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SUMMARY

The flow of solid-ltquld mixtures or slurrles ln horlzontal plpes la
discussed under two main headlngs, sett.llng and non-settling slurrles.
The available methods of predlctlng the pressure drop for Ehese two cages
axe reviewed and compared. Ia the flow of settling slurries there are a
number of possi.ble mechanisms of partlcle suspension. These are discussed
in connection with the predictlon methods.
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PRESSTIRE DROP P.REDJCTION T'OR IILOW OF SO-LID-LIqUID MIXTUB},S I.N }I-0R.1.7,-OII-J LJ:ryIs.
IMRODUCT ION

So1ld-1lquld mlxtures can be ctasslfled urlder tt^ro maln headlngs; settllng 8nd non-settllnB.
A setlllng mj.xture ls one ln whlch th€ solld partlcles w111 qrrickly qettle out lf the mlxture
18 left standlng. A rion-settling mlxture ls one ln which the solld partlcles do not settle out
or settle only very slowly. An often used rough criterlon 1', thrl partlcles of dlameter less
than 50 mlcroos can be classe4 as forttllng a non-settllng mlxture ln i.Jrter. A noo-settling
nixture v111 generally behave as a slngle llqutd wlth vlscoslty 6ni rlenslty dlfferent frorn tl-at
of the carrler fluld, aDd w111 f1ow 1n a plpe ln a homogeneous mnnner" The rnanner ln which ,r

settllnB mlxture flovs ln a plpe wllL deperd on the veloclty. At sufflcl.ently htgh velocltl's
all partlcles \,1111 be kept suspended although there will be a conccfll,tati.on Sradlent vertically
across the ptpe. Thts type of flow ls termed hetetogeneous flow and is a true two'phase f1o'
ln that the eolld and llquld phases retaln their ldentlty. If the veloci y ls progresslvely
reduced the concentratlon gradient wlII lncrease untll 6 stage Is reached "hen lhe motlon of
the Ilqutd !'ll1 no loflger be s,rfflcient to suspend all of the particies. At thjs veloclty,
terrned the depcslt veloc1ty, .one partlcles vilL separate out and f,)rm a sl:atlonary or movlng
bed of sollds at th€ bottom oj the plpe. It should be noted that if there ls a wlde partlclc
slze dlstrlbution the flne particles may be transported hornogeneousl)' '?hil st the coarser parir.l-
es could be transported heteroqeneo'rsly.

In thls paper v4rlous methods of predlctlng the pressure drop f.. the trro t'vpes of nlxtr|s:
wl11 be rev{er^,ed and discussed tn the llght of the posstble mechanls".s b1 which the partlcles
are suspended in a floving llquld.
PRESSI'RE DROP PREDICTION FOR TLOiI OF NON-SETTLING MIXTURES

Non-settltng mJxtures of solid granular partlcles ln water oft.i exhiblt non-Newtonlan
behavLour such as a vleld stregs and a non-1lnear stless-shear rate relationshil, especlally
at hlgh sollds conc.itratlon. The problem of pressure daop predlction of a homogeneous mixt(r-e
ls therefore one of oressure drop predlctlon for a non-Newtonlan fluid. There are tll,o maln
approaches to the pr,di..tlon of pressure dlop ln a comrerclal slze pipellne. The first is t,.
use vlsconetrlc resul-ts obtalned under lamlnar flor^, condltions to establlsh a rheologicat mod.l
of the mlxture. Using thls model the lamlnar preesure drop may then he calculated theoretlcally
and the turbulent pr"essure drop by seml-enplrlcal methods. The seconcl method ls to use a scare-
up procedure fron srnall ptpe dat8. In the lamlnar reglme a chart of I-. agalnst 8 V,/D \^,t11
usually correlate d.ta for dlfferent plpe dlameters and enable scale-',fr. For turbulent !!ess,rre
drop predlctlon the snal1 acsle Iamlnar results are discardeC and sma'' scale turbulent dilta
are used to scale-up in the tulbulent reglme. These two basic nethoil ',ri.11 now be dlscussed
and compared.

PlesBure Drops from Viscometrlq Data

From vlscometri. testa a rheologlcal model of the mlxture cr. b. ,valuated. Cheng (l) has
found that a wlde range of con"merclal slurrles can be ch4racterls.d I the generallsed Binqhan
model in lrhlch the shear stress ls glven by T= To + r YIt (I)
where T^ ls the yleld stress, K ls the conslsteicy lndex, ] ts the ratq of shear straln,

and n"ls the behsvloural index.

