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Summary

Scale-up of slurry pressure drop to large diameter pipes is discussed
with interest concentrating on slurries having particles with free settling
velocities of from ,01 to .15 m/s., Several slurries are tested for scale-up by
using the results obtained in 50 mm and 100 mm pipes to predict the behaviour in
300 mm nominal diameter pipes and comparing this prediction with experimental data
from external sources, The scale-up procedure recently proposed by the author is
shown to be superior to more commonly used methods,

To date this scale-up procedure has mainly been tested on slurries
having particles of narrow size distribution, Problems encountered when extending
the method to wide size distributions are discussed and illustrated by an example,

Finally it is shown how available evidence suggests that this
scale-up procedure can be used as the basis for a new empirical approach to
pressure drop prediction without pipe loop testing,



1. INTRODUCTION,

Available methods of predicting slurry pressure drop, especially in
large pipes, are still far from satisfactory and pipe loop tests usually need to
be performed to confirm the prediction, If these pipe loop tests are performed
in pipes of smaller diameter than the planned pipeline the results must be scaled
up to the larger diameter, The literature on scale-up methods is very sparse
with the main contribution being by Bowen (Ref,l,), The Bowen scale-up procedure
is suitable for homogeneous type slurries which fortunately are the ones of most
interest as far as long distance pipelines are concerned, However there are numerous
situations where it is desireable to pump slurries having coarser particles such
that the slurry is of a settling nature, Apart from a recent paper by the author
(Thomas, Ref,2) there does not appear to have been any papers published concerned
specifically with scale-up procedures for such slurries, For very coarse slurries
the Durand equation (Ref,3) would be applicable and could be used for scale-up
but such slurries are generally not of great interest, Of most interest are
slurries which can be termed ''moderately settling', These slurries will tend
towards homogeneous type behaviour at high velocities but will exhibit "settling"
tendancies at lower velocities where they will flow in a heterogeneous manner,
Such slurries will be described here as semi-heterogeneous, Slurries with
particles having free settling terminal velocities, W , of from 0,0l to 0,15 m/s
will behave in such a manner, For sand particles this would mean sizes from
0,1 mm to 1 mm,

2, AVAILABLE SCALE-UP EQUATIONS FOR SEMI-HETEROGENEOUS SLURRIES,

For very fine particles travelling as a homogeneous suspension
with possible non-Newtonian behaviour the Bowen scale-up equation can be used:

J=AD"V (1)

Where J is the pressure gradient

A, x and y are constants for a particular slurry at a
particular concentration and are determined from the pipe
loop tests,

D is pipe diameter

V is mean velocity of mixture

Kenchington (Refs, 4 and 5) has discussed the use of this method and
the problems likely to be encountered in its application,

For slightly larger particles where surface chemistry effects are
negligible and at relatively low concentrations Newtonian behaviour will be
observed and equation (1) will reduce to:

7= Al D-(l+a) V2-a (2)
For smooth pipe flow a = .25 from the Blasius equation,
For rougher pipes a = ,20 is a reasonable figure,
i.e. =4 ek s (3)

Since the water pressure drop, J , can be described by an equation
similar to equation (3) the scale-up equationwcan be written as:

-1,2 1,8
J - Jw = A2 D Y (4)

Equation (4) would be applicable for particles having W < .01 m/s.
For sand S.G., = 2,65 this represents particles less than about 100 microns,

This =quation could therefore be used as a scale-up equation in the fine particle
region of the semi-heterogeneous slurry range. For increasingly coarses particles
it will progressively underestimate the pressure gradient but will provide a

lower limit, At high flow velocities where the slurry behaves more homogeneously
equation (4) would be expected to provide an increasingly more accurate scale-up
method,

At the coarse particle end of the semi-heterogeneous slurry range,
where W_approaches 0,15 m/s, the Durand equation could be expected to provide a
reasonaBle scale-up equation, The Durand equation can be expressed as
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For a particular slurry at a particular concentration this reduces to:
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Approximating Jw by equation (3) this becomes
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where K , Kb and K are constants,
a (S

Equation (7) should therefore be suitable for scaling-up semi-
heterogeneous slurries at the coarse particle end of the range, For sand particles
this will be for sizes approaching 1 mm, For particles finer than this it should
provide an upper limit,

Thomas (Ref,2) has proposed a scale-up equation for the entire semi-
heterogeneous regime,

b 1582 =152, 158

J-J =K DV + K, D v (8)

b and K. are constants which need to be determined

In this equation Kl, 2

from pipe loop tests,

Because the exponent of D in the first term is not fixed tests are
necessary on the same slurry in at least two different pipe sizes, This is in
contrast to equations(4) and (7) where the scale-up equation can be obtained from
the results of tests in only one diameter pipe.

