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Practloall.J" all of' the impcrtant voJ1c en the aubJeot •Wl\114 

Flow" has oo.n f or that type called t.-. f'lulda. V•ry llttle intOJ1-

t11\ion baa be•n publlabed p.rta1ning to t.he now ot ew,penaiona ot 
aolide in llquida. 

In the cbaical industnee ot today, a knovhdge ct tlov 

charaot•Tiatica ot fluid• that oontain ao11ds vo1.1ld be of gNat 

importance. A tunctaantal urtc!entanain,: or the pnnatpl•• 1Jm>lftld 

in ltquld-eolld f'low vould a1d the i nduatri•• ot oil wll d1""18, 

wtor and aevap treatment, dr~, and pa~raldng. Today, 

?ftctically all f'low pNdio\ion• tor euapene1on.e are ba.-d cm 

emp:lrlcal tol"lllUla and arbitftF)" aellUIIJ)Uou. 

In liquid-solid nov, it baa been found that tvo type• ot 

tlow ex1et, .Wlar to viaooua Md turbulent tlov ot true tltdda. 

lt has been fairly well eetabllsbed that t he flov ot euapena1ou 

v1 thin the turbulent aone tollCNo ntiler clo•l7 the law vb.lob 

haw be• derf:nd for true fiuida. Howe'fff, the tlow of awapeneiona 

ln the lard.nar ngi.on di tron vldeq tr<,m neoow, flow ot true 

rluide. Thla tn,e. ot tlow when applied to l1qu1d-aolld mixtu:roa 

le called plutlo n.011. 
The purpoH ot thle theata ta to etudy 80l1\e or tti. taeton 

that intluence the plaetio now ot and to attempt to 

t t nd a nlat1cmehip between theee taotor•• 



II. LITEflAJ'UflE RftIW 

Xnw:dm:un 
To lmdentand the mture or the new ot auspemeione, it 1• 

neoeallfll'1 that one fully undentanda tlutd now o.nd plaat1o flow, 

and the c.Uftennott between the tw. 'fherotore, it beoomea eaNn\S.al 

to deft• a plaat1o mterlal and a fluid 1n t~ •nae that the tel"IU 

&'.N used throughout tbta trea.u ... 

Aooord!ng to Daugbert.y(25) , vhen the shape ot an elaatio 

aolid 1a altered 1,y atenal forces, the bod)- t.nds to nturn to 

tte ori.g1nl1 oontiguaUon upon Nl.MM ot the atemal tone,, 

beau• or the tangential strenee be\wen adJao9nt particles. 

With a fiutd, theae tangential stnSHe are propcrtloml to the 

ftloo.t ty and ftniab when the wloc1 t,' appJ'ClllCMe NJ"Oe When 

motion oea•• the tangential etn••• d1•pv-r and the tluld don 

not tend to :regain its original shape. 

The dt tt'enmce betwen a planlo and a tlutd taterlal 1• ~et 

llluetra.ted b., their bltba\'ior under shear atnae. A true tlutd 

v1ll f'lov upon appl1•t1on ot the allgbtest nrenJ wherae, tor 

a plastio, tlw atna• mun exeeed a ce·l"tain ••lue before tlov will 

begln. 



_,_ 

f!rnnaltwtl• The neanclatun u.Nd in t hta thoala la at.vu 
in table 1, pep 4. 

:rhnD::• Oaughel'\7(26> • Y• that a perfect tluid 1• one 1n 
vh1cb the internal f'ol'Oee at &llJ 1nteftlll HO\ion a.re alway'8 

1'lOl"lal to the aeotion, ffeJ1 during aotlon. A -perfect fluid is, 

tb<eNf'or., triot!onl••• e 1no.t there oan be no aheari l')g tore••• 
Howver, .1n an actual fluid, ta.ngenttal 1treesee al""lya occUl" 

wheM'NJ" motion ta'kea place. 'l'wtse fONee ~• the slidi ng of 

one particle pa.et uother, cauaing fiuid Motion. These toroea 

are due to a pns,ertJ of u actual fluid called Yieceatt,-. 

Dllla\1ir• The vleeos1tr or a tluid te a meaSUM or tho 

internal f'rlction of' t he fluid moleculee sllppin, past each other, 

tM 1ateftl9.l nai atanoe to .fiuid motion. (41) Considel" tvo pual1e1 

plat.a a distance ! apart, the 1JJ4M betwtm 1-i ng ftl1ed with the 

tlutd. 1.'ha loww aur.taee, ot area A~ 1• aNUl!lllld to be stat1cma27, 

while the up::,e,r one, alao ot a,- 1a fflOftd parallel to it v!tb 

a fflMiV V by an applloat1on of a tone r. For 'riaooua nu.14 - -
MU.cm it bas 'bffn f'otmd t hat th• f'oroe ! ie d.inctl.y pl"Oport.1oral 

to the ftlool ty ! ettCl to t he &l"M 9 and .1,nNrsely proporti OMl to 

ti. 41atan<te ! • Mathematioally, this etat~ le expreeNd u 

F • _.,y' V A• (l) 
I 

where ,.,u' ta det:lned as t he coett1o1ent ot •1eooa1'7. ('9) 
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Table I 
UOMENCLA'l' URE 

Meaning of Symbol 

total area of filtering surface 
area of parallel pla.tas 
concentration of suspended solids 

diameter of pipe 
diameter of capillary 
force 
friction factor 
acceleration due to gravity, 3?.17 
friction head loss 
coefficient of "plug:ging" 
length of pipe 
length of capillary 
difference in unit pre,;2ure 
filtering pressure on cake 
pressure used up during the flow over-coming the friction due to the yield value 

Units 

sq in. 
sq rt 
lb dried solids/100 lb suspensions 
ft 
cm 
lb 
dimensionless 
rt/sec-sec 
ft of floving substance 

rt 
cm 
lb/sq rt 
lb/sq in. 
lb/sq ft 

pressure mm Hg 
volume rate of flow cu ft/sec 
F eynold.s number, DV f / ,I'- dimensionless 
distance f:om any point within a pipe ft to the cant~r of the pipe 
radius within a pipe nt which the shearing ft stress equals the yield va1ue 
shearing stress per unit aroa lb/sq ft 
shearln,r ~tress in a nowing material at lb/sq ft the boundary or pipe wall 
shearing stress in a circulnr pipe at lb/sq ft distance r, from the center 
shear.ing stress at the yield point or lb/sq rt a plastic material, called the yield value 

s coefficient of compressibility 
t 
V 

V 

w 
w 
X 

r r-' 

temperature 
mean velocity of flow 
velocity or plug of radius r0 
velocity at any distance r, from the canter of the pipe 
volume of the cnke 
total woight of filtrate collected up to the variable t.ime" 
\/eight of Yater traversi.ng a capillary in a uni.t of time 
distance between two 9arallel plates 
coefficient of residance of cake 
coefficient of resistance of filtering medium 
coeff1.dent of rlgidi ty 
coefficient of rigidity 
total time of rn tr·ation 
eoeff:i ctent o.f' viscosity 
coaf'f1.cient of viscosity 

,)l-" viscosity, relative to Yater 
density of suspension 

¢ unknm..,n function 

oC 
ft/sec 
rt/sec 
ft/sec 
cu in/lb of filtrate 
lb 

ft 

lb/ft-see 
slugs/ft-sec 
min 
lb/rt-sec 
slugs/ft-sec 

lb/cu ft 



Th• fluid can be considered to be mad• up of a series of' thin 

layers, each or which vill slip slightly relative to the next 

la7er. Th• force F reBUlts in a shearing stress per unit area, !, 
between the layera, given by 

s • ..L 
A' • 

I Therefore , the coefficient of viscosity µ.. can bo defined bf 
/ 

the equation 

_,M' :.=_§..L 
V 

Fluidity is defined as the reciprocal ot nscoait,-.<30) 

(2) 

(3) 

Laminar BM Turbuleni Floy. For a fluid there are two differ-

ent types of flows laminar and turbulent. Binder<16) makes th• 

distinction that in laminar flow the f'l:llid moves in layers or 

laminas, wh•reas, in turbulent flov there are secondary irregular 

motions and Teloeity fluctuations auperimposed on the principle or 

average nov. In other words, during turbulent flow the indirtdual 

particles of the liquid, instead of floving in an orderly manner 

parallel to the axis of flow, flow in an erratic manner 110 that 

there is complete mixing. 

Fluid Flow F,guationa. In the particular case of a fluid 

flowing through a circular pipe, the fluid friction vill be influ-

enced by th• diameter B., length ot pipe J!, fluid velocity 1 , 
viacosi ty _,.u , and dens! t7 p • Pre a sure and temperature ot the 

fluid are relennt, but dre not independent variables, since their 
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etreot 1a likel1 to bG CO'hrod by thon ot the density and 

viaeosity or the nu1d. Tbl'Ougb a conaiderat1on of the dimltnaione 

ot these quant1t1es, it wa ahovn that the following Nl4tionah1p(4l), 

known as the ,•ann1111 equation, erlsts1 

dH • 2t v2 _._ 
I I> 

it. terms :t.n theae oquatlone area 

H • h-ioUon lo.a, tt-lb/l.b. 

t • dimenai onleaa tl"1otion factor. 

V • average linear Yeloo1t)', tt/..c. 
g • aocelorat1on ot gra•it,-, )2.17 ft/•o-eeo. 
N • length of atn.igbt p11•, tt. 

D Ill inside diameter or ciroular pipe, n. 
r • dena1'7 ct f'ltd.d, lb/011 rt • 

.,M • absolut. Yiaooai ty' of tlu1d, lb/rt-Ho. 

¢ • unknow tuneUon. 

(4) 

(S) 

Thia nlationahip indioatee that t la• unique f\mot.ton or 
Reynold ' • number, (DV p/,4.J ) . Figure 1 ia a plot ot t aga1net 

R-rnold ' • numbv.(21) Imapeot!on shove that the OurYe that 

npremtnta the Points la broken up into tvo dtatlnot parts, a 45-

degne line at the lett and aver, nat portion at the rS.ght. The 
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.4S,-degree line represent• la.ml nar tlov which oooun at low 

nlecitiee, daring which the following relationship boldaa<27) 

(6) 

con-eaponde to the turbulent now llhi oh exists at high velociti••• 

It eqwit1on (4) ia rearranged and the luti nar t'low relation-

ship 1• subetitutod fort. 1n equ.11tion (6) , the i"ollow1ng equation 

is ob\a1nods 

a.~ 
di e,---yjT (7) 

Thie eqUAt1on :ls 1movD as Hagen - 'Poieeuille ' e Lav. Its valid.it,-

has been established by oar4'M atensift exper1mentat1on. 

CJU&al. Vmlge1tf. Critical velocityO?) is eonaidered as 

tht\t velocity belev whioh the f'riotion leu is directly proportional 

to the 'ffloc1ty and above which the f rict1en loss ia di.rftotlr pro-

portional to aome power or the voloa1ty betwee13 1.7 and :>.o. 
Rosul.ts of nW'!Mroue nperinental teats have ehcnm that the rel-.t1on 

betwen the variables by the Reynolda-Stante diagram 

is widely ai,plloable. (27) 

F..eynolda(27) 'b.lleved tha t the critical velocity ooOUl"Nd at 

a def'ini te ftlue or the dimensionlese rnnber, rN e / Y..• Thia 

mml:ier 1s nov called Reynolds number. Reoent wn02) has shown 

that tlow in round pipes 1• alvaye laminar vben the value ot 

Reynolds numbe:r ls 2100 or less . 



H'ovffer, th4t Reynolds m111ber oan axoe41d tMe ftl.ue IIOll\What, 

a.nd nov J'ilta'.ln laminar. Uau.ally, in 1nduetr1al piping i net&l-

l a t1ou tbo flew \till be t-.u-bulent above & Reynolds mmb4Jr ot 

3000(2?) . Betwen 2100 and 3000 there le W'lOeriaiaty as to the 

type o.r now which • Y occv. To disttn,uieh betWMD these two 

val:uea, the v•loet t y belffll vhioh t he now ia ludnai- 1a dttalptod 

as the lowe:r- orl.tica.l velocityJ and t he velocity above vhioh the 

nov is t\U'bulent 1.a deBipatod aa t he upr,or or1tioal wloctty. 

faetore toot 1ntluenoe the nte or ncv v1ll nov be diacueNd. -

Temr,entw-e ha.s a decided et'i'eot on the 91.Ncaity of rl.u!.ds . 

For 11.qut.ds, an incre&.!te i n t emperature l011•r• the 'li'iecoei-t7. 

?oi eeu1lle(l7) gan a .f'onula f or tlow tbrou,b a oar>1llary vhioh 

\las indepetlde.nt ot the oapil.lir t ?l.l.Ndl 

V • 11836,724,000 (l + 0.0))6793 t + 0.~2099 t2)l?.!4¼ (8) 
N• 

v • wight of wat~u• trawra1ng t h• capilla17 in a uni\ 

or time, lb/NC. 

p• • pressu:re in m of l'Nl"CNl7 

d • diauter of capillary in•• 

•••length of capill&ry in•• 



The roughness of the pipe boundary surface will affect the 

rr1etion drop during turbulent nowJ howeYer, it is knovn that the 

roughness of the pipe wall has lit tle or no effect on the friction 

loss during the laminar flow of f'luids.(6, 40) 

Measurements et Fluid Flew. In order that the fiuid flov 

equations that have been discussed to be of any praotical value, 

the measurements of specific gravity and viscosity must be exact 

and accurate . 

Specific gravity (or densit7) of liquids may be dittlmdneda(.33) 

(1) by the pycnometer method, weighing a known volume, or weighing 

8 (1ual volumes of w.ter and the liquid and comparingJ (2) by the 

Westphal balance method, detemining the lose in weight or a 

plUJIIDlet of known volwae weighed in air and in the liquid, or by' 

comparing the weight or a plummet of unknown volume weighed in 

water and in the liquidJ and (3) by means of hydrometers, 1.e., 

weighted glass floats which sink in the liquid to a "dep~h dependent 

on the density, which is read at the liquid line on a calibrated 

stem extending above the liquid. 

Measurement of Yisoosit,-(34) is done by three principal 

methods in the case of liquidss (1) timing the efflux or a 

definite Yolume of liquid through a short tubeJ (2) measurinc 

the shear or a fiuid in an·annular space between concentric 

cylinders; and (3) timing the fall or a ball through a fluid. 

liscometers of the first type are the Saybolt Uni'Yersal, Engler, 



a.dwood, and 01tw1d. The eeoond ie repneented by the 

Stonier and MaoH1ohael 'fiaoomot.:ra. In the Stormei-, the outer 

oylindff 1• a atatiom.r., oup, and ti. inner cylinder ie ntYOlftd 

under ti. application ot a kDovn f'oree, whU. U. tu. le dAttumlned 

:for a Cfftatn Dlllber of l"ffOlutt,ona. In ttw MlcMtcha.el the outor 

cup 1• rotat.d •t a kDOWfl oonnant .-a, and the tone tad.inc to 

tum thtt iml•r o,llnder ls MAmand I.a teftll ot t he toraioml 

e\NN in & 8'1Ppor\1ft1 f'Uulent. 

PJadio nw 
Plaetici ty 1• t he pn,perlJ ot a aubatanoe vhtoh .nabl•e lt 

to be oontlnuouely and pe~ alt•Nd in a~ 41.noUon vJ.tboul 

rupture wbm tb.4' stn•e applied aoNd• a certat n 71•1.d •al•• (30) 

Under t !kl acti on ot snall l!lha.ri.:ng atresses, a plaatio auntanoe 
nolde i ta ahape peniaatntly, bltt, under eomvhat larpr atnt .... , 

l't my be raadil.7 def'ormod or moldtld. (l9) Sinoe part ot the applied 

eh.ring atnae, ! , 1a wred up in Oftl'C)ffli llff the J1•ld value, 87, 
the equation for plast1o t'low l•• 

I 

(9) 

tz' • ooeffloiont ot r1g1d1 ty of t he •t.orial, 01' the 

metu>un or the na1stano. to nov ot the nb1tanoe 

atter tti. yield value hae been oftroome, aluge/tt-NO. 



Sy• )'ield Yalv.tt, or fore• neoesMJ7 to start detonation 

or thit aubatanoe, lb/sq rt. 

X • d11tanc. betveen two parallel plat-ea• tho space 

betve~n whioh 1• till-, vi.th the ple . .Uc, rt. 

V a veloo1t7 vith whl.oh one plate 111 fflOYed panllal to 

the other• tt/ .. o. 

S" applied shearing «tre•o por unit &Na, lb/aq tt. 
Thia 1• tlMt eq\l&tion tor pla8'1o tl.ov which le analqowa to 

equat1• t,) f or tluid nov. 
T!w analog between true fluids and true plastice ia ehotm · 

1n th• graphical presentation tn figure 2 ot the •thalatioal 

oo!lffp\a ot th•• two t1l)ee or n.ou. (lS) In ea• r, the slope 

or the line la propoi-tioml to the ooefrto1ent ot Yisooe1ty. 

Can II repreaents the tr,a plastic, and la a graphioal npre..., 

tat.ton ot equation (9) . The elope or thie line is propo1't1onal to 

the ooeffio1•nt ot rigidity \lhereaa the interoept on t he ab.earing 

1tn•• uia !e t.be J'i•ld value. Cue III 1"9pNaenta t i'» tlov ot a 

J)Nf.ldoplastie material. ! t c&n be ann that t h1e cun-e doee not 

obey- the t\mdulental ~wit1on plaetlo now, 1-oaua ti- line 

bend• tcuard the origin at low ratee ot .now. Aceol"din, to 

B1nct.{15), .,_ l!Wlpenaiou fall bato the •teao17 ot O&M III. 

Plagt1q 11w EmnYsall• TbA, toll.wing at.naion ot \hi.a 

•tbemt1cal der!:•t1on ot tho t1ow or a plaatto aub1tanoe in 

clroular pf.pea vae pnMDW by P.abbitt IIDd C.ldwll. (?) 
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l\1ngbaa(2l) ti:ret formulated a mthematical anal,yaia for 

plastic fl.av in capillary tuhee. Ta total !.o:roe producing .nov 

between tvo sections ot tubing of length ! betY.o~n the ••oti0na, 

and ot diaMter 12, ia 1T rfl P/4 vhen P 1• th• dittenno• 1n 

aocel•ntion in. steady, uniform now, t h•r• 1a an equal opposina 

f orce 1n t he oppoaite dir.ot!on which is 11 D ff Sp, where Sp ia the 

ahearh,g 1n a nw1ng mter.tal at the boundary w pipe wll 

L1nw1N, at uo- radiu, r, .from th• oelthr ot a plpe 

s. • r <~fJ 
211 

(10) 

(ll) 

vher. Sr 1• the ebnl1.ng atraaa 111 a o1roulaJ" pipe at. a d1atanoe 

~• trom t tw •nt.r, 1.n pounds per aqua.re toot. 

In plaet-lo •t•rial oonf'ined betvcten tvo pa.n.llel plane• ot 

1ndof'bd te e:xt.nt vhioh ar. H i ng aheaNd over each other, the 

ahH.r.h11 etreee will be 1tlent1eal at ff9J'7 po1nt<20). But in nw 
tlu'ough a 'babe, acoordine to Buo1dngbaa(24), thi• le not t M ... , 

th• ahur !nor••• oont1auall7 t:rom the eent•r of the tube outwrd 

e.r.ad only at a certain d1atanN .!!• doe• the ahearin, tore• beocu 

autrictent to OY81'00IM the yl.eld .alue of the plae\to. Thentore 

the material at th• cent•r ot t he tube !IOYee a.e • .olld plu, a.n4 

beyond tba ndiua r0 the atenal mo••• 1n tel•aoopiJJI l•yen. -



If L) p 1• t he preseur. which 1 • u.acd up durin€ the t'l.ow in 

ov•rcOlldng the fr1et1oa oau.~d by the yield ftJ.u, the 7leld valua, 

S,, 1• axpreased bJ' 
(12) 

Alao 
(lJ) 

For a. o1rovlar pipe eqWltims (9) beOOMel 

(14) 

or, eubatittaUng tbe value tor Sr h'oa eqwrt1on (11) 

a • - [ z~ El - Sy ] di' (15) 

The veloc1t7, Yr, at anr- diatance !..• 1'1 the ftn&ble region, 

1• obtained by intepattnc equation (15) fl"Ofl r • D/2 tor• r1 

Vr. -ltJr [ (6 P)r - 57 ]•. J. [<At)Jt - a...:r ] f 
rz f 2R "l' 4N --, ,,. 

Vr • f [ ( f- ~} _ 87 ( j- r)] (16) 

The ••looity, V0 , of t he aolid plq 1a obtained b/' lettlng 

r • r 0 in .-quaUon (16) a 

Vo•~[~-¥- tp 
Subet1tut1ng 2.17 !z tar as obta!.ned trem equation (1.3) 

p 

v •• t- [ 66 - - ¥] (17) 



The •olwne ot nov per unit or till• is Q and 
0 

Q •fa. 2-rr rV dr 
• 

or, it equation• (16) and (17) are used 
.2 

Q • ro2v• + 2 11 f :Vr dr • ... (18) 

But, from equation• (13) and (17) 

1T r0 2v0 • 4 11 s_,2 u2 [<~~i + H,! -If] 
*{A p)2 

and from equation (16) 
.2 2{. "rv.,ir • T [.[1:l (? - r3) _ 97 ( f- i-2}] dr 

or, 
Q. 

2-wf ~Vrdr • u [D+(Al!1 _ - L (».?%~ _ ~ )+ 57 /Jld_ _ "-~ 
r. ~· 256T ,.,r 4H 8 4 t 4 . 3 

and, it the value ot r 0 from equation (13) le introduced 
Cl 

21r[~vr4r a ~ /p4, Af) _~-~RS..!+ ~q,J -~ ) 
Y-0 '/ \ 2561 41" s"Aj (AP')'2 jfK"J>J.3 

.0 

It the relationahipa obtained tor 1T' r 0 2V0 and 2 "" [ rird1" an 
"· autatltuted into equation (18) , it become• 

Q • 1 (D4C AP} _~+LP~] 
'l' 128N 24 3(AP1:J 

or 
Q . ~ -[<t. P) - ½ ( "Pr) + ;-rfm (~7] 

introduce the value ot A p giTen by equation (1.2) . 

Q . ,r n4 [ (A P) _ ' (A p) + (~] 
128!1 ri' 3 3\AW 



The M$an vel ocity of £low, V, is : 

V :r:~ -: !)2 
'TT' jj2 3 211 'c' 

or, if P and p are ohanged to terms of shear by equa tiona 

(10) and (12), 

V • 

It it 1• desired to express the coefficient of rigidity in 

pounds per second toot, 7, th• left hand member of the equation 

must be diYided by the gravitational constant, g . Using tt instead 

or~• , and taking g as J2 feet per second per second, the equation 

reduoes to 

(19) 

which may be written as 

V • 

From this equation, it was shown by Babbitt and Cal<twell(7) 

that the last term may be omit~•d with little error when the ratio 

of S,-/Sp i• leas than 0.5. The error will be 5.9 per cent when 

Sy/Sp is 0.5 and 1.8 per cent when S,./Sp 1• 0.4. If the l ast tena 

is omitted, equation (19) reductta to 

(20) 



Thtm 2' Pllnh nm,. n1nc1wa<22> "' torth the tbctoretiaal 

explanation of thtl flow or plastic•• "A p].aetlo eol.1d ta ad• up 

of p&rtiohia vh.1.ch touch eaeb other at cer tain points. Tbt sr.,aoe 

be'tw6n t.be r,arU.cles uy bo ar>ty or may 1,- tilled wt th pa, 

liquid, or U110rphow, solid. Flow neoeae1tatea the eliding of 

then perticl•e one o••r another according te the ordina17 law• 

or f'riotioa, eo long as t he partlolea are large eM-ugh ao that 

thoir Browtan movemont 1s Mgl.igible. • "It ia bJ no 1Mane 

mt0ttaa17, 11 •1• llngham, "that t he part1olos be touoh!ng at the 

lfllX1mm n\lffiber or po!Jlte, oorreaponding to •oloae-paoktng•. It 

111 menly n••••.17 that the part1ol•• touching N .oh other fona 

arches eapable of cran,1ng the lead. It la nld•nt that •• 

aggrept•• or particle• are fonaed ln the process of oolliatona, 

•ad the sin of the• aggregates as the ooncntratian 

ot IIOl1d 1noreaa•a, there JWBt come a ti• vh•n auoh •areptea • 

clots vill touch eaeh othel" and ton an arch or bri dge aoroa the 

space through which the flow 1a taking place. At that ocmoen-

tration the friction v1l l haft a f i n1t. value, and tho •t.rlal 

may be add to have a fftJ"Uet.UN . " 

fler pf SVIPtPl1.W 

thl9a Qf Abtt\ nm,. The tollow1.ng pre,Nnt&t:lon ot the 

theol7 ot tM now of' sw,pena1oru, wa• given by' Btnghd(lS). 



Coneiderlng th• s1mr,1eet ooncttw&bl• ••• of a eolJ.d 8WIJ)en4ed. 

in a liquid, lmgine tbiiit all of the eolid particle• aN unite4 

into ahu\ parallel to t he d1reetion or .n.ow. tn t h1e oaa, the 

total tlov \dll be tis. .ffla ot t he flowe or the liquid betveen the 

.eheete of solid. 

ilowver, 1t the aheeta of' the i olid haft a.n 1~J" au:rtaoe, 

the fluida will til l ln the 11'1'9g\llal"1tiea, yet the stream ltnee 

will not pam.9 through thee• pores or be appnoiabl.r distorted b7 

§Rhldal ptr;tisJ1 CQMW• 'l"M ordS.Aary !RMl;»naion ocmeieta 

ot dieoret e particl••(l9) and, tor- the ake ot ehtp11c1ty, a apheN 

thll1 t 1e suependect in a fluid or its own speo1f1c lftY1t7 1117 be 

conaidend. Trut ahear1.ng of th• tlu1d 'Which oaune any cubical 

t igul"e ct the tl~ld t o aoSUN t he fom of a l'honbohed:ron, vtll 

cat11ie t he aphoN to rotate. The stream llnee vtll be oul"ftd on 

1n a linear dt notion vl th the velocity of the l ayer ot fluid 1n 

which 1t 1s euepended. D!ttonmt epheree in t he aame layer of 

tl\lld do not a pproech aoh othtu• eino• 1't is atttlUl'Nd that t hey 

all have t.ho .- velooi ty. 

Spheres 1n diff'•rut stmta ot tluS.d micmt v1 th ~ue.l 

velooitiee dependi ng on the nlco:l ty ct~ th• e tntua in vhich each 

le su~od. Hence col lia1ona must ttike plaoe, dell$m1ng ·upon 

the ndil ot the apheree, tM1r number per unit volum, and alao 



upon arJ7 att:raot1on or repulaton vbicb nay aiat b4ttveen them. 