Once T-. K and fl are determloed the lamlnar pressure drop ran he predlcted theoretlcalll..
For turbulen? flow 1t 1s necessary to resort to'seml-emplllcaI .,,rrel.:rrions. Most of these rre
based on elther the Bleslus type equatlon fo! the frlctlon factor

f = A (Re)" (2)
or the Nlkuradse type equatlon

_1_
\fi

(3)

In the evaluatlon of the Reynol-ds nurnber, Re, varlous velu, s fot the r.iscoslty have been
used. OIle of the earlleit correlatlons used the vlscosity ,,5'g5. 5u'pond1'nq medlum, Others
have used the plestlc vf€coslty and some the Ilmltlng viscosity at l.tinlta shear rate, Dodqe
and Metzner (2) replaced the conventlonal Reynolds number in equ8Llon ('l) hv a generallsed
Reynolds number

Rer = on v2'n p /,* (a)
aft€r applytng a dlmenslonal analysis approach to s power 1aw fluld, Cl'enq (l) has modified
thelr method to accomnodate a generallsed Blngham flutd and has applJ..1 it. to a large number of
comnercr.al plpellnes. [n a recent paper Kemblovskl and Ko] rdzielski /'') h ,c Fqvlerned most
prevlous correlatlons and have proposed a new one based orr ihe Blasii'' equir,ion. Thelr correl -
atlon allows for the decrease of non-Ilewtonian behavlour at high 1.ev,.!.s of Lurbulence ln '..l,i"lr
reglon the pressure drops approach the Blaslus value for a Ne\rto. tEil frr,id. lJanks and Il.dl
(6) ernployed Prandtlrs mixlng length approach and applied it lo Bi.cl'am fluid. Their tl, ry

= Alog(Re fb)+.
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ir- be.,L..modifled by Kencl,ington (5)to accomodate a gen€raLi.aed Blngham fluid. Murthy andr.. i! (L) present an anaLysls ln which 1s lncluded a'rvlsc<rus !nte!a;tlon 

"o-"ifi.tenti,to[,, ,ify lhe Iaminar rheoloSlcal pararneters uBder turbulcnt condltlons. Kenchingtorr (5) haEc' ,ared the Predictions of ai.I the above nethods wlth experirrental pressure diops for clay
It,..r kiln feed slurries foi pipe diameters ranglng frorn 16 rm to 329 ron, and founb that all'theai 'e rnethods generally predlcted turbutent press!re drops with comparable accuracy wlth norii.,le ,iethod being signiiicantl.y superlo! to the others. ln.the caje of 1amlnar flow he
t.( ..,d that cheng's (l) nerhod gavr reliable reaults except for the crae of the cLey slurry lntr'. largesE (329 0En) dlarneter pipe r,rhere lt overpredlcted by about four tlnes the measured
prcssure drop' He attrlbuted this gross overpredrction !o the occurrence of ,'wart s1lp,r lnLi,. Iarge plpe,",hlch was not pres€dt ln the smaller plpe. ,,Sllp', ca,r also occur ln thi
lj.scorneLer and 6lve erron€ous readings. Thls "sIlp" effect ls caused by the formatlon of ap"rrticlc free I,yer near the warl givlng reduced values of the local shear stress, Thlsparticle free loyer hss bcen observed ln latnlnar tube flow (Segre ind Silberberg (7)) lnt,.rrbul€nt plpe flow (Roberts et al (8)), and ln couette cyiindrlcal vlsconeteri iH.i"f" (S)).llarris presents a rAethod of ld€otlfytng slip In a co-ax1&l cylir;,der vlscometer. Olroydra
nrethod (10 and ll) allous slip to be detected ln larnlnar and turbulent plpe flowa. K;nchlngton(5 and l2) found thar sl1p did rot sj.gnlficantly affect ruxbulent prpe itow predlctlon buti')uId c-ruse Iarge errors i!1 laminar p!essure drop predlction
| .essur-e Dl-oD Pr.dlct{on I / Scale-t]o

BoL"en (13) has presented a corrrplete design procedure for scaling up small plpe reEults toidrge Pjpes in both the laurinar arLd turbulent regi.mes. In tlre lamlnar ieglne he uses theIirthod of lletzner and Reed (14). Thls method ls applicabre ro aay purely vlscous 1lquld le.,iire which is tine independent al.Id inelastlc. For such a llqutd fi can easlly be shown that 8iJg-log Plot of rral1 shear rrr.ss T,., against 8 V/D wllL coirelate the data for different
I)ipes p.oviding there 1s no slip ,,ffEct. For a power law flLrld thls pLot w111 be a strslghtliire. 1f slip occurs plot:, of dara from dlfferent plpes wr.rr be <[spiaced and thrs effect!" I ire(d to be allowed for in any scate up procedure. Thls ls dlscussed by Kencirlngton (12).

