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Sun nary

Scale-up of slutry pressure drop to la"ge dlameter plpes ls discussed
wlth interest concentrating on slurries havlng particles \dith free settllng
velocltles of from .01 to.15./". Several slutries are tested for scale-up by
uslng the results obtalned ln 50 rryn and 100 flrn pipes to predict the behavlour ln
300 rrn nominal dlametet plpes and comparing thls predlctlon with experimental data
from exteraal sources. The scale-up procedure 

"ecentLy 
proposed by the au thor ls

sho\ro to be superior to more corunonly used methods.

To date thls scale-up procedure has mainly been tested on slurries
having partlcLes of narrow size dlstrlbutlon. Problems encountered when extending
the method to wide size distributions are dj.scussed and il.Iustrated by an example.

Finally lt is shown ho!,i available evidence suggests that this
scale-up procedure can be used as the basis for a new empirical approach to
pressure drop ptediction wlthout plpe Loop testlng.



r. I,}TTRODUCTION.

Avallable methods of predlcting slurry pressure dropr especially in
large pipes, are stil1 far from satisfactory and pipe IooP tests usually need to
be performed to confirm the prediction. If these pipe loop tests axe performed
in pipes of smal.ler diameter than the planned pipeline the results rmst be scaled
up to the larger diameter. The literature on scale-up methods is very sparse
$/lth the main contribution being by Bowen (Ref. 1.). The Bowen scale-up procedure
ls suitable for homogeneous type slurries whlch fortunately are the ones of most
lnterest as far as long distance plpellnes are concerned. However there are numerous
situations where it is deslreable to pump slurries havlng coarser particles such
that the slurry is of a seutllng nature. Apart from a recent paper by the author
(Thonas, Ref.2) there does not appear !o have been any papers published concerned
specifically with scale-up procedures for such sLurries. For very coarse slurrles
the Durand equation (Ref.3) would be applicable and could be used for scale-up
but such slurtles are generally not of great interest. Of most interest are
sl.urries which can be termed I'moderate).y settLing". These sLurries will tend
to$rards homogefleous type behaviour at high velocitles but will exhibit "settllng"
tendancies at lower velocities where they wtl,L fLow in a heterogeneous manner.
Such slurries will be described here as seml-he terogeneou s. Slurries with
particles having free settling terminal veloclties, W^r of from 0.01 to 0.15 m/s
will behave in such a maffler. For sand partlcles thiS would mean sizes from
0. 1 nrn to 1 nrn.

2. AVAILASIE SCAIE-UP EQUATIONS FOR SEMI-HETEROGENEOUS SLIIRRIES.

For very fine particles travelling as a homogeneous suspenslon
vrith posslble non-Newtonian behaviour the Bowen scale-up equation can be used:

J=ADxvY ( 1)

Where J ls the plessure gradient
A, x and y are constants for a particular slurry at a
particular concentratlon and are determined from the plpe
loop tests.
D is ptpe dlameter
V is mean vel,ocity of mixture

Kenchlngton (Refs. 4 and 5) has discussed the use of this method and
the problems ltkely to be encountered in lts appllcation.

For sllghtly larger particles where surface chemistry effects are
negLigible and at relatively Low concentrations Ner^Ttonian behavlour will be
observed and equation (1) will reduce to:
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J = At ,-(t+a) uz-a

For smooth pipe flow a = .25 from the Blasius equation.
For rougher pipes a = .20 is a reasonable figure.
i.€. J = A, D-L'z vl'8, 

-'" (3)

(2)

Since the water pressure drop, J_-, can
similar to equation (3) the scale-up equation*can be

J J, = AZ D-L,-z vl'8

be described by an equation
written as:

(4)

Equatlon (4) would be appllcable fox particLes having W^-( .01 rn/s.
For sand S.C. = 2.65 this represents particles less than about 100 mlcrons.
This equation could therefore be used as a scale-up equation in the flne partlcle
reglon of the semi-heterqgefleou s sl.utry range. For increaslngly coarses particles
it will ptogressively unf,erestlmate the pressure gradlent buE wilL provide a
lorder llmlt. At hlgh flow velocities where the sLurry behaves more homogeneously
equation (4) would be expected to provide an lncreasingJ.y more accurate scale-up
method.