Ir it 1a ~.ss\ll!red that tve .-pberea wbtch an appl'Ollehi ng each 

other 1.n edJaoent strata or nutd a,-. rot.attn, in th• .... 

d1nction, t he &ur.fa04t• ot the tvo ephene JAWlt be 1110YiD1 in 

opposite di noticns, which an at right to the line 

join1nc their oentera. Th• reetetanett to this ehearfng aott.on 

whioh is set up as the7 eollid• vill rapidl.1 diNlpo.te their 

6ma11a;Uu ct Ihfia: to fluid fmtla• It 1a oona1dere4 "'\ 

that the particles an lal!'p tn ~riaon vi th mol•oular d1mena1ona, 

connquntl.J, their oontaot br1nga the l ava ot ordinary Motion 

lnto play. (19) The apherea cannot rotat. unlen the torque a-

o•ed• a o.rta1n •lue. !hi• ftlw, ,J,penda upon the p:resfl\lft existing 

at their polnt ot contact nonal to the aurtaoea, and thie preamare, 

in turn., depend• not onl7 on th,, rat. or shenr, 'but on the attraet-

1en or npuleion which ay exist betv.en the pa.rttcl••• So, whtm 

tvo particl•a COM into contact, they mw,t, nm:tn in contact tor a 

ders.n.1 te period. It the ephe:r•• were without a t traction or n-

J)'Qleion tor eaoh other, they would bectome N r,-&rated a11J noon ae 

their centers haft oome to be in a plane P•rr>endiCNlar to t he plane 

of the strata or tlu1de. 

Dul"ing the period ot oontact, the aphsna oannot rotate aa 

1nd1v1duala until the torque no.eds a certain Yalue . The nsult 

ia that during the t1• ot contact the group ot aphere• begus to 



rotate aa • whole , and the7 r,uis out of the stnata to whioh they 

formerly belonged 1u1d into la7ers of different veloc1t1••• During 

thie period th• liquid will f'lov around the epherea and t hr ough 

interstices betwen them. T.hua other apheree tend to collide vith 

those alredy in ccntaot with each other, after which the oombined 

use tends to rotate ae a vhole . Thia proceaa of a.ccumulatton 

t ncreaae1 until equilibrium 1s re&ohed when then clots will haft 

a certatn &Yan.go aiae, der.i-ncUng upon t he number, •1••• and 

speo1.fic attrat!on of.' th• pariioles. 

Aglwi;ati911 and Phstig flgv. ':'he i P.-portant thi ng 1s that 

the eolliaione of th• psrUclee '1•• riH to an additi onal loa,; 

ot energy, and if these clots increase in size and nwnber there 

must oome a point when tho olots oome in oc-ntact acroaa the 

entiN vidth ot tb.e paasage . At t.hta Point vinoous now of the 

mat~rial as a whole etops and plastic now begin•• 

For a given aubutano• and vol'uae concentN.tion, the numkr 

er colliaiona will be proportional to the 1N11°b4r of particles, 

vhiob varies 1mersely as the cube root ot th• radiws . But it 

t h• angular velocit,' ie independent ot the radi'1•• the enera ot 

rotation will be proportional to th• equare or the radiue, henoe 

trut loaa ot enero, caund by- collisione, will be imersel7 

proportional to th• ra.d.iu. This conclusion, it correct, indicates 

that verr, f'in•l7 divided particloe giYe compantiv•l.J Yiaooua 

liquida,or at higher concentrationa, plastic solids. 



!}•t.fmimitj.on gt Critical C9ns,1unt1op. Bingham and 

Durhall(2l) found thet t he .auepeneion or a solid depres•• the 

fluidity or liquid ln vhi.ch it :ts suspended by an amount pro-

portional to the volume or the nolid . HO\.•ever , the depreneion 

iu such t hat a uro value or fitddity b :reached at a definite 

hut tl01!tparat1vel7 sNll percent.a l:• by volume of the 0011. d . Thie 

c:xrn,positi~n wna found to be the aam• tor all tempere.turen but 

vari ed with tho solid uaod. Thie represents compos1t1.on 

the po1.nt ot tra.naition ot Yiscoue from plastic tlov. 

Grad1sha1't Faith and Hodriot<28) l a.tor oonfinMd the work 

of B1nghn and Durham, by moans of ffl.lopena1one ot coal in fuel 

o:tl . 'rh•y oonoluded thr.it :11 suspension may fthibit e1trutr 

viscous or plastic .f'low proporti•a dopendtng upon t he oonoen-

t :rati on ot t be ill,uspended matter. Above a critical oonoentn.tton, 

+..he m.chani mi: o!' flcn.; \llll be tranatom.i t'rom nsoouo to plaatio 

flow &nd t he, ffllSpenaion will pol'!laeoa an ap~reolable yield ftlues 

i . e., a ~bich must be overcome botON now begi ns. It 

\lft8 shown that thia witical oonoentrct ion oornu.iponded :roughly 

to th&t concentrat ion at whioh t he particles ju.et touchoc! iaaoh 

other sufficiently t o tom an arch or bl"t dge capable or re-

dating alight presmn-oa, tlcoo1-di ng t o the PN't'iou8l7 diercuaHd 

th•o17 proposed bf Bi•bam. The oonoentration at whioh ••n 
fluid!. ty ocour9d "1IUJ ohow to be r ract1=.lly idential to t h• 

critical concentration, 



P•Dl9P¥nt or SU,1p~u,1ton Flqw Eqyption. Babbitt and 

CfldYe11(lO) set out t-o deYiu a method of predicti ng the f'lov ot 

suapenaiona when the nov became plastic. They found that 

frictlonal losses !'or turbulent nov could be evaluated by' m!,ana 

or the Reynolds-Stanton diagram, it use ot the Yiacosi ty ot the 

disper&ion mediW'll or the suspension is made in determtning 

Reynolds number. \,;'hen the velocity 'Was not sufficient to cauee 

turbulence, t he plastic now equation {equati on 20) had to be 

used . This . they wrote in another form ·more eont'enient for moat 

cases of suspension nov1 

I 

(21) 

H • t"riotion head loss between tvo ppints in a pipe, 
"--

f'eet ot nowing :subs.ta.no• . 

Na l ength of pipe, tt. 

Sy• )'ield value of f'lowing substance, lb/aq ft .. 

~ •coefficient of rigiditJ', lb/ tt-eec. 

V = mean velocity ot flow in a pipe, rt/ sec . 

D a d1smet6r of pipe, tt~ 

p = density or fimdng substance, lb/ cu rt. 

Equation (21) was checked by experimentaJ the agreement 

between obaernd and computed :fricti onal losses -was suffioientl7 

precise for pract1.ea1 purposes . To deYie• a simple meane ot 



oe.lcul.atlng tba yiftld value and t he ccettieient ot rigidity ot a 

i,wage e1udgea, and b7 roa~on of th• rn.uneroue larp part!clee 

prtteont in such aludpa whl oh t•nded to bi nd the tot tir,g cylinder 

of' th• standl4rd stomer Yiooomoter, a moditiecl oup vae deYl tled for 

use vi th t he regular stormer visc®lVter. 

Ta ahlet objeot.1cn to Babbitt &nd Caldwll'• \fork ie toot 

pn.0Uoall1 •11 of it vas carried out on el.a,- • spenaioM and 

sewage al:udgee. "1'he appl1c&b111 tr ct th•lr eqwa.tiona and Mthoda 

t.o euspeusiona other than •wage sludg• and clay suap9nefona ha.a 

r,ot ooen provc,n. J . D. Parent.(Jl) atteapt.d to oon"9l.at. the 

11\emture oa tho subject of f'lov o.t suepens! ns, e.nd, 1n th1e 

correlf.l tion, he tdncled out Babbitt and Caldwll 'e \iol"k as tu 

most o<mclWJ1ve in th• l afflimr regi on or now. 
Another d1f'fieulty •noounter~ when atte11pting to ;o1 .. -diet 

friction loon• in the lam!tvu• flow or euspens1ot1a by Babbitt and 

Caldwll . method ar1NS trom the ran that t.he ftlWIS ot' the 

yield value and tho oo•tf:t etent ot rtg1d1 t.7 ot the suapenaicn la 

question can r.ot be J"Mdil.7 obta:tned vtthout '!lod1£y1ng the StortNI' 

rlscomet er as t.'ley descr1he4. 

!1CIIPtOM1bJli1:U: tad ErSo\iOD boter• ~aanoC36) ~l"ked 'With 

auspenaiona or almtnum li1dl'OJtide and t!l tel'Nl, i.lnd found that 

there a ppeared to be an aprarent. Nla tionathip batwen compns91b111tJ 



coett1e1ent and frttti on factor. He concluded that the al\111.lma 

h7droxide auepene1o-n wh.i.oh was oomposod or particles with a high 

coetticlent &f oompreeaibtltt,, had a l!NOb hl1her ttloUon factor 

than the filteroel ewspendone with a lov compnoe1b111ty factor. 

Sa.au.no Maaured a pparent vieooaity wi th a eallbl"ated Stoffltd" 

Yiecowrt.er. 

IntrodugtJ.sm• Moat m.1Spen•1(>n8 &NJ ocmpreasible to SOM 

ttxtent. That 1s to say, t he r,articl•• or t.h• t.nla'P9n•ion •n 
cai;:11bl• of being rea?"rl1nged ao that t he b41tveen the paniel•• 

becOMs less. Thie, then, i s vha t happone, vh•n a euepena1on · ie 

f iltered. An the p N11WN on t he bh b9ocmea greater, tM 

;·~articles peek imore clos•ly togethwr, decreasing the at-&oe betw•n 

the particlee through whlch th• tilt:rat• can tlO\I , thua in0l'ftab21 

onormoualy t:he spooifio Naistance or t he ca.lea. 

Hydrated eludgee, such m.a the heavy i.tal hydrates and the 

calci um phosphat. \1Hd for defeoat 1on ot ~r airupe, are highl7 

conpreaaible. (4;,) ?orous, granulaP su.opemdorte1 such a.s diatomaeeoua 

M rt.l:t und caloiua e.arbonau. en Nlati.v•l.J non-compreea1bl•• 

Pfil9PMnt ot LfWtl' f'.1ltr,t19n, f't9upt1.op. Wheroae • great 

deal of experimental wrk hae been done on t he proble of tlw 

om,prees1bil1ty of auoi:xtnsioru1, t. he theoretical BOlution ot thi• 

probl•m has not been aoc0l!lplish$d. Lev1aC42) states that tlw 



di ft"loult nature of the probla baa preYDnted 1-te aolution. 1f1t' 

one \h1ng, the swspenaicm1 that shew a high d•gree or cGmpraasi-

b1lit7 are hydrated preo1p1tateas their degree or hfdratton and 

partiole oiae are extremely senaitive to th• oonditi ona und•r vhieh 

the precipitates aN produc•.d and ch.uce p?'ogreesivel,- with tine, 

p:revont1ng the production of suapeuiona or rued cbaracteristiea 

f er experlnaental \IOrk. In addition, t -heae suapenaicna are ex-

tremely aonaiti'" to tenapemture chana••J conaequentl.1, alight 

tepera.tu..,:-e chans•• cturinr tiltntion Mrioualy affect renlte. 

It •• c:,ripnally thttught thr½t the ra.t• of tlow ot a liquid 

through a tilter oak• vas di reotl;, pnportioml to the thiokneae 

or the cake. In 1912 Al.Jq and Lewia(l ) pl"Gftel that this vas not 

a genel"&l. rule and did not apply in •DY oaeee. ln their work 

the7 oome1ftd the idea that the epec1f1c nudataace of the oak• 

is a power tu.notion of the pre11aure or tiltration. Thia vas prcmtn 

b,y the-tr work and by subsequent 1otorlt b7 LewiaC42) . They de'Yiaed a 

rather easy aothod ot detemi ning thia exponent of the pressure, 

It vas round that t his exponent, desirnatM by the letter .11 is a 

measure or the oompresaib111ty or the auepeneion bei nr f'ilteNJd, 

hence, it ia called the cce!'ticient ct c011pre11sib1llt7. 

The general eq1.tati on vhieh Lev1a(43) dffiHd for tiltration 
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where 

W •total .weight of filtrate, lb, up to the Ta.riable 

time, Q. 

Q total time of operation, min. 

P • filteri ng pressure on cake, lb/sq in. 

r" • rlsoosit;r, relative to water. 

v • TOlUll!.9 of the cake, au in/lb of filtrate. 

A = total area ot filtering surface, aq in. 

oC.. • coefficient or resistance of cake. 

f • coeffici ent of re:,istance of filtering medium. 

a• coefficient of c01npressibility. 

m .~ coefficient of "plugging". 

Underwood(38) showed that this equation would apply both to com-

pressible suspensions and to incompressible suapensions, if integrated 

between the proper limits. The integrated equation for constant 

pressure filtration of compressible homogEJneoua sludfieS iau (/.,4) 

(23) 

Theo.a. To visualize the compressi~e action, consider a 

si ngle particle of suspension, just approaching the race ot the 

cake. (42) There is exerted on this particle the prel!ISure of the 

liquid around it. Ita motion is free until it touches the tace ot 

the cake, when ita motion ia stopped. Howner, the liquid flaws 

on around it, producing a frictional drag vhioh pushes th& particle 



againet the part1ole aheiu1 of it. . .e t he cake buil4e up tti. 

p&rtiole is n.bjecrt to the eurmlatiTe pnesure of all thtJ parUcl•• 

behind it1 however, the lt.qt11d preesun deonaaes. That is to ay 

thttt as one roe• deeper hi the cake 1n the d1net1on of the tilter 

cloth, the liqi ud preaeUN vlll drop orr but the compl'1tas1w 

ettect incNa.na. This effect 1e noticeable when one obNrrea the 

tilter cake wen 1t is rernOYed rrom th!.'! prens. The cake 1s oompaot 

and denH nnr the .filter oloth, but more open tovarde the center 

ot the cake. 

hllMM1sm of Csmtm10U!U.iv Qqett~1•JU• Acaordin, to 

equatioa (2')· tbt, ratio (pg)/(W/A) ahould be proportional to t.he 

total •olume of filtrate ~r Ul'lit area, (W/A)J tbs proportionality 

constant ft:riee •~ e. power function or the pressure, the exponent 

beilfl a, the coetf.1c1•nt ot oompressibility. 

Thus, a relatively simple method of detem1.n.i. ng tha ca.t-

t!.c!ent ot offll'lpr@es1bil1ty !.s tu:.rnish~. Tho nuspendon ls 

tU.tered at conetant J)NaBUNJ and the wight or filtrate, (w) , 

noted at ftrioue tit!!,iu,, (0), durin, the filtration. J,'ra theN 

~ata a plot ot {PO)/(W/A) ~rtrue (W/ 1 ) i e mde. Thia preoedun 

ie N~ated ee•eral times at dH"f'tlrent ?Nl '' RUrea. In aach case, 

for a co:r:u,tt.nt :pressure, t.h.e data vill conform to straight 

lin••• The al.ope of ea.ch 1 ine corresponds to oC ,.•P•/2. 
It the lopn thme or these elopes are plotted ·Hrrms the lop,-

ri thme of the pr,euumren at vhicb the tiltration ocolll"T'ed, the slope 

of the reeult:ing line will be equal to t he campnssib1lit7 



coetfioient, • • Pigun J ls a plot of (PQ)/(W/1) ver.,_ (W/A) 

for the ompreaeible hamogeneoue sludge ot obromlum hydroxide, 

the vork ot Alffl7 and L@wie. (l) Figure 4 is a plot ot the loga-

ritbna ot the ot the straight line• 1n .fi,rm-e 3 ve:reue 

the lopr:t tbill8 ot the oorreaponding preeeurea. Tho elope or the 

ntra!r,h, l:lne $.n fipn 4 111 t M oomprean1b111ty coett1c1•nt, • • 

and 1a found to be o. 81. The valu.a of a f OJ' Ya,r1oue<46) t'IUe-

penai ooa are given 111 table II . 



Al (OH)3 

Fe (OIi):, 

Cr {OH}J 

ZnCr04 

F•2'>:J 
MACO, 
eaco, 
K1e•1£Wll' 

Table II 

Coeftici•nt ot 
CompNas1b111t7, 8 

o.81 

Walker, W. M., ~J.K. Levie, W. R. MoAdaae, and E. R. Gilliland 
"Pr ineipl•• et Chmo&l ~n•enn,." p. )S5. MoGraw-1111 
Book Co., Ine., Nw York. 1937. )rd Kit iou. 
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III. EXPmnm,rAL 

A. PU£POa pt Inye1tipti91 

Tb• purpose of this 1rrrest1gation 1e to study the etf'eet ot 

compreee1b111ty on t he friction drop in the laminar now of 

alum1mm hydroxide - tilter aid 

B • Plan ot Inveat11at191 

frllWma A rerlev and study of the 

literature covering the subjeeta of f'luid tlov, plastic tlov, 

now ot suapenaione, measUl"elllents of viso0ait7, and oompnssibility 

ot au.spenaiona wae made . 

Studz or \ht Uat wt the S\9Jllfr Viaea,tet• The uae ot the 

Stormer Y1eoometer i n determining t he ...S.soosity of nuida, and 

the yield ftluo and t he ooettici ent ot rieiditJ ot suspension• 

W8 studied. 

Exm!nnuW pet,maYnn u,1n1 tbt stnnr v1acometer. 
Testa on SAE 10 and SAi 30 oil vere •••• usinc the Stermer 

Viscometer, for the purpoee ot oal1bnti ng th• inatl'Ul!lent tor the 

detend.nation ot viecositiea. Abeolute viacositiea ot these oila 

were detend.ned b)" use ot the S.ybolt Tisooaeter and apeoitia 

gravity moasUNJ1enta. 



Teete were Mde ua1ng the fltol'1llttr viscometer on t he tollowing 

m.tapensiona or va:rying conoentrationa, {l) tiltar aid 3oopenaiona 

(non-cOJll>Neslble) , (2) aluminur.1 bydnxide suspensions (compreafd.-

ble) , and (J) mixtur•s of tilter aids and uwd num hydroxide to 

obtain suspensions ot ftrying oompnselhilit7. 

GonetmY.ma at . an ARPlrtffl ft£ IllkE!iPtlf! ta f,aotw:1 Ip-
t1Hf91,1111 t!if Floy SVWAA8DI• An apparatus was constructed 

so that the nov or euspenaiona vitbin pipea ot circular 

notion and or varying aizee could be studied, The apparatus w.s 

ao a(n,utructed that (1) the flow velocity of the suspension, (2) the 

tdperature, a.ad (3) the pressure loaa from friction over a secUon 

ot pipe could be detem1¥led . 

Q2utt¥1tion 2r an fimam, ror ~h1 Dntem1,a,t100 at 
.CfflPTl@f\li111\X C1tW2!U!i• An apparatus, 1noluding a filter 

prees, van aaseabled onto the suspenaion flow apparatua . Thia 

auxiliaJ')' apPAntus was constructod so that the cotnpresa1bility 

ooetticient of th<, suapensione oould be detemi ne4. It was oo 

constructed that the sttspensione eould ba filtered a.ta oonstarrt 

presatU."O . 

~u1m,1p19n, fJ.W Dt\!Hl»attope. The pipe apr,aratus was tested 

vith water to check the mechanical tunctioning of the apparatus. 

Peterm.t mtiona of pNJsllUl"e loaa, now velocity, temperature, and 

age or suspension ware made on the f'ollowing suspensiones (1) filter 

aid eusponsions (non-compree,d.ble) , (2) aluminum hydrorlde 

s1.1&peiu1iona ( compreaai ble} , and ( J) mixtures of fil tar eid and 



alum1nua hydroxide to obt&iu euapensiou ot Yar,ing 

ccmpr•eaibilit7. By use of the tilter preaa, the 

coettic1ent of each suspenaion •• determined. Specific gravity 

and the oonoentration et ttte suspended solids of the above 

euspenaiona ve1-. determined by usual laboratory methods. 

Ial!DnBtiPR of RIH• An. attellJ}t to tind a relationship 

between the tactora that intl.ueno• the flw or suspenld.on• and. 

the compreasibilit.7 factor ae measured by filtration was made . 

A check on the methods \UJQd bJ Babbitt and Caldveu(S) W 

d.et.Jrmine the yield ftlue and the coef'ticient ot rigid! 't7 vaa made 

to ~•termin• it their method is applicable to alwrlmm hydroxide -

filter a1d suspenaiona • 

• 



t he mat erial& used in t his investigat ion w re ca tollOW91 

'}J.umlnya Sulfatg. Ground, stan1~ard grade, in 1no.1b net 

weight bag. Obto1ned fJ'OII Al liod Chemical and 0,.. Corporation, 

General Chaioal D1v1a1on, tiw York, t • Y. Used for the production 

of the lumima hydroxide sWJpensione. 

Caloiµp CgJixnt.SJ• u.s.r., oode 1541, lot no. o:?10, in , s-1b 

oancne. Manufactured by General Chaical Comr~uiy • Nev York, !i.Y • 

Used in pNl.1.minary toete on the f ilter press. 

C,gbop Te$D9hloride. Tochntcal grade, spectf'ia gnsnty 1 . 59' 

at 209t., eode 1,55P, in 5-gal. can. Obtained from Phipps and Bird, 

1Uohnlond, Va. Used aa a mnoneter f'luid . 

filnr Aid. C•l !to 503, d1atomaceous ei l1oa, in 1-lb carton. 

Obtained f"l"Ol1 Johne-Mamille, Mev Yo:rk, N.Y. Used f'or prolimtmr, 

teats cm eottllng timo for varioua tilter aide. 

f&l\tt A&d• D1cal1te, dlatomaoeoua siliaa, in 3-l'b t.ge. 

Obtained f'roa th• Dicallte Company, Mr,w York, M.?. Used for pre-

limlllllJ.7 t¥Jsts to determine Htt11ng timte for ftl"ious tilter 

aide. 

Fllttr 6id• rvn.o •.. peri-oel, dtatam.oeoue a111oa, cod• 

A66050, 1n 50-lb bags. Obtained from Johne-t-tarrnll•, New York, 

N.! . Used fff the production or filter aid ouspensione and aluat.-

l'lUII hydroxi de - filter aid mix~d suspena1ons. 



IodiU• Reaublimed, C. P. , oodo no. S - . '1300• in 2- lb bottle. 

Manw.'a.ott.&Jtad by Merck and Company, Rahway, N. J . Ueed to colw tma 

carbon tetn.ohlor1de tor 1.1H as a manmr.eter tluid. 

!itdftobl.9t19 AqfJ!. Rea.g•nt grade, C. P., YT por cat li:l 

(m.nbma) , apeei!"ic gravity l . 178 •' 60°c . (Jd.n111U1t} . Manuf'utund 

by Genenl Chnd.cal Division, Allied Chemical and DJ• COl"pOntion, 

Rew York, tf;X. Uacd to cll1•st the aluminum oxide in the detend-

mtion ct tlw pttl"CeDUge or SUSJ)Qnded eolids. 

MIJ'CUD'• Piatllled • Obtained f'roa F. W. hrk and Compa.ny, 

Wood Ridge 01Yie1on, W'ood Ridge, l?. J . Used a.e a -.nmeter f l uid. 

tJs,'9£ PJ.i• $A! 10, Esao No. 1, 1n qua.rt oane. Manutaotur.4 

by Standard OU Ccapany ot Nev J oraey, Daywa1, N . J . Uned tor 

calibration ct the Stol"IN:r Ylscometer. 

]atgr 01.J,. SAE JO, Eaeo lo. 3, 1n quart oana. Manufactured 

b)- Standard OU ComPllD,7 ot Nw J erft7, Baywy, N . J . th•d ror 

oal.10l'tlt1en or the Stomor viS0®1et.r. 

§?digro lJr.dm&al• Flake, 76 per oent aod1ua odde, in 100-lb 

drum. Obtained rr011 .?h!w• and Bird, Richmond, Va . Manuh.oturod 

by D1uond Alkali Company, Pittabm-gh, ?a. UMd tor tb4J pNpe.-

rat1on or alU!!!inum ~rmdd• swtpanaiona. 



n. Apparatus 

The apparatus used in thie 1nTo•tiption consisted ot a 

suspension tlov apparatus and auxiliary equipaent . The suspension 

flow apparatus , used to detemine the triotion lose ot the aw,-

penaion tlovin, through pipes and t he compressibility taotor ot 

the suspension, is ahown in tiguree , and 6, pagea 39 and 40. It 

consists ot the fol lowing partea 

l::!imfrl• Contrifupl, ateel, 2- in. inlet and outlet, 60 pl/min 

oapaoity, aise 2, figure No. 3010, style Ho. 621. 3301. Manutaotured 

b)t' Oould ' a Pumps Inc., Seneca Falla, N.Y. Used to P1.UIP the sus-

v-naion to the test lengths ot pipes and the tilter press. 

El,ntrto Motff. Crattaman, 2 hp, 60 qcle, 200/400 volte, 

3 phase, 1740 rfl'/min, 5.6/2.8 amp, eerial No. 84470)-99. Manu-

factured by Seara, Roebuck and Oo., Philadelphia, Pa . Used to 

dr1Te the pumpl 
Mlkt::VP Tapk. Steel drum constructed from an eapt7 gasoline 

dJ"um, 55 pl capacity-, with 2-in. and 3/4-in. outl ets loeated in 

the botta or the tank, open top . Used as a fl"OJII vhioh 

the suspensions vere pumped. 

1fp1ghipg 1Mk• Steel d:rwll oenstruoted f'roa an apt7 gasoline 

dl'Ull1 55 gal oapacity, with a li-,in. outlet ·1ecatad on the side 

near the bottom or the drum, open top. Used as a veiahinc con-

tainer for the suspension pumped dUl'i ng a eertain period or tiae . 
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f11D911\1£• Filled vith either mercur,- or carbon tetraohler1de, 

J;> in. long, i - in . pipe connections. Case was •nut'actured by the 

Meriaa Co., Cleftland , Ohio. The glasa tubing vas constructed 

vlth a side outlet at the bottoa ot the -.nometer. Thia was 

oonneoted., in turn, to a leTeling bulb b;r means or rubber tubing. 

The manometer waa used to deteffline the triction drop across the 

teat lencthe ot pipe. 

fll~tog Sgal••• C&paoity 500 lb. Manutaotured by th• 

Fairbanks, Moree and Co., Chicago, Ill . Used to weigh the sua-

penaion pumped into th• weighing tank. 

Pgp and Moto,;: Moµpt. Conatructed or i x 1 x :? in . channel 

iron. Used as a base tor the pump and motor • . 
Ilnls Stand. Conatruated or :i x l in. angle iron. tJsed te 

aupport the •ke-up t.ank • 

. Pi3tter Pt••·· Cast iron, sis• 10, type 41 , No. 38077, ti•• 
trues, closed filtrate discharge, 3/4- in. inlet located at the 

botta of the press, )/4-in. outlet located at the top or the 

pn,a1 . Manutactured by' D.R. Sperry and Co. , Batavia, Ill . Uaed 

to determine the COMJ)Nsa1b1lity coetticient of the suspension. 