lor turbuleitt plessur!; dr:op predlct.lon Bowents method uses smal1 gcale turbulent datar.,, scalinB up. lt has as iL, bssls lhe assumptlon that for a non_N.wtonlanJfiI?TelllJjius equatlon for the tr rbulent frictloo factor can be eerrerallsed-
'Ihe Blasius fllction factor f = 0.079 (D V p /y y.25 foi a ttewtonlan fluld. (5)(ombining this with the Far. i,.,, gq,ratton- 6p/L = 2 f p V1/D (6)
one obtdins Ap/L = 2 A V-' D y-riD pI-b ,rb (i)
r'rhere b =..25. lio! a particul.r! Newtonr.an fruld (or Bingham plastlc) p&lare consrant
Equation ( 7) becomes:

5p/L = r, y2-b o-t-o (s)
Ec'r a pseudo plastic fluid Boucn substituted the generalrsed Reyno!.ds number of Dodge andIletzner (2), lter, lnto the Blasius equation 1e.,

Re' = Dn y2-n y /x erhere K and n are power law constants (9)
oo.:€ again combining with the !'anning equatlon and renoving p and K lrhlch ale constant for l
pa r Ei cular pseudo plastic fluid.

. aP/L = B, vc Dd (t0)fl.ls equatlon is analafous to equaElon (8). In the case of a Newtonlan flu{rt or I Btoghaoplastic only tq/o parameters' b and B, need to be deterx0ined from experlmental det&. rn the
'-5e of a pseudo plastlc fluld chtee'parametersc, d and B, must be ier.ermined exprrimentally.
O1.ce these Param€Lers have been determlned by tests on a fllot plant r,cale the prr-ssure loss ln
\^1r|:r.:,rt..t" 

piPeline can be obtain..d. For pipeB of dtarneters i, and D, equatlon (I0)cen be

J./JZ = $L/v)"<or/o, d where J is the pressure gradlenc (11)
lo tre scal.e-up processr,an'ur. ertalnry in the small scale data rrrll be magnlfted.(tnchington (15) has extended Bol,en s method to allow calculatlon of ronfi.dence IlLnItB forthe full scale result!. He found riar ln any acare-up o"", 

" i"rg" 
-a 

r;;;;;-;;";" (8ay 8 to 1)it 1s imperative to calculate the c{ nfldence llrnlts as calculatlons based on the best flt valuecould give results serlougly ln errir.
Conparison of the Two I'lethods

Critici.sm cait be levelled at both methods. Harrls (16) has argued that oethols uslnt
lajnj.llar viscometrlc data to predicr turbulent behavlour, 1n particular the Dodge-r,1,: tzner
nrcLhod, are theoretically unsoutrd. He sdvocates the Bowen scale-up procedure.- llorrever, aa
i,"inted out by Ke.ichlngton (12), inherent in the Bowen method is the asstrmptlon t'h.r the fluldi,L<ys a parttcrlar Iali throughout the scale-up range. Thls may not bi the caae slr.ce the
"l,rrbulent viscosity" of a pouer lav fLutd tends to become constaut at ve4 hlgh sl ear rates.
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ntu s experinents carrled out ln smal1 plpe8 rrhere shear rates are h igh may g1,/e err:ofleous
results for a large plpe where lower shear rates prevail.

Kenchlngton (12) has compared the two methods and came to the concluslon that they both
predlcted ptessure drops b the turbulent regtne wlth accuracres of th. orde! of 3O%. Of course
oue btg advan"age of uslag vlscometric tests ls that they are a ].ot less costly than pipe loop
tests. Holvev. r 'Kench lng ton polnts out that the presence of si.lp, especlailv,rnder lamlnar ftow
condltLons, can cauae large errors which could be overlooked r"'hen uslng a viscometrlc n€thod,
A Pllot test would enable thls sltp to be detected. Kenchlngtrn recorlrnends the use of both
nethods so that any disclepancy beti{een the two caa be lnvestlgate.l,
PRESSURE DROPS FOR TLOI\' OF SETTLINC SUSPENSIONS

As mentlon€d 1n the lntroductlon lhe character of the flow of settllng suspenslons depends
on the-veloclty. Large heavy partlclee fl1ay never be suspended and may be transported by rotftngor slldlng aloDg the bottom of the plpe. 3ma11er partlcles r.'111 be nalntalned ln suspenslon
provlded the meao plpe veloclty ls htgh enough. Only the turbrlent reglme is of lntcrest sin,re
no suspenslon of Paltlcles ul1l occur ln the lanlnar regirne. At present no purely theoretlcal
methods ar€ aval1ab1e for presaure drop predlction wlth settljng suspenslons. Numerous empl--i-
ca1 equatlons have been proposed t'hlch correlate data ln spec{ flc lnstances but no equation
has yet been proposed .^rhlch wtl1 a1lot^r accu?ate predlctlon of pressu?e drop from the properttesof the llquld aDd sollds phases. Because of thrs lt ls necessary to resort to pllot scaletests. 