Charles (Ref.6) proposed an equation which allows for a gradual
transition from heterogeneous to homogeneous behaviour with increasing velocity,
For scale-up purposes his equation would be similar to equation (8) except that
the value of b would be fixed at +,3, This places the same limitation on his
equation as is imposed on the Durand equation,

3, EXAMPLES OF SCALE-UP,

Equations (4), (7) and (8) will now be applied to three different
slurries of the semi-heterogeneous type. The results of tests in small diameter
pipes will be used to obtain the constants in these equations which will then be
used to predict the pressure drop in a large diameter pipe. The three predictions
will be compared with the measured pressure drop to assess the relative merits of
the three methods,

Slurrz A
Sand S.G., = 2,65

C = 24% by volume
d50 0,19 mm
0,02 m/s

Yo

The size distribution of this sand slurry is shown in Figure 1,
Reference 7 presents the results of tests of this slurry in pipe sizes from 52 mm
to 315 mm, The results for the 52 mm and 107 mm pipes are shown in Fig, 2, At the
higher velocities in the smaller pipe the curve is tending towards a straight line
indicating the approach of homogeneous behaviour, Fig. 3 shows the same results
~lotted as J - J versus velocity, The data do not follow a straight line, either
of clope + 1,8 a$ suggested by equation 4 or of slope - 1.2 as suggested by
egra-ion 7 but follow the characteristic curved path of a semi-heterogeneous
slurry best described by equation 8, Non-linear least squares estimation of the
parameters Kl, b and Kz of equation 8 using this data resulted in the scale-up
equation:

-UAQV—I.Z -1.2V1.8

J - Jw = 309 D + 792 D (9)
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where J & Jw are in mm water /m
D is in mm
and V is m/s

This equation resulted in the curves as shown fitted to the data of
the 52 mm and 107 mm pipes in Fig,3., Using this equation the behaviour in a 315 mm
diameter pipe can be predicted and is also shown in Fig,3., Also shown as dashed
lines are the predictions obtained by scaling-up using equations 4 and 7, In
applying these two equations the slurry was assumed to behave most homogeneously
at the highest velocity in the 52 mm pipe, This data point then supplied the
constant in equation 4, The lower velocity points in the 107 mm pipe were used
to obtain the constant in equation 7, Experimental data obtained in the 315 mm
pipe lie between that predicted by equations 4 and 8, Equation 4 predicts values
of J - J between 257 and 507 below the measured value, while equation 7
overpredYCts by more than 100%., Equation 8 overpredicts by 307 (about 12% in J),

Slurrz B
SeGe = 4,5
C = 12,57
d50 = 0,135 mm
WO = 0,03 m/s

Data was available from tests on an iron sand (S.G, = 4,6 to 4,8)
slurry in a 311 mm pipe, (Ref,8), This iron sand was from the Taharoa deposits
in the North Island of New Zealand, To simulate this slurry for purposes of
scale-up tests were conducted on an ilmenite beach sand slurry of similar particle
size in the author's 53 mm and 105 mm diameter pipe loops. The size distribution
of the ilmenite is shown in Fig,l and is seen to lie between the two size
distributions supplied by New Zealand Steel Limited shown dashed., The results
of the pipe loop tests for C = 12,5% are shown in Fig, 4 plotted as J - J versus
velocity, Once again semi-heterogeneous type behaviour is evident but th¥s slurry
is noticeably more heterogeneous in behaviour than the previous sand slurry,

Equations 4 and 7 applied to this data in the same manner as previously
resulted in the dashed lines as predictions for the behaviour in a 311 mm 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, Equation 4 is seen to give a
prediction of between 407, and 50% of the measured values while equation 7
overpredicts by between 57 and 40%. Equation 8 predicts values within 4% and 10%
of the measured values,(2% to 4% in J).

