outlet at the bottom of the manometer. This was
connected, in turn, to a leveling bulb by means of rubber tubing,
The manometer vas used to determine the t'riqtion drop across the
test lengths of pipe.

Platform 3caleg. Capacity 500 1b, Hanufactured by the
Fairbanks, Morse and Co., Chicago, Ill., Used te weigh the sus-
pension pumped into the weighing tank,

Pump _and Motor Mount. Constructed of §{ x 1 x 2 in, channel
iron., Used as & base for the pump and motor.

Tank Stand. Constructed of 4 x 1 in, angle iron., Used to
support the make-up tank.

Filter Presg, Cast iron, size 10, type 41, Fo. 38077, five
frames, closed filtrate discharge, 3/4-in. inlet located at the
bottom of the press, 3/4-in. outlet located at the top of the
rress., Manufactured by D.R, Sperry and Co., Batavia, I1l, Used
to determine the compressibility coefficient of the suspension.

Presgure Gage. Fange @ - 60 1b/sq in. gage. Manufactured

by isheroft Gage Co., New York, N.Y. Used to measure the pressure
on the test lengths of pipe.

Presgure Gage. Fange @ = 30 1b/sq in, gage, internal siphen
type. Manufactured by U.S. Gage Co., New York, N.Y. Used to

measure the pressure on the filter press.



Portable Mixer. Ilectric, number 23VS, 4 hp, 115 volts,
single phase, 60 cycle, open drip-prcof type, having a universally
adjustable suprorting clamp for rim mounting and a stainlesas steel
shaft with two 4 in, diameter down-thrusting stainless steel
vropellors operating between speed ranges of 500 and 1750 rpm,
Manufectured by Alsop Engineering Corporation, Milldale, Conn,
Used to keep the suspension agitated.

Pig-Tail Trapg. Two required, 4 in, nominal diameter, Used
to prevent the suspension from entering the pressure gages.

Tygon Tubing. Ten ft required, clear, 3/4 in. inside diameter
by 1/8 in, wall thickness, Obtained from Prince Rubber Co., Inc.,
Buffalo, N.Y. Used as a flexible connection from the filter press
to the veighing bucket,

RBubber Tubing. Four ft required, 1 in., inside diameter. Ob-
teined from the Chemical Rubber Co., Cleveland, Ohiec. Used %o
connect the leveling bulb to the side outlgt on the bottom of
the manometer.

Coprer Tubing and Fittingg. The following items of copper
tubing and fittings were useds

Copper tubing, type M, + in. outside diameter, standard
hard, 40 £t required., Obtained from Holand Supply Co.,

Roanoke, Va., Used as manometer lines from the pipe taps en

the test lengths of pipe to the manometer,

Pipe to tubing adapters, brass i x 7 in. compression
type, four required, number 68F, Obtained from Noland
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Supply Coe, Poenoks, Vo, Used te conneet the copper tubing

to standerd | in. pive.

The {ollowing items
of standard black irom pipe and fittings vere used to eznstruct
the sugrension flov apraretus an shown in figure 5, page 38. 411
pipe and CittinEs vers obtslired from Moland Supply Co., Toanckey
Vae ;

Pires 2 in, norinal size, 30 £t, €& in, required; 13 inm,
nominal slze, 24 £t, ? in, required; 1 in, neminel size,

23 £4, 3 in. required; 3/4 in. nominal size, 4 £%, 5 in. ree
quired; ¥ in, nomiral size, 37 £%, 7 in. required; 4 in.
nominal size, 30 ft, 8 in. required; 1/8 in. nominal size,
&ty 2 in. required,

Nivples: Four 2 x 3 in., cne 2 x 7 in., one 1} x 6 in,,
three 1 x 4 in., one 14 x 3 in,, seven )} x 2 in,, three
lx31in, one 1 x? in,, throe 1 x 1 in., twe 3/4 x 2 in.,
two 3/4 x 1 in,, cne 4 x 6 in., two 4 x 4 in., cne + x 3 in,,
two{ x 7 in., three } x 1} in., one + x 1 in,, twe { x ¢ 1n,,
two ! x € in., one ? x 5 in,, one ? x 4 in,, seven § » 3 in.,
four } ¥ 2 in,, four 3 x 1 in,, three } x 4 in,, four { in,
cless, thrase 1/2 x 2 in., fifteen 1/2 % 1 in,, cne 1/2 x }

in,, seven 1/8 in, closs,
£11s, 90% Four 2 in,, five 14 in,, two 1 in,, three

3/4 in., ten * in,, ten ; in,, six 1/3 in,
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Va.

-[,j 4.

Ells, street: Ome 1 in,, one 3/4 in., two  in,

¥lls, swing returnt one 2 in,

Teest Ome 2 in., three 1# in., four 1 in., two ¢ in.,
eight 4 in., four 1/8 in.

Upions: Ome 2 in., four 14 4n., two 1 in., four ¢ in.,
eight # in,, four 1/2 in.

Fedioing Teest One 14 x 1} x 17 in., one 2 x 1 in,, one
14 x 3/4 in.

Bushinre: Five 2 x 1} in,, one 2 x 1 in., one 2 x $ in,,
onu 13 % 1 in., two 1 x 3/4 in., one 1 x § in,, three
3/4 % % in., twe & x 3/8 in., tvo 4 x 4 in., two 3/8 x { in.,
eight 4 x 1/2 in,
Yalveg. The following valves were used, as shown on figure 5,
38, A1l valves were obtained from Nolsnd Suprly Co., Roanoke,

Gate walve, bronse, 150 1b/sq in., 2 in,, Lunkenheimer,
non-rising stem, one required.

(ate valves, bronse, 150 1b/sq in., 1} in., Lunkenheimer,
non-rising stem, three required,

Gate valves, bronse, 175 1b/sq in., 1 in., Lunkenheimer,
non-rising atem, twe reqguired.

Cate walve, bronze, 17§ 1b/sq in., 3/4 in., Lunkenheimer,
non-rising stem, cne required.

Cate valves, brongse, 175 1b/sq in., ¢+ in., lunkenheimer,

non-rising stem, four reguired.