-Hot{ever tf the ftpe dlameter of the pllot plant J.s slqnlfi.antly smaller than the fu11
scale plpellne th€re 1s not even a reIlable scallng up proced,re arich can be used .rith confid-ence. some of the correlatlons whlch have been proposed wI11 novr re \rlefly dlscus:red.
1. Emfr,iflcal Correlations of the form e= K rlr*

K ls a constant, J and Jw are the hedd loss per unit length oi' plp I rr
water alone respectively, e is the delivered volumetric concentrat- ,.,,
mixture velocity in the pi.pe, Cd 1s'the steady state drag co-effic t:r.1..

Pipe dlameterr and S 1s thc ratio of .the density of the sol ids to 'rhfl1

where O= J_.:.&
eJw

)-
v a" tt- Vcd

g Dl-"-.])

( 12)

(t:i and (r/i)

thc. mixillre an(! ior
V -i-s the a'\rr)r'611
of a part.ir'.]-n,, l) 1s il.i'
of r^:ater"

"l'',':riygLlh (21 ) attempteri
li,reflsional analysis. Thc,.'
rir€ fl ,ri.d friction f ar:ri

( l-i)
amd ob ta ' 1€ "l t' r.

(16)

Durand (17) r^ras the flrst to propoae a correlat!.on of thjs fc r:m. Fro!, experlments 1aith anumber of materlal.s of graln slze from 2.5 ndr to g0 nrn in prpes oJ di imeters ficm 40 ro-r to700 nm he gave thc yalue oT the lndex m as-1.5. Zandl and Govato: (1t) gave t$o values ofn = - .35 and m = -1.93. ?he cholce of whlch otre to use dep.flde,l on the mixture velocity andconcentlatlon. Hayden and Stelson (19) gave a value of m = -1,3. T.'rerent ln al1 correlati.)llsof thls form is the assumption that the lr"r"as" in the head loss ovrr that for water 1sproportlonal to the dellvered concentratlon. Babcock (20) questlorc, this assumptlon andpetformed accurate experlmenta rhlch shot^,ed that Lrhltst lt v,/a.. tru. jn some cases lt waslnval'ld ln others. He also found that ln aome cases a better corr.elatLon.:ould be obtalned bvnot Lncludlng the drag co-.ffic1ent. Furthermore he found that thq l-roude Number v'z'arJ-'".a
adequatel.y correlate data from pipes of wldely dtffering dlaraeters, r-esplte gf, 

..;;";;-
shortcomr.ngs there ls no doubt that a rough correlatlon does exisr he'r.reen tt and V and thistype of correlation remalns one of the rnost used.
2, roac 1

RecognislnB the ltmitations of the above correLations Ro;e an
an entirely .'xperimental- apfroach employing only the teclrniqL, ;;
assumed that the rnlxtrrre friction factor: f_ was given by the !]nr ra frictlon factor due to the presence of =8I. i,1r. 

"

cl D are t'ire
Z is a s1ra1.e

es" Exprrl'rer1 l

t pipe sizes ul
tlhet the inl.lrr,

de-tprmlnecJ l.rtrr
oughness [1.t,,'1r

6i'r. ,qtrrr r in

i-€., f = f + f
They then lncluded [11 varYables,$hich they thought could possibl,,.aff,,,cr f-followlng non-dimensional expression. ' . r -s

f '-/ ? 
" 

A 1- 
\Fr= t'/arvD,S, M=, s, d,r(r2,.{t }

\ *. 7'D M- D D /t.I W
where M and M, arr the mass flor+ rates of soLlds snd f].uiri rrspeir' r rr'-ly r:1 an
diametef s of tffe P, i-ticles and the plpe respectlvely, k is €r r:oughness factor,factor-, end ts ls a parameter def tnlng the spread of the sLzr,:s of the pa1:ti"cl
were then performerl on a wide range of materlals in air and ruater in d if fcrento 75 nrn diameter br.rt only for spherlcal parti(l-es of closelv graded oire oo,of Z and I was not determlned. The lnflilence of plpe rouBhn. rr* ,r^,. nl so not
because tlray obtalned good correlation of data from pf o"s of '., j.le I ..?rvinq rdeduced that the ef feci of k on f .. was relativr ly smat i. Tlreir r | -: resrrlt.s

D)
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gttii,iilcal form, The Iri-Be n,r biir of varlables affectlng the pressure drop of 81urry flow and
th€ wide raoge of va.u s thi,c these vsr16b1es can have rnakes any purely experlnental approach
lnuieosely dtfflcult. .:cause of this many of the graphs pleseoted are drawn through only &
fe\r points and no gr ar accuracy ls posslble uslng theLr n..ithod. Its rLra Ln value lles ln the
Iink whlch lt provldis bet\reen tne fields of hydraullc ard pneumatlc soLlds transport.