At the coarse partlcle end of the seml -he terogeneou s slurry range,
where w^ approaches 0.15 m/s, the Durafld equatlon couLd be expected to Provide a
reasonaBle scale-up equation. The Durand equatlon can be expressed as
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reduces to:
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For a particular slurry at a particular concentration

J-J =K J Dl'5v-3wDw

Approximating J, by equation (3) this becomes

J J = K D+'3 v-L"z
WC
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where K.r \ and K" are constants.

Equation (7) should therefore be suitable for scallng-up seml-
heterogeneous ilurrles at the coarse particle end of lhe range. for sand Particles
this will be for sizes approaching L nrn. for particles finer than this it should
provide an upper l imi t.' - 

Thonas (Ref.2) has proposed a scale-up equation for the entlre semi-
heterogeneous regime.

= Kt Db v- 
l' 

' * *, D-L'z vI'8 (8)

InthlsequationK,lbandK2areconstantswhlchneedtobedetermlned
from pipe loop tests.

Be"ause the exPonent of D ln the first te!fl is not flxed tests are
necessary on the same slurry in at least two dlfferent plpe sizes. This ls ln
contrast to equatlons(4) and (7) where the scale-up equation can be obtalned from
the results of tests in only one dlameter plpe.

charles (Ref.6) proposed an equatlon whlch allows for a gradual
transltlon from heterogeneous to homogeneous behaviou" with lncreasing velocity.
For scale-up purposes his equation *ou1d be slmilar to equatlon (8) except that
the value oi b wluld be fixed at +.3. This places the same limltatlon on his
equetion as is lmposed on the Durand equatlofl.

3 . EXAI"TPLES OF SCALE-UP.

,,,k-l]]"::..$}.,'ll""il"H.:n3}'::'::i:'hii'5;ffi::"'
ptpes wlll be used to obtain the constants ln these equations whlch will then be

t ""a to pledict the Pressure drop in a large diarneter plpe. The three Predictlofls
wlll be 

-compared wltir the ,"""ur"d pressure drop to assess lhe relative merits of
the three nethods.
Slurrv A

Sand S.G. = 2.65

c = 247" by volume

0. 19 mrn

0.02 n/s

The slze distribution of this sand slurry ls shom in Figure 1.

Reference 7 presents the resulls of tests of this slurry ln PiPe sizes f,ron 52 nrn

to 315 r'n. ihe results for the 52 ffin and 107 rrn pipes are shown in Fig. 2. At the
hlgher veiocities in the smaller plpe the curve is tending towards a stralght llne
inllcating the approdth of homogeneous behaviour. Fig. 3 shc,'..2s the same results
fl"ttec as J - J versus velocity. The data do not fo!.1ottr a stfaight line, either
of q,'ope + 1.8 aE suggested by equation 4 or of slope - 1.2 as suggested by
eqi:a':inn I but folloe, the characterlstlc curved path of a semi -he t'erogeneous
sfurry best descrlbed by eguatlon 8. Non-1lnear least squares estimatior of the
parameters K,, b and K,) of equation 8 uslng thig data resulted in the scale-uP
equatlon:

J - J = 309 D'"44v'r'2* 7gz o-L'2vl'8 (9)
w

d5o =

wo=

a-
I

I



where J & Jw are lfl nm r^?ater /m

D is ln rrun

and V ls m/s

This equatLon resulted ln the curves as shown fitted to the data of
the 52 mm and 107 nm pipes in Fig.3. Uslng this equation the behaviour in a 315 sun
dlameter pipe can be predicted and is also shor.rn ln Fig.3. Also shor^m as dashed
llnes are the predlctions obtained by scallng-up uslng equations 4 and 7. In
applytng these tr^ro equations the slurry was assumed to behave most homogeneously
at the hlghest velocity 1n the 52 nun pipe. This data point then supplied the
constant in equation 4. The lower velocity points in the 107 nm pipe were used
to obtain the constan't in equatioo 7. Experimental data obtained in the 315 rrn
plpe lle bethTeen that predicted by equalions 4 and 8. Equatlon 4 predicts values
of J - J., between 25% and 507" below the measured value, while equation 7
overpredicts by more than 1007.. Equation 8 overpredicts by 307" (about 12% ifl J).
Slurry B