Gate valves, bronse, 175 1b/sg in., 7 in., Lunkenhsimer,
non-riging stem, four required,

Globe valves, bronse, 150 lb.sq in., 1% in,, Lunkenheimer,
thres required,

Globe valves, bronse, 150 1b/mq in., 4 in., Lunkenheimer,
two required,

Globe valves, bronze, 150 1b/sq in., 1/3 in., Lunkeheimer,
eight required,

lesdle valve, bronge, 200 1b/sc in., 1 in., Lunkenheimer,
one renuired.

The felloving Stoms of auxilisry equipment were used:

Iimer. lectric, 110 volts, 60 cycle, range 0.,C1 to 102 min,
TimewIt., Hanufactured by Preeciasicon “elentifie Co., Chicago, 111,
Used in ecnjunction with the Stormer viscometer,

Viscometere. ~tormer tyre, number 4797, lanufactured by
Arthur Thomas Co., “hilsdslphia, Pa. Obtained from Figher ‘cientifie
Co., Pittsburgh, Pa. Used to determine yleld value and the coef-
ficient of rigidity of the suspensions,

Vigcometer. Saybolt tyre, Universal tip., Ubtained from
Fisher Sclentific Co., Pittsburgh, "a. Used in calibrating the
Stormer viscometer,

Balancg. Analytical tyre, chainomatic, ocapacity 770 grams,
gradusted to 0.1 mg. Hanufactured by Seedsrer-fohlbusch, Inc.,
Jersey City, ¥.J. Used for routine anslytical weighings.



W“satphal trre. Obtained from

Fisher Scientific Co., Pittsburgh, Pa. Used in determining the
speelfic gravity of the olls used in calibrating the Stormer
viscometer,

i Metere. DBeckmen, glass eleotrode, model [, serial number
7023, 115 volts, 50-60 cycles. Hanufactured by fationml Technical
Laboratories, South Pssadena, Cal. Obtained frem Fisher ﬁniént&tﬁe
Co., Mittsburgh, Ps. Used to determine the pH of the alumimm
hydroride suspensione.

Thermemetors. MHercury-glass, engraved stem, -10° to 300°C,,
two required., lMede by Erotheom Ce., Hew York, H.Y. Used for
various temrsrature measurements,

Hot "late. [Electric heater, 5 amwp, 110 volts, 60 wvatts,
Chromalox., Made by Idwin L. Viegand Co., Fittsburgh, Pa. Used
for digesting aluminum hydroxide in the suspended sclids snalysis.
Verious pleces of laboratory

glassware, including gradusted cylinders, vclumetric flasks,
beakers, Gooch crueibles, desiccators, Buchner funnels, and

filtering flasks, were used.



The method of procedure employed in thisg invesgtisation vas
aa followst

On sach of the suge

pensiona teated with the muspension flow aprerstus, itormer vis-
cosity tests vere performed, where possible. The Ztormer vioe
cosity of the material wans deternined in the following msnners

The instrument was placed on a table in such a manner
that the weight could drop without obstruction through a distance
of about 40 inches. The operating weight was waried as desired
by sdding orvemoving shot, The opersting weight was then welighed
on & pan balance and the weicht was recorded., The rotating cvline
der wan secured on the instrument with the set sorew. The test
cup was fillad with the materisl to be tested, until the latter
vag 0,75 inch above the top of the vanes. The constant temperae
ture bath was £11led with water., The water bath, with test cup,
was raised until the contents of the latter covered the top of
the eylinder. It was secured in this position by tightening the
set serew which engaged one of the vertiesl supporys. The collar
on this suprort was set Yo insure repetiticm of thi.s seme height
on subsequent tests, The thermometer was inserted into the
therremeter well, The actuating weight was railsed until 1t nearly
t-uched the frame above 1t, ifter gtirring the material to be



tested, the broke was relessed und the time recuired for the
counter to revolve through 100 revclutions was recorded. This
procedure was repeated for geveral 4!ifferent operating velightis,

The "tormer viscocmetcr was oalibrated against the
Sxybolt viseometer using SLE 10 and SAE 30 oils,

ity. The “aybolt vip-
cosities of the o»ils used in calibrating the “tormer viscometer
vere determined by means of the “aybolt viscometer, sccording
to the American Society for Testing “sterials, standard teast
nunber D 38—44.(A)

specific gravities of the oils tested were ohbtained by use of
the Westphal balance in the following manners

The Wastphal balance was calibrated by udding welghts to
the plumret until it belanced in sir, The calibration was checked
by deternining the specifio gravity of water at v™om temperature
and compering with the value 1isted in the literature, The specifice
gravities of the oils to be tested were dotermined by immersing
the plumset in a cylinder of 0il and adding weights until the
peinter was balanced,

The absolute viszoosities

of the oils were calculated from the Sayholt visecosities and the
specific gravities. “rom the Stormer viscometer data, grarhs of
the actusting welghts versus the reveoluticns per seccnd were
rlotted. The slopes of these lines obtained were calculated.



The Stormer viscomeler wes calidrated by czloulating the ratio of
the slopes tothe alsclute viscosiiles, This ratio was the
calibration constant,

To detormine

the comperative rates of settling of vericus filter alds, the
following procedure wae useds

A 750-ml graduated cylinder was {illed to the 40-nml mark
with the filter ald to be tested. The eylinder waes tanped gently
on the bottom until the powder had packed well inlc the bottom,
Then more filter ui1d was added untlil the solid was lovel at the
40em]l mark. The cylinder was then filled with distilled water to
the 200=-m] mark, The cylinder was corked and shaken until all of
the powder wvas in suspension., 7hs time req.ired for the solid
material to setile Yo a definite level was recorded lor varlious
levels, The filter alda tested were celite 503, hyflo surer-cel
and dicalite,

Preliminary

Ttormer viscometer tests were made on a l0-perwcant sumpended
solids slurry of sluninwe hydroxide, & l’-per-cent suspended
solids slurry of alwiinum b:i.fdraxidé, a Seperecent solids suspension
of aluminum hydroxide which had been washed, end a ZS5-perecent sus-
pended solids suspension of hyfle super-cel.