Turlan et al (2. , also approached the probLem uslng dlue[sl.onal analysls but reduced the
number of noo-dl.mens ioi aI gror.ips by assumlng that some of the groups could be combined. By
corrsidering only splieri.al particles of closely graded slze flovlng ln sBooth plpes thel!
inirial analysls lndlcated the fol1owlng 8loups;

(tz1

lmportant
grouPs thus

( 18)

'i. hr , t-lrcr-i p
)(s - 1) Dlv"

non-llnear 1e
wa8

By 1;ostul;
vari.rble

anii irLita,,red the valuts
po jrlts" rhe f inal for l,

f=fu:
f=f

- 0'49 -t'u.vJlrr,r. I e tu"

I'iic data ,is€d in obL. r.
si?e.s (Lr,,rn 3I microris
onl y a I t, ii ted range o l

outside rliis range is
previr:us 5ecti<rn can b.
i, l- f = f, *

f = 1|/f LPr",v 
,

\Pw
iting that Ehe free set
rnd af ter coos l deration

f = elu r \
lu,,
\ *vr

assuuied tire fr,ncti.:naI
t - ti. K,: a

do Y'w
u'w

tl. ing ve
of the

c,, g
U,

7 -rS V- e 'rlrtl
gD 

Ji

loclty of partic
forces lnvolved
(s - I)D c \,)

le
nst

relationshi
r,b co' t-

brc and e by
correl atlon

les in' stlIl wi"Eer wag an
they redueed tire number of

of [-, a,
of their
0.32 g

o. 3 2 tl'3q

(re)
squares analysla of 1511 data

cd

.ng this correlaLion was obtained i,:r a reasonable range of particle

.o 4.'rB mm) and particle densiPies ( f rom 2.3 to 11.3 glcc). However
pipe sizes was covered (12 rnrn, 25,,rn and 50 nrn diameter) and its use

i course highly suspect. The cr..r('1'gj.atlons of tlre type Q= K V"' of the
cornpared ',";ith this by writir, r ';he-rn ln fricLion factor form

K r,, e .o n/2 
[-, (s - 1) r r'] ' 03)

V.e=0
h

(25)

fortll
for { <1

[surs - rlzvfo''o

( 20)

( 21)

(22)

Semi-'l'Lreoretical Co rrel aEions

A number of correlations have been developed by applying some theoretical reaEonlng about
Lir ll.o!, situation. Sone ol these wlll now be dlscussed. Newltt et al (23) reaeoned that the
wori< (-tJoe in maintaini ,4 partlclee of setlllng velocity V^ ln euspension would be proportional
t(, tl,cir effective \/er llt and their settllng velocity. E{uatl[g the work doue oD and by the
parti(!es they obta,n, r uhe equatlon

+ - Kr is - l) No/v) (so/vz) (24)

From thelr data the), g.ive Kt to be a constant equal to 1100. l.Iasp et al (24 and 25) have
developed a systemaIic r.Lethod for pressure drop predictlon 1rl the heterogeneous flow reglne
whlclr they have succes"fully applied to comrerclal slze coal-water plpeLlnes. Thelr method
splirs the plessure dr-p up into two fractlons - that due to the sollds whlch are transported
homo6eneously and that due to solids transported he terogeneously. lttey then use slngle phase
Newtonlao methods for estimating the pressule drop of the homogeneous portlon and enploy the
Durand correlatlon (equation 12) fo! estlroatlnB the hetelogeneous pressure drop. The homoten-
eous portion increases the effective denslty and vtscoslty of the "carrier flutd'r and the
consequent reductlon ln the setLllng velocity of the coarse partlcles reduces the hcterogeneoua
pressure drop conpared to what lt would have been if the carrler f1u1d r.rete pure w6ter. Ttls
is an attempt to allow for the obsenred fact that aa the amount of flne materl&l, ln a turbulent
stream 1s increased then'icarrylng capaclty for coarse material 18 lncreased. To apportlon the
fraction of solids in the homoge[eous and heterogeneous regimea they enploy the theory of
Ismall (26) to predlct lhe in-ettu concentratlon q at a helght y -0.8D ebove the bottom of
::he pipe. Thr.s theoly employs the equatlon