Slurrz C
S.Ge = 2,65
C = 16,5%
d50 = 0,72 mm

Wo = 0,13 m/s

Fuhrboter (Ref,9) has presented the results of tests in a 300 mm pipe
on a sand slurry of median particle size 0.84 mm, The size distribution is shown
in Fig.1 as a dashed line. To simulate this slurry tests were performed by the
author using -16 + 30 mesh sand, This sand was of smaller median particle size
but because the slurry was pumped at a high temperature (37 C) the W_ values were
expected to be approximately the same, Tests were run at a concentration of 16,5%
by volume in the 53 mm and 105 mm test loops. This slurry was more heterogeneous
in behaviour than the previous two as evidenced by the J - J versus V plots of
Fig.5 which much more nearly follow a straight line of slop® -1,2. Scatter is
large as might be expected with such coarse particles, The constants in equation 8
were found to be K = 245, b = -,076, K, = 786,.resulting in a predicted curve not
too different fromlthat predicted using equation 7, Both of them overpredict by
some 35%, (20% overprediction of J) while equation 4 underpredicts by about the
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same amount, However the tests in the two smaller pipes were for C = 16,5%
whereas the data for the large pipe is for C = 15%., Allowance for this would

reduce the error in the predictions of J - Jw using equations 7 and 8 to about
20% - 25%.

Discussion on above scale-up examples,

These three examples illustrate the advantages of equation 8 as a
scale-up equation, In all cases equation 8 provides a closer prediction of the
pressure gradient in a large pipe than either equation 4 or 7, Of more importance
than the percentage errors involved however is the way in which the experimental
data in the large pipes follows much more closely the curve predicted by equation 8
than the straight line relationships predicted using equations 4 and 7,

4, SCALE-UP OF SLURRIES HAVING WIDE PARTICLE SIZE DISTRIBUTIONS,

The above three examples all have narrow particle size distributioms,
In Ref, 2 it was shown how the scale-up procedure using equation 8 worked equally
well for a sand slurry having a wide particle size distribution, Data taken from
Ref, 7 was used in that case and the results for 107 mm and 158 mm pipes were used
to scale-up to a 263 mm pipe,

An attempt was made to simulate this slurry in the author's 53 mm and
105 mm pipe loops so that the scale-up method could be tested for this wide size
distribution slurry over a greater range of pipe diameters, The size distributions
of three such tests are shown in Figure 6., These are for one test in the 53 mm
pipe and two seperate tests in the 105 mm pipe all at the same concentration of
25% by volume. The full line taken from Ref,7 shows the size distribution of the
slurry tested in the 263 mm pipe, Obviously the simulation of this size distribution
was not as good as would have been hoped although the coarse portion of the
distribution is reasonably well simulated, Nevertheless the results were plotted
as J - J wversus V and are shown in Fig. 7. It is obvious that the two slurries
tested if the 105 mm pipe (sands 1 and 2) produce significantly different results
even though their size distributions at first glance do not seem markedly different,
The coarser particle slurry (sand 1) produced J - J_some 257 above the finer
particle slurry (sand 2), A similar difference would be expected for D = 263 mm
as is predicted by applying equation 7 to the two results, (dashed lines in Fig.8)
However when equation 8 is applied the results from two pipe sizes must be used and
if the size distributions in the two pipes are at all different the error in the
prediction will be magnified, This is illustrated in Fig, 8 where the full lines
show the results of fitting equation 8 firstly to the data for sands 1 and 3 and
then for sands 2 and 3, The resulting values of the constants were respectively:

Kl = 13,0, b =+ .43, K2 = 528

and K = 46,7, b=+ 09, K, = 598

The large difference in the value of the exponent b has resulted in
the first combination predicting J - J_values some 607 above that predicted by the
second combination, This serves to hthlight the necessity for the size
distributions in the two pipes to be as close as possible if scale-up using
equation 8 is to be accurate, With wide size distributions this may not be easy
to attain as the variation in flow rate with pipe size may cause different size
distributions to be delivered even though the input mixtures are the same in both
cases,

Noting the differences in behaviour of sands 1 and 2 in Fig, 7
caused by a relatively small difference in size distribution it is obvious that the
sand tested in the 263.mm pipe (full line on Fig.6) would give considerably lower
pressure drops than any of the three sands 1, 2 and 3. This is indeed suggested
by Fig. 8.

