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INTRODUCTION 

ine particle suspensions such as mineral tailings and con- 

centrates are often transported using centrifugal pumps. 

These  suspensions  can  often  be  well  approximated  as 

homogeneous non-Newtonian fluids. Examples include clay sus- 

pensions and some food products. More complex suspensions 

that include a non-Newtonian carrier fluid and non-interacting 

coarse solids are also common, especially in mining tailings dis- 

posal. Plant designers usually only have the water performance 

of the pump available for selection, with little data available in 

the public domain for fluids with more complex rheology and 

complex suspensions, including coarse solids. Pump tests using 

the actual fluids or suspensions should be performed to confirm 
performance if possible, but a generalized method to allow cal- 

culation of pump head deration for non-Newtonian fluids and 

complex suspensions is not currently available. 

Deration of centrifugal pump performance for non-Newtonian 

fluids has been considered by Walker and Goulas (1984), who 

used a pump Reynolds number defined in terms of the plastic vis- 

cosity of a Bingham plastic fluid. They were able to correlate their 

data using this pump Reynolds number. The same approach was 

also followed by Sery and Slatter (2002), with some success for 

kaolin slurries. This approach uses the Bingham plastic or secant 

viscosity, which is purely a parameter of the Bingham model and 

has no independent fundamental rheological meaning per se. It 

does, however, approximate the high shear rate viscosity and for 
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Centrifugal pumps are widely used for transporting suspensions, but their head performance is derated when non-Newtonian fluids and/or coarse 

solids are present. Some head deration methods are available for high viscosity Newtonian fluids, Bingham plastic fluids and for coarse solids in 

water. This paper presents a modification of the Hydraulic Institute head deration method that is suitable for any homogeneous non-Newtonian 

rheology. A modification of the Walker and Goulas method is also considered. Possible anomalous behaviour of kaolin slurries in centrifugal 

pumps is discussed. 

 

On utilise couramment des pompes centrifuges pour le transport de suspensions, mais le rendement de leur hauteur de charge est réduit en 

présence de fluides non newtoniens et/ou de solides grossiers. Certaines méthodes de réduction de la hauteur de charge sont disponibles pour les 

fluides newtoniens à viscosité élevée, les fluides plastiques de Bingham et les solides grossiers que l’on retrouve dans l’eau. Cet article présente une 

modification de la méthode de réduction de la hauteur de charge de l’Hydraulic Institute qui convient à n’importe quelle rhéologie non newtonienne 

homogène. Une modification de la méthode de Walker et Goulas est également envisagée. L’article traite également du comportement anomal 

possible des bouillies de kaolin dans les pompes centrifuges. 
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different rheological models it appears reasonable to substitute 

the high shear viscosity for the plastic viscosity when using this 

method (Slatter and Wasp, 2004). 

Experimental results for centrifugal pumps pumping non- 

Newtonian mineral suspensions were presented by Sellgren et al. 

(1999). For a pump with an impeller diameter of 0.63 m, they 

found that the maximum head and efficiency reduction in the 

region of the Best Efficiency Point (BEP) was 10% and 20%, 

respectively for industrial slurries. They also found that operation 

at low flow rates with non-Newtonian materials could present an 

unstable head curve. 

Xu et al. (2002) investigated the performance of centrifugal 

pumps for slurries based on water and fine sand particles and 

kaolin slurries. No tests were performed with kaolin slurries and 

particles mixed together. The pumps used were an SIPF pump, 

an ASH pump and a Warman 3AHF froth pump. It was found 

that the froth pump showed no head deration in the kaolin slurry, 

but some efficiency deration. The SIPF pump showed both head 

and efficiency deration in the kaolin slurries. The SIPF pump also 

showed head and efficiency deration for the water/sand slurries. 

Warman deration methods gave satisfactory agreement for both 

types of slurry. 