Egs +
6dy '

wirl(r) equates th€. rate of LrpwaiJ transfer of particles resulting fron turbulent exchange rrlth
the rate of settllng. Her.: f. is the rnags transfer co-efflcier,t and VL lE the hindered
settling Velocity. Equati,n 1i5; 1u tnt"gtrted by as6umlng Lhat €" is"equal to the noroentuo
lransler co-efficient. Tl;., concenErat.lon at 0.8D ls then assumed t6 be the portlon of the
solids which ls homcgeneously dl.,tributed. tf the sol1ds have a wlde slze dlstrlbutlon they
are Lroken up into 5 to 10 slze iractlons and the sbove calculstlonE are pcrformed for eech



sLze fractlon and tlre pr.)ssure clrops added.
The method of r,rasp rt al, rmploylng as

same shortcomings as the Durand correl"iiorr.
0.8D as representlng the trc.,mogeneous portlon

11{i

tt does the Dr:rand .o, lationo is srll1jq, t. to ,he,
In addltlon the choir= of the concentratlon;,t

of the sl-urry 1s rather arbi.trary,

_- I" .!f!:-:f lts partt-), theoretlcal background the method is largely emplrical and aswasp et al (25) themselves admlt lts success atems tn part from "rrtir"i" oi arbitrary consral,tsto experlmental dat^. Nc'1e the tess lt 1s of lmportance because of it9 successful use ln tredeslgn of com-nercl.l pl.pe l lnes.

--!.^_^apgl=l!,0 ?"lt"l, (2') have rleveloped a theory for rhe ftow of s,rspenstons of fine part;.cleswnere turbul.ence is the domioant form of suspenslon by assumlng that iire suspension behavesessentlally as a variable densitv etngle phase fluid. As the basls .f their analysls they rrsedthe method of Jultan and DukIer rze) ir roilr"t rt r" iypotr,n"irii-ti"r ti"-"orio]'.rt" ,"r,lnflueoce felt prlmattly by modifylng the loca1 turbuience ln the fl,,id. Ifl other lrords thrsollds contrtbute to the incteased pi"""u." drop by iicrea: ng the e,!,ry vrscositJ' of the ps.,rirofluid. un1lke Julian and Dukler hovever. they ailowed the solids con.,);tratron to ,.ry 
""ro,.the plpe ln the vertical .llrection rather than use the average value Their flnar equation frrthe frlctlon factor f is

. (L/ \/T_ ) - (r / \/O = (r _ p"/p \ tr/ t/T_ + 2., ,l (26)where f_ ls the frtctton factor for s u"rionr"n"riuia ,i'ar,"'Brr" ;;, ,iry 
".d vtscosttv as..:r

:t:::r,"tl:":l:_ln the plre at the.same p."""ri" gr"ar""t as the s1u. -y. The dtjtferer:ce beh;eenr ano t- ts then a measuto of the degree !o whlch the slurry departs ,iom itre tetravrorr preii.tedby tts Bulk properties because of the vartatlon of concentratlon acrr rs the plpe. The valuc r:ip- needs to be determlned tndependently and shook ani Danler suggesl using the metho.l of rsn.ilmehtloned ptevlouBly. IJslng experlmentally determlred values of p^ t-e metlrod,"rrs st,..\_rn to ,.

:if*iiT::'l."ll"ili',ii"l|".r;:":";';::iI...ffi;:'Jl:l,.lj;k 
-r""i, 

"ir"ii"g R" r*-

,-" !h9?!4-Pg!1 (29) also lnv€stlgated flows at high concentral:ions vhere parrj.te-pa:--i, telnteractlons becane important. ,They suggested that ln strch a situation partlcles mar besupPorted by Bagnold stresses.-Baqnota i5o; perrorrneJ experrments on coarse partjcle" at hlr.,hconcentratlons above I57' by volume and found that nhen srich a suspension lras shear.d lhr.re r..asa normal or dJsperslve sti:essrpset up, the magnttua"-or *rri"r, r"" p.opn.lrr,.,"r-io-rt" .,heor:inq
.atreas. 1:.: Tn = K p - "'"'" 

,r,_,under condltlons of coaise partlcles at hlgh concentratlons Bagnold stre6ses may he r -sponsi1.l.for partlcle ' rpporr. rn such a srtuatlon p wtlI be equar. to the integr6r of the in-,it,concentratlon q acr')ss the pipe-cross-sect.ion and ro, the sh""t strers'due i. rig".ra stress€swl11 be calculable .rom eo.atron 1rrr. f, g"r,";if'Ei" ,f,"r, stress rr re to thc flutd "rt-tionalone n',I1 be impos.ible io crlc.Iate. ro 3,r"i"oi"-iirs Shook and rr.-,,,ier confrned th-lrlnvestlsatton to ftow in, channel.wlth 
" "t"tiiiriy-l"d rr.sent ..; .,-;;";;";;;ientr,tiongradlent above the bc,l su.:h.that there r"" 

","o"iii'f.yer o, hlgh cor..enrratlon irnmediatell,above the bed and essentlally clcer trqurd torards'ai" ao1. , f tle chr ne1" rn such a slt:rarr,,in
:i:l,j::"a 

lt posslb'e to estimate the fruld shear srress Tr "t trru ,of-oi tio Ji",,r,., o,.,0