Preeaw:, Gag. Range Q - 60 lb/ eq in. gage . ManutaotuNd 

by Aahcrott Gage Co., Nev York, N.Y. Used to measure t he pressure 

on the teat lengths er pipe. 

ITl•fUN 9111• RaJJge Q - 30 lb/eq 1n. pee, internal siphon 

t ype. Manutaotured by U. S. Gage Co., New York, N.Y. Uaed to 

measure the pressUN on the filter press . 



Portaple ffix•E• Electnc, naber 2,vs, t hp, 115 TGlts, 

single phase, 60 qcle, open dr1p.proot type, banne a univeraally 

adjustable aupr,orting chap for rim mounting and a stainleea steel 

ebatt with"'• 4 in. diameter down-thrusting stainlesa steel 

propellors operating between speed ranees ot 500 and 17SO rpm. 

Manuta.ctu.red by Alsop Engineerin, Corporation, Milldale, Conn. 

tJaed to keep the suspenaion agitated. 

P1:g- Ta11 TraPI• Tvo required, t in. nominal diameter. Used 

to prnent the suspension troa entering the pressure car••• 
Iuntubip. Ten rt nquired, clear, 3/4 in. inside diameter 

by 1/8 in. wall thicbeaa. Obtained troa Prince Rubber Co., Inc., 

Buttalo, N. Y. Used ae a flexible oonneotion :f'rom th• fil tar pnea 

te the weighing bucket . 

Bzubbfr Tubing. Four tt x-.quired, ¼ in. inside diameter. Ob-

tained troa the Chma.1 Rubber Ce., Olneland, Ohio . Uaed to 

connect the leveling bulb to the eide outlet on the bottom ot 

the •noaeter. 

Qopper T11binc yd F1;t\ipgf. The tollew:lJlB 1 to• or copper 

tubing and ti ttinga were UN<h 

Copper tub1q, tJpe M, ½ in. outside diameter, standard 

ha.rd, 40 n required. Obtained tre Noland Suppl.J Co., 

Roanoke, Va. Upd as •nometer lines fr.a the pipe tap• en 

the teat lengthe of pipe to the manouter. 

Pipe to tubing adapters, braee ¾ x t in. compression 

type, tcur required, number 6SF. Obtained froa Nol and 



- 4.3-

Supply co., nocu:1oke, V!! . Ut,rnc to oonneet tho copp~r tubiaw 

to startdf.t•d ¾ in. ptpe. 

S'8pdud l{laek trml 71:pe mUJd Fi ttinta• The following item• 

ot etandard black i r on p1po ~ind f:1 tt1118:S ven u.sed tc ccnst:ruo\ 

the suar,.naion no,,,, apr• n. tuo s.:i ah0wn in figurQ 5, page ,e. All 

pipe and t1tt1nte wt:n Qbtf.,lnnd fl"0ll !'?ols nd Supply Co., l'!oanoke, 

Va . 

F'1J')e t :r tn. 1:1oll:d.Ml size, JO rt, 6 in. nquiredJ li· i n. 

nom.n•l eise, 21. rt, 7 1n. requi"dJ 1 1n. nomi,nal size, 

,, rt, 3 in. required; J/4 in. namin.l size, 4 rt, 5 in. ro-

quindJ ~· 1n. n<lffliMl size, ;7 rt, 7 in. required& ·i in. 

neinal o1s$, 30 rt, S in. requlredJ l/8 in. nominal size, 

2-·rt, 2 in. required. 

Ni nples, Four 2 x 3 in., one 2 x 2 in., one l ~ x 6 1n., 
three l f x 4 1n., o:ne l½ x , 1n., seYen l¼ x Z' i n., three 

ls 3 in. , one l x, 1n., thrH l x l in., twc 3/4 x, in., 

tw 'J/4 x l in., ca ½ x 6 1: ., two f x 41n., eno ¼ x 3 in., 

two¼ X , in., thrEJe i :x it in., one t X l in., tw n X -}. in., 

two ¾ x 6 in., one ¾ x 5 in., on• ¾ x 4 in., sewn ¾ x :3 in., 

four l Y 2 in., four i x 1 in., thl"ee { x in., four i in. 

oloee, three 1/3 x 2 in., t•1rteen l/8 x l in., cne l/!'3 x -! 
i n., ~•v•n l/8 fn. clost. 

rale, 90°s Four 2 in., f"iv• l½ in., tvo l f.n., th.rM 

3/ 4 in., t~n +,- ln., ten -J; !n., s1:,r 1/8 in. 
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Ella, atnet1 One l 1n., offll J/4 in., tw ½ i n. 

l!:lla, av1• nturnt om 2 in. 

Toe•• One , 1n., three l t 1n., four l 1n. , two t in., 

•ight i in., four l/8 tn. 

Uniones One ? in. , r.our lt, 1n., two 1 in., rour j in., 

o1.ght 1' in • • t our l/8 ln. 

Red..iol n, Te••· One 1½ x l t x 1-t in., one 2 x 1 in., one 

lt X ) /:., in. 
Bushirunu Five 2 x l½ in •. , one 2 x 1 in., one 2 x ¼ in., 

<:ioo 1t x l tn. , two l x 3/4 in. , one 1 x ½ in. , t..,._ 
3/4 x t 1n. , tvo t x 3/8 ln. , two t x t in., tw )/8 x i in., 
eight ¾ x 1/8 in. 

Vil.DI• The f'ollowing ftlves were \HNtd, as ahovn on tigun S, 

page )8. All val••• v•'.r'e obtai ned t :rom Noland Supr,}7 Co., Roanot•, 

Va. 

Oate •lve, bronH, 1,0 l'b/eq in., ;? tn., Lunk•nhe!Mr, 

non-risin, na, om nqw.Nd. 

Gate valve , brona•• 150 lb/sq 1n., l t tn., I,wtk ... nheimer, 

non-rising stem, thrH requind. 

Gate "flllne, bronae, 175 lb/aq 1n., 1 111. , t unkenb.1.dmer, 

noD-ri8i ll£ 8Wfflt two Ncp.dred. 

Cat• ftl••• brense, l'-1~ lb/aq in. , 3/4 in., Lunkenheimer, 

non,.riaiag stn, em required. 

Gate 'V'lllYeas, bronu, l :?5 lb/ eq S.n., ½ tn., Lunkonheiller, 

no~ria:1ng otea, f our requ:i.Nd. 



Cate rune, bronse, 1; s lb/sq in., ¾ in., LunkHMinff, 

non-risi ntt st.a. four requ11'9d. 

Globe val:vee, b:ronao, 150 lb. aq 1n., 1; in., LunkenheiMl"t 

throo req i.11rec1. 

Globe valves, br onze, 150 lb/aq in., ·! in., LunkenheiMr, 

tvo r•quired. 

Olo~ Yalves, bronH, 150 lb/sq in., l/13 in., Lunlt.eheilleJ', 

ei.ght requ1nd. 

Needle ftl.ve , bronso, 200 lb/sq in., l in., Lunanbeimer., 

one N(Jtdred. 

'l'be follovin, 1 toms of a~lia17 41qui3'Mnt w.re ueed1 

!Ualt• F.:leotrto, 110 volts, 60 cyole, n.nge 0. 01 to 100 min, 

Time-It. Manutaetund by Pr.c1.aion ~c1ent1f'1c Co., Chicago, Ill . 

Ond i n conjunction tdtil th& Stormer 'Yisoo:aBter. 

Y1GOJM\i£• ,stoner t ype, number J.;>.f1. t•nufactur•d b7 
Arthur Themas Co., nhil&dalphia, f a . Obte.in•d froa F1sbe1" !lciontit"ic 

Co., Pittsburgh, Pa . Uaad to determi ne yield ftlv.e and the eoet-

f'ieient of rigidity or the auspenaioas. 

Yisoaettt• Saybolt t:rre, Un1veral t ip. Ob1ta1ned f'ron 

Fisher So.1•nUtio Co., P1.tt1burgh, ?a. Used 1n calibrating th• 

stonoor 'ri.nom0ter . 

lilM\DAI• Analytical type , cbai nomatto, oapacit,- :,CO grama, 

graduo.ted to O. l !IC• Manu.factur4td by 5eedaNr•t ohlbuncb, Inc., 

JorN7 City, N. J . Used tor ro.utine a.nalyt1cal w1r,h1nga. 



3Qsm1fig Gm:,1\% WIN• i1•atpbal t ypo. Obtained tNII 

Fisher So1antif'1c Co., .Pittsburgh, Pa . Uud 1n dat.mt ni ng the 

:,pociN.c gravity of the oils used in calibrating th• Stonaer 

pH Mtt\iit• Becm•n, glass eleotrodo, acdel rr, aerial number 

,on, 115 wlta, So-60 cyclee. Manu.tactured by national Technical 

Laboratories, South Pa~dena, Cal. Obtained f'l"ffl Fisher ~,e1ent1t1o 

Co., Pittsburgh, Pa . Used to deten,t ne the pff of the alw.dlB.111 

hfd'l'O'Xide auspene1 one. 

Tr,1:namn,ua- X.rcur,--glau , engraved etem, ... 100 to :,ooac., 
two req_uired. Ma.de br Brotbcom Co., Now York, N.l. Uaed . .for 

nr1oue temperature 2tetuNNIIIQnta. 

llpt Pl,fi\9 . rn.eotrlc beater, , amp, 110 TOl ta, 60 \.'atta, 

Chraalox. Me.a by Edwin L. Wiegand Co., Pittaburgh, ra . Uaed 

for digesting aluminum hydroxide in the aut,pflnd.ed eol1da analysis. 

~~!SOl114 Lsbtak>tt OlflMtl• Various pieces or labon.tor., 

i hssware, i»oluding gradlmt&d oyl1ndors, YOJ.umetrio flnaka, 

beakers, Gooch cJ"Wtiblee, desi coa tore, Buchner tunnels, tmd 



'the method of procedure .aployed .in t hia 1nveet1gat1.on vaa 
aa roll.ova, 

9nu1ttsm or tbt 3:k>mtr v1sc911t1t• on each of' the sue-

P9J)aiona teated vith the cspenaion flow apr-..ntu,, dtonar 

cosi.ty teats were pr,1rf'ol'lad, vher• poaaible. The Stonael' 

cosi ty or the w.a detemined in the tollowlnc •rmera 

The 1natrwnent vas pls.oed on a table 1n auoh a mrmer 

that the velgbt could drop v1thout obetruct1o.n through a dietonoe 

ot about 40 haohoe. The openti n« wei1ht we Y&ried as dee1Nd 

by addi ng ors.movi ng ahot.. The opont1ng wlgh\ vas than wiped 

on a pan balance and the wight we NCO!'ded. 'fZ. rotattng cylin-

der V&s aeoured on th& ini,tru,not w1th th• aet SCNv. 'fbo t•at 

cup v,as till.M vlth the na.tenal to ·be tested, until tbe latter 

waa o. :i5 tncb a.be.we the top or the vanee. T!w oon•tant ttlapc,tra-

\u'nt ooth vae tUlod -wt th water. The water bath, v1 th ter,t cup, 

vaa rai ffd wdil the contents or the latttr eovored the top of 

the cylinder. It va.:;i ncurod 'ln t hin r,o 1t1on bf tightening the 

set aorew vh1oh .,.,ed one or tho vertical auppor.;o. The collar 

on thi a support 1168 set to 1.naure l"6peti tlon of th:~tt •• heigh\ 

on subsequent tests. The thoJ"IIQQ1D,Oter wan innrtod into the 

t!wmCMter vell . The actuating weight vaa raised until it. nMl"ly 

t nuo:hed the frame aboVtt 1. t . ;\t't-ar atirri ng the material to be 



teeud, the brnk• w&aiJ released ui.d tho time reeuired f ot· the 

counter to 1-.volvo t hrough 100 revolutions \UlS record•d . Thia 

'l.'he !'.ltomer visoO!lletc:r \las a.11br&ted •ga1nat th• 

s~ybolt rlacomater uid.ng SU'. 10 itnd SAE 30 oils. 

0e1,mmM01 ,r the §ubolt Vtus@l)t• The saybolt 

ooeittea of ~ho oils uaed in calibrating the ~tonner rloomnter 

vere detemined by means of the Saybolt riscOMter , according 

to the AMJ-loan Sooi.•ty f or Ttiatt ns He.t enale, stnndard test 

number t.> M-44. (4) 

}?etep;p.atiop of ta S-pec1,C~g Cr4yltl~ or too 011. The 

apeoifio grartties of the oils teeted wen, obta1.ned by UH ot 

t he Westphal balance ln the fullo'Wing mariner: 

Tho 'Wiu1tphal balance VQ8 calibrated by addi ng woighte \o 

t.he plUJ?Det until it b&laneed i n a i r . The calibrati on was checked 

by detemin.1.ng thi9 specific gravity of vat.tr a t tempemtun 

ond oomp.i:ir:!ng vtth tho wluo 11s tod in t!M lit~r•ture. The f1P$Oit1c 

gn"fitiea or the oils to be tested veN dot•nn1ned by 1%:!mer-sing 

the pll.lmr." .. t in a cylinder ot oil and addi ng veighta until the 

poater ,._s balanced. 

9a;J,im11S?•D or )ha 9tomt ViM91ttftt• Tbtll abffOlute 'f"1scos1 t1ea 

or t he oils wre calculated f rom the Saybolt viscosities and t h• 

opeoiric gravities. f rom the ;)tormer visaomo"ter data, graphs o~ 

thil aotu.11.t1.ll£ weights ve1·sus t he revolutions per nccnd ware 

plotted. · The alopee of theae llnets obtained vere calculated . 



The ~1 toner viac01Nter vas oal1b1~ted by calculating tho ratio ot 
the elopes a tile absolute viscold tills. Thie ntio was the 

oalibra.ticn constant. 

Bate of et\;&.ling 'f eat.s on VarJau f'.11\tt AiM• To dot endne 

the oompar•tive nitea of ae t Wng ot verioua tilte~ a.ids , 'the 

f ollowing procff'l.l.n. we uoeda 

A ;;·50-m1 1111duated cylinder wa.s tilled to the 40-ml blrk 

wi th the tilter ~ld to t.t•urtttd . The cylinder was tarrped gently 

on t be bott.OJI unt'll tb• powd~r had packed well into the bot tea. 

'fhan more filter aid vas added unti l the aol1d vu l ov&l at th• 

40-ml m&.r k . ':'hti cylinder was then fi ll@d vi th distilled w&ter to 

the ~ml m11r k. The cylinder ws corked and she.ken until all ot 
the powder was in f:NS})(tnsion. The tlM req,,ired for the 9011d 

•wrial to aettle to a def'in1-w lovol was reoord•d for various 

l evels. The tilter aid a tested vero oeli te 503, hf £lo au,nor-cel 

and dioalite. 

fltl1n&!N'X Tauts u,w $lw r;tsu:mr v1gcw\tt• rre11111oor,-

s tonier viacoaeter tuets v•ro ma.de on a 10-;,,er-o•uit sul'!ponded 

solids slurry ot aluminum byd1"'oxidu , a 5-pel'\-oent 30lida 1W1penaion 

of alwdnum b;rdroxide which h11d b.wn vaabed, and a 25-per-a.nt sue-

pended solids ousJ>ension of hyno supcr-ottl. 

The 10-por-oent e.l.wuman b,ydroxide auapena:ten was 

propered in the followi ng •nnera ;13. 5 g~uma ot chemically puro 

aluminum aulfa.t• vere fdxod in a 1000-ml bMker \11th 100 ml ot 
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d1st1llttd veter. The mixture wa h•ated to 93°C to tacilltate 

solution or the alum1mn aultate . In a 500-ml beaker, 77. 0 grau 

or ohem1ooll7 !>W"• sodium hydroxide vore adried to 85. 5 ml ot d.1e-

t11lod water. The sodium lJ1drorlde solution wss added to the 

aluminum sultate ao.lution slowly, 'Wi.th ati r.ring, unti l the pH or 
the suspension was 6. 5. 

The 1?-r>er-cent alm!dmm hydroxide su~iution vaa prepand 

i n the O&N manner with the u:oept1on that the sw,pons1on vaa 

diluted \.I.Ith water 8.ftd a J. lov(llld to aettlo. The -water was then 

d.ecanted orr, and hesh water was added. Thie procedure vas re-

peate<l until most ot the dissolved sodi wa sulfate foffled in tb9 , 

reaction between the alumi n1.111 sulf'ate a.nd t he sodi um h)'droxld• had 

been removed. 

The tiva-per-oent alwdma hydroxide allnpeno1on was 

prepared by diluti ng the 1!"-per-cent auapenai<m wi th distill-.d 

wtar. 

The ;>5-:pel\-cent filter aid IJUSp&nsion ws p1·epaNd by' 

addi ng 300 ml or distilled \later to 100 grams of hyflo aupeJ-C•l 

i n a 1000-w. beaker-. The slurry w e st1"'9d uriti l • unlfona 

ccnsiotency van obtained. 

~on,trnqtiop of §ulPlnalgn Qm, -~m>iD\il• A suspension tlaw 

apparatua vaa oonatruoted a.a shown in t"igun S, page 39. The 

pparatus oonsioted of two tanks of 55 gal lons oapaot ty each and 

a system ot p!pee thro~ which tbe suspension ws pumped by a 
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centrifugal pump. •rest lengths of pipe ro f'e@t lODI: and 0 . 51 1 . 0 , 

and 1. 5 lnoh;,,a in d.iam0Uir vtu•e prov1dtid for fr1ctioa loss 

d1Jt-Ei1nt1 nations. From the toet lenf?'t,ho t he suspension would flow 

t hrough a '-- lnoh dlnmet,,r r tum p1 pe back t() the ?®ke-up tank, 

.ihere- a auine pi:f>& wa.a o,.,nstructed ao that th• di !bcr.t1r ge c,Qul.d be 

eptted into t he velgh1ng tank . '!'he t ime for flew of a given 

woignt vas UHd to det@rr1d.i:,o tbi;, flew veloo1ty. A eyata of 

valvc,s was included so t tmt any om, ot the test le~ths of pipe 

could be used for the nocessal")' d.otem1.nat1ona. ManOMtoJ' l.ada 

wen located s t both Qnds of the t est lengths of p1f>9• • Th•• 
leada veN oonnootoo to a m.utom8t~r, by w iob the prGosu'.re lose 

could be detominGd. 

f or the, deter.1J:1.ination or OO\'lrJPNtssi bil1ty ooet.f1c14llnt s, a 

filter preoa, pneaure pge, a.rid regul.a t l ng valve, -were connected 

t o the BU.8Pf)ns1on nw apparatun, ae shOVl!t 1n f'1gun 6• page A.O. 

( -1\l?nrHau of su,a1l12A tl2M ~wru\U• Tbs auapension 

.f.'lov apparatus Wt'H calibrated with water to datemine if' the 

! :rict1G·U drop obtained by use or t hia eciuJ.pmen:\ would tollov the 

actoeptQd ftlwaaJ 1•• •• to eiee if t ~H;iN vore •1'11 ecoentrioities in 

th$ appnrt\tus. 

2Rtni.:1.9n 9,f, tlw Sugnfl2a Flp fi.PMDWI• 'l"he 1.3u:,pensicn 

now apparatus was operat&d, using the following p:rooedure1 

l . The mnke-up tank vaa ruled vitb t he fluid or BWl-

ponsion t o be tested• and the awing pipe ws located so that the 

su.Bpenaion would now back into the •ke-up tank. 



, . The JHllOIHte:r V&B filled vlth th• fluid deelNd, 

either urcur:r or carbon tetrachloride tin.\ed vith iodta, by 

t1tt1fn1s or th13 leveling bulb. 

) . All ftlvaa were oloaed. 

, . VtAlftS A, a, c, Ei, and F1 WN openlld ( e figure 5, 

pag• 39) . 

, . tho motor 'WIH ata.J't•d and the pump was &110\led to 

ro:roe th• fJ\l9?9na1oa throu,h tho teat l•ngtb or 1" inch pipe. 

6 . ValYOs L and lt vere opened. 

7. Velva J was opened, pe"'11 tt1ng water to t:lll up Oftll 

ot the 111u1oaater overfi<Ning through th• tygon overf'lm, 

tube. 

8. Valve L 'WllS closed and wlve J ws closed, in that 

order, 1nem-tng a -.nomf)ter lead tilled with water. 

9. Valve l we opened, pomltt i n, vater to fill up the 

othor anonetar lead, ovornoving through tho tygon overf'lov 

tube. 

10. Valve N was closed and valw I was oloeod, in that 

ord~r, 1r.uru2"ing t.'utt the other manometer lead was filled \Jith 

wter. 

ll . Valvee G1 and H1 were opened. 

12. Vnlves Kt a.ad K2 wre opened slowly, and the Nno!Nter 

readin, wna Ncorded . 



lJ. At the aaM tilN, the -1131 p1pe vu~ ao tba\ 

the IQ.BpGDaion began to now into the weighin, tank. 

14. Tb• tta nquind. f or a e.rtatn wlcbt of th• aue-

penaion to t'lov into t he wifzhing tank vao noted and noorded. 

lS. The ma:oomoter Nading was e1-cud again at\er the 

rat. o:t tlow bad been a11Gerta1Md. 

16. 'l'he tar,eratw-e of the ewaponeion •• mamUNd bJ 
u ana ot a thel"llOJne.ter and :recorded. 

17. The prooed\UW a n outl111'8d by atepe 2 tbroup 16 wa 

repeated tO'I' ftri ous flow n.tea. Thtt d.ttt'er·•n11 nov rates WN 

obtai ned b,- repleting valwa A and B. 

18. The eniin prooedure vae N:peated tor 'the 1. 0 and 0. 5 

1nch teat lngtha ot pipe by cloning off t he rune cm t.be 1., 
ibeh teati pipe ud its Nf1P9C\i'ft nanotMtor lead ftl.fta, and 

0P4tning the oorrespond1ng w.lves on the otltfl' teat lencth piv-

to be tetst.d . 

19. \{hen ti. vei.ghing tank becan nearl7 tlll.l• t he eue-

pene1on w e pl.lllJ)G4 back into the • u-up tank by opening 'flll.ft D, 

and closing ftlYe• D and C. 

§1.&Glr\M f1gw ?11\1• S\lapeae1on tlov teat• veh pertOJ"INd 

on tti. tollovini 9UtJpene1onaa 

1 . Alwitimm euapendOft, 3 .6 Pff nnt suspended 

solida by w1gb\. Thia wspenaton •• made up tn tin. tollOld.xic 

•nnen I n the mak...up tank, 90. 0 lb of atandard almimm aul.Eat. 

-weN added to ,s pl et water. Thia vae agita'-d b7 l!.MYIUt• or the 



rim-mounted electric :mixer until all or the aluminum sul.f'.ate had 

gon• into solution. In a large bucket, 36. 0 lb or n e.ko eodl\11 

hydrorl&., 76 per cent sodium oxide vere added to 10 gal of wates-. 

'l'hl e solution vas allowsd to d:i:n;ol vu and ecol . The sodium 

h,.vdrox1de solution was poured into the Mke-up tank, Bl.owly, with 

agi tat1on f:rom the electric mixer, until the susr,cu:is1on ot 

e.luminum hydroxide had a pH or 6. 5. 

, . Aluminum hydroxide suspension, 6.14-per-cent solids 

by veight . Thia w spenaion waa pr epared by filtering off abou\ 

, ne hnlf of the vstor ln tJw 3.6-per-oent solids SUBPon.sion. 

'tho fil tor ca.kes ver• t hen returned to the m ke-up tank and 

agitated until of' unlfom con.slat mf1• 

) . This auspenaion wan preµar•d by adding 3 lb of byf'lo 

euper-oel to su.epenaion number;,. The mixture analysed 6. =70 per 

oent suspended solids by veight, of vM ch 67 per oent vaa report«t 

as alwdnua oxide ~nd 33 per oent vae f1lte,r aid. 

4. This suspension was prepared by addlng 5 lb flt'""tt7,t'le 

super-eel to 1uspension number). 'fhe nbture anal.yaed 7. :>5 per 

oent suapended solids by vei.;r,ht , or wbteb 49 per cent was report.cl 

as alu.ini num oxide and 51 per oent wo rn t.r aid. 

5. 1'b1e suspension vas prepared by adding S lb ot h:,tlo 

super-eel to suspension number 4 . The mixture analysed 10. 05 per 

cent su.sponded solids by wight, of which )6. 2 per cent vaa n-

ported aa aluminum oxide and 63. 8 per oent vas tilter a1d. 



6. Thi n au5pene1on "8e pr epared by 4tdding S lb ot eyrlo 

sure:r-clll to ou.aponsion mml er s. The mi:xtun a:nalytsitd 13. 03 pet' 

cent sunpended solids by ve1e.ht, of' which 19. ) per cent was reported 

as aluminum oxide 4M S0.7 per cont ws filter nid. 

7 . This su11pendo1t w11s pr0pared by making up BON t?-eah 

aluminum hydroxide suspension, eimllar to SU8J)et11d.on number 1, and 

add111£t t hin to suspension D'llfflbttr 6. The mixtur. analysed 1'?. 02 

per cent suspendod eoli,1e by voight , ot vhiob 4"? .3 per cent vae 

reported HS alurd.m.11'1.t oxldo and S7 .4 por oent was filter a1d. 

s. This auspension w.s pNp.!t.N ti by diluting WBpension 

number 7 with :>O gall ons of wter. The suspension (in~l yaed s.~ 
per cent suspended ao11.~• b,- wipt, of whioh '9 per cent was n-

r,,ortod as alumima orldo and 71 per cont v1u, f1l t or aid. 

Operatiqp or th@ Filter Prt§I• To doteffline tho co!fll)read.,-

1b111ty coet.t1o1ont of each euepension teated on tM t'.l.ow 

apparatus, the tilter preu was oporat.d 1n the followi ng manner-a 

l . The preeoure gage on the flltor :r,rena vaa oalibr.ated 

wlth a dead weight gage tester. Thie opttmtion vaa perfomed before 

the first suspl/Jntd.on vas t '9sted, end again u.tter wspend.on 

number 8 vca tested. 

7- . The suapoMlon t o be toated vaa thoraughl)r agitated 

by me~ns of the mixer . 

) . f,ll valves weN closed. 

4. Valves {a) and (c) were opened, and t ha pump vaa 

started (see f igure 6, pqe 40) . 



5. The end or t he t,ion tube f t-•om the .f'llt&r proos va• 

pl.aced in a buck.et on• largo ba.lanoe. 

6 . The susponoion was allowed to enter the pre111e bJ 
alowq oponina nlvo (d} . This ~~ve was regula.tod throughoat 

the entire toat so tlmt the pre~aure would Nlfain constant on 

t hG t ilter pre••• 

7 . Th@ tiroer was st&rted when the f i ltrate first started 

fl.O\ling i nto the weighing bucket. 

8 . At various i nt erYala, the , •• eight of filtrate and the 

t1me einoe the tilt.rate first started now1ng into the bucket 

wore recorded. 