The 10-per-cent aluminum hydroxide suspension was
prepared in the following manners 13,5 giums of chemically pure
aluminum sulfate wers mixed in a 1000-nl beaker with 100 ml of



-5 Chem

distilled water. The mixture vas heated te 939% to fucilitate
solution of the aluminum sulfate. In a 500-ml beaker, 77.0 grams
of chemically rure sodium hydroxide were added to 85.5 ml of dio-
tilled water, The sodium hydroxide solution was added to the
aluminum sulfate sclution slowly, with stirring, until the pH of
the suspension was 6,5,

The 17=per-cent aluminum hydroxide suspension wss prepared
in the same manner with the exceprtion that the suspension wus
diluted with water snd allowed to settle. The water was then
decanted of{, and fresh water was added. This procedure was re=
reated until most of the dissolved sodium sulfate formed in the
reaction between the aluminum sulfate and the scdium hydroxide had
beon removed,

The fivee~psr=-cent alumimm hydroxide suspension was
prepared by diluting the ll-per-cent susrension with distilled
water,

The 2%=per-cent filter aid suspension was prepared by
a’ding 300 ml of distilled vater to 100 grams of hyflo surer-cel
in a 1000=ml beaker., The slurry was stirred until a uniferm
ecnaicstency wvas obtained,

A suspension flew

apparatus was constructed as shown in rigure 5, page 39. The
apparatus consisted of two tanks of 55 gallons oapacity each and
a system of pipes through which the suspension was pumped by a
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contrifural rump, 7est lengths of pipe 7C feet long snd 0.5, 1.0,
and l.% inches in diameter werse provided for friction loss
determinations, From the test lengths the suspension would flow
through a Z-inch diamet r return pipe back to the make-up tank,
whare a swing pipe was constructed so that the discharge could be
emptied into the weighing tank, The time for flow of a given
woizht wvas used to deterrine the flow velocity., & system of
valves was ineluded so that any cne of the test lengthe of pire
could be used for the nocessary determinations, Hanometer leads
vere located st both ends of the test lengths of vipes. These
leads were connected to a manomster, by wvhich the pressure loas
could be determined,

For the deternination of compressibility coefficients, a
filter press, rressure gage, and regulsating valve, vere connected

to the suspension flew apparatus, ae shown in figure &, page 40.

fricticn drop obtained by use of this en:ipment would follow the
accepted values; 1l.e., to see if tiore vere any eccentricitiss in
the apnaratus,.

The suspension

flow apparatus was operated, using the following procedures

1. The make-up tank was filled with the fluid or suse
penasion to be tested, and the swing pipe was located so that the
suspension would flow back into the make-up tank,
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7e The manometer was £41led with the fluid desired,
either mercury or carbon tetrachloride tinted with icdine, by
mozns of th: leveling bulb,

3. 411 valves were closed,

4e Valves A, B, C, Eq, and Fy vere opened (see ligure 5,
page 39).

5« The motor was started and the pump was allowed to
foree the susvension through the test length of 14 inch pipe,

6. Valves L. and I were opened,

7. Valve J was opened, ver=itting water to fil1 up one
of the manometer leads, overflowing through the tygon overflow
tube,

8. Valve L waa closed and valve J was closed, in that
order, insuring a senometer lead fllled with water,

9« Valve I was opened, permitting water to f£111 up the
other manometer lead, overflowing through the tygon overflow
tube,

10, Valve N wae closed and valve I was clossd, in that
order, insuring that the other manometer lead was filled with
vater,

1l. Valves C) and Hy were opened,

12, Valves K] and X» were opened slowly, and the manometer

reading was recorded,
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13, At the same time, the swing pire was moved so that
the suspension began to flow into the weighing tank,

1i. The time required for a certain weight of the sus=
pensicn %o flow into the welghing tank was noted and recorded.

15, The manomoter reading was checked again after the
rate of flow had been ascertained,

16, The temperature of the suspension was measured by
means of a thermometer and recorded,

17. The procedure as outlined by oteps 2 through 16 was
repeated for various flow mates, The different flov rates weve
obtained by regulating valves 4 and B,

18, The entire rrocedure wae repeated for the 1.0 and 0,5
inch teat lengtha of pipe by closing off the valves on the 1.5
inch test pipe and 1ts resrective mancmeter lead walves, and
orening the corresponding walves on the other test length of pipe
to be tested,

19, Vhen the weighing tank became nearly full, the suge
pension was pumped back into the make-up tank by opening walve D,
und closing valves B and C. '

Sugpengion Flow Tests. Suspension flow tests were performed
on the following suspensionss

1. Aluminum hydroxide suspension, 3.6 per cent guspended
sclids by weight, Thie suspension wvas made up in the following
manners In the makewup tank, 90,0 1b of standard aluminum sulfate
were added to 75 gal of water. This was agitated by means of the



rim-mounted electric mixer until all of the aluminum sulfate had
gone into solution, In a large bucket, 36,0 1b of fleske eodium
hydroxide, 76 per cent sodium oxide were added to 10 gal of water.
Thie solution was allowed to dissolve and ccol. The sodium
hydroxide solution was poured into the make-up tank, slowly, with
agitation from the electric mixer, until the susrension of
aluminus hydroxide had & pH of 6.5.

e Aluminum hydroxide suspension, 6,l4-per-cent solids
by velpght, This suspension was prepared by filtering off about
‘ne half of the water in the 3,6-per-cent solids suspension,

The filter cakes were then returned to the makeeup tank and
agitated until of uniform consistency.

3o This suspensicn was prepared by adding 3 1b of hyfle
super-cel to suspension oumber 7, The mixture anelysed €,70 rer
cent suspended solids by weight, of which 67 per cent was reported
as aluminum oxide snd 33 per cent was filter aid.

4Le This suspension was prepared by adcﬁng 5 1b ef "hyflo
supar-cel to suspension number 3, The mixture analyzed 7.7°5 per
cent suspended solide by weight, of which 49 per cent was reported
as aluminue oxide and 51 per cent was rnug aid,

5« This suspension was prepared by adding 5 1b of hyflo
supar-gel to suspension number 4. The mixture analysed 10,05 per
cent suspanded solids by weight, of which 36,2 per cent was ve-

rorted asz sluninum oxide and 63.8 per cent was filter aid.