S.c. = 4.5

c = 12,57"

dr. = 0. I35 nrn

wo = o'03 m/s

Data was available from tests on an lron sand (S.G. = 4.6 to 4.8)
slurry in a 311 nun pipe. (Ref.8). This iron sand was from the Taharoa deposits
ln the Notth Lsland of New Zealand. To simulate this slurry for purposes of
scale-up tests were conducted on an il"menite beach sand slurry of similar particle
size in the authoris 53 nrn and 105 rmn diameter pipe loops. The size distributlon
of the llmenite 1s shown in Flg.L and is seen to lie between the two size
distrlbutions supplied by New ZeaLand Steel Limited shornrn dashed. The results
of the pipe loop tests for C = L2.5% are shorrm in Fig. 4 plotted as J - J__ versus
velocity. Once again semi-heterogeneou s type behaviour ii evident but thYs sturry
is noticeably more heterogeneous in behavlour than the prevlous sand slurry.

Equations 4 and 7 applied to this data ln the same rnanner as previously
resulted in the dashed lines as predictlons for the behaviour in a 311 mn pipe.
The constants in equation 8 were determined to be K, = 385, b = -0.22, K. = 580
which resulted in the predicted curve as shown. Eqriation 4 is seen to give a
predictlon of between 40% and 50% of the measured values while equatiofl 7
overpredlcts by betr^reen 57" and, 4O%. Equation 8 predicts values lvithin 4% ar,d LOz"
of the measured values.(27" to 47. ln J).
Slurrv C

S.G. = 2.65

C = L6.5%

dr. = 0.72 nrn

lJo = 0. 13 m/s

Fuhrboter (Ref.9) has presented the results of tests in a 300 nrn pipe
on a sand slurry of median particle size 0.84 nrn. The size dlstribution is shown
tn Fig.l as a dashed llne. To sirrulate this slurry tests were performed by the
author using -16 + 30 mesh sand. This sand hras of smaller nedian particle slze
but. because the slurry !'ra s pumped at a high ter{rerature (37"C) the W- values were
expected to be approximritely the same. Tests $rere run at s concentrHtion of 16.57.
brv vciume i:r the 53 mm anri 105 fin test loops. This sLurry r,ras more heterogeneous
in beha''riour than the previous thro as evidenced by the J - J__ versus V plots of
Fig"5 which much more nearly folloraT a straight line of slopE -1.2. Scatter is
large as mlght be expected with such coarse particles. The constants in equation 8
were found to be K_ = 2q5t b = -.076, Kr = 786,resulting in a predicted curve not
too different fromlthat predicted usingzequation 7. Soih of them overpredict by
some 35%" (207" overprediction of J) while equatiofl 4 underpredlcts by about the



same amount. However the t,ests in t,he
whereas the data for the large pipe is
reduce the error in the predictions of
207" 25%.

Discussion on above scale-up examples.
These three examples iLlustrate the advantages of equation 8 as a

scale-up equatlon. In all cases equation 8 provides a closer ptedictlofl of the
pressure gradlent ln a large pipe than elther equaEloa 4 ox 7. of more Lmportance
than the percentage errors invol,ved horoever ls the way ln which the experlmental
data ln the large pipes foltows much more closeLy the curve predlcted by equatlon 8
than the straight line relationships predicted using equatlons 4 and 7.

4. SCAIE-IJP OF SLURRIES HAVING WIDE PARTICLE SIZE DISTRIBIITIONS.

The above three examples all have flarrow Particle size dlstributions.
In Ref. 2 it was shown how the scale-up procedure uslng equation 8 worked equally
well for a sand slurry havlng a wide partlcle size distlibution. Data taken from
Ref. 7 was used ln that case and the results for 107 sun and 158 nrn pipes were used
to scale-up to a 263 rrn plpe.