9. 'l'h• temperature of the suapena.ion waa taken with 

a thomO!llGter and recorded. 

10. Arter 100 to ~)0 gni.ms of filtrate had been collected, 

the pump wa stopped, a.nd valve (d) wa closed. 

11. The filter press was then clnned out, and all ot 

the tilter cloths ~•re washed. 

1~. Att•r tbe praso bad been reasoembled, the prooedure 

1:•rcm steps 4 thi-ougb 11 wa repeated, the filtering being done at 

a diffurent constant preasure. This prccedure vas repeated for 

five different constltnt praseur••• 

D9t,nd,mi,t1on 91• ~PMUlA yrayitY of tht §ulP!Plt9DI• TM 

specific gravity or oaoh suspension tested ve.e obtained in the 

followi ng •nnera 



A 5G-ml dry volvnetrio flask was weighed. The n~ak vaa 

fil.lod to tho 50-W. mnrk vith distilled wat&r ~nd weighed again. 

,1 f'tar drying thia flssk, i t ws filled to the SQ.nil m.ttrk vith the 

suepensi-0n, the apeo1f1o gravity of whi ch wca to be dstemined, 

and weigh.ed. This teat vas J'$rfo:rmed ln duplicate . 

An,1Jt1J.1 or the §VpgP1ipna. Eaoh suspension tested vaa 

amlynd for auspe-ndod solids in tbe following -.nr.er: 

A Gooch crueible vae fi tted onto a filtering n nek, and 

a ncuun was a pplied by mean:; of an a epirator. An asbestos sus-

pension was poured tnto the Goooh cNOibl• until a thin mat of 

asbestos ba.d covered the bottom of the cruaiblo. 7he crucible 

we then dri ed and \i91gbed. A. Sl!!lll amount or the nusr-enaion 

to be tested wa poured into t ho cl"UOible. The crucible, vith 

cont ~nts, we we.ighed atu1n. The noooh orueihle was t hen placed 

back on tho tilhr1rw, ne.ak, and t he VDCUWJI was applied until all 

of the liquid had :filtered off and only the moist solids \IGN 

l t1ft in tho crucible . These solids wer e \ltu'Jhed with bo111.ng w ter 

to reMOve the entrapped aodtum sulfate , t he tilter ine bolng 

conti nued during tb111 w shing. The oruc1.ble was removed, heated 

to redneas, allowed t o cool, A.nd weighed . Thi s procedure vaa re-

peated unt1l no furthor loss ot weight on drying ws noted. The 

aJ"UC!hle , with contents, ve.s then pl.aced i n a. beaker of 10 per 

cent bydroo.hlorio aoid . '!'be acid was heated to and t ho 

contents of tbe oruoibl• wn allowed to digest for 30 minQtea. 



T• oNOible \IU N!JOvGd, placed onto the filtering fla sk, and 

the exceao acid 'Wile filtered orr. The crucible was ramOYed, dr1e4 

end veighecl. This procedure w s perfcl'l!.Mtd in triplicate. Tho 

first voight was total auepended ~olids, the lAst vaa tilt.er aid. 



F • Pttl yd fltma. 

The experiaental <:1..at& utd reaulte obtaiaad during thie 

i rmt8t1ga t t en are pre.Nntod 1n th• fom of tables and t!gu.N• •• 

lndioattld in the tollwin, ~ra~. 

Sum,r gt ltXR!tlalPDi• figaulta. Table III, pap 61, pra•eata 

a swmnary or the r asul ts obtained tn thia tnv aUgation. 'fh• 11•14 

values and the coetN.cients or rigtdlty- 11awd 1.n this table an 

t hose oaloulat4ld by t h• graphical Mthod as ohown bJ tiguna 7, 9, 

11, 13, 15, 1?, 19, end 21. The eoetf'iciente of C011pNs1ibiltt1 

proHnted ir., table I!I ven calculated by graphical Mthode ebc,wn 

bf figurGe a, 10, 12, u., 16, 1~, '°• and ~ - l l"Olll the '.NUJUlte 

listed tn table III, tho empirical equationo J:)l'•"nted in tables 

XXI and Y.!II wre derived. 

t?lkm!,nationa Rt Xl!lt Valu9 IQd Qoetf1q1al a, Big1d1g. 
The tlov data for the auer,ienatone teated 1• prenn'-d 1n table• 

IV, Vl, VIII , x, XII , XIV, XVI, and XVIII . Fl"OIII then cm.ta th• 

co.tficd.ent or rigid! t7 and yield ftlue or each suapen•1on wen 

detomined by t he gr.aph1eal eolution ehown on ti11.u-e1 7, 9, 111 

13, 15, 17, 19, end 71. 

Ptlfmt.m:\iona ,r CttU1si.ut er Pmmn1,1»11ty. The 

tiltn.tio data fl-om which the coetf1o1ent or oompnsa1b111ty rw 
each aw,pens1on •s detemined 1s listed 1n tablea v, VII , II, XI, 

XIII , XV, I VIT, and XIX . The graphioal detefflimt10fte of the 



ooeffloi•nt ot oompr&ss1b111ty for eaeh ausr,ens1on le shown a 

tiguree 8, 101 1:r, 14, 16, l l!t, ~ , and ~2. 

Stomr Viamet•r T@I\I• The n perbental deumi nationa 

vitb t he Stofflet" YisoO'ffi8t.r produoed tbe data pn q ntad ln 

table XX, J'III• 94 . '!'hie data w e taken on s'WJP4)na1on• l , i , 

and 3. };"'l"OllJ t hta da ta the plot of' actuatine wei ght Yel"6\JA 

revolut ion• per second, s shown 111 tigu.re 2J, p&fe 95 , ,_., dniw. 

t hla type ot plot vae .not m d• f'or t ha other sus:nenaiona a.e the 

aonoontration or eul!lpended sol:lde beoa• high, because repro-

d.u.c1bl• data could not be obtained. 

DttiDU:91 9t fJap.lrtS'@l &:J\&1$iPU• The equaUona de1'1T9d \o 

ahov t ho relatl.onah1p between yield 'ftllue, 00110-.ntration ot solida 

and ompreas1bll1ty coefficient are listed in table x:·1, PAI• 96 . 

Thia table above t he dnb tions of 7ield values ae oe.lcul \ed b;r 

.ach equat i on fJ'OII the u porlmenta.117 datemined yiel d val••• 

The oqunti ona del'iwd to the r alat.1.onahip betw• en coet-
f1oient ot r1f'1d1t7, oonoentniUon ot eolids and t he oompressi billty 

ooett'1c1ent aN f)reaent-.d in taltle XXII, page 97 • Deriatiou ot 
• 

the ooef'f'1c1ent of r1g1d1t7 na calculated by ueh equation .frolll 

tmt nperlaental.17 detem1ned ooetr1o1ent ot rigidity an 111. l eo 

l i 1ted in t hia tllble. 



suspensi on 
Htmh&r 

l 

5 

G 

1 

T~~er-
at-ur-e 

Table III 

Sil\.m:,a,;rr'! OF 1'.J:;:!'S"Tr.IA'i'!CH(;; O? YIZLn 'h;.tmt . :;G,'.:":t!C!'·T:i' 0 \ P.lffI '! TY. 
~ti~f) (~0£~:F'FICI'.''!~f O!: CDlJff'-:F~::S!n!T..1r1Y "F'(:"n AIJJ!fitn;}~ ~~-~~·:_{t~JXl tJ1f! ... ~.~n:r:r:I~ AI1) r:n-m~:ft;I()!~ 

l '-f!,r} of 
Al ur:iinum 
Hyd:rorlde 

in Sus-pension 

30 

59 

16 

~~ r,eeif ie 
Gravity 

1. 100 

1. 1$9 

l ,.l P.O 

Coneen tratton 
of ;3uspendoo 

t,rslide , C 

JlLft.ri..!!1 soli<w 
100 l b suspanston 

l e1-eentaf$ 
l~l Uni' llU?n 
Dxi <le in 

~1ol ils , 
'.~l"s~ •'¼:ti;is 

s·1.o 

~0!:!t'age.. 
Y1lt,~r Ai r! 
i n Solids , 
l.)~1' 1~1s 

o.o 

71 .. 0 

Gooffid.ent of 
C0;:~T'l't)£;Si bili ty , 

s 

Yt ,~1l d 
Value • 

.;;,y 

J . 176 

0. 212 

0. 001 

l b/ l"t- oo.c 

,} ,.0061 76 



Nominal Temper-
Diameter ature 
of Pipe 

inches °C 

0.5 · 28 
0.5 28 
1.0 26 
LO 26 
1.0 26 

0.5 .30 
0.5 .30 
0.5 30 
0.5 30 
0.5 JO 
Oo5 JO 
0.5 JO 
LO 32 
1.0 32 
1.0 JO 
LO 30 
1.0 30 
L5 30 
L5 .30 
1.5 30 
1.5 JO 
1.5 JO 
1.5 JO 
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Table r.v 
FRICTION HEAD LOSS TESTS IN PIPES OF VARIOUS SIZF.S 

FOR ALUMINUM HYDROXIDE SUSPENSION NUMBER 1 

Per cent suspended solids - 3.60 
Age of suspension - 38 days 

Mass Rate Velocity Manometer Friction Boundary 
of Flow of Flo-w Reading Head Shea.ring 

Loss Stress 
V AH Sp 

inches feet of 
lb/sec ft/sec Hg flo-wing lb/sq ft 

substance 

o. 769 5.JOO 5.JO 5. S50 o. ;"920 
0.392 ? .705 2.JJ 2.440 0.1280 
2 .290 5.540 2.65 2.780 0.2460 
1.8.30 4.430 1.68 1. 7(,0 0.1560 
1.270 J.070 1.08 1.130 0.1000 

inches 
I cc14 

0.029 0. 204 19.30 00950 0.0500 
o. ,'J29 0.204 17.75 0. 872 0.0458 
0. 086 0.596 20.10 0_9q7 0.0579 
o.066 0. 1.60 18J)() 0 .914 0.0480 
Ov093 o.639 20.00 0. 982 0.0517 
0.159 1.092 1.045 0.0549 
0.143 0.985 22.M3 1.110 000583 
0.170 0.411 l?.73 Ov625 0 ,0553 
O. ;"J l 0.559 12.05 0.59? r .0525 
Oa41..6 1.078 ?J . 38 o.656 0 .0581 
0. -:46 0.595 13.43 0 .660 0.0585 
00329 0.796 14070 0.722 o.o640 
0.205 0.?12 2o35 0.105 0. 0142 
0.112 0.116 =-'o98 0 .133 0 .0180 

Oo291 4.03 0.1~0 0.0244 
0. 387 0.916 1~" 65 0. 830 0.11?5 
Oo72J 0.747 1J o55 0.604 0.0820 
00476 0.491 8.60 00383 0.0520 

Velocity 
4 I Diameter 

V/4D 

ft/sec-ft 

25.50 
23.00 
15.85 
12.67 
8.77 

0.98 
0.98 
2087 
2.22 
J.08 
5v25 
4.74 
1.18 
1.60 
3.08 
1.70 
2 0 28 
Oo40 
0.22 
0.55 
L71 
1.40 
0. 92 
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Table V 

FILTRATION TESTS F(I{ ALQMINUM H!DROXIDE - FILTER AID 
SUSPKMSIOI RUMBBR l 

Per cent suspended eolida - .3.60 
Age of alUJl!.inum ~• in auspeneion - 38 days 

Aree. ot filt.ring eurftlee, A, - 66.3 1!1Q in. 

Pre8sure, P, wt, lJ, or Time, G, i 571 or Filtrat• since A 
Filtration Collected Filtration 

at Began 
Time, Q 

lb/sq in. IJI min ~b:W, . min 

6 200 0.38 o.000665 0 • .38 
6 400 o.s1 0.0013.32 0.81 
6 600 1.29 0.001999 l.'-9 
6 800 1.79 0.002665 1.79 
6 1000 ;:,.40 0.003.341 ,.40 
6 1100 2.71 o.003675 ,.71 
6 1200 .3.03 0.004009 .3.0.3 
6 1300 J.~9 0.004343 3.39 
6 1400 3.75 0.004677 .3.75 
6 1500 4.14 0.005011 4.14 
6 1600 4.52 · 0.005321 4.52 
6 1700 4.91 0.005680 4.91 
6 1800 5.30 o.oo6ol4 5.30 

10 200 0.21 o.000665 Oo21, 
10 400 0.47 0.001332 0.47 
10 600 ' 0.76 0.002001 0.76 
10 800 1.09 0.00266, 1.09 
10 1000 1.49 0.003341 1.49 
10 1200 1.92 0.004009 1.92 
10 1400 2.40 0.004671 2.40 
10 1500 2.65 o.005ou 2.65 
10 1600 2.90 0.0051?.l 2.90 
10 1800 3.46 0.006014 .3.46 
10 :2000 4.05 o.00668.3 4.05 
10 2,>00 4.69 0.007352 4.69 
10 2400 •· 5.39 o.008017 5.39 

------· .,____ ____ --

12 200 0.25 ·0.000668 4,510 
12 400 0.55 0.001336 4,950 
12 600 o.ss 0.002004 5,.280 
12 · 800 1.25 0.002673 5,6:20 
12 1000 1.66 O.00:3341 5,980 
12 1200 2.11 0.004009 6,340 
12 . 1.400 2.60 0.004667 6,700 
12 1600 J.14 0.005321 7,090 
12 1800 ). 70 o.006014 7,430 
12 2000 4.30 o.006683 7,760 
12 2200 4.96 0.007352 8,130 
12 2400 5.61 o.008017 8,4.30 
12 3000 7,90 0.010022 9.500 
12 3200 8.75 0.010674 9,8:?0 
12 .3400 9.63 0.011325 10,200 

15 200 o.~2 o.000668 4,960 
15 400 0.44 0.001336 4,950 
15 600 o:n O. 002004 5,780 
15 800 l.CY7 O.00267) 6,020 
15 1000 1.40 o.003'41 6,:no 
15 1200 1.80 01004009 6,770 
15 1400 2.?3 o.oo.4!,67 7,170 
15 1600 2.70 0.005321 7,610 
15 lSOO .3.20 o.006014 8,020 
15 2000 .3,73 o.006683 8,420 
lS 2200 4.30 O.007352 8,800 
15 2400 . 4.90 0.008017 9,210 
15 ,000 6.9.3 0.010022 10,400 
15 3200 7.67 0.010674 10,890 
15 '.3400 8.44 o.ou,,5 ' 11,150 

19 200 0.17 o.000668 4,860 
19 400 o.,s 0.0013'6 5.420 
19 600 0.61 o.002004. S,-810 
19 800 . 0.17 0.00~73 6.190 
19 1000 1.17 0.003341 6,670 
19 1200 1.48 0.004009 7,0,0 
19 14,00 1.84 o.004667 7,490 
19 1600 2.'2 o.oos,21 7,930 
19 1800 2.~ o.006014 8~330 
19 2000 'J.07 o.006683 8,7~ 
19 2400 4.04 o.0073S2 9,630 
19 :,ooo S.'10 0.010022 10,870 
19 3~ 6.)1 0.010674 11,250 
19 3400 6.9, o.O~325 11,660 

' 

Tape~ 
a.tur. 

oC 

30 
.30 . 
30 
30 
30 
30 

'° 30 
30 
30 
.30 
30 
30 

JO 
.30 
30 
30 
30 
.30 ,o 
JO 
30 
30 
30 
JO 
30 

31 
31 
31 
.31 
31 

. 31 
31 
31 
31 
31 
31 
31 
31 
31 
.31 

.31 
31 
31 

. 31 
31 
.31 
31 
.31 
)1 
31 
31 
31 
31 
31 
)1 

31 ,1 ,1 
31 
31 
31 ,1 
,1 ,1 
31 
31 
31 
31 
31 



1 .. ' ' • , ' 
J{~~ . 
; !' -LH+.-i-tt+u- ,--H+++-l+'-H+++-l+l--r+'--'--.... --i+;+-++--+ 
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Nominal Temper-
Diametair ature 
of Pipe 

inches oC 

0.5 30 
0.5 .30 
o. 5 30 
0 .5 .30 
0.5 .30 
o. 5 .30 
o. 5 30 
0 .5 30 
0.5 .30 
0.5 .30 
o. 5 30 
0.5 JO 
1.0 30 
1.0 30 
1.0 30 
1.0 30 
1.0 .30 
1.0 30 
1.0 30 
1.0 JO 
1.0 30 
1.0 30 
1.0 .30 
1.0 30 
1.5 30 
1.5 30 
1.5 30 
1.5 30 
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Table VI 

FRICTION HSAD LOSS TESTS IN PIPES OF VARIOUS SIZES 
FOR ALUMINUM HYDROXIDE SUSPENSION NUMBER 2 

Per Cent suspended solids - 6.14 
Age of suspension - 45 days 

Mass Rate Velocity Manor.ieter Friction Boundary 
of Flaw of Flow Rea.ding Head Shearing 

Loss Stress 
V AH Sp 

inches feet of 
lb/sec ft/sec HC; flo-wing lb/sq ft 

substance 

n.758 5.31 5.05 5. :?9 0.290 
0.556 J. C'lO 4.70 4_ q2 0.270 
0.438 3.12 4.15 4.35 c . ::i3g 
0.298 2.09 3. 20 3.35 0.184 
o.,38 1.67 ::' . 65 2.78 0.152 
0.595 4.18 4.80 5.03 0.276 
0.379 '2.{-16 4.00 4.19 o.;Jo 
0.209 1.46 3.45 3.61 G.198 
0. 208 1.46 3.55 3.72 0 • -;:,r~/4 
0.156 1.CY? 3 .l~O 3.56 0.195 
f\ .14 7 1.03 3.35 3.51 0 .192 
0 .095 0. 06 J.10 J. 25 0 .178 
0 ,575 1.4;:, :'.,o '2.30 o.::i12 
o. 595 1.47 ';.25 ::i . 35 0 .217 
1.3'•0 3.43 ':,70 2. 83 o . ?61 
1. 515 J .74 ;:- . 80 2.93 0 . 270 
0,'"l80 ; .l1r~ 2.95 J.09 0 . 285 
0.758 l.'37 ? ,75 ~. 88 0 .266 
1.041 ': . 57 -:> . 75 ;' . 38 o . -::66 
1.282 3.17 ? . 1+5 2.56 0 . 236 
Oc ::138 0 ,5g 1. 55 1.62 0 .149 
0.758 1. 37 ; . 35 2. 46 0. ')'27 
o.694 1.71 ? . 40 ;- . 51 0.23? 
0 ,3?0 0 .7q ;"' .15 ;" -~5 0. 208 
~ . '?75 ';> .JR 1. qo 1.33 0.?66 
1.390 1.45 1.70 1.78 0 . 252 
o. 549 0.57 1.50 1.57 o. ;,n 
0.451 0 .47 1. 35 1.42 0.200 

Velccity 
4 I Diamster 

V/4D 

ft/sec-ft 

25.60 
18 •. go 
15.00 
10.10 

8.03 
20.10 
l ;' . /30 
7.02 
7.02 
5 .'27 
'~ .97 
5.13 
4.06 
4.20 
9 . 80 

10, 70 
6.91 
5. 34 
7 . 34 
0 . 05 
1.68 
5.34 
I+. 90 
;, • ='6 
4 • .1,4 
::i. 71 
1.07 
0 . 38 
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Tnbls VII 

FILTRATION TESTS FOR ALUMINUM HYDROXIDE - FILTER AID 
SUSPENSION 'NUMBER 2 

Per cent suspend~d solids - 6.14 
Age of aluminum hydroxide in suspsnsion - 45 days 

Area of filtering surface, A, - 663 sq in. 

Pres:c,ure, P, 'Wt, 'W, of Time, O, j PQ 
or Filtrate since A W/A 

Filtratton Collected Fil~ration 
at Began 

I Time, 0 
l I 

---
lb/sq in. gm rlin :!.b-:11i12 I :rnin 

sq in. I 

-··-. 

6.0 100 0.46 0~000334 8,263 
6.o 200 O.d3 0.000668 7,904 

I 
I 
I 

I 

6.0 JOO 1.39 0.001002 8,J2J I 
6.0 400 L89 0.001JJ6 8,488 
6.0 500 2.4J 0.001670 8,730 
6.o 600 J.00 0.002004 8,982 
6.o 700 J.€-1 0.002339 q,260 
6.0 300 4.?3 0.002673 9,494 
6.0 900 4.89 0.003007 9,757 
6.0 1000 5.58 0.003.341 10,020 

. -··------- -·-·····------- ··--·-·- - -- - - --- - -- ---- · -------

8.-0 100 o.n 0.000334 5,029 
8.0 200 0.1+7 0.000668 5,628 
8.0 JOO o.?6 0.001002 6,067 I 8.0 400 1.06 0 ., 001336 6,347 

I 8.0 500 1.39 0.001670 6,658 
8.0 600 1.74 0.002004 6,946 
8.0 700 2.1;:, 0.002339 7,250 
8.0 800 2.53 0. 002673 ?,5?2 
8.0 900 ?o94 0.003007 ?,821 
8.0 1000 Jo40 0.003341 8,141 
8.0 1100 J.85 0.003615 8,380 
8.0 1200 4oJ7 0.004009 1, 8,720 
a.o 1.300 4.90 0.00434.3 9,026 

9o0 200 0.?3 0.000668 3,100 
9.0 400 Oo76 0.001336 5,120 
9.0 500 1.08 0.001670 5,810 
9.0 600 1.41 0.002004 6,340 
9.0 700 1.77 0.0023.39 6,810 
9.0 800 2.14 00002673 7,210 
9.0 900 ?.50 0.00.3007 7,490 
9.0 1000 2.90 0.00.3341 7,820 
9.0 1100 J • .33 o.oo.3675 8,160 
9.0 1200 .3.78 0.004009 8,840 
9.0 1.300 4. 24 0.00434.3 8,890 
9.0 1400 4.73 0~004677 9,110 
9.0 1500 0.005011 I 9,390 

---- ·-- .. ..... - ----- ··--- .. ------- -- -
1Jo2 200 0.26 0.000668 5,140 
lJ.2 400 0.62 0.001336 6,150 
13.-;, 600 1.0.3 0.002004 6,790 
1.3.2 800 1.54 0.002673 7,620 
13.2 1000 2.10 0.003341 8,300 
l.3o2 1100 2.41 0.003675 8,660 
lJ.2 1200 '?.73 0.004009 8,980 
1.3.; 1300 3.08 0.004.343 9,380 
1.3.2 1400 3 .41. o.004677 9,710 
13.2 1500 J.81 0.005011 10,020 
13o2 1700 4.64 0.005680 10,790 
13.2 1800 5.06 o.006014 11,100 

15.4 200 0.26 00000668 6,000 
15.4 400 Oo58 0.0013.36 6,690 
15.4 600 o.96 0.002004 7,.360 
15.4 800 1.41 00002673 8,120 
15.4 1000 1.91 0.003341 8,860 
15o4 1100 2,18 0.003675 9,140 
15.4 la>O 2o47 0.004009 · 9,480 
15.4 1300 2.79 0.004343 9,910 
15.4 1400 3.13 0.004677 10,.310 
15o4 1500 3.48 0.005011 10,700 
15.4 1600 4.20 0.005680 11,JS0 
15.4 1800 4.60 0.006014 11,790 
15.4 2000 5.40 o.00668:> 12,470 

Temper-
ature 

oC 

28 
28 
28 
28 
28 
28 
.28 
28 
28 
28 

29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 

JO 
.30 
.30 
30 
.30 
.30 
30 
.30 
.30 
JO 
.30 
30 
JO 

t 1 

31 i 
Jl 
.31 
31 
31 
.31 
.31 
31 
.31 
.:n 
.31 
31 

31 
31 
31 
31 
31 
31 
31 
31 
Jl 
31 
31 
31 
31 
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Nominal Temper-
Diameter ature 
of Pipe 

inches oC 

I 0~5 28 
0.5 28 
Oo5 28 
0.5 28 
0.5 28 
0.5 28 
0.5 28 

I 0o5 28 ! 

I LO 28 
LO 28 
LO 28 
LO 28 
LO 28 
1.5 31 
L5 31 
1.5 31 
L5 31 
L5 Jl 
1.5 31 
1.5 31 
1.5 31 
L5 31 
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Table VIII 

FFICTION HEAD LOSS TESTS . nr 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 aluminl.Dll hydroxide in suspension - 59 days 

Mass Rate Velocity Manometer Friction Boundary 
of FlO\I of Flov Reading Head Shearing 

Loss Stress 
V AH 5p 

inches feet of 
lb/sec ft/sec Hg flowing lb/sq ft 

substance 

o.641 4.547 5.98 6.267 0.3195 
0.521 3.694 6 000 6.288 0.3206 
0.,471 3.344 5o85 6.131 0.3126 
0.537 3.813 5.80 6.078 0.3098 
00397 2 .814 5.60 50869 0.2992 
Oo245 10738 5.10 5.345 0.2725 
0.252 1.791 5.20 5.,450 Oc. 2'773 
0.172 1o2;i3 /~o90 50135 0.2618 
2.500 I 60237 3.30 3.458 0.2969 
2.n2 I 50668 3.30 3.458 0.2969 
1.3~9 3.465 2.83 2.965 0.2546 
1.000 2.495 2.78 2.913 0.2501 
0.595 1.485 2068 2.808 0.2411 
/0 275 2.407 1.70 1.781 0.2344 
2.380 2.518 1.65 1. 7'29 0.2276 
1.851 1.958 1.65 1. 72CJ 0.2276 
1.666 1.763 1.55 1.624 0.2138 
1.136 1.202 1.45 1.520 0.:2000 
1.111 1.175 1.55 L6'24 0.'1.38 
1.190 1. ;,59 1.53 1.603 0.2110 
0.438 4.634 1.40 1.4A7 0.1931 
0.126 1.333 1.25 1..310 0.1724 

Velocity I 
4 X Diameter 

V/J;D 

rt/sec-ft 

21.90 
17.79 
16.10 
13 036 
13.55 
8.37 
8.62 
5o89 

17.84 
16.21 
9.91 
7.14 
4.24 
4.1 ... 9 
4.70 
J.65 
3.28 
'2. '2-4 
?..19 
2.34 
0.86 
0.25 

··- ----- · 
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Table TX 

FILTRATION T"~TS FOR ALIDffNUM HYDROYIDE - FILTER AID 
SUSPENSION NUMBER 3 

Per cent su8pended solids - 6.20 
Per eent aluminum oxide in solid~, dry basis - 67.0 
Age of a.lwdnum hydroxide in suspension - '59 days 

Area of filtering surface, A, - 663 sq in. 

Pr .. ssure, P, Wt, W, of 'l'iTlle, Q, H p Q 

of F'iltrate since A wTA 
Filtration ColJected Filtrat1on 

at Began 
Time, Q 

lb/sq in. gm min 11>-m!!l r.iin 
·sq in. 