A significant issue for determining a suitable approach to pump 

deration is the question of whether the flow inside the pump is 

laminar or turbulent. Considering the flow of suspensions in the 

pipes attached to centrifugal pumps if the flow in the pipes is 

laminar then the flow in the pump is likely to be laminar since a 

pump’s dimensions are usually larger than the pipe diameter. 

More rigorously, Figure 1 shows the flow rate at which two mod- 

erately viscous non-Newtonian slurries become turbulent plotted 

against pipe size. For the purpose of illustration Herschel–Bulkley 

model  fluids  have  been  used  with  the  properties    y = 5 Pa, 

 y = 10Pa, k = 3 Pa sn, n = 0.6, and  f = 1500 kg m−3. Flow through 
a conduit with an equivalent hydraulic diameter, based on the 

rotor’s geometric properties at mid radius as an initial approx- 

imation for illustrative purposes, is used to estimate the flow 

regime inside the rotor passages. Assuming geometric similarity, 

an approximate estimate of the equivalent rotor passage diame- 

ters for other size pumps within a given pump series can be made. 

The normal flow rate range versus the equivalent rotor passage 

 

 
 

Figure 1. Turbulent transition flow rates for two fluids, 

 f = 1500 kg m−3, with yield stresses of 5 and 10Pa versus flow passage 
diameter. Superimposed on this graph, assuming geometric similarity, 
are estimations of equivalent rotor passage diameters and flow rates for 
two commercially available pump series. 

diameters for two common pump series is also plotted in this fig- 

ure. For most of the flow rates for the GIW LCC and Warman AH 

series shown the regime in the rotor passages is likely to be lami- 

nar. Since these passages have characteristic dimensions that are 

either larger or comparable to other features in the pumps, it can 

be assumed that the flow will be laminar throughout the pumps 

for these types of slurries. Consequently, to examine the pump’s 

deration it will also be necessary to estimate the slurry viscosities 

for each flow value. 

The present contribution considers a modification of the 

Hydraulic Institute pump head deration method for viscous New- 

tonian fluids. For the non-Newtonian case, the method is modified 

to use an apparent viscosity at a suitable shear rate, as discussed 

in the next section. The use of an apparent viscosity rather than 

the plastic viscosity allows use with any rheology model and also 

in laminar flow if this is the flow regime inside the pump. At 

the time this work was done, the new Hydraulic Institute meth- 

ods had not been released and so the methods described here use 

the earlier method embodied in the Hydraulic Institute Standards 

(1969). 

 

EXPERIMENTAL FACILITY 

The centrifugal pumps were tested in the CSIRO pipeline facility 

pump station, which is shown schematically in Figure 2. Two 

pumps were used: a Warman 4 × 3 AH and a GIW 4 × 3 LCC- 
M80-300. The main dimensional details of each pump are shown 

in Table 1. The differential pressure transducer across the pump 

was a Rosemount 3051 CD with a range of 300 kPa. Flow rate was 

measured with a Fisher and Porter Minimag (IOD 1475) magnetic 

flowmeter fitted to the outlet flow line. 

Non-Newtonian fluids used at CSIRO were CMC (approximating 

a power law fluid where  = k ˙ n ) and Ultrez 10 (approximat- 

ing a Herschel–Bulkley fluid where = y + k ˙ n ). These fluids 
were  chosen  as  their  rheologies  are  typical  of  many  thickener 

underflows and carrier fluids found in industry. Tests performed 

at the Flow Process Research Centre (FPRC), Cape Peninsula Uni- 

versity of Technology (CPUT), used Kaolin slurries with similar 

 
 

 
 

Figure 2. Schematic of pump test rig at CSIRO. 
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because the equivalent pipe must account for all flows within the 

pump and as such is purely fictitious—it is a characteristic dimen- 

sion used for data reduction. Note this form also ignores the rotor 

blade thickness, but since a fictitious characteristic geometry is 

sought such refinement is not justified. 
The velocity through the “pipe” is given by: 

 

 

 
rheological properties as homogeneous fluids. Complex suspen- 

4Q 
V =  

D2 

 