6. This suspension vas prepared by aidinmg 2 1b of hyfle
super-cel to suspensicn mumter 5, The mixture snulysged 13,03 rer
cent suaspended sclids by weight, of which 19.3 per cent was reported
as alurminum oxide and °0,7 per cont was filter aid,

7« This suapension was prepared by raking up sorme fresh
aluminum hydroxide suspension, similar to suspension number 1, and
adding this to suspension mumber 6, The mixture analyzed 12,02
per cent suspended soli’s by welght, of which 47,3 rer cent wae
revorted as aluninum oxide and 57.4 per cent was filter aid,

%« This suspension was prepares by diluting suspension
nunber 7 with 20 gellons of water, The suspensicn analyszed 8,73
per cent suspended solids by welght, of which 29 per cent was re-
ported as aluminum oxide and 71 rer cent was filtsr zid.

Overation of tha Filter Presge To determine the compressi-
1bility coefficient of sach suspension tested on the flow
apparatus, the filter press was operated in the following manner:

1. The pressure gage on the filter rreas was calibr=ted
with a dead welght gage tester, Thieg operation wag performed bafore
the first suspension was tosted, and again after suspension
nurber 3 wes tested,

7e The puspension to be tosted was thorcughly agltated
by meana of the mixer.

3. 111 valves were closed,

4o Valves (a) and (c¢) were opened, and the pump was

started (see figure 6, rage 40).
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5. The eund of the tygon tube from the filter press was

placed in & buckel on & large balance.

e The suspension was allowed to enter the press by
slowly opening valve (d). This velve was regulated throughout
the entire test so that the preseure would remain constant on
the filter nreas.

7« The timer was started when the filtrate {irst started
flowving into the welighing bucket.

8e At warious intervals, the weight of filtrate and the

time since the filtrate firat started flowing intoc the bucket
were recorded.

9. The temperature of the suspension was taken with
a thermometer and reccrded.

10, ifter 10C to 200 grems of filtrate had becn collected,
the pump was stopped, and valve (d) was clomed.

11, The filter press was then cleaned out, and all of
the filter clotha were washed.

12, After the press had been reassembled, the procedure
frem steps 4 through 11 was repested, the filtering being done at
a different constant pressure, This procedure was repeated for

five differant constant pressures.

specific gravity of esach suspension tested was obtained in the

follow!ng manner:
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A 50=ml dry volumetric flask was weighed. The flzsk vas
filled to the S0=-ml mark with diastilled water and weighed again.
ifter drying the flask, it vas filled to the 50-~ml msrk with the
suspension, the specifio gravity of which was to be determined,
and waighed. This test was performed in duplicate,

Analveis of the Cuacengionge. Fach suspension tested wes
snalysed for suspended solide in the following manner:

4 Gooch crucible was fitted onto a filtering flask, and
a vacuum was applied by means of an aspirator. An asbestos suse
pension was poured into the Gooch crucible until a thin nat of
asbestos had covered the bottom of the erucidble., The erucible
wag then dried and welghed., 4 small amount of the susyension
to be tosted was noured into the erucible. The erucible, with
contants, was weighed again, The Coogh orucible was then placed
back on the filtering flask, and the wvacuum wes applied until all
of the liguid had filtered off and only the molst solids were
loft in the crucible, These solicds were washed with bolling water
to remove the entrapred sodium sulfate, the filtering being
continued during this washing. The crucille was removed, heated
to redness, allowed to cocl, ~nd welighed, This procedure was Tew
reated until ne further loas of weight on drying was noted, The
crucible, wvith contents, was then placed in a beaker of 10 per
cent hydrochloric acid, The scid was heated to 909 and the

contente of the erucible were allowed to digest for 30 minutes.



The crucible war remcved, placed onto the filtering flask, and
the excess acid vas filtered off. The erucible was removed, dried
and veighed, This procedirs wes performed in triplicate. The
first welght wvas totel suspended s=clids, the laat was filter aid,
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F. Data and Regultg

The experimental data snd results obtained during this
investisation are presented in the form of tables and figures as
indicated in the following paragraphs. |

Table III, page 61, pres-nts

a summary of the results obtained in this investigation. The yield
values and the coefficients of rigidity listed in this table are
these caloulated by the graphical method as shown by figures 7, 9,
11, 13, 15, 17, 19, and 71, The coefficients of compressibility
vressnted in table I7I were calculated by graphical methods shown
by figures 8, 10, 17, 14, 16, 13, 0, and 72, Trom the results
listed in table ITI, the empirical equations presentad in tables
Y¥XI and *XII were derived,

The flow data for the susrenaions tested is presaented in tables
v, VI, VIII, X, XII, XIV, XVI, and XVIII, From these data the
coefMicient of rigidity and yield value of each suspension were
determined by the graphical solution shown on figures 7, 2, 11,
13, 15, 17, 19, and M,

filtration data from which the ccefficient of compressibility for
each suspension vas determined is listed in tables V, VII, IX, XI,
XIII, ¥V, XVI1, and XXX, The graphical determinations of the



coaffiolent of compressibility for esch suspension ie shown on
The experimentsl determinations

with the Stormer viscometer produced the data precented in

table XX, page O4. This data waas taken on suspensions 1, 7,
and 3, From this data the plot of actuating welght versus
revolutions per second, as shown in figure 73, page 95, was drawn.
This typs of plot was not made for the other susnensicns as the
aecneentretion of suspended solids became high, becaure repro-
dueible data could not be obtained,

The equations derived to

show the relationship between yield walue, concentration of solids
and compressibility coefficient are listed in table X'I, page 96.
This table shovs the deviations of yisld wvalues as calculated by
each equation from the experimentally determined yield values.