6 100 Oo55 0.000334 9,880 
6 200 1.10 0.000668 9,!380 
6 300 1.70 0.001002 lC,179 
6 400 ~.31 0.001336 lC,371+ 
6 500 2.94 0.001670 10,562 
6 . 600 Jo67 0.002004 1C,9B8 
6 700 4.39 0.002339 11,261 
6 800 5.16 0.00?.673 11,582 
6 900 5.99 0.003007 11,952 
6 1000 6.77 0 0003341 1,,158 

7 100 0.25 0.000334 5,240 
7 200 0.54 0.000668 5,660 
7 300 o.88 0.001002 6,150 
7 400 1.20 0.001336 6,290 
7 500 1.57 0.001670 6,500 
7 600 lo98 0.002004 6,910 
7 700 2.42 0.002339 7,250 
7 800 :?.90 o.on2673 7,600 
7 900 3.40 00003007 7,910 
7 1000 3.90 0.003341 8,170 
7 1100 4.48 0.003675 ?. , 530 
7 1200 5.08 0.004009 3,860 
7 1300 5.71 0.,004343 9,no 
7 1400 6037 0.00467? 9,540 
7 1500 7.04 0.005011 9,820 

10 100 o.a 0.000334 6,287 
10 2()0 Oo47 0.000668 7,035 
10 JOO 0.72 0.001002 7,185 
10 400 L02 0"001336 7,634 
10 500 1.J8 0.001670 S,263 
10 600 1.68 0.002004 8,383 
10 700 2o05 0.002339 8,764 
10 800 ;,.43 0.00;?673 9,090 
10 900 0.003007 9,511 
10 1000 Jo?<J 0.003341 CJ,347 
10 1100 3.74 0.003675 l C,176 
10 1200 4. :'3 0.004009 lC,551 
10 1300 "· 72 00004343 10,~68 
10 1400 5.n 0 ,004677 l C,267 
10 1500 5.Sl 0.005011 11,594 

12 200 0.40 0.000668 7,185 
1;, 400 0.13h Oo001J36 7,'104 
12 600 1.44 0.002004 3,622 
12 800 ;'.10 0.002673 9 ,I. 27 
12 1000 2.84 0.00.3341 10,200 
12 llOO 3.~4 0.003675 10,579 
12 1200 3.67 0.004009 10,985 
12 lJOO 4.10 C'.004343 11,328 
12 1400 4.57 0.004677 11,725 
12 1500 5.04 0.005011 1:-',0d') 

14 ?00 0.l.3 00000663 9,011 
14 400 Oo92 O.OOlJ.36 9,640 
14 600 1.49 0 0002004 10,409 
14 800 ~.17 0.002673 11,365 
14 1000 ;' .38 0.003341 l?,068 
14 1100 J.;::>8 0.003675 12,495 
14 1?00 3.69 0.004009 12,386 
14 1300 4.13 0.004343 13,331 
14 1400 4.59 0.004677 l'.3,739 
14 1500 5.06 0.005011 14,165 
14 1600 5.55 0.005J21 14,60~ 
14 1700 6.07 0.005680 
14 1800 6.61 0.006014 15,387 

Te1"1per-
ature 

oC 

29 
29 
29 
29 
29 
29 
29 
29 
29 
29 

29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 

30 
30 
30 
30 
30 
30 
30 
JO 
30 
.30 
30 
30 
30 
30 
30 

30 
30 
.30 
30 
JO 
30 
30 
30 
30 
30 

30 
30 
30 
30 
30 
30 
30 
JO 
30 
JO 
30 
30 
30 
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Nominal Temper-
Diameter ature 
of Pipe 

inches oC 

0.5 29 
0.5 29 
0.5 29 
0.5 29 
0.5 29 
0.5 29 
0.5 29 
0.5 29 
0.5 29 
1.0 29 
LO 29 
LO 29 
1.0 29 
1.0 29 
1.0 29 
1.0 29 
LO 29 
1.0 29 
1.5 29 
L5 29 
1.5 29 
1.5 29 
1. 5 29 
1. 5 29 

-7'4-

Table I 

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

Mass Rate Velocity Manometer Friction Boundary 
of Flov of Flov Reading Head Shearing 

Loss Str ess 
V AH Sp 

inches feet of 
lb/see ft/sec Hg flowing lb/sq ft 

substance 

0.773 5.21 7.33 7.67 0.411 
Oa64l 4.33 6.90 7. ?3 0. 387 
o. 617 4.17 6. 85 7.17 0.384 
Oa521 3 .52 6.70 7a02 O., J76 
O.J47 ?.34 6.43 6.73 0.361 
0.308 ?.08 6.?3 6. 52 0.349 
0.227 1.53 5.38 6.16 0.330 
0.218 1.47 5.65 5.'11 0.317 
0.091 0.61 5.45 5.71 0. 306 
;, .380 5.65 4.15 4.35 0.393 
1.470 3.49 3 ~75 3.93 0 . 355 
;>.275 5.40 3.0 0 4.08 0.369 
2.500 5.94 4.03 4.?2 0.38?. 
1.785 4.24 J o75 J.93 0.355 
1.315 J.12 3.55 J.72 o.JJ6 
o.658 1.56 J.15 J.JO 0.298 
0.278 o.66 ;> .88 J.01 o.n2 
o;,050 0.12 ':! . 4':> ~- 53 0.228 
4.170 4.20 2.10 ; .?O 0.305 
2.780 2. 80 1.90 1.90 o.n6 
0.438 0.44 1.75 1.33 0.254 
0.595 0.60 1.75 1.83 0.254 
0.320 0.32 1.65 L73 C . ;>.L~O 
O.lJO 0.13 L55 L62 0. , 24 

Velocity 
4 I Diameter 

V/4D 

ft/sec-ft 

25.10 
20.90 
20.10 
16.98 
11.28 
10.03 
7oJ7 
7008 

r '") •' 96 ,(,.u 

16.15 
9.97 

15 ,,43 
17 .. 00 
12.12 
8.93 
4.46 
1.89 
0.34 
7.84 
5.22 
0.82 
L12 
0q60 
0.24 





Tabla XI 

FILTP-ATTON TESTS FOR ALUMINUM HYDROXIDE - FILTER AID 
SUSPENSION NUMBER 4 

Per cent suspended solids - 7.25 
Per cent alumin'llll! oxide in solids, dry basis - 48.5 

Age of alW'linUJn hydroxide in suspension - 73 de.7s 
Area of filterlng surface, A, - 66J sq in. 

Pressure, P, Wt, W., of Time, Q )! M of Filtrats since A 
Filtration Collected Filtration 

at Ragan 
Time, Q 

lb/eq in. gm min lh-n!n min 
sq in. 

6.o 100 0.52 O.OOOJ.34 9,341 
6.0 . 2()() r.97 o.000668 8,712 
6.o 300 1.54 0.001002 9,2::>1 
6.0 400 2.10 0.001336 9,431 
600 500 ':.76 0.001670 9,916 
6.o 600 J •. u 0.002004 10,209 
6.0 700 4.n 0.0023.39 10,799 
6.0 80() 4.97 0.00267.3 11,156 
6.0 900 5. 76 0.00.3007 11,493 
6.o 1000 6.66 0.003341 11,q60 

-
7.5 100 0.1~5 0.000.334 10,090 
7.5 200 o.38 0.000668 9,900 
7 .5 JOO 1.40 0.001002 10,480 
7.5 400 l.Ql 0.001336 lC,720 
7.5 500 ,.51 0.001670 11,:'50 
7.5 600 J.13 0.002004 11,720 
7.5 700 '.3.79 0.002.339 l::',l?O 
7.5 800 4.1.s 0.002673 l::',590 
7.5 900 5.20 0.003007 1:',960 
7.5 1000 5.97 0.00.3340 13,400 
7.5 1100 7.55 0.003675 11~,120 

10o4 100 0.25 00000334 7,550 
10.4 200 0.48 0.000668 7,4QO 
10.4 .300 0.76 0.001002 7,780 
10.4 400 1.08 0.001336 8,400 
10.4 500 lo40 0.001670 8,720 
10.4 600 1.75 0.002004 9,080 
10~4 700 2.14 0.002339 9,510 
10.4 800 '2.57 0.00.267.3 10,000 
10.4 900 J.01 0.003007 10,400 
10.4 1000 3.47 0.003.341 10,800 
10.4 1100 J.99 0.003675 ll,.300 
10.4 1200 4.5.3 0.004009 11,760 
10.4 1.300 5.12 0.004343 12,280 
10.4 1400 5.72 O. 001+6? 4 l~,700 
10.4 1500 6.31+ 0.005011 13,130 

12.0 100 0.18 0.000334 6,467 
12.0 200 0.41 0.000668 7,.365 
12.0 300 o.66 0.001002 ?,904 
12.0 400 0.92 0.0013.36 R,263 
12.0 500 1.?2 0.001610 8,766 
12.0 600 1.55 00002004 9,281 
12.0 700 1.90 0.002.3.39 9,747 
12.0 800 2.27 0.002673 10,190 
12.0 900 2~67 0.003007 10,65, 
12.0 1000 3.11 0.00:33.41 11,170 
12.0 1100 3.55 0,003675 11,391 
l?.O 1;,00 4.03 0.004009 1;,,062 
l;'.O 1300 4.54 0.004343 1~1 544 
12.0 1400 5.06 0.001~677 12,98~ 
12.0 1500 5.61 0.005011 1.3,4.34 

15.0 1000 2.66 0.003.341 11,940 
15.0 1100 JoOJ 0.003675 12,350 
15.0 1200 3.40 0.004009 l?, 720 
15.,0 1.300 3.73 0.001.343 13,050 
15.0 1400 4.,~2 0.004677 1.3,550 
15.0 1500 4.69 0.005011 14,050 
15o0 1600 5.15 0.005.346 14,470 
15.0 1700 ;.65 0.005680 14,q20 
15.0 1800 6.18 0.006014 15,400 
15.0 1900 6.73 0.006.349 15,900 
15.,0 2000 7 o.30 o.00668:, 16,400 
15.0 ?100 7089 0.007017 16,880 
15.0 2200 8.52 0.001352 17,420 
15.0 2300 9.19 0.007687 17,980 

Temper-
ature 

oC 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

.29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 

29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
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Table XII 

FRICTION HEAD LOSS TESTS I N PIPES OF VARIOUS SIZES 
Fon ALUMINUM HYDROXIDE - FILTER AID SUSPENSION NUMBER 5 

Nominal Temper-
Diameter ature 
of Pipe 

--
I 

inches l oC 

' Oo5 I 30 
o. 5 30 I 

0.5 i 30 I 
0..,5 30 ' I 0.5 30 ! 
0.5 JO 
0.5 JO 
0.5 30 
1.0 30 
1.0 30 
LO 30 
1.0 JO 
1.0 JO 
1.0 JO 
1.0 JO 
1.0 30 
1.0 JO 
1.5 JO 
L5 30 
lo5 JO 
L.5 30 
L,5 I JO 
1.5 l 30 1.5 30 
l o5 30 

---· ----·-- - -- ----- -

Per cent suspended solids - 10.05 
Per cent aluminum oxide in solids, dry basis - 36.2 
Age of aluminum hydroxide in suspension - 83 days 

Mass Rate Velocity Manometer Friction Boundary 
of Flow of FlO',J Roa.ding Head Shearing 

1-;t:=~ 
Loss Stress 

i aH Sp ! 
' --

inches i feet of 
-~-------

! flowing lb/sq ft 
! 

Velocity 
4 X Diameter 

V/4J) 

' 
ft/sec-ft 

lb!~ec-=~:,J / J _ Hg substance --=·· - - -L----
I ! --1----

I 0.833 I 5.429 8.23 : ~.625 0.478 26.10 
I : 

lJ.63 0.435 ?.835 I 7o90 i-3 .279 0.459 I 

0.345 2.249 I 7.60 i 7.964 0.4.42 10. 83 ! 
0.296 1.929 7.35 7.703 0.427 9.29 I 

' 0.227 L479 6.95 7.284 I 0.404 7 .13 
0.185 1.205 6.73 7.053 i o.3q1 5.78 
0.116 o.756 6030 (,0602 0.366 J .64 
0.091 0.593 5. 85 6.130 ! 0.340 2.85 
). 570 8.182 5.05 5_;,92 0.493 2J o)9 
20275 5.214 1:- .35 4.553 0.4?6 14090 
0.695 l o59J J.45 3.615 0.337 4o54 
0.181 0 ., 415 J.20 J.35J 0.313 1.17 
L925 4. /4 12 4.40 4. hll 0.431 12.61 
1 .. 390 30185 4.05 4.244 0.,396 9.09 
o. 833 1.909 3.75 3.930 O.J67 s .. o 
0. 416 00953 J. ;.,5 J.406 0. 318 ;'.71 
0.151 00346 2o95 3.091 0 .;>89 0.97 
5.550 5.398 ;:- . 85 ':>.986 00427 10.02 
5.200 5J)57 2J,o '?. 7'?4 0.390 9.41 
4.6.30 4.503 2.55 20672 0,,383 3.37 
3.200 J ., 112 ::'.50 2.620 I 0.375 5.78 
'?.780 20704 l 2.35 2. 462 l 0.352 5.02 
1.790 1.741 2.25 2.358 O.JJ8 3. 23 
o.695 o.676 2.15 ;, .253 0.3 23 1.24 
0.490 0.476 1.85 1.938 0.278 0.87 

---··-------------- ----·--- -- ------- -- -------- ------ ---·---

I 
I 

I 

! 
! 

I 
i 

i 
I 
I 
I 
' I 
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Table XIII 

FILTRATION TESTS FOR ALUMINUM HYDROXIDE - FILTER AID 
SUSPENSION NUMBER 5 

Per cent suapended solids - 10.05 
Per cent aluminum oxide in solide, dry baeis - J6.2 

Age of aluminum hydrorl.de in suspension - 8.3 days 
ArN. of filtering surface, A, - 66.3 sq in. 

Pressure, P, Wt, W, of Time, o, j p Q 
of P'iltrate since A wli 

Filtration Collected Filtration 
at Began 

Time, Q 

lb/sq in. gm min 112::?!!!D min 
sq in. 

6 • .3 100 0.38 0.000334 7,160 
6 • .3 200 0.82 o .. 000668 7,6.30 
6 • .3 .300 1.;.>Q 0.001002 8,110 
6 • .3 400 1.81 0.001.336 8,540 
6 • .3 500 2.37 0.001670 8,950 
6 • .3 600 2.98 0.002004 9,360 
6 • .3 700 J.63 o.oon39 9,770 
6.J 800 4.34 0.002673 10,220 
6.J 900 5.07 0.00.3007 10,600 
6.3 1000 5.90 0.003341 11,130 

8.5 100 0.27 0.000334 6,860 
8.5 200 0.56 o.000668 7,140 
805 JOO 0.90 0.001002 7,630 
8.5 400 lo27 0.0013.36 8,090 
8.5 500 1.68 0.001670 8,560 
8.5 600 2.10 0.002004 8,900 
805 700 2.60 O.OO='J.39 9,450 
8.5 800 J.11 0.002673 9,890 
8.5 900 J.65 0.003007 10,310 
8.5 1000 4.25 0.003341 10,810 
8.5 llOO 4.87 o.ooJ675 11,270 
8.5 1200 5.5). 0.004009 11,700 
8.5 1300 6.20 0.004343 12,130 

., 

10.0 200 0.47 o.000668 7,040 
10.0 300 0.77 0.001002 7,690 
10.0 400 1.11 0.001336 a,3;,o 
10.0 · 500 1.47 o.no1610 s,goo 
10.0 600 1.88 0.002004 9,.380 
10.0 700 2.31 0.002339 9,870 
10.0 800 2.77 0.002673 10,.390 
10.0 900 Jo27 0.003007 10,880 
10.0 -,,, 1000 J.79 0.003341 11,.350 
10.0 1100 4.34 0.003675 ll,"110 
10.0 1200 4.91 0.004009 12,250 
10.0 1300 5o54 0.00434.3 12,780 
10.0 1400 6.19 0.004677 1.3,2.30 
10.0 1500 6.86 0.005011 13,700 

13.0 100 0.20 0.000334 7,790 
13.0 200 0.41 0.000668 7,980 
13.0 300 o.67 0.001002 8,670 . 
1.3.0 400 0.95 0.0013.36 9,270 
1.3.0 500 1.24 0.001670 9,660 
1.3.0 600 1.57 0.002004 10,180 
13.0 700 1.91 0.002339 10,610 
13.0 800 2.29 0.002673 11,160 
1.3.0 900 '2.69 0.00.3007 11,600 
13.0 1000 J.12 0.003341 12,150 

. 13.0 1100 3.56 0.003675 1=', 590 
lJ.O 1200 4.05 0.004009 13,110 
13.0 1.300 4.55 0.004.343 1.3,610 
13.0 1400 5.08 0.004677 14,120 
13.0 1500 5.62 0.005011 14,580 
1.3.0 1600 6.19 0.005346 15,040 

14.0 700 1.61 0.002.3.39 9,640 
14.0 800 1.94 0.00267.3 10,150 
14.0 900 ,.31 0.003007 10,730 
14.0 1000 ~.71 0.003341 ll,340 
14.0 1100 3.12 o.oo.3675 11,880 
14.0 1200 3.52 0.004009 12,300 
11~.o 1300 3~99 00004343 12,890 
14.0 1400 4.46 o.00467' 13,)40 
14.0 1500 4.96 o.0050ll 13,840 
14.0 1600 5.50 0.005346 14,410 
14.0 1700 7.05 0.005680 14,910 
14.0 1800 6.61 0.006014 15,.390 
14.0 ·1900 7.21 o.cn6J49 15,900 

Temper-
ature 

oC 

30 
30 
.30 
JO 
.30 
JO 
30 
30 
30 
30 ' 

JO 
.'.30 
JO 
30 
JO 
.30 
JO 
30 
JO 
JO 
JO 
JO 
30 

Jl 
.31 
Jl 
Jl 
.31 
Jl 
31 
31 
Jl 
.31 
Jl 
Jl 
.31 
31 

31 
.31 
Jl 
.31 
31 
.31 
Jl 
.31 
Jl 
31 
31 
.31 
.31 
.31 
Jl 
.31 

.31 
Jl 
32 
32 
32 
32 
32 
32 
.32 
J2 
.32 
.32 
32 





Nominal Temper-
Diameter ature 
of Pipe 

I 
I 

inches I cc I I 

i 
! ! i Oo5 27 I ; 
I 0.5 ' 27 
i 0.5 I 27 i 
! 0 . 5 ! 27 
I 
I 0.5 ' 27 
! ' 

0.5 I 27 
i ! 

0.5 ' 27 ! i 
I Oo5 ! 27 ' 

0.5 27 
0.5 27 
0.5 27 

' 0.5 2? I 
I loO 27 
I 

1.0 27 
LO 27 
1.0 27 
LO n 

I 1.0 27 I 
I 1.0 27 I 
I 1.5 27 

1.5 27 
1.5 27 
1 .. 5 27 
L5 27 
1.5 27 

I lo5 27 
L5 27 
1.5 27 
L5 27 --
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Table XIV 

FRICTION HF..AD LOSS TESTS IN PIPES OF VAP.I OUS SIZES 
FOR ALUMINUM HYDROXIDE - FILTER AID SUSPENSION NUMBER 6 

Per cent suspended solids - 13003 
Per cent aluminUin oxide in solids , dry basis - 19.3 
Age of alt.uninum hydroxide in suspen sion - 89 days 

-------------- ------ - ----

Mass Rate Ve 
of Flow of 

lb/sec f 
I 
I -1 

0.794 5 
I 0. 746 4 

00595 I 3 
0.725 1 .. 
0.595 3 
0.556 3 
o. 521 3 
00 397 2 
0.308 1 
0.250 I 1 I 

0.161 I 1 
0 .077 I 0 
3.125 7 
:? .940 6 
?.085 1~ 
1.667 3 
0.794 1 
0.595 1 
0 .177 0 
6.950 6 
5.950 5 
5.210 4 
50550 5 
4.630 4 
.3. ;,05 .3 
1.9::-4 1 
0 .163 0 
o. 8.34 0 
0.123 0 

locity Manometer 
Flow Reading 

V 

i nches 
t/sec Hg 

-- -- r---- -
.06 i 11.65 
.76 I 11.35 
• 79 11.01 
.6? 11.40 
.79 11. 05 
.54 10.75 
• .32 10.50 
.53 10.20 
.96 9 .80 
.59 9 .10 
.OJ 8 . :?5 
u49 7 . 80 
.oo 7.05 
.59 6 . 85 
. 67 
.73 
.78 
.33 
.40 
.59 
. 65 
. 94 
036 
• .39 
004 
. 8.3 
.15 
. 79 
.1? 

6 ./.,5 
6.00 
6.?5 
4.90 
4 . 50 
3 .qo 
3.85 
4. 00 
3. 80 
3 .70 
3.50 
J. 25 
2 . 60 
2. 30 
2o40 

Fricti on Boundary Velocity 
Head Shear 1ne 4 X Dia.meter I 

Los s Stress 

- ~ -H T::.sP V/ JJ) 

feet of 
i flowing . lb/sq ft ft/sec-ft lllb~tance -f -------

l?.:?O ! o .694 24 .40 
I Oo677 ~2 .90 . 11.00 : 

I 1L52 I o .656 18oJO 
I 11.94 I G.680 2;- .25 I 

I 11.58 I o.659 18 .26 
I 

11.27 I 0.641 17005 
11.00 0.626 16.00 
10.69 0.608 l::'.20 
10. ;,7 0.584 9 .44 
9. 54 n.543 7 .68 
8 . 65 0.1.93 1 •• 94 
8 .16 0.465 ?.37 
7.39 0.707 20 . 02 
7.18 OJ,86 18. 85 
6 .76 o . 646 I 13.37 

, 
I I 

t ,. 28 0.600 10.68 
5.50 00526 5.09 
5" 14 0 .491+ 3 . 31 
4.71 0 0450 1.13 
4 o08 0.599 1;,. 29 

I 
4 .0/~ 0. 593 10. 5.3 
4.19 0 .615 9.22 
.3. 18 0. 534 10 . 00 
J . '38 Ou569 80 20 
3 . 67 o . 538 5.67 
3 .40 0 .1+89 J.40 
2 .72 0.399 0 .29 
;' 0 93 0ol,30 1.47 
2. 51 0 • .368 0.22 
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Table XV 

FILTRATION TF..sTS FOR ALUMINUM HYDROXIDE - FILTER AID 
SUSPENSION NUMBER 6 

Per cent suspended solids - 13.03 
. Per cent aluminum oxide in soliri s , dry basi.s - 19.3 

Age of aluminum hydroxide in suspension - 89 days 
A:rea of fil ter:i ng surfa ce, A, - 66.3 sq in. 

Pressure, P, Wt, W, of Time, O, !! p 0 
of Filtrate since A wTA 

Filtration Collected Filtration 
at Began 

Time, Q 

lb/sq in. gm ri.in lb-min T'li n 
sq in. 

6.0 100 0.38 0.000334 6, ~26 
6.o 200 0 . 80 o.ooo668 7,185 
6.o J OO 1.27 0.001002 7, 604 
6.o 400 1.81 0.001336 8 ,1 28 
6.o 500 2.J7 0.001670 8, 511. 
6.o 600 ~.98 0.002004 8 , 9 ?2 
6.0 700 J .60 0.002339 9, 234 
6.b 800 L; .36 0.002673 9,786 
6.0 ?00 5o06 0. 00,3007 10 , 096 
6.0 1000 5.88 0.003341 10, 559 
6.o 1100 6.66 0.003675 10 , 873 

8.0 100 0. 20 0.000331+ 4,790 
8.0 200 0.000668 5, 269 
8.0 300 0.72 0.001002 5, 748 
8.0 400 1.04 0.001336 6, -;:,27 
8.0 500 1.38 0.001670 6,610 
8 00 600 1.76 0.002004 7 ,0~5 
8.0 700 2.15 0.002339 7,3 53 
8.0 800 2.61 0.002673 7,811 
8.0 900 .3.10 0.00.3007 8, 247 
8.0 1000 3.62 0.00331~1 8,668 
8.0 1100 4.19 0.004009 9,598 
8.0 1200 4.81 0. 004012 9,698 
8.0 noo-.:: 5.4; 0.001+343 9, 983 
8.0 1400 6 .07 0.004677 10,382 

1000 100 0.17 0.000334 5,089 
lO oO 200 0.35 0.000668 5, 239 
10.0 J OO 0 . 57 0. 001002 5, 688 
lO oO 400 o.s1 0 .0013.38 6,062 
10.0 500 lo 08 0.001670 6, 460 
10.0 600 1 • .39 0.002004 6, 936 
10.0 700 1.71 0 . 002339 7 , 310 
l Oo O 800 :-.os 0 . 002673 7,781 
10.0 900 2.46 0.003007 8,180 
10.0 1100 J.33 OoOOJ6?5 9, 088 
10.0 1200 3 ., B2 0.004009 9,528 
10.0 1300 4.32 0.004343 9, 947 
10 . 0 1400 4. 91 a.00467? 10,498 
l OoO 1500 5.42 0.005011 10. 816 
l OoO 1600 6 .01 0.005346 11, 242 

12.0 1; :o 0 .11 00000334 ?,952 
l ? .O 200 0 . 26 0 .000668 4, 670 
12.0 300 D. 9+ 0.001002 5, ?69 
12.0 500 Ov85 0.001670 6,107 
1::' .o 600 1.10 0 . 002004 6,586 
12.0 700 1.37 0.002339 7,028 
l '.' .O 800 l. ~7 o.oo:>67J 7, 497 
1;,.o 900 1.97 0 .003007 7,861 
1, .0 1000 ?.36 0.00.3341 8,476 

1100 ::i.68 0,003675 8,751 
l?. .o 1200 3. 07 0 . 004009 9,189 
12.0 1.300 3.48 0.004.343 9 , 615 
12.0 1400 J .92 0.004677 10, 057 
1,.0 1500 4~J8 0.005011 10,488 
12.0 1600 4, 88 0 .00~3/+6 l C' .953 
12.0 1700 5.38 0.005680 11,366 
1;,.o 1800 5.Q2 o .o060M. ll, 81;i 
12.0 1900 6.48 o.006349 12,247 

14.0 200 o.;,5 0.000668 5,239 
14.0 400 0.58 0.001336 6 ,077 
14.0 · 500 0.76 0.001670 6,371 
14.0 -~$00 0.97 0.002004 f , 776 
14.0 700 lo21 0.002339 7, :,4:.:, 
14.0 800 1.1?6 0. 002673 7,646 
14.0 900 1.75 0.00'.3007 8,147 
14.0 1000 2.05 0.003341 8,590 
14.0 1100 2.36 0.003675 8,990 
14.0 1200 2.71 0.004009 9,463 
14.0 1.300 3.CY'I 0.004343 9,a% 
14.0 1400 J.45 o.oo/4f>77 10, 327 
14.0 1500 J.87 0.005011 l 0, 812 
14.0 1600 4.28 0.005346 11, 708 
14.0 1700 4.74 0.005680 11,68.3 
14.0 · 1800 5.20 0.006014 l ?,105 

Temper-
ature 

oC 

----
27 
27 
27 
27 
27 
n 
27 
;,7 
27 
27 
27 

27 
27 
27 
27 
27 
27 
27 
27 
27 
27 
27 
27 
27 
27 

27 
27 
27 
27 
27 
27 
27 
27 
n 
28 
28 
28 
28 
28 
28 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

28 
28 
28 
2!! 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
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Nominal 
Diameter 
or Pipe 

inches 

0.5 
Oo5 
Ou5 
0.5 
0.5 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.5 
1.5 
lo5 
1.5 
1.5 
1.5 
1.5 
1.5 
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Table IVI 

FRICTION HF.AD LOSS TFSI'S IN PIPES OF VARIOUS SIZES 
FOR ALUMINUM HYDROXIDE - FILTER AID SUSPENSION NUMBER 7 

Per cent suspended solids - l~.02 
Per cent aluminum oxide in solids, dry basis - 42.3 
Age ot aluminum hydroxide in suspension - 7 days 

Temper- Mass Rate Velocity Manometer Friction Boundary 
ature ot Flow or Flov Reading Head Shearing 

I 
Loss Stress 

V AH Sp 
' ! 

inches 

! 
feet of 

oC lb/sec rt/sec I . Rg nowing lb/sq rt I 
I substance , I 

! : 
28 i 00320 5.00 7.95 i 8.J2 0.494 
28 ' 0.J62 2.21 6.10 1 6.,.39 0.379 
28 0.298 1.82 5.85 6.12 0.364 
28 0.327 1.99 6.25 ! 6.54 0.388 
28 i 0.618 I 3.77 7.15 7.49 0~445 I 

I 

28 J.090 6.63 6.15 ; 6 .. 44 0.644 I 
28 2.690 5.77 5.05 I 5.28 0.528 
28 1.895 4.06 4.00 ' 4.19 0.419 i 
28 J.210 6.88 6.65 I 6.96 o .. 696 
28 2.195 J.85 I 4oOJ 0.403 
28 1.44.3 J.10 J.25 ! J.40 0.340 
28 0.926 1.99 J.10 J.24 -0.324 
28 0.490 1.05 2.75 2 .. 38 0.288 
28 ' 0.147 O.Jl 2.40 2u51 0.251 
28 4.900 I 4.46 ,.45 2.56 0.392 ' 
28 4.630 

' 
4.n 2.35 2.46 0.377 

28 30790 ' J.45 2.JO 2.41 0.369 
28 2.780 2.53 2.15 I ;,.25 0.345 
28 1.069 o.q7 2.00 i ~.09 0.)20 
28 ' 1.20 0.312 1.)17 L95 2.04 

i 
! 28 0.641 ! 0.58 1.80 1.88 00288 

28 0 • .357 0.32 1.75 1.8.3 0.280 

Velocity 
4 I Diameter 

V/4D 

i rt/sec-rt I 
I 

24.10 
10.64 

8'.·78 i 
9.61 i 

18.19 I 

! 
18095 I 

16.51 I 
I 

11.61 I 
i 

19.68 
13.48 
8u86 
5u68 
J.01 
0.90 I 

8.Jl 
! 