(2) 

sions were made up by adding crushed glass or sand to the carrier 

fluids. The characteristics of the suspension were determined by 

measuring the carrier fluid rheology and particle size distribution 

by screening, if applicable. The rheometers used were a Bohlin 

If the flow is laminar, the shear rate is then obtained from the 

Rabinowitsch–Mooney relationship 

   
3n′ + 1     8V 

CVO 50 for the CMC and Ultrez, and a Balance Beam Tube Vis- 

cometer (BBTV) (Lazarus and Slatter, 1986) for the kaolin slurries. 
 ̇  = 

 
 

 

4n′ Dh 

(3) 

 
MODIFIED HYDRAULIC INSTITUTE METHOD 

Description of Method 

The essence of the method is to define a viscosity that can be 

used with the Hydraulic Institute method. The approach taken 

here is to determine an equivalent “pipe” for the pump based on 

the pump’s main dimensions. The known flow rate through the 

pump is then used to determine a shear rate in the equivalent 

pipe, and hence a viscosity can be calculated from the known 

rheology of the non-Newtonian fluid. This viscosity is used in the 

Hydraulic Institute method. This is a refinement of the method 

described by Duckham (1971) where a shear rate of 100 s−1  was 

assumed to apply for all apparent viscosity calculations of shear 

thinning fluids. 
The approach adopted for the present work is to determine an 

equivalent “pipe” for the pump based on the pump’s main dimen- 

where n′ is the gradient of the curve d ln( 0)/d ln(8V/Dh) obtained 

from the rheological model (or rheograms) of choice and the 

appropriate equation for laminar pipe flow associated with that 

rheological model. The apparent viscosity at this shear rate is 

then used in the deration method. It should be noted that the 

method is not dependent on any particular rheological behaviour 

and indeed can be implemented fully numerically without having 

to fit a rheological model at all. 
If the flow is turbulent a high shear rate viscosity  ∞ is used—at 

a shear rate typically in excess of 4000 s−1. 

The  resulting  viscosity    (  )  or    ∞  is  then  used  with  the 

Hydraulic Institute deration method as below. 

• The correction coefficient for the Hydraulic Institute method is 

calculated using (note H is in feet, in Centistokes, and Q in 
gallons per minute for this equation): 

 

6 0.5 

sions. The flow through the equivalent pipe is considered to be 

a simplified model of the more complex flow through the pump. 
Cc = 

 
 

H1/8Q0.25 
(4) 

The flow rate of interest is then used to determine the shear rate 

at the wall of this pipe from which a viscosity can be deduced 

and then applied using the Hydraulic Institute method. The pipe 

geometry is based on a rotor passage as follows: 

• The value of Q/QBEP is used to interpolate the values of the head 

deration coefficients from Table 2. The interpolated values are 
then used to determine the head ratio (HR): 

The equivalent “pipe” diameter is given by: HR = A + A Cc + A Cc2 + A Cc3 + A Cc4 (5) 
 

4w Dimp 

0 1 2 3 4 

Dh = 
2( Dimp + w) 

(1) • The derated head for the fluid is now given by the water head 
multiplied by the head ratio. 

where w is a characteristic dimension to be determined experi- 

mentally. Although it is tempting to use the actual rotor passage 

width, it is very unlikely that such a value would be correct. This is 

• Note that this method is best applied within the range of the 
Hydraulic Institute method, that is, between 60% and 140% of 
the pump BEP. 