.-- -; J = f v''/zzh + (;- 1)q-'K where h is the.r,.nnet lreighl r and (28rlthere q 1B the aver,'lge concentrrrtlon above the stationar,..,,ad. ,r, ".iln" of experinrerrts vaspetformed for sand, 1€ad and nicl.,e1 particle"'-of""lriou" 
"i "". It r as found that ln al1 case.:where turbulence tas unllkely ao u., i""por,"itfi-for-i""ai"lu srnport (ie., for coarse. heavypartlcles) the values of R were ,rlthln ihe range O.a'to_0.75 rhich compare r.rel1 t.,lth rAgnrld,.values' Ne,ltt et aI (23) us:ng an entirety airr"i"ni. rr,.,e- of -easonrnq nroposed nn ,que,iorslnllar to equation (28) for iIJw wtttr ; 

"iiaitig'i"i'"hrch has_,,een found to spply eq,rjrrr* w.,.to sltuatlons !,hef,e there Is a.stalronary bea piesunt afld to nh.re thcle is no Led at all,shook and Danlel suggest that thls could'lndlclie ir,.t t},"i. derlvatio'r based on a srjd1nr h ils questlorable and rhat thi.r lends ,rpp";;-;;-;i"-Aa-g'ofA af"p.rstve .tr.ss hypo,,est..
Vocadlo and Chnr:les (31) present an equatton of the forlr

r = 2-t .t-1" -".,fjl.\ /p.\ J..+k i(:_rrv .2q\
c.. f r,.- ) \o I ' s 'o

where subscrlpt" '.id,, rUfcr-to ti,J Hrltu." snd the rlquid re pxcttvery. The fir<r ^err :.r.psfrom a dlmenslonal analvs.ts and reflects tfr"-li"i"""iO frlctlon due tn the increase i., th(denslty and vlscosltv' d ls related a. arri ""-iiii"t'ent ir thr f-Re r.elatlon for ]i ,!r-rr 1,..,rnF
"!or:. .lll change ln the!'turbulence 

"tru"iuri-au"'ii-an" p,""n..u of the solIds rnll I .:rg.ea_ to dlffer from a - 'lhe :econd ter:m fesults from a con.irl.,ation .f the volk don. tomathtaln the particleE in sus,rension aod 1s slmtlar to that obtatnea r..., rv..,iti-ll al (cqu^tiL.r24), suapenstons of coarse palttcles often exhibrt N;a;; i"" 
- 
;";; 

-;"; ;.l,;;r;'i"'r amtna, sl.cn.flow and ln such I case the
vocaaro and *,".r""-pi""",,i i"#",t,irfu"li,i:fi::"1;r:"11.;: ::""i::;,1:l;"!n; :,i:il:.;"
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:,i...,iLtir:rl in a viscometer" To

i , , Li i t i" l- r)n rfie thod s t]rey pu t o,
r'lr. L1: i,r-€dlcted the pre s,::,.rr€ gi
-li. .iiri r isons ucr*e for a l': irg0 d,
ir ,,:r.l 1)

ompdre the method
= a--, f = 1.80'adient wlth more

em€ter ptpe only.

i t (vo/v/= oml I- irf2) ,* \

wlth experlmentaL resultr and wlth other
and k = l0 and found Ehai t,he method conslst-

saccuracy than the other methods. However all.
From equatlon (29) for rwo plpeE of dlametere

t* l t-1 (30)Jl - kSt fit -

Jz - kuz f,,(

ir,!.q1, .i,,d offers possib1llEles as a scale-up procedure In a Banner analaBous to that of
.,rr.J descrlbe.t =.rrller. For a non-settliDg slurr/ the terms l^ E,S -11y_7y r"tr1"1r.

rl ir. Jj.lit-ion it Is as"ur.. d that /]- and p- depend only on the bL,Ik delivered con8entretton
!t ,oo LI)ar 4rt = o.2 equ. rton (.lO)"becornri"tlduntt""t to equ.rttof (Il ) for slurrlea of equ81
cJr.iEntratlon.
rli q,'u sslon