7.85 j 
I 6.44 
! 4.72 i 
I 1.82 ' I I 2.24 ; i 

i 
l.09 I 

0.61 
I I 
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Table XVII 

FILTRATION TESTS FOR ALUMINUM HYDF:O:XIDE - FILTER AID 
SUSPENSION NUMBER 7 

Per cent suspended solids - l~.02 
Per oent aluminum oxide in solids, rtry basis - 42.3 

!-!fte of aluminum hydroxide in suspension - 7 days 
Area of filtering surface, A, - 663 sq in. 

Pressure, P, Wt, W, of Time, O, p 0 
of Filtrate since A w7K 

Filtration Collected Filtration 
at Began 

Tillie, O 

lb/sq in. gm min lb-nun min 
sq in. 

5.0 100 1.20 0.000334 1,798 
5.0 WO 2.69 0.000668 2,015 
5.0 · ;,50 3.40 00000834 :i,040 
5.0 300 4.19 00001002 2,080 
5.0 350 I 5.04 0.001169 2,158 
5.0 400 6.04 0.0001.36 2,260 
5.0 450 7.01 0.001503 2,330 
5.0 500 s.o;, 0.00167.'.3 2,395 
5.0 550 9.03 0.001837 2,460 · 
5.0 600 10.01 0.002004 2,500 
5~0 700 1:,:,.29 0.002339 2,620 

800 100 0.96 0.000334 2,300 
8.0 200 ?.03 o.000668 . :i,435 
8.0 JOO 3.n 0.001002 '2,580 
8.0 l.i.00 4.59 0.001336 :>,750 
8.0 500 5.97 00001673 2,860 
8.0 600 7.47 ().002004 ?,985 
800 700 9ol4 0.002339 3,125 
8.0 800 10.87 0.00267.3 3,255 
8.0 900 12.80 Oo00.3007 3,410 
s.o 1000 14.80 0.00.3341 3,545 

10.3 400 J.56 0.001:336 2,745 
lO oJ 500 4.70 0.001673 2,89.0 
10o3 600 5.90 0.002004 3i-03'0 
10.3 700 7.20 0.002339 J,165 
10 • .3 800 8.64 0.002673 3,330 
10 • .3 900 10.15 0.00.3007 3,470 
10.3 1000 11.49 0.003341 J,6.30 
10.) 1100 13.43 0.003675 3,170 
10.J 1='00 15.14 0.004009 J,ggo 
10.J l.'.300 17.02 0.004343 4,040 

·• 

1:>o2 100 0.60 0.000334 ;>,190 
12.2 200 1.27 0.000668 2,320 
12.2 JOO 2.02 0.-001002 2,460 
12.2 400 2.82 o.no1336 2,610 
12.2 500 J.76 0.001673 2,740 
12.2 600 4.76 0.002004 :>,890 
12.2 700 5o87 0.0023.39 3,060 
1;,.2 800 7 .o6 0.002673 3,2:30 
12.2 900 8.30 0.00.3007 J,370 
12.2 1000 9.67 0.003341 J,540 

14.0 100 0.48 0.000334 2.010 
14.0 200 lo05 0.000668 2,200 
14.0 300 1.68 0.001002 2,365 
14o0 400 2.41 0.001336 2;~5.5 
14.0 500 3.20 0.001673 ~,780 
14.0 600 4.07 0.002004 2,845 
14.0 700 4.96 00002339 2,965 
14 .• o 800 6.00 0.()()2673 3,140 
14.0 .· 900 7.14 0.00.3007 3,325 
14.0 1000 8.)/ 00003341 3,485 

Temper--
ature 

oC 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

29 
29 
29 
29 
29 
29 
29 
29 
29 
29 -
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Nominal 
Dial!leter 
of Pipe 

inches 

Oo5 
0.5 
0o5 
0.5 
Oo5 
1.0 
1.0 
1.0 
1.0 
1.0 
l ~O 
1.0 
1.5 
1.5 
1.5 
1.5 
1.5 
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Table XVIII 

FRICTION HEAD LOSS TESTS IN PIPES OF VARIOUS SIZES 
FGR ALUMINUM HYDROXIDE - FILTER AID SUSPENSION NUMBER 8 

Par cent suspended solids - 8.23 
Per cent alu.~inum oxide in solids, dry basis - 29.0 
Age of aluminum hydroxide in suspension - 16 days 

Temper- Mass Rate Velocity Manometer Friction Boundary 
ature of Flov of Flow Read:tng Head Shearing 

Loss Stress 
V .l\H Sp 

inches feet of 
oC lb/sec rt/sec Hg f101,1ing lb/sq ft 

substance 

24 0.926 5o97 6.90 7.23 0.405 
24 o.641 4ol4 .3.50 J.66 0.205 
24 0.521 3oJ6 2.80 2.93 0.165 
24 0.287 lo85 2.20 2.30 0.129 
24 0.143 0,,92 2.00 2.09 0.117 
24 3.470 7.87 7.60 7.96 0.752 
2-4 3.3.35 7.56 6.40 6.71 o.634 
24 20605 5.91 3.,80 3.98 0.376 
24 0.862 1.96 1.45 1.52 0.144 
24 10785 4.05 2.30 2.41 0.22a 
24 0.379 o.86 1.20 1.26 0.119 
24 0.298 o.68 1.15 l.'20 0.114 
24 7.410 7.13 3.10 3a?4 0.470 
24 5.no 5.01 1.80 1.88 0.273 
'2-4 2.190 2.11 0.75 Oo79 0.114 
24 1.390 1.34 0.75 0.79 0.114 
24 0.556 0.54 0.55 Oo58 0.083 

Velocity 
4 X Diameter 

V/4D 

ft/sec-ft 

28.78 
19093 
16020 
8.91 
4.44 

22.54 
21.65 
16090 

5.61 
11.59 

2.46 
1.94 

13.30 
9.35 
J.93 
2.49 
1.00 
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Table XIX 

FUTRATION TESTS FOR ALUMINT.J},j HYDROXIDE - FILTER AID 
SUSPKNSION NUMBER 8 

Per cent su.spendsd solids - 8.23 
Per cent aluminum oxide in solids, dry basis - 29.0 
Age of aluminum hydroxide in suspension - 16 days 

Area of filtering surface, A, - 66J sq in. 

Pressure, P, Wt, W, of Time, Q, ii or . tiltrate since A 
Filtration Collect•d Filtration 

at Began 
Time, Q 

lb/sq in. grn min lb-miD min 
eq in. 

5o0 100 0.49 0.000334 7,230 
5o0 200 1.07 0.000668 8, 000 
5.0 JOO 1.75 0.001002 8,740 
5.0 400 2.54 0.001336 9,520 
5.0 500 3.39 0.001670 10,120 
5.0 600 4.26 0.002004 10,650 
5.0 700 i 5.23 0.002.339 11,180 
5.0 800 I 6.J8 0.002673 11,940 I 

5.0 900 I 7.55 0.003007 l~,550 
5.0 1000 i S.80 0 .003341 1.3,180 

10.2 100 I 0.24 0.000334 7,340 i 
10.2 200 I 0.51 o.ooo668 7,790 I 

10.2 JOO o.s1 0.001002 8,240 
10.2 I 400 1.15 0 .001336 8,790 
10.2 500 1.54 0.001670 9,400 
10.2 I 600 I 1.98 0.002004 10,090 
10.2 700 I 2.45 0.0023.39 10,690 
10.2 800 i 2.97 0.002673 11,350 
10.2 900 I 3.53 0.00.3007 11,970 

I 10.2 1000 i 4.12 0.003341 12,580 
10.2 ; 1100 

I 
4.73 0.00.3675 13,250 

10.2 1200 5.46 0 .004009 1.3,870 
10.2 lJ00 6.22 0.00434.3 14,620 

15.0 100 I 0.14 0.0003.34 6,290 
15.0 200 0 • .30 0.000668 6,740 
15.0 300 0.48 0.001002 7,180 
15.0 400 0.71 0.0013.36 7,980 
15.0 500 0.97 0.001670 8,740 
15.0 600 1.25 0.002004 9,.350 
15.0 700 1.56 0.002.3.39 10,000 
15.0 800 1.90 0.002673 10,670 
15.0 900 2.n 0.003007 11,.320 
15.0 1000 2.67 0.003.341 12,000 
15.0 1100 J.09 0.003675 12,620 
15.0 1200 .3. 56 0.004009 1.3,.3;,o 
15.0 1300 4.04 0.004343 1.3,980 
15.0 1400 4.56 0.004677 14,620 
15.0 1500 5.11 0.005011 15,.300 
15.0 1600 ,.69 0.005.346 15,990 
15.0 1700 6.Jl 0,005680 16,650 

Temper-
ature 

<>c 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
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Suspension Tem.per- Actuating Time V•loctty 
Number e.ture ~lo.ight Required ot 

for 100 F.otation 
Revolutione ot c,-11nder 

oC eeo NV/HO 

l 25 116.9 6.76 U. . 5 
1 25 106.1 7.60 1). 2 
l 25 98. 2 7. 90 12. 7 
l 25 at..4 a.65 11.6 
l 25 7J.s 9. 80 10. 2 
l 25 61.-4 10.92 9. 2 
1 25 5:2 . 0 13.50 7.4 
l 25 44.4 15. 87 6.2 
l 25 35.0 21.45 4.7 
l 25 27. l 32.a, 3.0 
2 24 117.4 9.42 .10. 60 
2 24 10,. 2 10.4, 9.57 
:? -;4 90. 0 l?.85 7.78 
2 24 78.8 16. 80 5.95 
2 24 70.4 ~1 .73 4.60 
2 24 69. 9 24.40 4.10 
2 24 62.9 40. 70 2.49 
2 24 ,,.9 107.40 0.93 
2 24 50.4 )20.00 0.31 

3 28 102.9 11.17 8.95 
) 28 100.1 12. so a.oo 
3 'ir7 91.7 15.00 6.66 
3 21 84. l 17.10 5. 8S 

' 26 ,a.s 20. 90 4.78 ., 26 74.4 24.60 4.<:11 
3 26 71.4 26.50 3.71 

' 2!1 66. 2 )5 .40 2. 8) 
3 '2? 6) .3 4:;.on 2. ,3) 
J 27 59.4 75. 30 1.12 
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"fle-ld Val•• 
bperl,meJl'tial 
~termt.nattoa 

t"lalftlated 
Yield 
Val.Ue 

0.410 

Pffttittoa 
h'a 

~rlmoatal 

-o.ooa 

Percentege Calcula'kwl 
Dffiatloa Yield 

Value 

Table XXI 

:§:quatioa At: .s., •• o,.366 + o.,::,ovts c • o.Ts • 
~tion Bt Sy • 0.1w + o.,ous C • o.8'16 . -,P 
!iq1.a Uon Ct Sy • ~.0151 + ,0.,00912 o • 0.157 1n • 
E~tlffll !}f .s,.· • ():.001311) cl-59 aO:.,O'l/!? 

~vattoai :g, s., •~ + o.au o - o,,on ti'- - ,.a20 • + a.&.,1 ,t. 

-Pev:1a1.1on · 
fi'm 

~":Q~tal 

~:re-~ dal-.i&tatt 
~ .Uon. Ytold 

v.iue 

0.101 

D9'9iat1oa 
tna 

~rimll'tal 

0.000 

~-:..... ·--~ U.Tia.ttoa 
Calculated 

Ylald 
ValtJG 

r>ithttoa 
f'l'QII 

k9C~ 

• 
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Table XXI 

~t,qge·· O.loulated 
Dffintia 'f told 

Value 

D&fl.aUoa 
f l'Oa 

:Sxpert118ltol. 

0.000 

Pttrcentaga 
0enat1GU 



~---ot a.cl ..... 
brrblmwl 
Detel'!ldutton 

Q.Ot)JS&O 

a.~ 

0.00&.9/flO 

o.~,e. 

C.1-ktea 
Coefftetnt 
or m.g,tM't,-

O,.Cotffl 

0.003981 

o.~ 

A 
nntGU.<m, 
r-. 

-o.oo:im 
o.~ 
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!fable DIX Table XXII 

a~mxccAI.. ~qtr,\no~ ~Iv-~, 1t0 ~oo:,r, :t.. r,~:sx,,~-ff~·lt? 
00k;~!!(~t:ffl' 01 t:::Oil!1f'.~-Stm~rn" ••• C~"ffl~Jrfi{)tf OF 00~ c. MID OOt!?~rmn~ ~fj1Iff. 'l . 

,s.qaUe Ai 
lt~t.te .'Bt. 
!!4lW1ttkffl: Ct 
~quntta ·0t 

~~\!-

,,;~ ;_;:· 

eo.tt 
11.~ 

eo.st 

~-ted 
~tttot•:t 
ot ~~u.t•,-

~0019&2 

O.~.il 

(J~s•;.ga 

D@Tltittoa 

f~._w 
i'ft'09U~ 
~tlatt 

la.t4 

15J2 

~--~trtoteut 
or ~f.iditr 

O.OOOffl 

o.-004~ 
' o.oornm 

~'\k>a. 
hta. i.~ 

-0-.00lGB 

.o.001031 

-~--nw•••to• 

a.w 
6'.:» 

SJZ 
10.,s 

Odott1aa1. 
~ 1lc1 .. 
•t ~'!tty 

h9 
~el 

.o~~ 
o.ooatu 

~ntege 
twne.Uoa. 

~· .,.,. 
...--
53-4& 



G. Sa,mnlt Cygy,J9\iop1 

The typea ot calculations that vere •de tn this iDYeatigaUon 

are shown in the following exuiplees 

Caloulation gf Y;ield Val»t tnd coemc1ent of Rigidit7. The 

data for this sample ealculat1on is taken from table XII , page 78, 

for auspensicn number 5. The method of t he determination of the 

yield value and the coefficient of' rigidit7 is graphical, accord-

ing to the method described by Babbit and Cald\tell(S) . 

From t he mse rate or nov, t he velocity cf flow, v, 'WB.S 

oaloulateda 

vs- -,ss ra\1 or now CJJu'1u> 
dennit7 (lb/cu ft) X transverse arfttt of pipe (sq tt) 

V = §.§JI • 5. 429 rt/seo 
1 .169 X 62. 2 X 0. 00211 

From the manometer reading 1n inches of 1Mrcury, the friction 

head loss, H, inf eet or fiowing subetanoe, was oalculateda 

H • manometer reading ( e. u1 - e H2<)) 

e~o 
H • 8,, 3/J,2 (62.2 i 13,53 - 6~12) 

62. 2 

H • 8.6,5 reet or fiowi ng wbatance . 

The boundary shearing stress, Sp, vas calcula ted aecording 

to the following equation: 



vbent 

H • friction bead lo:u,, a.62~ rt or novtng subattu10 • • 

E' • denai ty of aupension, (1 .169 X 6,. 2) lb/cu rt. 

D • diameter or pipe, 0.6,2/1, tt. 

n • lqth or ptpe, 17 n . 
Sp • § ,6::i, x 1,.i62 x 6:, , :i i o,6::im2 

4 X 17 

8p • 0.478 lb/aq tt. 

'!"he ratio o:f the v-elooity t ,o tour times the diameter wa 

calculated, 

y al 5,4?2 712 • :6.10 rt/seo-tt. 
4 D 4 X 0.6:>2 

When tbeae ealoul.atione \il8N made tor all of the d t.t"ferent 

velooit1ea of flow in tho dH''feront sizes of pt.pe, a plot vas 

nm.de vi th boundary eheca.r ing otr&ffa, Sp, •• the ordinate and V/ IJ> 

as the absclesa. This la show i n t i!'lN xv, l'&P 79 • By the 

mothod of averageo, negleotlng the points which sl ope oft toward 

he origin at low ftluee of tho ratio V/ 4D, 1n title etu,e, below 

6 tt/ aeo-n, a straight 11M we dftw through tho .r emaindor ot 

the points. The inieroept oo the Sp axia i s f our- thirds tho 

y!old w.lue, S,., ,and thG slope ot the line is the ooetticient ot 

rJ,tidit7, rz. • 
Sy • )/4 X 0. )54 = 0. 265 lb/sq rt. 

• Q,07Ql • o.006178 lb/tt-tteo. 
ll. 378 
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Calcµlatipn 9f the Coef(1aient of 9911RDUEfibi11tx. The 

method used for the detendnetion of the coefficient or cempressi-

bilit7 is the graphical method presented_ by Walker, Levis, McAdua, 

and G11111.and(45) . The data for this example ia taken from 

table XIII , page SO, for suapenaion number 5. 

The filter press bad a total f11 t ering area , ,4, ot 66,3 sq in. 

r'or ealh filtration n:pcn1Jnont at constant pressure , f , t he tenu 

(ii? and (W/A) vere calculated for each wight or filtrate , j , 
) . 

collected at time, Q, sinoe the filtration began. 

and 

ii • 100 m X o,oo2?Q5 lb/g 
A 663 aq in. 

j • 0.000334 lb/aq in. 
A 

f.i • 6,l 1bl.q 11, x o,38 m11 
(W/A) o.OOOJ.34 lbTeq in. 

:ti • 1.160 lb::~ 11. 
(W/A) lb aq in. 

For each constant pressure filtra:Uon a plot ua1ng l!..i,_ a1 
. (W/A) 

th ordinate and (W/ A) as t he absoiaaa was made . These plots an 

shown in figure 16A, page 81 . Straight lines vere draw throuch 

the points f or each constant pressure filtration, wain, the method 

ot selected points . The legarithms ct the slopes of these 

filtration CU1"'f'88 were plotted against the logarithms or the 
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pr,'.' saurea. Thia plot ia shown 1n f'igure 16B, page 81 . :, atn.igbt 

line is draw through these points by the method of selected 

poi.nta. The slope of this straight line io tho compressibility 

ooe:fficient, ..!• 

a• 0.190 {from slope of' line shown 1n figure 16B) 

Datem1Mt1oa ¢' I llthtipnshi'Q BttvstD Cgmprpppf.J;,ili\t Gut• 

A2im, COfl9uSmtiop or Solids. P.Dd Yield v,iu,. Since it vaa 
impoad.ble to eolve for a l'el a tioJ'Wlip graphiea.117, as a three 

d.imenat onal plot vould be mceasary to plot all three • ariablee, 

test f'orma of equations won tried to Ne vbieh voul.d give an 

4tquat1on vh!ch beat titted tho data. 

Detore the \ oat forms were aot up, tho f'ollowi ng assumpt1ona 

wore mades (1) Yield value 1s a function of the coetfioiont ot 

ocmpreos1bility, and(,) Yield value is note. do-pendent tunetion 

of tho ooetrioient of rigidity. 

Tbe tent for,u used veNa 

Sy • bo + b]. C + s . 

b"7•bo+ b].C •· ,i). . 

S7•bo+b].C+b2lna. 

lo, S, • bo + bi, log C ·• b;z loa • • 

7 • be) + bJ. c ... 1>2 c2 + b.3 a + ,;J. • 

(2S) 

(26) 

( ;-'7) 

(28) 

(29) 

Th9 equation• derived find thoir deYiation from exporlmmtal 

Ntsults are ahown 1.n ta.bl• XXI , page 96 . 



The following sample calcul~tion s..hows hcv the 'Yfllues or the 

constants or equation (25) were determined. The data from vhich 

t his equation ws derived ie given in table III, page 61. The 

mathod of solution of the equations with the experimental data is 

that dasoribad by R1der(35) . 

'l'he summations of the following tems for suspansiona 

numbers 1 through 7 were caleu..1.atedi ~ c, ~c2, 2 s, 2' ,2, 

i C e, L 87, L C s1 , and L s S,• These wore ce.leulated ae 

tollowst 

C ;,: C1 + C2 + C.3 + 04 + C5 + C6 If' C7. 

C .. 0.425 + 0.J60 + 0.370 + 0.200 + o.190 + 0 . 080 + 

According to Ridor(.35), the normal equations for the solution 

of this general type form are~ 

Ls,. ... 'b0 N + bi c + b2 2 •• 

L c s,. • b0 I c + bJ. LC2 + "2l o a. 

2. a s., :. bo t s + b1 t c e + b2 °L a2 . 

Substituting the summation n.luee, the following equations 

were obtained& 

1.436 7 bo + 58.29 bi+ l .837 b2• 

l.3 .9088 • 58. 29 bo + 556 .826 bi + 12.9845 ~ . 

0.3026 • l . 837 bo + 1:2.9845 bi + 0. 5745 ~ • 



Ro:ro w havo t bree eq..1!it!cme with t hroe unknown Ct'Htfmta. 

Sol'dng these oquat1ons simultaneously by dstem.ne.nt1B, tbe ftluea 

ho• o.36s 
bJ. • 0. 00795 

• o.736. 
Sul>atitutlrig theeo values into th~ t ype fom t or wh1eh t he)' 

vero 01.lcuhtod, equa tion (25) , the t oll.wing equation ·w1u:1 obtaineda 

To detenitu thil computed ftlun or Sy-, tlw ob•l'ftd ruws• 
ot .£_ and ,!_ wn placed in the equation and 1 t was aol'f'.cl ror S,• 

S, (calculated) • o.365 + (0. 00795)(3 .60) - (0. 7)6)(0.42S) . 

s,. (oal.oulatod) • o.081. 
To determine the pereontago de•iAtion, tu di f'f&rence betvN.n 

the obnl'Wd value of S,. and the 06lculatod ftlue ct S,. ws d1v14ed 

br th• obffned ffl.ue or 91. 
Percentage dmat1on • (calculated) - !, (obaoned) l 100 ·s, (obsenad) 

2!)1mtaliPD 91 I n,:1,t1sm1MP n1twe11 Qsamn1@lif,Y PM(-
tiPWO, C9PUDk1Ua 9': ~2;Ll,l1 Iii CM(fiqyp\ ot ~D• The 

4et.nd.mt1on ot a :relatiould.P between compreuibillt,-, C01104tn-

t :rat1on ot .aolida, ru'.ld the coefric.ict11\ ;3£ rigi d! t7 invol'fed the ,.. 

t ype of oalculattone as haa ju.et bun described in tM deteml.natiou 



ot • Nlatlouh1p betwen oompreea1billt7, eoeffta1ent, oonae-

tration ot ao11da1 and ,-tel4 value, ueept that the followine 

f'l •bo+bJ.C•b;a •• 
rz •lfc>•b].C+'2,I-• 

lea re_ • be, + bJ. 1cc C + ha log • • 

vbloh le oquiftlen\ to 

tz. • 1obo cbJ. a'b2 
' 

rz • bo • bJ. c • • c2 + .,, • • b4 ,;.. (38) 



IV. W:SGPMIQI 

A• 9U«m:Wl»9D 91 §auipppnS 

Im t( i:\PPlfflml• After a oaretul atud7 of tho lltenit:un, 

1 t \las decided that the a praratua tor this i nwatigation ehould 

tulf'Ul tho tollowin, nquirnf.tntan 

(1) A na mw,t be prOYidod tor dete:mi nifll the yield 

w.lue IU'k1 ooett1o1ent or rlgidit;~,- ror eaoh au.11tpenaion. Thoretore, 

the a pparatus W1Uat i nclude test lengths or nous aisea ot pipes, 

mncaater connections, a •ncmot&r to Manure the tn.cUon head 

l o•s, a recirculattac syetet, and a means of' detend.ni n, tb.41 

velocity of flow. 

(2) A method or determining tho ocetfioient of 

compnotd.b1lit7 munt be !ncluded. ffet'lOa , tho 41quipJ1eDt ehould 1.a-

clude a tilter press and somo moans of contl"Olling the prasfl\JN 

on \ho pnnto. 