The equations derived to show the relationship between coef-
ficient of rigidity, concentration of solids and the compressibility
coefficient are presented in table XYII, page 97 . Deviations of
the emff;.cim of rigidity as caleculated by each equation from
the expsrimentally determined coefficient of rigidity are also
listed in this table,
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Table IV

FRICTION HEAD LOSS TESTS IN PIPES OF VARIOUS SIZES

FOR ALUMINUM HYDROXIDE SUSPENSION NUMBER 1

Per cent suspended solids - 3,60

Age of suspension - 38 days

Nominal |Temper- | Mass Rate | Velocity | Manometer | Friction Boundary Velocity
Diameter |ature of Flow of Flow Reading Head Shearing |4 X Diameter
of Pipe Loss Stress
v AH Sp V/4LD
inches feet of
inches oc 1b/sec £t/sec Hg flowing 1v/sq ft ft/sec-ft
substance
0.5 - 28 0.769 5.300 5.30 5.550 0.2920 25,50
0.5 28 0.392 2.705 2.33 2.440 0.1280 23.00
1.0 26 2.290 5.540 2.65 2,780 0.2460 15.85
1.0 26 1.330 44430 1.68 1.760 0.1560 12,67
1.0 26 1.270 3.070 1.08 1.130 0.1000 8,77
inches
CCl4
0.5 30 0.029 0.204 19.30 0,950 0.0500 0.98
0.5 30 0.029 0.204 17.75 0.872 0.0458 0.98
0.5 30 0.086 0.596 20,10 0.9%7 0.0579 2,87
0.5 30 0.066 0.460 18,60 0.914 0.0480 2,22
0.5 30 0.1793 0.639 20,00 0.982 0.0517 3.08
0.5 30 0.159 1.092 } 21.23 1.045 0.0549 ]
0.5 30 0.143 0.985 | 2243 1.110 0.0583 474
1.0 32 0.170 C.411 12.73 0.625 0.0553 1.18
1.0 32 0.731 0.559 12,05 0.592 ".0525 1.60
1.0 30 0,446 1.078 23.38 0.656 0.0581 3.08
1.0 30 0.746 0.595 13.43 0.660 0.0585 1.70
1.0 30 0,329 0.796 14,70 0.722 0.0640 2,28
1,5 30 N.205 0.712 235 0.105 0.0142 0.40
1.5 30 0.112 0.116 7,98 0.133 0.0130 0.22
1.5 30 0,282 0,291 £.03 0.130 0.0244 0.55
1.5 30 0.387 0.916 13.65 0.830 0.1125 1.71
1.5 30 0,723 0.747 13.55 0.604 0.0820 1.40
1.5 30 0,476 0.491 2.60 0.383 0.0520 0.92
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Table ng

FILTRATION TESTS FOR ALUMINUM HYDROXIDE - FILTER AID
SUSPENSION NUMBER 1

Per cent suspended solide - 3.60
Age of aluminum hydroxide in suspension - 38 days
Area of filtering surface, A, -~ 663 sq in.

Preasure, P, | W%, W, of | Time, O, )| 27Q Texper-
of Filtrate since A W/A ature
Filtration .| Collected | Filtration
at Begen
Time, @
1b/sq in. min ; min o
e | - E ]
6 200 0.38 0.000665 0.38 30
6 400 0.8l 0.001332 0.81 30 .
6 600 1.29 0.001999 1.9 30
6 800 1.79 0.002665 1.79 30
6 1000 2.40 0.003341 2,40 30
6 1100 2,71 0.003675 2.7 30
6 1200 3.03 0.004009 3.03 30
6 1300 3.39 0.004343 3.39 30
6 1400 3.75 0.004677 | 3.75 30
6 1500 Lol 0.005011 4ol 30
6 1600 4452 -| 0.,005321 452 30
6 1700 4.91 0.005680 4.91 30
6 1800 5.30 0.006014 5.30 30
10 200 0.?1 00W5 0021’ 30
10 400 0.47 0.001332 0.47 30
10 600" 0.76 0.002001 0.76 30
10 800 1.7 0.002665 1.09 30
10 ‘ 1000 1.49 0.003341 1.49 30
10 1200 1,92 0.004009 1,92 30
10 1400 2,40 0.004677 240 30
10 1500 2,65 0.005011 2.65 30
10 1600 2,90 0.005321 2,90 30
1C 1800 346 0.006014 3.46 30
10 2000 4405 0.006683 4.05 30
10 - 2200 469 0.,007352 4.69 30
10 2400 T 5.39 0.008017 5.39 30
12 400 0.55 0.001336 4,950 31
12 600 0.88 0,002004 5,280 31
12 - 800 1.25 0.002673 5,620 E)
12 1000 1,66 0.003341 5,980 31
12 1200 2.11 0.004009 6,340 -3
12 ) 1400 2.60 0.004667 6,700 31
12 1600 3.4 0.005321 7,090 3
12 1800 3.70 0.006014 75430 31
12 2000 4430 0,006683 7,760 3
12 2200 4496 0,007352 | 8,130 31
12 2400 5,61 0,008017 8,430 31
12 3000 7,90 0.010022 9,500 3
12 3200 8.75 0.010674 9,820 31
12 3400 9.63 0.011325 | 10,200 3
15 200 0.22 0.000668 4,960 3
15 400 0.44 0.001336 4,950 a1
15 600 0.77 0.002004 5,780 k)|
15 ‘ 800 1.07 0.002673 6,020 -3
15 1000 1.40 0.003341 6,310 31
15 1200 1.80 01004009 6,770 | 31
15 1400 2,23 0.004667 7,170 31
15 1600 2,70 0.005321 7,610 3l
15 1800 3.20 0.006014 8,020 3
15 2200 4430 0.007352 8,800 k3|
15 2400 4.90 0.008017 9,210 31
15 3000 6.93 0.010022 | 10,400 31
15 3200 7.67 0.010674 | 10,890 31
15 3400 8,44 | 0.,011325 | 11,150 3
: i "
19 200 0.17 ' | 0,000668 4,860 3
19 400 0.38 0,001336 5¢420 A
19 600 0.61 0,002004 5,810 n
19 800. 0.87 0.002673 6.190 31
19 1000 1.17 0.003341 6,670 3
19 1200 : 1.48 0.004009 7,050 | 31
19 1400 1.84 0.004667 7,490 k)Y
19 1600 2,22 0.005321 7,930 b3}
19 1800 2.62 0,006014 8,330 3
19 2000 3.07 0,006683 8,760 3
19 2400 4404 0.007352 9,630 1
19 3000 5.70 0.010022 | 10,870 1
19 3200 6.31 0.010674 | 11,250 k3
19 3400 6.95 0.011325 11,660 3
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Table VI

FRICTION HEAD LOSS TESTS IN PIPES OF VARIOUS SIZES

FOR ALUMINUM HYDROXIDE SUSPENSION NUMBER 2
Per Cent suspended solids - 6.14
Age of suspension - 45 days