An attempt was made to slmulate this slurry in the author's 53 rrn and
105 nrn plpe loops so that the scale-up method couLd be tested fot this wide size
dlstribution slurry over a greater range of plpe dlameters. The slze distrlbutions
of three such tests are shown in Flgure 6. These are for one test ln the 53 sun

pipe and two seperate tests ln the 105 nrn plpe all at the same concentratlon of
25% by vol"ume. The full llne taken from Ref.7 shows the slze distribution of the
slurry tested ln the 263 nm pipe. 0bvlously the simulation of thls slze distributlon
was not as good as would have been hoped al"though the coarse Portion of lhe
distrlbutlon 1s reasonably well slmulated. Nevertheless the results were plotted
as J - J-- versus V and are shornzr in Fig. 7. It is obvious that the tr"7o slurrles
tested tH the 105 nrn pipe (sands I and-2) produce significantly dlfferent results
even though thelr size distrlbutions at first. glance do not aeem markedly different.
The coarser particle slurry (sand 1) produced J - J-- some 257" above the finer
partlcle sluiry (sand 2). A similar difference ,ouYd be expecteal for D = 263 nrn

as ls predlcted by appl.ying equation 7 to the two tesults. (dashed lines in Fig.8)
However when equation 8 is applied the resul.ts from two pipe slzes must be used and
lf the size distributions in the two pipes are at all different the error ln the
predlctlon wll1 be magnified. This i.s illustrated in Fig. 8 where the full lines
show the results of fitting equation 8 flrstly to the data for sands I and 3 and
then for sands 2 and 3. The resulting values of the constanEs were respectlvely:

two smaller pipes were for C = L6.57"
for C = L57,. Allowance for ttris would
J J, using equations 7 and 8 to about

Kt = 13.0, b = f .43,
and Kt = 46.7, b = + .09,

KZ = 528

Kz = 598

The large difference in the value of the exPonent b has resulted in
the flrst combinatioo predlctlng J - J-- values eome 607. above that predicted by the
second comblnation. This serves to hYghlight the necessity fo" the size
distributlons in the two pipes to be as close as possible lf scale-uP using
equation 8 ls to be accurate. With wide size distrlbutions this may not be easy
to attaln as the variation in flow rate with pipe size may cause different slze
distributions to be deLlvered even though the input mixtutes are the same in both
cases.

Noting the dlfferences in behaviour of sands 1 and 2 tn Ftg. 7

caused by a relatlvely small dlfference in size distributlon lE is obvious that the
sand tested 1n uhe 263o.nun pipe (full llne on Flg.6) would give considerably lowet
pressure drops than any of the three sands I, 2 ar.d 3. This is indeed suggested
by Fig. 8.

It is apparent that the success of the scale-up procedure uslng
equation 8 wiLl depend on how closeLy the particLe slze distribution is controLled.
For narrow size dlstributions this is no problem but it becomes increasingly more
dtfflcult as the size dlstrlbutlon is wldened.



5. liEW PREDICTION METHOD REQUIBING NO LOOP TESTS.

In the scale-up equation 8 it. is reasonable to assume that both Kr
and b are functlons of C, S-1, and W^r S being the S.c. of the solids. Flgure*9
shows the exponent b plotted agalnst"Vl^ for the narrow slze distrlbutlon slurries
tested to date. The data for the sanduslurries havins W = O.OZ rt/ s were obtaLned
from Ref. 7. The data points for C ! 12 and 24% f.or int8 s"rra represent the
resulting b from the fitting of equatlon 8 to data from 52 r'rrt, LO7, L58, 208, 263
and 315 nrn pipes. The dats point for C = 36% represents data from 52, LO7 and 263
rm pipes. AII other poiots were obtalned uslng data from 50 and 100 nrn pi.pes only.
The W^ = 0.07 rn/s results used data from Ref. l0 while the other three points
were Ubtained from tests performed by the author.