T'he pressule drop experien, cd by a turbutent suspenslon f1r,,rir,g through I plpe wll,l b€ due
!') ,rne o. more of the followir,g interactlons. (6) Fluld-wa1t lnteractlon, (b) Fluld-partlcle
irr.raction, (c) Patticle-particle lnteractton, (d) partlcle-wa1l lnteracELon. ,fhe relatlve
ir r 'r.tance of each of the,e depends on ftrstly the cgncentratlon of the partlcle; and secondly
,;n .he size of rhe p6rEicIe vlth respect to the scale of turbuleoce ln the fluld.
1. l1o" at low concentr.rtlof. At 1o!, concentratlons type (a) and (b) lnteractlona t,lll pre-
.r.,, .ii{-TinfrEliiIETil-ai- Iarge compared wlth the siale of turbu}ence rhe partlcles.wtltct,l lullow the larger eddles -od the maln effect of the turbulence on each partlcle wlLI be to
.i) t 1i15 flow resistance. U111her and Slnclair (32) and Clift and Gauvin (33) have shown that
irL ost.ases the dla8 co:fficienr of a sphere ls lncreased 1r a turbulent fleld although ln: .!: caser; a de,:rease can occult l'lany of the colrela!lon9 1,.:csented for florr of settllng
:.-,i,ensi.oi's involve a parrlclc settling velocity and lnvarl, i,li,no accourrt ls taken of the
. tr{,.t of turbulence on trls settling veloclty. furthermor.. !.Jich non-spherlcal paltlcle8 the
',.rlji,! velocity ln stili water wllI indlcate the drag for one partlcular orlentation only
*l...ita5 the orlentation betveeo a particle and the fluld ln s turbuLent fLeld wl1l be changlng
a.,11t ir/rously.

1i the palticles are small compared ulth the smallest scale of lurbulence they !,llt tend to
L'1i"\', all turbulent fl.ucLuations. At very 1o!r concentrstions(less than 57.) pressure drope
lower rhan that of water alone have been observed (see zandt (t4)) however ln general the
pres.ure drop is greater than that of r.,ater. Ttte vallable denslty nodel of Shook and Danlel
dt':sclibed previously j.s appllcable for flne particles at low concentratlors. Thls roodel
assurres that the parlicle-flu1d lnteractlons Lncrease the tLrrbLrlent fluctuatlons and thu8
1,r irrctlon drop. As pointed out by w11es et al (35) thls method does not take lnto account
: .r pheaomenon of p;rrticle migralion away from the rrall and thts effect nay be slgnlflcant.
. Flor.r at high cc,ocentrations. At hlgh concentrationa the effects due Eo partlcle-partlcLe

,r r particle-wa11 lnteractlons becone increaslngly lmportant. With flne partlcles the suspenElon
..-' exhlbit non-Neutonlan effects. tllth lalge particles colllslon between partlcles and tirer:olling of partLcl€s along the bottorn of the plpe may help ro lorm large lntellsive eddtes whlchir tg11 1]u10 to support the partlcles. Kazansklj (36 and 37) has proposed this phenoocnon

flrloving experiments ln which he compared the intenslty of the large scale turbuleflt fluctuatlooE
in e6g"t \rilh and wlthout coarse sand pre8ent. For concentr*clons of sand above 157. he found a
iarge inclease io lntenslry over that for pure water. No such lncresse vas observed wlth flne
sand. At very high concentraElons partlcle-partlcIe and particle-walI effects !,ould be dxpected
io become donlaant. and the Begnold disperBlt,e streEs digcuss€d earller may become lncreasingly
i.nlpottant. Shook and oaniel (29) employ thls reasonlng ln the correlation for flow wlth a
st,,tionary deposit vhlch was dlscussed prevlously.

ln a later paper Shooh er- aI (38) again lnvestlgated Bagnold stless,,s. ThlE tlne they
perforrned experiments on fuIlj sr.:spended fl or^r ln a channel lrlth flne and coarse aand and nlckel.
'l'h;y rr,easuted the concentration profiles and conpared then wlth concentratlon profLlee obtained
Lsing the theory of Ismail (26) assuming turbulent dlffuBlon was responsible for partlcle
supPort. I'or the flne peLrtlcles they obtalned good agreement but wlth the coarser parllcles at
bjBher concentratlons Ehc agreement becane progresslvely worse. Thls dlscrepancy could be
aLreliratively explalned by'the presence of Bsgnold streeses.
.(, ,(:LUSIONS

For a non-settllng rlurry tl.ele are tr.7o basic approachcs -vallab1e both of rdhlch glve
-,rcePt;,ble results. one of Ehese methods requlres o[ly bench s.:alc lests 6lthough to confldently
predict pressurc drops in large scale plpes tt would seern necessary to perfonn pltot sc61e tegtr.

alG) (#)'.i#)
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Th< situation wlth settllng sluriies ls stlll very unaatlsfactory and there ls no method r.rhlchcan bc used to confldently predlct pressure drops. untll the rr"a"."" i"i 

- 
p.oie ese s rnvorveacan be ldentified and understood the sltuatron is not Iikely to rrnprove. i; il;-i;.;;i;-i;-nisy.be posslble to modtty the nethod of vocaatro and charles (rr) to artow r""i"-up froo pllotsadle tests.
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