Nominal |Temper-| Mass Rate | Veloclty | Manometer | Friction Boundary Velocity

Diametar | ature of Flow of Flow Reading Head Shearing |4 X Diameter

of Pipe ’ Loss Stress

v AH Sy V/4D
inches fest of
inches oC 1b/sec ft/sec Hg flowing 1b/sq ft ft/sec-1t
subgtance

0.5 30 0,758 5.31 5.05 529 0.290 25.60
0.5 30 0.556 3.90 4,.70 4.932 0.270 18.30
0.5 30 0.438 3,12 415 L.35 C.”38 15.00
0.5 30 0,298 2,09 3.20 3.35 0.184 10.1C
0.5 30 0.238 1.67 765 2,78 0.152 8.03
0.5 30 0.595 4.18 4.80 5.03 0.276 20.10
0.5 30 0.379 2.66 4.00 4,19 0.730 17.30
0.5 30 0,209 1.46 3.45 3.6 .198 7.02
0.5 30 0.208 1.46 3.55 3.72 0.274 7.02
C.5 30 0.156 1.09 3.40 3.56 0.195 5.27
0.5 30 0147 1.03 3.35 3.51 0.192 497
0.5 30 0.095 0.06 3.10 3.25 0.178 5413
1.0 30 0,575 1.47 2o .30 0.”712 4 .06
1.0 30 0.595 1.47 2.25 2.35 0.217 4,20
1.0 30 1.3°0 3.43 <.70 2.33 0.261 9.30
1.0 30 1.515 2.74 ~.30 2.93 0.270 10.70
1.0 30 0.780 A 2.95 3.09 0.235 6.91
1.0 30 0.758 1.37 2,75 2.33 0,266 5.34
1.0 30 1.041 757 2.75 .33 0.266 7.34
1.0 30 1.282 2.17 245 2.56 0.236 9,05
1.0 30 0.738 0.59 1.55 1.62 0.149 1.68
1.0 30 0.758 1.37 .35 2.46 0.72 5.3
1.0 30 0.694 1.71 < 40 T.51 0.232 4.90
1.0 30 0.320 0.79 Tel5 Tae 0.208 2.7
1.5 30 7075 7.38 1.20 1.88 ). 266 Lold
1.5 30 1.390 1.45 1.70 1.78 0,252 2.71
1.5 30 0.549 0.57 1.50 1.57 0.222 1.07
1.5 30 0.451 0.47 1.35 1.42 0.200 0.38
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FILTRATION TESTS FOR ALUMINUM HYDROXIDE - FILTER AID

Teble VII

SUSPENSION NUMBER 2

Par cent suspendsd solids - 6,14
Age of aluminum hydroxide in suspension - 45 days
Area of filtering surface, A, - 663 sq in.

Pressure, P, | Wt, W, of | Time, 9, ¥ P Temper-
of Filtrate since A W/A ature
Filtration Collected | Filtration
at Began .
Time, & i
1b/sq in. om min 1b-mip mn | 9
Sq ino
6.0 100 0.46 0.000334 8,263 28
6.0 200 0.33 0.000668 7,904 2
6.0 300 1.39 0.001002 8,323 | 28
6.0 400 L 189 0.001336 | 8,438 | 28
6.0 500 | .43 0.001670 2,730 | 28
6.0 600 3.00 0.002004 8,982 28
6.0 700 3.61 0,002339 9,260 28
6.0 800 4?3 0.n02673 9,494 28
6.0 900 4.89 0.003007 9,757 28
6.0 1000 L 5.58 0.003341 | 10,020 28
S RSP ]
8.0 100 0.2 0.000334 | 5,029 29
8.0 200 0.47 0.000668 5,628 29
8.0 300 0.76 0,001002 6,067 29
8.0 400 1.06 0.001336 6,347 29
8.0 500 1.39 0.001670 6,658 29
8.0 600 1.74 0.002004 6,946 29
8.0 700 2.12 0.002339 7,250 29
8.0 800 2,53 0.002673 7,572 29
8.0 900 v 294 0.003007 7,821 29
8.0 1000 | 3040 0.003341 8,141 29
8,0 1180 | 3.85 0.003615 8,380 29
8.0 1200 4037 0.004009 |° 8,720 29
8.0 1300 4,90 0.004343 9,026 29
9,0 200 0.23 0.000668 3,100 30
9.0 400 0.76 0.,001336 5,120 30
9.0 500 i 1,08 0.001670 5,810 30
9.0 600 1.4 0.002004 6,340 30
9.0 700 I 177 0.002339 6,810 30
9.0 800 L 2,14 0.,002673 7,210 30
9.0 900 750 0.003007 7,490 30
9.0 1000 2,90 0.003341 7,820 30
9.0 1100 3.33 0.003675 8,160 30
5.0 1200 3.78 0.004009 8,840 30
9.0 1300 hLaeRl 0.004343 8,890 30
9.0 1400 4,73 0.004677 9,110 30
9,0 1500 522 0.005011 9,390 30
13.2 200 0.26 0.000668 5,140 31
13,2 400 0.62 0.001336 6,150 31
13,2 600 1,03 0.002004 6,790 31
13,2 800 1.54 0.002673 7,620 31
13.2 1000 2.10 0.003341 8,300 31
13.2 1100 2.41 0.003675 8,660 3l
13.7 1200 2,73 0.004009 8,980 31
13.% 1300 3.08 0.004343 9,380 31
13.2 1400 344 0.004677 9,710 3l
13.2 1500 3.81 0.005011 | 10,020 3
13,2 1700 FANGYA 0.0056%0 | 10,790 31
13.2 1800 5.06 0.006014 | 11,100 31
15.4 200 C.26 0.000668 6,000 3l
15.4 400 0.58 0.001336 6,690 3l
15.4 600 0.96 0.002004 | 7,360 31
15.4 800 1.41 0.002673 8,120 31
15.4 1000 1.91 0.003341 8,860 31
15.4 1100 2,18 0.003675 9,140 31
15.4 1200 2.47 0.004009 | 9,480 31
15.4 1300 2,79 0.004343 9,910 31
15.4 1400 3.13 0.004677 | 10,310 31
15.4 1500 3.48 0.,005011 | 10,700 31
15.4 1600 4o20 0.005680 | 11,330 31
15.4 1800 460 0.006014 | 11,790 31
15.4 2000 540 0.006682 | 12,470 31
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Table VIII