Flgure 9 indicates that for a given value of W^ and C a unique value
for b can be obtained. I'rom the ilmenite results it appear3 that the speclfic
gravity of the solids is entirely accounted for by the W^ value so that the curves
of Figure 9 would seem to be valid for all speciflc gravYtles. The general trends
evident from thls figure are that at hlgh values of W- b approaches the Durand
value of 4.3 but as the W^ is reduced b becomes more fiegative. For the same tI
value higher concentratioSs give a more negative value of b, i.e. more homogeSeous
behaviour as would be expected.

Figure 10 shows a ploL.of K, / (C (S-1) ) versus !J^. Once again the
ilmenite results 1ie on the same cune ai for the ordinary sand"suggesting that
the effect of specific gravity is entirely al.lowed for by plot.ting 1n chis manner.

In both ftgures the data point for W^ = 0. 1g m,/ s (C = 16.57.) would
seem to be sllghtly out of place. The difficulti6s associated with testing a
slurry of such coarse particles as illusErated by the scatter of data points of
figure 5 could explain this discrepancy.

tr'lgures 9 and 10 are obviously far from complete and can only be
regarded as tentative at this stage. Further tests on a number of slurries
having narrow particle slze distributions are planned. Nevertheless in their
present form Flgs. 9 and 10 do pexmit a reasonable estimate of K., and b in
equat+og 8rfqr the range of variables tested. The second term irt this equation,
K, D "-V "", would be expected to be largeLy independant of lJ^ and could be
approximated by C(S-1)J... The complete equation wI11 then enabfe pressure gradlent
prediction a priort froft partlcle properties. Using Figs. 9 and 10 in thelr
present form J - J,, and be predicted generally within 307. for the range of variables
tested. This can Ee compared with the results of applying the Durand equatlon
(eqn. 5) with K^ = 121 to slurry A in a 3I5 nm pipe. It overpredicts J - J by
moie than 5007".a ' w '

Extension to slurrles havlng a wide particle dlstribution.
Extenslon of the above method to slurries having a wide size

distrlbutlon would requlre an estlflrate of an equlvalent value of W^. W- to use
ln Figs. 9 and 10. Ii is not immediately cleai how !J^-- could Ue Sifectt8. Unril
this is resolved Figs. 9 and L0 could be used "" .r, .t39to scale-up ia the foLlowing
manner.

(a) Tests are performed on the slurry in one pipe.
(b) From this data the value of K, Db in equatlon 8 can be

determined although K, and b dannot be indlvidually deter-
mined.

(c) figs. 9 and 10 can be used to obtain . plot of K, Db
versus W^ for this particular pipe diameter. Fr6m thls

,, plot. it Ys then possible tp obtain an equivalent W for
lhe observett value of K, DD. ' o

(d) Using this l^I^-^ K, and b can be determlned from Figs. 9

and l0 and tEEYcofiplete scale-up equation obEained.

Use of the above approach overcomes the need for tight control over
the size distributions since tests in only one pipe are necessary.



6. coNcLUsToN-

The scale-up method proposed recently by the author (Thomas Ref. 2)
equation 8, has been applied to a number of slurries covering the full range of
seml -heterogeneou s behavious and shown to glve better predictions and to describe
the experlmental behaviour far more satisfactorily than either the Durand equation
or the homogeneous model. Data available to date suggests that curves similar to
Flgs. 9 and L0 offer promise of providing a means of accurate predictlon of slurry
pressure drop from the particle properties of W^ and S.G. without scale-up from
plpeline testing being necessary. Even in theif present tentative form these thTo
figures al1ow more accurate predlctiofl of pressure gradient thao presently available
a1leralative methods but only for slurrles having narrow particle size distributlons.

For slurrles having wide partlcle size distributions the scale-up
procedure using equation 8 would seem to be equaLly applicable. However extreme
care ls necessary to ensure that the size distrlbutiofls in the two pipe sizes used
are exactly the same slnce any dlfferences wil"l" magnify the errors considerably.
This may limit the use of this scale-up method for these slurrles so afl a1ternaglve
procedure using Fi.gs. 9 and 10 whereby afl equivalent value of w^ is found from tests
ln only one pipe has been suggested. o
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