It is apparent that the success of the scale-up procedure using
equation 8 will depend on how closely the particle size distribution is controlled,
For narrow size distributions this is no problem but it becomes increasingly more
difficult as the size distribution is widened,



S. NEW PREDICTION METHOD REQUIRING NO LOOP TESTS,

In the scale-up equation 8 it is reasonable to assume that both K
and b are functions of C, S-1, and W , S being the S,G., of the solids, Figure 9
shows the exponent b plotted against wo for the narrow size distribution slurries
tested to date, The data for the sand slurries having W = 0,02 m/s were obtained
from Ref, 7. The data points for C = 12 and 24% for thif sand represent the
resulting b from the fitting of equation 8 to data from 52 mm, 107, 158, 208, 263
and 315 mm pipes, The data point for C = 367 represents data from 52, 107 and 263
mm pipes, All other points were obtained using data from 50 and 100 mm pipes only,
The W_= 0,07 m/s results used data from Ref, 10 while the other three points
were Obtained from tests performed by the author,

Figure 9 indicates that for a given value of wo and C a unique value
for b can be obtained, From the ilmenite results it appears that the specific
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 specific gravities, The general trends
evident from this figure are that at high values of W b approaches the Durand
value of +.3 but as the W 1is reduced b becomes more 8egative. For the same W
value higher concentrations give a more negative value of b, i,e, more homogegeous
behaviour as would be expected,

Figure 10 shows a plot of Kl / (C (S-1) ) versus wo. Once again the
ilmenite results lie on the same curve as for the ordinary sand suggesting that
the effect of specific gravity is entirely allowed for by plotting in this manner,

In both figures the data point for w0 = 0,13 m/s (C = 16,5%) would
seem to be slightly out of place, The difficulties associated with testing a
slurry of such coarse particles as illustrated by the scatter of data points of
figure 5 could explain this discrepancy,

Figures 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 size distributions are planned, Nevertheless in their
present form Figs, 9 and 10 do permit a reasonable estimate of K, and b in
equaEioQ 81fgr the range of variables tested, The second term in this equation,

K, D "*"V "*7, would be expected to be largely independant of W and could be
approximated by C(S-1)J , The complete equation will then enable pressure gradient
prediction a priori from particle properties, Using Figs. 9 and 10 in their

present form J - J and be predicted generally within 30% for the range of variables
tested, This can Pe compared with the results of applying the Durand equation

(eqn, 5) with K = 121 to slurry A in a 315 mm pipe., It overpredicts J - J _ by
more than 500%,2 v

Extension to slurries having a wide particle distribution,

Extension of the above method to slurries having a wide size
distribution would require an estimate of an equivalent value of W , W to use
in Figs, 9 and 10, It is not immediately clear how W could be Selec€d, until
this is resolved Figs, 9 and 10 could be used as an a$d%to scale-up in the following
manner, :
(a) Tests are performed on the slurry in one pipe,

(b) From this data the value of K Db in equation 8 can be
determined although Kl and b cannot be individually deter-
mined,

(c) Figs, 9 and 10 can be used to obtain a plot of K Db
versus W for this particular pipe diameter, From this
lot it Is then possible tg obtain an equivalent wo for

the observed value of Kl D,

(d) Using this W 3 K, and b can be determined from Figs, 9
and 10 and tﬁeqcomplete scale-up equation obtained.

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



6. CONCLUSION,

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
semi-heterogeneous behavious and shown to give better predictions and to describe
the experimental behaviour far more satisfactorily than either the Durand equation
or the homogeneous model, Data available to date suggests that curves similar to
Figs. 9 and 10 offer promise of providing a means of accurate prediction of slurry
pressure drop from the particle properties of W_and S.G., without scale-up from
pipeline testing being necessary, FEven in theif present tentative form these two
figures allow more accurate prediction of pressure gradient than presently available
alternative methods but only for slurries having narrow particle size distributions.

For slurries having wide particle size distributions the scale-up
procedure using equation 8 would seem to be equally applicable, However extreme
care is necessary to ensure that the size distributions in the two pipe sizes used
are exactly the same since any differences will magnify the errors considerably,
This may limit the use of this scale-up method for these slurries so an alternative
procedure using Figs, 9 and 10 whereby an equivalent value of W is found from tests
in only one pipe has been suggested,
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