FRICTION HEAD LOSS TESTS IN PIPES OF VARIOUS SIZES
FOR ALUMINUM HYDROXIDE - FILTER AID SUSPENSION NUMBER 3

Per cent suspended solids - 6.20
Per cent aluminum oxide in solids, dry basis - 67
Age of aluminum hydroxide in suspension - 59 days

Nominal | Temper- | Mass Rate | Velocity | Manometer | Friction Boundary Velocity
Diameter | ature of Flow of Flow Reading Head Shearing | 4 X Diameter
of Pipe Loss Stress
v AH Sp V/4D
inches feet of
inches oc 1b/sec ft/sec Hg flowing | 1b/sq ft ft/sec-ft
substance
|

0.5 | 28 0.641 4547 5.98 6.267 | 0.3195 | 21.90

0.5 28 0.521 3.694 6.00 6.288 0.3206 | 17.79

0.5 23 0.471 3.344 5.85 6.131 0.3126 | 16.10 ‘

0.5 28 0.537 3.813 5.80 6.078 0.3098 13.36

0.5 28 0.397 2.814 5.60 5.869 0.2992 13:55

0.5 28 0.245 1.738 5.10 5.345 0.2725 | 8.37

0.5 28 0,252 1.791 5.20 5.450 0.2778 8,62

0.5 28 0.172 1,223 4,90 5.135 0,2618 5,89

1.0 28 2,500 o 6,237 3.30 3.458 I 0.2969 17.84

1.0 2 2,272 | 5.668 3.30 3.458 0.2969 | 16,21 |

1,0 28 1.389 3.465 2.83 2.965 0.2546 9.91

1.0 28 1.000 2.495 2.78 2.913 0.2501 | 7.14

1.0 28 0.595 1.485 2.68 2.808 0.2411 ! 424

1.5 31 2,275 2.407 1.70 1.781 0.2344 | YAWA

1.5 31 2.380 2.518 1.65 1.729 0.2276 | 4.70

1.5 31 1.851 1.958 1.65 1.729 0.2276 ; 3.65

1.5 31 1,666 1.763 1.55 1.62/ 0.2138 | 3.28

1.5 31 1,136 1.202 1.45 1.520 0.,2000 | 2.2

1.5 31 1.111 1.175 1.55 1.624 0.2138 | 2.19

1.5 31 1.190 1.259 1.53 1.603 0.2110 2.34

1.5 31 0.438 4,634 1.40 1.467 0.1931 0.36

1.5 31 0.126 14333 1.25 1.310 0.1724 0.25




P 2
s SRS M
POdrid Bah

-

T
Ty

i

Py B

-
y
1




Table IX

FILTRATION TESTS FOR ALUMTNUM HYDROYIDE - FILTTR AID
SUSPENSION NUMBER 3

Per cent suspended solids - 6,20
Per cent aluminum oxide in solids, dry besis - 67.0
Age of aluminum hydroxide in suspension - 59 days
Area of filtering surface, A, - 63 8q in.

Pressure, P, | Wt, W, of | Time, O, ¥ P o Temper-
of Filtrate since A W/A ature
Filtration Collected | Filtration
at Began
Time, &
1b/sq in. gm nin l1bemin | min oc
Sq in,
6 100 0,55 0.000334 9,880 29
6 200 1,10 0.000668 9,880 29
6 300 1.70 0.001002 C,179 29
6 400 2.3 0.001336 | 1C,374 29
6 500 2.94 0.001670 | 10,562 29
6 600 3.67 0.002004 | 1¢,988 29
6 700 4.39 0.002339 | 11,261 29
6 800 5.16 0.002673 | 11,582 29
6 900 5.99 0.003007 | 11,952 29
6 1000 6.77 0.003341 | 12,158 29
7 100 .25 0.000334 | 5,240 29
7 200 0.54 0.000663 5,660 29
7 300 0.88 0.001002 6,150 29
7 400 1.20 0.001336 6,290 29
7 500 1.57 0.001670 6,590 29
7 6C0 1.98 0.002004 6,910 29
7 700 242 0.002339 7,250 29
7 800 2.90 0.0N2673 7,600 29
7 200 3.40 0,003007 7,210 29
7 1000 3.90 0.003341 8,170 29
7 1100 4,48 0.003675 2,530 £9
7 1200 5.08 0,004009 3,860 29
7 1300 5.71 0.004343 9,210 29
i 1400 6.37 0.004677 9,540 29
7 1500 7.04 0.005011 9,820 29
10 100 0.21 0.000334 6,287 30
10 200 0.47 0.000668 7,035 30
10 300 0.72 0.001002 7,185 30
10 400 1.02 0.001336 7,634 30
10 500 1.38 0.001670 8,263 30
10 600 1.68 0.002004 8,393 30
10 700 2,05 0.002339 8,764, 30
10 800 243 0.002673 9,090 30
10 900 2.86 0.003007 9,511 30
10 1000 3,79 0.003341 9,847 30
10 1100 3.74 0.003675 | 1¢,176 30
10 1200 hen i 0.004009 | 1C,551 30
10 1300 4,72 0.004343 | 10,968 30
10 1400 5.7 0.004677 | 1C,267 30
10 1500 5.31 0.005011 | 11,594 30
12 200 0.40 0.000668 7,185 30
12 400 0.93 0.001336 7,904 30
12 600 1.4 0.002004 3,622 30
12 800 <.10 0.002673 G 42T 30
12 1000 2.84 0.003341 | 10,200 30
12 1100 374 0.003675 | 10,579 30
12 1200 3.67 0,004009 | 10,985 30
12 1300 4.10 0.004343 | 11,328 30
12 1400 4.57 0.004677 | 11,725 30
12 1500 5.04 0.005011 | 17,9029 30
14 200 0.43 0.00064% | 9,011 30
14 400 0,92 0.001336 9,640 30
14 - 600 1.49 0.002004 | 10,409 30
1VA 800 < LT 0.002673 | 11,365 30
1 1000 <.38 0.003341 | 12,068 30
14 1100 3.78 0.003675 | 12,495 30
14 1200 3.69 0.004009 | 12,386 30
14 1300 4,13 0.004343 | 13,331 30
14 1400 4,59 0.004677 | 13,739 | 30
14 1500 5.06 0.705011 | 14,165 30
14 1600 555 0.005321 | 14,602 30
14 1700 6.07 0.005630 | 14,961 30
14 1800 6.61 0.006014 | 15,387 30
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Table X