'With tl,on aims i n m.nd, th ISWtpOIUt1c:m nov apparatua, 

1l luot.nted in r1gw-e 5, page 39, vas cr;netructed . It oonaioted 

or a tank Te•noir for the euapen.S.on, a centrif'upl pump tor 

o1:roulst1on, a .. otoz- for driving the J)Uffl.J'), lengths ot c:mo-halt--, 

one-, and fl.no-tl11d-on&-helt-1nch pipe vi th oonneot1ons to a 

-.nffll!Gtor, a. :.\.1iteh ret-...u,i pipe to th& weigb1111 tank, and 

platfol"ft aoal•• for va1ghing the alllff'1• In addition, a line 



was oonneoted to a plate and f'rame f'ilter pren ao that \he 

oompn881b1l.1t7 coetrtoient oculd be detondned v1thout reovtrc 

tti. aw,pe,:ud.on f'roa th4t make-up tank ( • o figw·• 6, pap 40) • 

VIJadV Cont£t.1.. ?nan apperatua of thts t ype, the 00t1trol 

or wlocity may bl aeccapllahed by three methods, (1) by the uee 

ot a OOltstant-hed t.ank, 1n which the lenl •Y be obanpd 

-.rmall.7 as dednd1 (2) by means ot • rotary pump with controlled 

speed, and (3) by neana or a throttling valn &nd a oons'tant s peed 

contrttupl pump. Ot thea thrN, it vas decided to w, the last 

mthod, as the auapenaiona ueed in the apparatus would be ot -.n, 
tlmtl)r d1Yided ~rt1ol••• Thin mat.~od of oontrolline YelocitJ vaa 

toad to be ati staotory w1 th the alwnmam ter aid 

awrpensiona uae4J howeftr Babbitt and Caldwll (13) do not reoonnend 

UH ot re,ulnling ftlpe for controlling nlce1ty 1n the caae or 

~• eludpe. IA this wn, the only ditt1oul.t7 enoountered 
ve r 

vae at low rates of now, near o. ;i rt'~seo and leoe, at vh1eh 

point it wan noticed that the regulating ftlve, (B} , 

clogged. 

tttrene+.tt PPPDM\ioa,. The allOlllleter tai,e on the teet 

lengt.ha ot ptpe weN located 4-; 1nchee rroa the uy;,atNIUI end ot 

the pipes and a1x inohea trom the dovnatreu end . The• dietaacea 

allowed tOT the turbulenoe ln the 8118J)One1on to be diaipated and 

the stream 11nea to etn.ighton dVing laminar now. Theae 

diatanMa were aocording to apec1f1cat1onl!i Ht up by ·the AJlfJrioan 
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Society of !4eohe.Jdcn.l Engineei•a ( 2}. One-quarter-inch tape wre 

~rilled into the pipeJ one-eighth-inch tape 

into the one-inoh-&nd-one-h&lf •inch pipes, also acoordin1 to 

Amerie&J2 Society of Mechanioa.l Engineers• atanda.rda<2) . 

During the prel iminary testing of the apF4ratus, it was 

noticed that the suspension olog1ed the manometer oonneotiona. 

To raedy this, a vater lirut w.s installed, 1ilh1ch, by opening 

valves (Mt) and (M2) , would flush the anaotar leads. 

Erratic ID&nometer readines were also noticed, probably 

beoa.use of air bubbles in t!w manometGr lea.da. To pre'Nnt this, 

a vater line vas installed at the bottom of the anoaeter leads. 

Dy opening 'f&l'Na (I) and (J) , and allwirc the water te fill the 

anemoter leads, overfl.ow1.ng throup 'ftlYG (N) , the air bubble• 

were el1r.dnawct. 

l::fanmaettt• It was round during the prelhlina.ry work t hat it 

vould be necessary te interchange -.nometor fiuids . The tvo 

nuids teated were mercury nnd carbon tetrachloride ti~ted with 

iodine. For low Motion hoad loaeea, the m&roury did not give 

a large enough differontialJ vhereae, for high friction head loesee, 

the carbon tetrachloride differential was gree.ter than the JllllDOll&ter 

len,th. For this r€laecn, it we decided to construct a manoaeter, 

the tl.uids or vhioh could be interchanged without di.s ... bling the 

-.nometer. Thia was a.eoaplieh•d by add1ne a small side outlet to 

the bottom of the U-tube of' the manoaeter. This side outlet •• 



conm,otod to a leffling bulb by llMJ&na or Nbber tubing. Thus, 

th• •no111eter oould be ttlled with the nu.id dealNd, and 

adjusted to the usind leffl. Once the deeired lffel was ob-

tained, a p1ncb-clu\p was clond on the rubber tube, and the 

manometer tunctioned aa angular U-tube -.nometor. 

tlamDIIDt gt Y,lQQ&Sl• To --.sun the velooit)r ot nw, 
a w1ah1ns tank (22) •• pron.dee!. It rested on plattom 

aoal•• (T} . Te detemi no the nov rate, the mna pipe (W) \&e 

.,..ad ao 'that the auaperudon diaoharged into the weiehing tank. 

The, the ti• nqu1red .tor a iven weight of auspol'laicm to t'lov 

into the vetgbiag tank wae d•temned. Since tt. d1aneter ot 

the teat pipt vae imow, the velocity or the now could be 

M.lcualat.d . To enpty the weighing tank, p11)4l oonneotiona ven 

PTOTided oe that the auepeuion could be pumped baok into the 

make-tlJ> tanlc (Iti) . In order that t he wights of the \1tdgh1ng 

tank be accurate, tb1a oonneot1on had to be nexible, eo a 

rubber hoA (Y) \11\8 uaed. 

Jd.kt19JJ• In order that the auapen81on be as ur.d.fom •• 

pcHJe1bl•, an electric mixer (S) wan f'i tted to tho nake-up tank 

to pJ:"GYid• agitation. In addition, auch egitation •• ac-

oOfflf)liahed by the recirculation of the elude• through the 

centrltugal pump. 

¼log,dm tt MMU• Sludl•• ha.,. been found to gi ff t,rou'ble 

b7 ologging gage connections. P1,-tail traps vere pnwided to 

keep the flWIJ'JOUi<m from enter1 ne the preeeu.Nt pgea. 



lAtrH Prlll• A tilter preae w • included in the flow 

ap;,antw, .ror the purpose or dotem!. ning t ho comprees1bU1ty coet• 

tieient. Tb.ls appant t.ua is ahO\iln i n l"isun, 6, pap 40 • Ia order 

that th• tuapension oould be f'ilwrod at conate.nt p:roesu.re. a 

needle valve (d) vao installed in the line troll the pwap (1) to 

the tilter p:resa (k) . Br regulation or the nHdle valve {d) and 

the cJ.01» ftlve (o) cm thl bf• paaa line• the pn•aure on the tlltff 
~or 

could be rqlAlated to within :. 0. 2 lb,{aq in. The pressure was 

read on the pnu1,1n, pp (a) . Thie pp wa oaltbrated vith a 

dead weight pge teet.r both before ud aft•~ the d•teminatione 

or 0QDl'f)RU1Mll t7 wre made. 

Tb.ft tilter pnea wa.a one or tho plate and tl'1ill'i4t type, with 

ti ve ~s, and had a total t'll t oring area ot 66) aq in. The 

intake for deli\•ctr, of alun.'7 vu lOQ&ted near the bottom. ot the 

pnaa., and the diecbup line tor the t1ltrate waa located at the 

top. rua ia the beat iype of til wr pron.a for the detem1nat1-ona 

er coapr•eaibU1• ooetf1c1ent, according to Ably and l.ewta(l) . 
\11th thia type, thG pi-oas ts al'wa,e tilled with al\lJ'TJ' du.rinc 

operation. In addi tion, having the in~ at the b()ttom and the 

outlet at the top preTenta t ho selid p.e.rtloles trom aottling out 

of t he .w,penaion dvlng tiltering. A tygon tube v.s a t tached to 

the filtrate 41schaqe line. Tba end of tbia tube was placed 1n 

a bucket vhich vaa placed on a pu balance. An electric t.taor vaa 

atarttd a eoon u filtrate began to run into the bu.ok•tJ thareton, 



it vaa poeat.blo to note tho t :hae e.t vhioh nr1oua incftments ot 

tilt.rate had been oolleoted. 

At th• end ot each filtntion ope:ration at constant pre•aun, 

the prase vaB clMn.ed out and all of the f'1lter cloths WN 

washed 1-f'on beginning _anoth&,- t1ltnt1cm operation at anothe-r 

oonatant pressure. Thia waaht ng we done to innu.n that the 

f'il t.r cloth would be 1n the ,._ oondi ti.on tor N.Oh r.tl terin« 

opention. 

Pmn l,1pg. Dra1.n 11n1:ta -wore oormHted to the mite-up tank 

and to the downet:ream end ot the teat l.engtbe of pJ.pe for th9 

purpo»~ ot drainint{ t!M as,paratus when eo dealred. In addition, 

the Nbber connecting hoH (Y) could be detached tl'QJll the 

voigh!ng tank tor the pm,:,oae or dra1nin£ th• eqw:p•nt• 



:iplogtl9D o( filHPIDliWI• ~tno• the typia ot apparatWt th&\ 

wnn to be ua.ed ln t.ha 1nvoati«ation had been deoided, one of ta 

rlfft probl«ao 'lffll t he aeleetion of tho t .rri•• of a,uer .. noione to 

be t ested. It was tmown rrca a. ntudy of th• lit<tratun tha.t the 

major fitt1''t or the w rk OD l M 1mJ" now or IW'lpe&S1.on• had betm 

dono on eltad«••, clay a~one, and 8WIJ'8t>niona ot 

filtoJ> a1d{5, 4?) . !t<MrlOI', th• UN of th•• t :rpea ot alUJT1ea 

would not ~ ftli t enough ftrla tion i n CM1pnaa1b111 ty oeef>N.oieJJ\ 

f'or Juettitioation of' tbotr use t n tbia inYeat1gs:Uon. Walker, 

Lewi•• Mc;,daa• and 0Ul!land(4l ) report tho ocnpreesiblllty 

coeftioients of' varl.ow, types or .euspenaiona as c!etei'f.lQ.t aed b.,' 

Mnnl tnvostipt Ol's (aee table n , ~ • .30) . ot thl..,. 

1)4tnsicna n,ported1 alum.mm hydroxide, auspenetona wer. the moat 

oompresaibla, with a oompnadb1lit7 ooetfioio" or o.56 to o.88, 
and kieselguhr m:u:penaie-na wore the los.st, vt.th a c013pNaaibU!t,-

ooetr1e1•nt ot o.o, t o 0. 05. On Wa b udi,, lt vas d&otd-1 to 

WM Glamitmm h)tdrox1do ae ·the <,cmpn oo1bl• w apeneic>n, and mtxtw-oe 

o.r alutd.ffllll hydroxide and tilt.r aid tc obtain suspenei(~M ot 

COl!lPNaaibU1t7 l••• than that ot the alumi num hydl'o:d.4e 

eusr..onaton. 

PDl&:mwn: §w:at YilSlfM:W: I91\II• BabMtt and Caldvell (l2) 

stated that ~he rstormer viscometer could be a&apt•d to th• ra1uNn • 

mnt ot yhld ftlue and coeft.1.ci en't or Ji.gidi t,- of a aludp by 



sU.f,h\ l!tOdlfication. *'Souaae oludgee in pal"tioula.r haw nuael'OWI 

largo pan 1oles t hat ftnder tho ataD:mrd Stonwi- au:p uaelesa 't7r 
binding th@ rctatiq oylinda" . Since t be si n of' the Sllepended 

partlolias in an aluminum hfdrox1de - t11 ter aid suspension VQUJ.4 

be ver, Sffll'lll nlative to QWClgo al.udp part1clee, 1t vna thou,ht 

that the atandard Stormer oup oould be used 1n the prelimimr:, 

te.at8 of thi1 1nffati.eu,t1on. 

... Alg~g- .A:r4nmd• GIQIPfipn, lg r1tt AIU WA:Pdd 
ISllial• Tho .tirst ~1.181011 toeted vi th the Stormer we a 10 

per cent aluaifflJII hydroxide sludge. It \IAS prepared by 

nautnllzing a concen,lrated ala ma w..fate solution vi th oonoen-

t 1-ated eodim hydroxide. On testi ng thia 8\1ffTJOD81on in the 

ntol'ffler Yi~tor , 1 t uaa found that•, ror a given aotuat1n« 

weight, th. thle l"GQU1.rod ,er t he oount•r to l"ftOlft through 100 

J"fl'Olutione \fOuld vary f'rom one run to the na:t, beer:m1.tng leee 

ench time t he operation was pe:rf ol11111Kl . This hct 1ndicat.d that 

the tNapensi"n waa beoOfting !!IQN nu1<1 -with ea.oh doteminaUon. 

lt V&dl bolieYed t.l\at twa tailuro to remow the sod1\lll INlf'Ate 

t ormed duri ng t he reaction or the alt.mi.mm ault"ate and the &0d1\a 

hydroxide might haw beon partly tho aauae ot t his pbenemenon, 

s:inoe the coneentrntion of the scdl ua aul.tate ln tbe auapenaion 

•s near that et a eati.ma.ted aolutioa of' aodiwa aultato. 

b . t\:frlld&I 1W41:PV4• SVP1Rt19A, 12 Bit cgt a,ptpdfd 

pgHdg. A 12 r•r cent suspension ot alwtma !Q'droxide vaa pntp&Nd 



ill the same tanner that the 10 ner cent &UfJJ)eneion md bun 

prepared, with the exception that moat or the aodia Slil.tate w.e 

naoYed by vaeh!ng. Tho washing was d,,-.ne by' diluting the su-

penaion, d•cant:ng tho clear liquid after the solids had nettled, 

N-dUuting the sunp na1cn, deoantinu the clear liquid again, and 

repent i ng the Oj'el• or oporationa for a third thle. The n1Rllti1W 

suspension behaved in the •• manner 68· did the 10 pel" cent su.-

:pena1on of alum1ffllll hydroxide when tested 1n 1lho .t~t•r• 

Tberet'ore t 1 t was a88ll'l9d that the alU111num hydl"OXide ou~ne!ou 

posseatMd t~ropic pJ'OJ)ert1ee. Th1xotl"OJ'7 ie tho phenomenon 

ub1b1W by eome gele or beoml ~ fiu!d when ehaken(ll) . 

Hatf1eld('9) atates1 "Thia thixotropio prc,pert:, ia veey :lurportani 

~nd auet ba considered both 1n the detemina.tton ()f the Yieoostt," 

of the aludgea and in U1e a pplication of viacooit7 data to 

crng1ne$>r Jng problems, because (1) it !s 1iapoes1ble to obtain • 

sample ct qu1eeoent sludge 6nd «•tit into the vieeometer beaker 

v.t thout sc;me a.e;1 tatton o:r stirring, and (,) during ueh 100 

revolution• or the visccaete:r cylinder the •elooit7 or revolution 

has accelerated 'With each re-.olution. This aocelention 1• 'flll! X--

ti61.WU"l.7 not1oeable at ftry lov wl.oc1t1•• in thick sludgee. " 

c. A!VJd mm m:dmli\1 ffWlPID@sm.. !, I!!r oam ama4tG 
19)..!dp. It vns dtJC!dod to test a more dilute suspension in the 

stormer v1&00m8ter. A 6 per cant auapenaion of alumimm h,ydl"o'X'i&t 

vaa propared by dtlutin, the 1:> per cent auopemtion. When teeted 



1n the Stormer viacoeoter, thi suopena1on gave constant rates ot 

reYOluticn for eaoh actuating wight used. In addition, the :plot 

ot actuating weight verwa number ot nvolutiona per Mcond shoved 

a atraight line which, on utn.polatio11, intercepted the actuatuc 

w1.ght axis. This intercept 1.ndioated that this su.sponsion poese•sod 

a 71eld Yalu.a and vas beho.Ying aa a plaatio ra\.1-utr than a !'lutd. 

d • filter aid &IPIUi81a 25 PIE ,cw u,pqdgd nol,UP• 
The noxt sup9naion t ••ted ws a !'S per cent suaporud.on or filter 

aid, vitb ce11te S03 as the ttlter aid. In tho Stomer viaoOJUter, 

thia BUIJPftnaion beha-nd sud.hrly to the almd.mm h.ydrox14• w... 

penaiona, in that t ho rate ot re•olution of' th ayliader tor an., 

aot.U11ting veir.ht diffliniehed with each INCICffding d termination. 

now.var, in thia case, 1t was hol1ffed t hat thia phe.nCC1cnion wae 

due to the nttl1.ng rather than thixotrows s.. • , toot the 

:rotation ol the cylinder tended to throw the heavier partioles oE 

tilter aid ou.t to the walle of the cup where they aottled towrd 

the bottom. This belief 1s aubetantie.ted by the tact that, on 

a,1tathm or the swtpeuion 1n tho cup, the rate ot rnolut1on ot 
the cylinder for a ginn aotuatlnc veieht would i MNa&e• but on 

aubeeqwmt toets, vithou.t agltattcn, would d4it0Naa aga.tn. 

Consequently, the be,1t tu ter aid for uee i n tho tlllspenaion 

tlcw hate wuld be one with the lowst n.te or Nttling. 

Relat1ft nte• or aettl1ng wre det.m1ned for three tilter aids• 



celite 5031 di calite, and byno eupel'-Cel . Ot tbe.ae, lrf'tlo SU.P4Jl\la 

eel gaff the lovest rate ot aettl!ng. 

Thei-.tore, from this prelin.d.m17 work, it vae decided te u" 

alumina hydroxide 1n ocmcentrat1ona less than 10 per cent 

pended sol1ds and hytlo su~r-otl as the filter aid 1n the almd.nura 

bydNXide .. tilter aid aupenslons tor testing in the awspenalon 

Suspepggn J'ln l:Rlfil• In tbs opera t1eri of tho auspenaicD 

flow appt.?atus, it waa tound that uoura\e motlO'Jll8ter readiDgl could 

be obtaiJjQc! only if the manQMt•i- lea.de vero tilled vith water 

ee.ch ti• betore the ~ter va• Nad. It ,nu aloo preferable 

to detormine the flov rate at the •• time tlw.t the mnoneun• •• 

read. Of cou:rn, to do t !:i a was n.ot al'W :ya poosible beoauae of 

the actual time it took to determine the tlw rate, vhel"Ra the 

anometGJ" reading w.a instantaneous. However , 1t was noticed that 

the •noaet.er .Nading uaua.117 l"l'.l1!mined constant duriJ:18 the f'lov 
~11.1· 

:rat. deteminat1on, aa.pt at high veloc1t1u1 10 tt,{IIN &ad 

cr-te:r. At th&• nlooitiea, ae time elap•d• tba mJ.'JCINt.OI' 

Nading vould drop oft, baoa.uN ot entrapped air i n the aua-

penalon entertnc the mnomet.r leads, for, if the ~ter lN<l• 

vere til led vith wter onco mol'"e, the •nODWter reading vould bl 

nearl.7 tho__, as erl.ginall;r, and then would begin to drop ott 
f 

aga!a. For th1a Ndlson, :lt mooitiea of 10 rt;..o and above, 

the iattlal mft011Mte1" readlng we recorded as the hictioa head loss. 



() 1..'r' 

At velocities or 0. 2 tt)poo und l esa, t he rate or fl.av had 

to be dettlm !.ned ae qu1cl'.ly aa poea1ble ai noe the suspension 

began to clog t he regulating Ya.lvo at these low velooit1o•• 

Qlt.mi&PUQDS ot Compread.bilib Copttipi•D:ta, I n the 

ae·temnation of' t he ®-f'f'icdent of 0011presstbilit7, 1t wa found 

naoesaary to control the needle Yalft (rove (d), figure 61 page 

40) eonetantly to keep t he prousure on t be tilter press constant. 

Even ao, continued Ngul.&tion oow.d keep t he pnswre conatant 
. f e r pe r 

only to within£ 0 . 2 l~aq in. at pressures ot 5 - 10 lbi(aq in. 
f E! I' 

PP• Above the preesun of 10 l b~,aq 1n. gage, t b.e presaun 
~H ! f' 

Nmtlinod constant to within .t, 0 . 1 lb,{aci i n. vith littl e or no 

re«ulati on or the neodle valve attor it once had been adJust.d 

to t he d•eired preosu...-e. 

The tilter clothe had to be vashfld thoroughly of ell traoea 

ot t he ttlter cake between each determination •t constant 

pr essure, so t rwt the auco•e,Ung determinat i on would be oar.ried 

out vi thin tho ti.l tor oloth in t he 9ftM oondi tion as 1 t had been 

in tbe prev.t ous deteminnt!on. 



A 'f1tud1 ot the liten.tw·e J."GTealod that the beat •thod of 

ce.loul,n ting the friction lor.H.1 or a auapension during lsm1rm.r f'1ov 

1o t hat or Babbitt and Caldwell ( 5, ~) whose work wae d1oousaad 

under f l,ov of 2MPP9DftiPDI• The:, propose thct use of the 

equat1ona 

~JJ-~.~ 
N 3 r D ~ t)il 

In thio equation, all tho tG?'t.1$ Msded to c~lcul.ato th.a 

Motion loss are readily detomi ned w.cept the yield value, 

Sy, and tho coefficient of rit 1d!ty1 7, • However, if L~eso two 

values are kno'Wn tor a suspension, the friction loua 1s Melly 

calculated. 

To dtttsridne the etreot o! compressibility on the tr1.ot1on 

loea duri ng lemimtr now or S"l.lapena1ona, it ws decided to 

determine, if poseible, the ettect of comprosaib111ty on the 

yield Yalu• «md the ooett.ieient or i•ig1di t7 or S'lll,JJ,·xmaiona. 

The ew,penaion now ap1~1"ll'tU8 \laa constructed t or the purpon 

d•'teminbig the yield ftlue and ooetfio1ont ot r1g1di ty of tmt 

ouspenaions to be tested. Wlth this apparatus the tr1ct1on loss 

vas read on the manomotor, and the -velocity was calculat•d trc:a 

the u se rate or flow, kn01r1Ulg the dS.ametor of the teat pipe. 



'l.'he bounda17 shoa.r1ng stnrne1, S,,, vaa oalouh:t&d moans or the 

following eqmtion,(8) 

Sp •4-\i( 12 

Acocrd!ng to Babbitt and Cnl.dwl1(5), 1t a graph is plotted 

vith t ho bounda:ry- shear.tng o\re s , 8i>• a. he ord.inat. c.nd the 

veloo1t)t dh1.ded by four tines tha dimaetor, V/4D, as the 

abaoiau, the slope or tho r&sultin« ltna v1U repnuMint the eoet-
floient of rlgldity, 7 , and the intet"Cept on the Sp axle ta 1.,/'J 

the ytGld wluo. 11.iefle :plot.a WN made for •oh auspens10fl to 

d9tennne its yield value and coettioient of rf.g1d1t,'. 

a . b1U!tt\11sm fgbeJ:: 2,. The plot of" SP wnus V/ 1,J) rw 
aw,pedon Dtllbor l to shown 1n t'1gun 1, l'tlffft 63 • Thia cune 18 

quite aitdlar to om• obtained by Babbitt em Caldvell (S) 1n their 

work. It ls noticed thet tvo ot the points for the ono-end-one-

balt- 1Mh plJ>G, tvo of the po1.nte tor the one-inch, pipe, and one 

point tor the one-halt-inch pir,e a.re ooneiderably above the 

when the date. for theH pot nte were talt,m. Aleo, 1t 1a noticed 

th3t t he throe polnta \ll th tho lust ftluoe ot V /4D fell well 

belov nntt or the <poi nu. Thi dff1nt1on 1tldtoatn• tbe.t, 

at ntN!l817 lov wlocit1ee, the ffl18f:)ftnstan exhtbtta the 

pro;,ertie• or • pee'Udo-plasiic ateriel., nthor than a tJ"UID 

plaetto. A peeudo-plaatic mtorial deea not obey the 

men•l equatlon of plastic now. in that the line reB\llting 



n-om a plot on e. stn,ae,..voloei ty diqra.11 bends toviu-d the origin 

at low rateo of' nov (see rteure : , page 13 ) . Therefore, the• 

three po-tnte, and th8 pctnts ot t.\U'l:IUJ.ont tlow were mgleoted 1n 

dra\11n, a at:raig:ht H.ne throuch tho remainder of the points by 

the •thod of a¥eragea. The elope or the line NJ)ntMnted t bt 

coerri cient ot r:tg1d1ty and \18.S 0. 00186. The yield ruue, •• 

celoulated from 3/4 the lntercapt, we 0.0)6. The dmat1on ot 
the f'w-themost r,oint hea tho etmight line vas ;:4 par cent. 

b. SWW:ftptJl.op liwJJJlr .~• T'he ppb of Sp 'Nl"SWI V/4D 

ror swrponaion number 2 1a MOlffl t n f'1aun 9, page 67. As can be 

R•• n fro?t this grnph, t he pol nta are quit. aoattend throughout, 

probably beeauue of t he fact th&t not a l l or the detend:nation• 

1;.;ere made et the same time. DUl"ing the UN intenal bet\tND 

datemtMt1,·ns, the temp&nturo changed. The ohanp in 

ture could oaun tbo scat tering of J:'O '. nta. In 4d,11t i on, vi.nee 

this w s one of tho Nret determ!Mti-ona to a sde, t he wohniqu 

of opeNting the app.e.ratua vu not an lood a s during the 

detemmt1ono on follow ing Sllnpenaione. The straight lino,.. 

determ1 ned by the 111-J t hod or &Ye~•• The co.tti ciet 

r1g1d1 t7 as oal<mla tod from the intercept vae 0.150. The de'd-

a tion ot tbe r:ot nt turthel"III.On trora t he straight lina vaa ;u.3 

o. · ~9111 fiJal'' i'D la '~• ~. yd P• Th• plote of Sp 
veraue V/ tJJ f or theee 8\latpantdona shoved a moh smoother •ri•• et 
poi nts than did the plota tor pnvioua euspenaicna. The atra.tght 



U.•s for each or these plots were dotomined by tho mthod of 

evera«•·• • in which tbe points ot paoudo-pl.ut1c now were a.glected. 

The clevhtiona of the point,a rurthonM>st from the etrltght linea 

YeN 5.7 P'tr" cent, 5.6 µor cont, 7.7 per oent, flM 4.6 per oent 

t or suaperiaiona mml»re 3, 1.. , 5, abd 6 Nsr..eotively. During none 

of t.b•• det•rnr1nat1ons did the veloc1 ty bec<:na great enough te 

oauae turbulent f'lov, as figUNs 111 13, 15, and 17 ahov. 

d. S)l1PfDG9Jl· N)pbc 7. ri.!xan1mtion ot this plot ot Sp 
ffrsw, VJ4D (ftgu:re 19, page 87 ) shows that thr-Go of the point.a 

calculated from data performed on the om,..lnch test pipe an 

conelderebly above the atraittht line that r;aaoea through the 

nma1:nd r or the. poj nt-a . Thia d m ation \Ria due to turbulenay 

encountffed at theeo wloolt1ea. Th1e deviation of the obeert'ed 

point• exoluding those ot turbul•nt f'lov e.nd paeudo-plaottc flow, 

t'ID'tbemost troa t>- etraigbt ltn oalouleted by the method ot 

• • §.wmp;ggifm t!Jats: I• When t b.o J)lot ot SP veraus V/4D 

was made roi- this •uapension, it we found that 10 of the 17 

points, calculated t'J-i.-mi the data vere i n the turbulent recion (HO 

tigure 21, page 91 ) . Thore 1,i1ere only six points to tlflct tor the 

calcul~tion of the straight line :npreaentins plastic tl.ov. 