FRICTION HEAD LOSS TESTS IN PIPES OF VARIOUS SIZES
FOR ALUMINUM HYDROXIDE - FILTEFR AID SUSPENSION NUMBER 4

Per cent suspended solids - 7.25

Per cent aluminum oxide in solids, dry basis - 43.5
Age of aluminum hydroxide in suspension - 73 days

Nominal | Temper- | Mass Rate | Velocity | Manometer | Friction Boundary Velocity

Diameter | ature of Flow of Flow Reading Head Shearing | 4 X Diameter

of Pipe Loss Stress

v AH Sp V/4D
inches feat of
inches oC 1b/sec ft/sec Hg flowing 1t/sq £t ft/sec-ft
substance

0.5 29 0.773 5.21 7.33 7.67 0.411 25.10
0.5 29 0,641 As33 6.90 7.73 0.337 20,90
0.5 29 0.617 4,17 6.85 7.17 C.384 20,10
0.5 29 0,521 3.52 6.70 7.02 0.376 16.98
0.5 29 0.347 2.34 6.43 6.73 0.361 11.28
0.5 29 0.308 2.08 6423 6.52 G.349 10.03
0.5 29 0.227 1.53 5.88 6.16 0.330 7.37
0.5 29 0.218 1.47 5.65 5.71 0.317 7.08
0.5 29 0.091 0.61 5.45 5.T1 0.306 "2.96
1.0 29 2.380 5.65 4.15 4435 0.393 16.15
1.0 29 1.470 3.49 3.75 3.93 0.355 9,97
1.0 29 2.275 5.40 3.720 4.08 0.369 15.43
1.0 29 2.500 5.94 4,03 4422 0,382 17.00
1.0 29 1.785 L.24 3.75 3.93 0.355 12,12
1.0 29 1.315 3.12 3.55 2.72 0.336 8.93
1.0 29 0.658 1.56 3.15 3.30 0.298 FAA
1.0 29 0.278 0.66 2.88 3.01 0.272 1.89
1.0 29 0,050 0.12 Qb2 53 0.228 0.34
1.5 29 4.170 4.20 2.10 2.20 0.305 7.84
1.5 29 2,780 2.80 1.90 1.90 0.276 5,22
1.5 29 0.438 0.44 1,75 1.33 0.254 0.82
1.5 29 0.595 0.60 1.75 1,83 0.254 I
1.5 29 0.320 0.32 1.65 1.73 C.240 0,60
1.5 29 0.130 0.13 1.55 1.62 0.7224 0.2
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Table XI
FILTRATION TESTS FOR ALUMINUM HYDROXIDE - FILTER AID
SUSPENSION KUMBER 4

Per cent suspended solids - 7.25
Per cent aluminum oxide in solids, dry basis - 48.5
Age of aluminum hydroxide in suspension - 73 days
Area of filtering surface, A, - /63 sq in.

Pressure, P, | Wt, W, of | Time, & ¥ 273 Temper-
of Filtrate since A W/A ature
Filtration Collected | Filtration
at Began
Time, &
1b/sy in. gn min lb-nin min oc
ﬂq ino
6.0 100 0.52 0.000334 9,341 28
6.0 200 097 0.000668 8,712 28
6.0 300 1.54 0.001002 9,221 28
6.0 400 2,10 0.001336 9,431 28
6.0 500 T.76 0.001670 9,916 28
6.0 600 3.41 0.002004 | 10,209 28
6.0 700 Le? 0.002339 | 10,799 28
6.0 800 497 0.002673 | 11,156 28
6.0 900 5.76 0.003007 | 11,493 28
6.0 1000 6.66 0.003341 | 11,960 28
7.5 100 045 0.000334 | 12,090 28
7.5 200 0.38 0.000668 9,900 28
7.5 300 1.40 0.001002 | 10,480 28
7.5 400 1.71 0.001336 | 1,720 28
7.5 500 2.51 0.001670 | 11,250 28
7.5 600 3.13 0.N002004 | 11,720 28
75 700 3.79 0.002339 | 17,120 28
7.5 800 448 0.002673 | 17,590 28
7.5 900 5.20 0.003007 | 12,960 28
7.5 1000 5.97 0.003340 | 13,400 28
7e5 1100 7.55 0.003675 | 14,120 28
10,4 100 0.25 0,000334 7,550 28
10.4 200 0.48 0.000668 7,490 28
10.4 300 0.76 0.001002 7,780 28
10.4 400 1.08 0.001336 8,400 28
10.4 500 1.40 0.001670 8,720 28
10.4 600 1,75 0.002004 9,080 28
10.4 700 2. 14 0.,002339 9,510 28
10.4 800 2.57 0.002673 | 10,000 28
10.4 900 3.01 0,003007 | 10,400 28
10.4 1000 347 0.003341 | 10,800 28
10.4 1100 3.99 0.003675 | 11,300 28
10.4 1200 4.53 0.004009 | 11,760 28
10.4 1300 5.12 0.004343 | 12,280 28
10.4 1400 5.72 0.004674 | 12,700 28
10.4 1500 6.34 0.005011 | 13,130 28
12,0 100 0.18 0.000334 6,467 29
12.0 200 0.41 0.000668 7,365 29
12.0 300 0.66 0,001002 7,904 29
12,0 400 0.92 0.001336 8,263 29
12.0 500 1.72 0.001670 8,766 29
2.0 600 1.55 0.N02004 9,281 29
2.0 700 1.90 0,002339 9,747 29
12,0 800 2,27 0.002673 | 10,190 29
12,0 00 2,67 0.003007 | 10,655 29
12,0 1000 3.11 0.003341 | 11,170 29
12.0 1100 3.55 0,003675 | 11,591 29
12,0 1200 4.03 0.004009 | 12,062 29
12.0 1300 o554 0.004343 | 12,544 29
12.0 1400 5.06 0.004677 | 12,982 29
12.0 1500 5,61 0.005011 | 13,434 29
15.0 1000 2,66 0.003341 | 11,940 29
15.0 1100 3,03 0.003675 | 12,350 29
15.0 1200 3.40 0.004009 | 12,720 29
15.0 1300 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>