Conaequat11, tt to 'be.liewd toot there 1• conaidenbl• room for 

doubt as to the accuracy or the coet:N cionts doterr:d ned by thla 

plot. Too, the dmation or the point turthemoet from the etra1gbt 

line through the six •good" points waa 18.9 per cent. 



R11!1miJ,atism qt the cettti1&m tf Q!IIQUINMU,k• A1z1¥ 
and Levia(l) state that 81\ldgea thEtt ohm, the et'teet or comprossi-

bil1ty to• high degree are hydmted preo1p1tateaJ their doaree 

or b)l'dNt!.011 and panicl• aize are extre11to.ly eMHusiti.,. to the 

cN:id.ttions under vhioh tho preo1p1ta.t.s are produced nd ohtmgl'J 

progroa9iv1,ly- wlth ti•• Alao, this t.;'f'P8 ot 11\Utpenoion 1s so 

exoeedingly StJUi.,_ve to tol'l!p&ratun that elight tempemtun 

change• seriously affect resul t8. For this recu,on, th• d•tel'-

7!1 nation or the ooettieient of compreaaib111ty va1 carried out 

as 800fl ac possible after tho sw,p-endon flow tests wen oompleted. 

~en so, it vae not1ood t hat t here we a t-eperatUl"e riae of 

1° to 3oC dur'lng the til.terlna operation. Thie temi'")erature r i mt 

was caund br the trl otion ot the suspension 111 the P',\lftP• There-

fore it 1a doubted 1t tho ceetticient ot 001111pnesibil1t,' 1• 

aoourate !18,ftt the NOond deciw place. 

The ooett1o1ent or compnes1h111 t :r •• d•tend.ood acoord1ng 

to tho craribioal Mthod described by tJe..lker, Levie, McAdams, and 

01111land(4s) . The ruuea obtained for the cootticient ot 

001!1pntss1.b111ty tor each swrpenaion o.r• l isted i n table III, 

page 61. 

It vao mentioned that the reculating valve could be con-
p(!. f' 

trolled ol1ly to within .t 0.2 lb,{aq in. The effect of tbie error 

on the calculation or compreas1b.1llty CGef'fiai,nt 1a loao than 

5 per oent. 



Tho filtration curves and the C\.ll"fta f'o1· the determinat ion of 

ccmpressib111ty ooef'f'1o!ont WN dotemined by tho nethod of 

aaleeted poiirta. 

I t all of the errora vhtob aro introduced 1n \hie method ot 

the calculation or tho oompnsaibtl1t7 coetficiet an eonai dered, 

tt is believed t oot the :f'1Ml values obtained vero aoou:rate to 

vithin 10 per cent in thia i nveetipt 1on. 

It ia pointed out toot the calculation ot the com.r,r'Etttu1b111ty-

coetf'icient .for susp.-ens1on number 81 figure 221 page 93, 1a bt.uMtd 

on data tak•n at only three conetant pr{?aouree., Thor.ton , then 

vere only three pointa used in tho .N.nal detend.nation ot. oom-

:presm1b111ty coettioient. ltor t M.a reason the accuracy of this 

detel"r.'t1nation is oonaidt.Jnd to be leu than that for the 

det.minatlon or eompreaas1'b111 t7 ooef'ri.oi .ent for the other 

penaiona i n which five pe1nta were uaed. 

~~uttx of Iqclydig Cgpoentr,t&sm tr SJ!nntRUd sm11s11 II I 
Y.Arlt•N.I• From the results that wro obtained by uso ot the eue-

pension tlov apparatus l!l.nd the fil~r press, it w•s decided te 

detom1n• a, Nlattoru:thip, l :f' possible, wtwen c0112preeaibility 

oeettic!ent, yield •lue and coefficient of rigiditJ. Hovever, 

tho concentration ot OWJpended eolide was varied between eaoh 

ouapenei on. It is lmc,wn that tbe concentration or suspended 

attar greatl1 atfecte the 7hld valw,• and aftecte the coet-

f'icient ot r1g1dity \o a leuuer degree. (? ) Babbitt and Coldvell(lO) 



nported the eff'eot of peroentage or solids on 1ield value and 

ooettic1ont or n g1d1ty ror two clay susponstou and one 88\r'&P 

sludge. ?or one or ti.. olay «uspennione, as the percGntago eolide 

w.s incNa.Nd from 15. l to :,4.s, the yield valuo' :tnoro11aed from 

0.059 to 0. 532 and the aoerr10 ont or rie1dity 1ncroaaod tram 

O. Oll to 0.019. Thus, 1t 1e seen tmi.t t.he aoH.do oonoontration 

does atfect the yield ftlwt and coeff1o1ent ot r1£1,d1'7. Therefore, 

w'J.11ce the concentration or suspondad atter \11\8 not held constant 

for all auspenoiona, it beca:me necessary to 1.nolude th:le 'Wlr1cble 

i n any ral•tionsh1p t-o be dflltormi ned tor tho ,m.rlablea ot coa-

pressi.bility, 71eld ftl.ue and r1 g1d1'7. 

ns:t1Dimt1:21 of'. , ?.e}at 2n1Mn net1r'ftn C99rot11111>111v~ 
§ut,popded Solid a 9.9P.St!Jltt!U9D, B~ Yteld Valu, • It was dee!.ded 

to dot.mine epo.rate rolat1onah1pe for yield 4ftllue nnd coet-

t1cient or rig1d1t7 vith c~rose1b111t7 and concentration ot 

wep!9nded solids. In tho determination of an equo.tiqn sbwing 

the r ol ationship between 11eld ftlue, coaproas1b111t7 and concen-

t t: t! on of solids , it wsu, brpooeible to use grar,hical methods. In 
. 

order to use graphical methods, • three d1monsional plc.t vould 

have to be made to tldlO\I all throe va.riablee. '!'h.oroto,·e , the data 

wao titted into several type forma of equations, and the consta"• 

voN dot•ndmd b,y s111w. t&neous solution. · 

Since the oomprese1b111t, coefficient and the yield 'YAlue 

!'or SI\Utpension number 8 wre greo.tly out or line cc!J!Pftrod to th9 



other suspensions, the data for t b1a suspension was not included 

i n the determination of the eq\14\tiono . Ae baa 1:iqen poi nted out, 

the accuracy of the roeults obtainod for suapension number 8 l a 

questionable for the reason that in&ui"f:tcient data vere obta.inod. 

In add1tioo, the data from ~hich t be results tor suspension number 

8 -were taken at a te!llpara.ture of :,4oe . This deviation 1n telpe,.._ 

ture from the rango of 26° to 32<'C for the other suapens1ons 

vould also oauso a discrepancy in the resul ts obtained for sus-

pension number s. These reasons justi fy negl eoting suspension 

number 8 in the calculation or the equaticns, 1t 1a belined. 

The type foms tested to determine a rol ationsbip betwen 

eompreaaibility, yield value, and concentration of solids verea 

Sy,•bc)+bJ.C•b:l • 

S,.•bo+ bi_C+ ",e2 

S,.•bo+",.C+~ln • 

log s,. • bo • bi log c ... log • 

S,. • bo + bi C + c2 + b:, • + b4 a'-

S,. a yif1l d value ot suspension, lb/ aq n . 

(25) 

(26) 

(?7) 

(28) 

(29) 

C • OOftOentration ot suspended solids i n suapenaion, 

lb dried aolida/100 lb suspension 

e • coett1c1ont ot oompreeeibilitJ 

ho, bi,~• b), and bJ. • constants. 



Fl"oa theSG t~ fo:nu the rollov.tng equations vere deriveda 

S, • 0.365 + 0.00795 C • 0.736 I (,0) 

87 • 0.173 + O.Ol,S C - 0. 876 ,,2 (31) 

Sy • o. 0659 + o. 0091~ c - 0. 151 1n , (.32) 

Sy • o.oolJS cl. 59 10.0371 (33) 

s,.. • 0.1986 + o. ,i3 c - o.on o2 - 4. 52 a • 

s.481 r? ()4) 
Ot th'•• equati,.,na, the beet relaUonehip vas obtai ned by the 

uso ot eqwation (34) . i or this eqootion, the avenge peJ"C(tn'ta.p 

dff'iation of the· obserftd values ot Sy, from th• ocmputed Yalu.a 

\laa 6.96 per cent. Since the detenn1mt1on of the ccapreaaibil1ty 

oootfioient vas acourate only to wt thin 10 por oent, this equat1• 

pe!'!ld ta the prediction ot yield fluue f'1•m oaapreosib111 ty coat• 

fioient and ooncentrati.on or 8Utlpended. m tt.r a.s aocl.U"&tel7 u 

W'Gl"e the dnta obtained b7 the equip,Nnt usod in thia ilffesttgat1on. 

lt ia not beliff'Nd that this equation ie the only aquation, or 

even tho beat one, which CPuld be detemined tor tbe Nla.tionabip 

betwe.en yield ftlWJ , compns111!bility and solido concentntion. It 

:1.a lHNl.1 the beat oquo:t:ion which vas deteml ned to ahc:,v the re-

let1onsh1p between the ftri4bl••• and is of value in prediotin, the 

yield value to within 10 por o•nt. 

It 1s to be noted '\hat Ude equation holde -.)y above tho 

w1t1oal conoentntton, above which plastic flow 1a ahiblted. 

Below the critical ooncontratlon, the lava of hydraulic• can be 
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used for prediction of friction loss by- usi ng the viscosity of 

the dispersing liquid as the viscosity or the suspension. 

The equations derivsd and the devi ation of the calculated 

yield values from obsorved yield values ar e shown in table XXI, 

page 96. 
Detemination of a Pelaticnehip Between CoprpressibilitJ::f 

suspended Sol1,ds Cgncantration and Cooff'lcien;t or Rigid!.tx. The 

equations relating the suspended solids concentration, compressi• 

bility, ,and rigi oity were developed in t he same oonner as wer e 
' 

those for suspended solids concentration, compressibility and yield 

value. The following test forms wero tri ed, the data from sus-

pension number 8 being neglected for r easons previously discussed, 

where 

~.-.:b()+b1C+b2a 

q•bo+bJ.C+~•2 

loe • bo + l>c C + b2 lee • 

s: bo • b1 C + b2 c2 + l>3 • + b4 a2 

• coetficient or rigidity, lb/sec-rt 

(35) . 

(.'.36) 

(37) 

(38) 

C • concentration of suspended solids in suspeneion, 

lb dri ed solids/lb suspension 

a• coefficient or compreseibi11ty-

b0, bi,~,~• and b4 • oonatante. 



From t hese , the following equations were derlYeds 

, • - 0. 00329 + O. 00091 C + O. 00469 s . 

l'f :: - 0. 00ll9 + 0. 00688 C + 0. 00175 ,2 . 

' = O. OOO345 cl . 37 .~.113. 

a 0.06.)9 - 0. 0~~6 C + 0. 00173 c2 + 0. 394 s -

o.S76 a2- . 
Cf those , equation (41) gave the least aYerage percentage 

(39) 

(40) 

(41) 

(42) 

de'Yia tion, 20 . 72 per cent. The devis.tion of each observed value 

from t he valuee of t he coeffici nt or rigidity calculatod according 

to t he precedi ng equations aro shewn i n table JX'II , paie 88. 

None of the types t ested gave an ~verage percentage deviation 

of leas than 20 per cent . However,in each case, the majo1· portion 

ot t he deTi.ntion vas due to suspension num10r 2. minaticn of 

the plot of boundary eh83ri ng stress, Sp, voreus Telocity divided 

by four timea the diameter, V/4D, f or suspension number 2 shows 

that the points were very acatterod (see figure 7, page 6J) . 

The:retore, the TI1.lidi t7 of the value of t he coefficient or 
rtt1di t7 as calculated from the slope approximated through +..hes• 

poi nts ie doubtf'ul , whereas the yield value 1ft probably much more 

accurate, as the points sea11 to converge tomird the intercept on 

_t he Sp axis. It suspension number 2 vere eliminated, the average 

percentage deviation ~or equation (41) is reduced from 20. 72 per 

cent to 12.94 per cent. 

u,, or ta• stormer Viscometer in Determining coetr1c1ent ot 
JUgi,ditY and Yield Value . Babbitt and Caldwell (9) r-,ropose the uee 



of a t1od1f"ied St oner Yiec~ter to d~tem1ne the valuee or ooet-

fic1ent of rigidity and yield value . One objection to their method 

is th<l t only a St ormer v1sco-m111ter mcd1f1ed onotly ao ws thldft 

could be used H ' the1.r edibrf'I t, on constf.int !!f are to be or any value. 

In add t1cn, their 'WGrk 'Wfl l'l bt\ i,ed ei>lel~ on OO""-'&r• aludgl'De and ela7 

su.-,pensionn. The n.r>pUeab111 t y or their method ft to other sue-

was not known . In this 1 mrest.tg.qt,.c,n , oaoh l'JU.enension vae teated 

vtth t he standard ~tomer vi eccnetor. This inatJ"tJiPnt ws eat1e-

f o.ctory 1n t.he case o susr,Ftna,.ons r:Ul"!ber 1, :;, , ~nd 3. The plot 

of aotua t ing weight ver sus Nvolttt1ons r•r aGoond or the routine 

o,-11.nger i s show 1n tig'1l"e ='3 , pago 9,. ffew'ftr, for the 

r 19.ma.1nder or th9 s,.1i,rensi cn11, the StoJ"!'ne:r viscomet or could not be 

used t o detemt ne t his t ype ot plot, booa\Ut$ repetitive r o!!!ults ot 
r e'YOluti ns per ncond eoul d not~ obt~ined tor any- one actuatt.na 

vel ght used.. Tb.is dlf'fioulty vaa due to the thixotropic propert1ea 

r'a rt1cl.ea becautte of tho centrl.f"u~ l e. <eUon of t he Y1sO<)mctter. 

IAJZ!:ttture. Babbitt and Ctil dvvll(ll) and Hatfield(~) found 

that a rlail in te~rature decreaead the resistance to now of' a 

sewage sludge by rsm.1.cing the yield Yalue and eoetf'ioient or 

rigidity. As no attempt vn.s made to study the err,ict ot teper-

nture on the l a~innr tlaw or suspensions, each aunpension we.a 

tested at as ne!trly tha ame t1tmper&ture aa praet1cal. Thta waa 



eometi mea quite difficuJ.t as no• ns verei providttd in the 

~,natruction of the av1iaratue !'o:~ control i n& the temperature. 

Th• varia.tion of temvunrture ~ii.a f roa ;6° to ;2oC for this 

.inveatip tion. 

Mt 9f SHfPtJl@i!PJI• It is knovn the.t tho age o;f &n alwdma 

b)'dl"oxida au~punsion definitely dooe b&ive some effect. on ito !'law 

properties . llO\ilever, tho @xact llilnnor i n vhioh aging aff$ets tu 
now properties of a suspt,m;fon ia not known. It is bolieYod that 

the effect. of aging is 1.uclw:loo in t he variable o:t comp:t-easlbilit:,. 

Si.oce no attefflpt, 1.l&S •de to study the •ff.Jct o£ ~aiag on the 

laminar flow or auaperiai1:,M, tlle comp:r9ssi blli ty of each sua-

pension ws d8tend. nod as soon n;; pos3ibl s a i'to:r the friction h-.d 

loliut taeto wan> made . l hu.s, for all p:ractiO&l purpos•a, ·tho age 

ot tho suap9?lsion at the ti~@ ot the col!lpresa1bility coet!'icien\ 

d•terr.ii na.tion waa the &alll• aa tm1t at the ti~e ot tho £ :riction h•d 

loao teats. It waa hopod to m5. nWae any e t rect that the_ aging vould 

have . 'l'he ei..lt1'pensiona ~at&d in thia investlga.tion 'n.riad 1n ap 

ot the alwni.a:n.ua h,'dro-xide preoipit&.te f rom 7 lo 83 da1•• 



V!J.agtitz Cgntml• Use ot a oent1"1f\aaal PU11P and a 

throttling ftl ve for c~1ntrolltn1 the ,reloei \y or f'lov vaa found 

t o be atietaetor, only between t he 111\d.te of veloo1t1•• ot 0. 2 
~u-

to 9. 0 ~o. ! t i s auggeeted that a rotar,- pwap dri'MD by a 

w.:riable speed motor be uffd to obtai n paater control. ot nov 
ntes. Tho use 0£ thJ.11 t ype ot equ1ptND~ would •lf.niMte the 

clctnring of' the J"9gula ting valve which oaournd at low veloclti••• 

and permi. t a lftffl.ter nanc• of tlow rates. 

TgpeuS:m kPP:tN• The aaa\ll'aO)' ot the d•termina:t.iou 

of oom-pre•eib111ty coefficient, yield ftlue and coeff"icient ot 

.rigid1 ty would be inono.sed by some type ot t,mr)(trature oon-

trelling dffice . A wter bath SUJTow:itUng the mak:&-up tank 

woul d gift SOMvhat bet te•!' CGntrol or teMt>erature and, 

eonaeewantly, con.thtlon or r ~aul te would be apeoted to I» 

betwr. 

i reater rnnae or preaauna fw the filtrat i on would i nonaM tb• 

accuracy or 1;he detomi nillt l on ot ccmr,reseild.li\7 ooefflo1ent. Tbt 
f e< 

use of a 1110nteju.a to obtain µrosSU?'es up to 50 lbl(aq in. 1s 

w mr•et.d. l a addi t ion to providing a fl'l"M\el' ranp o~ pneSUNa, 



it 1a believed that the pressure on th• filter preee vould be less 

variable b;y usiag a :monteju than with the uoe of a centrif'upl 

pump, as in thi• i DTeatigation. 

PttOW! Gage. The preosUJ."1t gage used in this investigation 

could be read to only vithin O. l lb per sq in. 'l'h• uae ot a mor~ 

aensitive pressure gage, euch aa a calibrated naaometer, is 

1·eooll'lmended. 

kmbtt Inve1!,iga.ti2u1 u Aw1 roam IlYdrox14t - Filter Aid 
§u•PtMiPM• It is suggested ·that additional vork be done ua1ne 

alU'fflinua hydroxide - fil tor aid suapenaiono tor the purpose or 
checking the validity of the equa.tions derived in this iavosti-

p.tiou. During fu.tUl"e investigations, by holdin,; the concentration 

ot suspended solids eonstant, if poslible, the relationship betwNn 

compressibll1ty, cMff'1oient of rigidity, 4nd yield ftl.ue could be 

det.ennined much easier and more 11acurately than by the met.bed used 

in this inveatig tion. A concentration of suspended solids ot 

about 10 per oent is reCGflmended for use, as best results vere ob-

tained near this concentrstion. 

greet of' Par;t;a.cle Si.ze. No attempt W.8 111ade in thia 

investigation to determine the effect ot part.iol_. size on lam.nar 

now. However, it is belieYed that the aiz. or particle• in sus-

pension will affect the tlew ohara.cter1stice of a sludge . A study 

et this effect, togeth•r vith ita effect on compressibility is 

1JU.g:geated. 



The tollwing 11.mltationa vero i mposed on th1e invoat1gat101u 

1:m, qf flu1oopaiog. T1- only auapens1one und i n thie 

S.nvest1pt1on vere aluminum hydroxide au.spoutona, and mixed au.e-

pensiona or alumimm hydrorlde and tilter aid. 

Cepc,ntmUo; qt SUgndpd Solidp. The range ot the con-

centnrtion of BU.9pond&d solids uaod i n t hia vork w e .f'l"om J . 60 to 

Gcpprgp1lb111\y. The suaP81181one usen 1mried in com-. , 

pNs.sibllity as shown by eoetrtoiuts of' o . 080 to 0 .4;,5. 

TQP!D\ul:I• No ttempt was tlllllde to control the t•:pe?'-

ature at vhieh t he det.minations were made f'or tbla imreetlgation, 

hence, the t•porature varled f rom 28G to J ~ . 

Velog1tx o( Flsw• By reason of the 9qui;aent und, the 

nloo1\y of n-e,w WO lbited to A riange of from O. l to 9. 0 
p ef" 

ft/4No. 
t!rtllYrl• In the detemination or th ooef'.f'icient ot 

ocnpressib111t:,, the ra.np or preseuree possible was llmit.:! to 
, pa< 

5 to ,o lb,(aq i n. r,age . This llaita.Uon was due to the u.ae ot 
a c•ntrlfupl pump for the pressure producing dmce. 

f!ipt §!HI• The determimtione ot tr1ct.1on head lose 1n 

t his vork were lir-1tlll{i to teeta ori etandant black 1:ron pl.pe ot 

nominal d1uoter or one-halt-, om-, and one-and-one-haU"- inches. 



-1.33-

V. CONCLUSIO?§ 

In this inTestigation of the effect or c011pressibilit7; on 

the friction drop during laminar flow in pipes, the suspensions 

used were aluminum hydroxide - filter aid suspensions, or which 

the concentratian of suspended solids ranged from 3.6 to 13 per 

cent. The compressibilit;r coefficient, as determined b,-

filtration tests at constant pressure over the range or pressures 

of 5 to 20 lb/eq in., varied from 0.080 to 0.425. FrOll the 

results obtained, the following conclusions are dravna 

1. The yield TB.lue of suspensions of this -_,. may be 

predicted to within an accuracy or 10 per cent, by the use of 

the equationi 

where 

87 • •0.1986 + 0.213 C - 0.011 c2 - 4.520 a+ 

8.481 ,,2.. 

87 • yield ftlue of suspension, lb/sq .f't. 

C • concentration of suspended solids in suspension, 

lb dried sollds/100 lb suspension 

a• coefficient of cOJ11pressibilit7. 

2. The coefficient of rigidity of a suspension of this 

type may be determined to within an acoura.01 of 13 per cent, by 

the use or the eqW1tion1 

? • 0.000345 cl.37 ,o.n:, 
where ~•coefficient or rigidity of suspension, lb/ft-sec. 



.3 . If the yield Talue and the coeftloient ot rigidit,-

u ·e determined by the use or the preceding equnti,·na, the friction 

head loss my be determined to within an accurac1 ot 15 per cent 

by the use of the tolloving equat i ons 

where 

A jJ • 
N 

A H• friction heed loss , tt of flowing subetance. 

N • length of pipe, ft . 

V velocity of now, ft/sec . 

t> • density ot suspension, lb/cu rt. 
D • di ameter c,f pi pe , f't . 

4. B7 reason or the thixotropio properties of alwn.inum 

hydroxide and the tact that tilter aid particle• settle out, it 

is not poaeible to use the standard Stormer Tiacometer to 

det ermi ne the yield Ya.lue and the coetfioient or rigi dity of' 

aluminu.m hydroxide - t1.lt.r aid ::'.luspeneions . 
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VI. SUMMARI 

Ver, little information baa been published on t he now of 

euspensiona. It has been found that the friction head loss ot a 

suspension flowi ng through a pipe may be predicted fairly closely 

by the use of eydraulic equations in which the rlscosity of the 

dispersing medium is used to calculate Reynolds nwnber, if flov 

is turbulent . However, a simple method of detenn1ning the 

friction los s of a suspension if the flow is within the laminar 

region is not known. A better understandi ng of' the laminar flow 

of suspensions would aid the industries of oil well d1ggingt water 

and sewage treatment, dredging, and papermaldng. 

The use of the followi ng equation to determine t he friction 

head loss of a suspensi on exhibiti ng l aminar fiov is propably, 

t he most conclusiYe. 

where 

AH ~ friction head loss, rt of nowtnc substance. 

N • length of pipe, rt. 
V • Yelocity et fiov, tt/aee. 

D • diameter of pipe, rt. 
t' • density of suspension, lb/cu rt. 

S,, • 7ield nlue or suspension, lb/sq rt. 

• coefficient or rigidity, lb/ft-sec. 



The uae of thia equation nensaltat.a tlw d•term1natlon 

the y1.eld "nl.uo and the coetrieient or r1g1d1t,. ot a nupeneion tG 

r,Nldict the triotion hG&d lona. Th• w,e of A nsodifled StonN• 

Yi&ecmeter i n detendad.n« these e-1't1c1ento hae been prepoaed. 

An o1'n.oue d1118dnnt&p to t hla method 1a that th• eaaential 

coettioients needed to pnttlic\ the trlc\1on head loaa cannot be 

determined withwt modi.tying a Stormer naoometer. In addition, 

the application ot t his mothod ot determining the )i.eld ftlue and 

the ooettin1ont ot rigidity to 8Wlpemdom other \ban l4MIB• 

eludf•• and 0la7 nuspensi<me has not 'betm pl"O'Yell. 

In an at~t to deftlop a better me\hod ot predicti ng the 

fJ-iotion head loss ot a auapenaion during laminar tlow, an in-

ve11tiption vae ude on tbe e.rteot ot oom'pNeaib111t,-, aa peria1n1ng 

to tlltra,1on, on the y1,,1d ftlue and coofflc1ent o£ r1st.41ty et 
a n ar.eneion. Thi e 1nveat1pt1on van carried out on a tlw 

apparatus with te.ut length• or pipe of ono-half, one, and one and 

one-halt 1neh•a in dia•t.r to dotemine the t'rlcUon bad loaa. 

A f'Utn.tion apparatus w.e usec to det•niine tM eotd't1e1et ot 
eompr•eaibU1ty. 

F~ the ntsul.t.- obtainod in thia 1nveatiption on 

alwainum ~de - t11 t•r a.id SUBpeneione of vhich the oc.mo.n-

trat1on ot wapend•d eolids ranged trot't :,.6 to 13 per cent and 

the ooett1c1tH"Jt ot comprenoib111 ty ftried !rm o.080 to 0. 425. it 

was d•temined thatt 



1 . ni. yi<fld -.1.ue, S,, or a eunpenaion or this type 

mq be r,r~ioted \o vi thin a,n aoCUNlc:, ot 10 per cent by the un 

of tba eqWtti on1 

Sy • -0.1986 + 0. 213 C • 0.011 c2 • 4. 520 a • 8.481 e2 

S,. • conoentn:Uons et BW!lf!Cllllded aoltde in 

ponai~, lb dried eolS.de/100 lb neperud.on. 

1 • eoettiolent of oap.nuibS.11 t:, • 

2. The coefficient o£ rlc1d1t7, '1, ot a. s'rut!lOUion ot 

tt1ia t ype may .,_ det.enn.t n.d to v1 thin an accuracy ct 13 per cent, 

by the un ot the ~•t1oaa 

• o.ooca4s cl.'1 .o.n, 
Fxperi a&nta ude during the toete vi t h the standard Stormer 

viaoomet-or gs.ft e:rrattc reBUlte. It 111 oonelu.ded that it is not 

possible tc use this instrument to detendne the yield value and 

eceff'1c1ent ot rigi dity or aluminum hydroxide - tilter aid 

auspensioas. 
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