 

 
 

 Table 2. Hydraulic Institute head deration coefficients  

Q/QBEP A0 A1 A2 A3 A4 

0.6 9.7245E − 01 8.9578E − 03 −6.7849E − 04 1.0857E − 05 −5.5871E − 08 

0.8 1.0040E + 00 −1.9277E − 03 −9.8391E − 05 −1.1027E − 06 0.0000E + 00 

1.0 1.0047E + 00 −2.5629E − 03 −2.0395E − 04 2.1321E − 06 0.0000E + 00 

1.2 1.0110E + 00 −5.9928E − 03 −1.0539E − 04 9.9234E − 07 0.0000E + 00 

1.4 1.0108E + 00 −9.4678E − 03 1.7156E − 05 −7.6777E − 07 0.0000E + 00 

h 

Table 1. Details of centrifugal pumps 

Pump Impeller diameter (m) Number of blades 

Warman 4 × 3 AH 0.245 5 

GIW 4 × 3 LCC-M80-300 0.310 3 
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Figure 4. Corrected water head versus actual head for GIW 4 × 3 pump. 

 
 
 
 
 
 
 
 

 

Determination of Characteristic Dimension 
Determination of the characteristic dimension for a particular cen- 

trifugal pump currently requires experimental pump head data 

for non-Newtonian fluids of the expected range of rheologies. The 

correction procedure detailed above is applied to the experimental 

data and a global nonlinear minimisation procedure used to deter- 

mine a value of the characteristic dimension, w, which minimises 

the error between the actual non-Newtonian fluid data and that 

calculated with the deration method for all data sets. This char- 

acteristic dimension can then be used for other non-Newtonian 

fluids being pumped by the same pump. 

The details of the fluids’ rheologies for each test are shown in 

Table 3. 

Results for the GIW 4 × 3 pump are shown in Figure 3, where 
the water head at the same flow rate as the non-Newtonian fluid 

is shown plotted against the actual head for the non-Newtonian 

fluid. It can be seen that the water head can be more than 25% 

higher than the non-Newtonian head, especially at low flow rates 

where one would expect viscous effects to dominate. Figure 4 

 
 

 
 

Figure 3. Water head versus non-Newtonian fluid head for GIW 4 × 3 
pump—CSIRO data. 

 
 
 
 
 
 
 

 
Figure 5. Water head versus non-Newtonian fluid head for Warman 

4 × 3 pump—CSIRO data. 
 

 
shows the corrected water head versus the non-Newtonian head, 

and shows that the method gives results within ∼5% for most of 
the data. 

The results for the Warman 4 × 3 are shown in Figures 5 and 6 
and show a similar behaviour where the results are correlated to 
within 10% for most of the data. 

The data presented above produced the values of characteristic 

dimension shown in Table 4 for the pumps tested. 

 
 

 
 

Figure 6. Corrected water head versus actual head for Warman 4 × 3 
pump. 

Table 3. Details of the pump tests and fluids for determination of 

characteristic dimension 

Pump Fluid 
 

 y k n 

GIW 4 × 3 CMC 0 5.8 0.48 

GIW 4 × 3 Ultrez 10 14.0 11.0 0.39 

GIW 4 × 3 Ultrez 10 17.0 7.7 0.43 

Warman 4 × 3 CMC 0 8.5 0.46 

Warman 4 × 3 CMC 0 4.5 0.48 

Warman 4 × 3 CMC 0 8.6 0.45 

Warman 4 × 3 CMC 0 4.0 0.47 

Warman 4 × 3 CMC 0 13.9 0.41 

Warman 4 × 3 Ultrez 10 12.2 10.8 0.39 

Warman 4 × 3 Ultrez 10 17.2 18.5 0.35 
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Figure 8. Corrected water head versus actual head for GIW 4 × 3 pump 
at CPUT. 

 
 
 
 

The above technique and characteristic dimension from Table 4 

(for the GIW pump) were applied to data obtained at the FPRC 

with kaolin slurries with rheological properties as shown  in 

Table 5. The results are shown in Figure 7 where the water head 

versus the actual head is shown, and in Figure 8 where the cor- 

rected data are shown. It can be seen that the 10% kaolin data 

are overcorrected. This reflects the fact that the deration observed 

with the kaolin slurries was less than would be expected based on 

the CMC and Ultrez 10 results. This was also the case in a previous 

data set reported by Sery and Slatter (2002) where a 50% glyc- 

erol/50% water mix with a viscosity of 7 mPa s showed similar 

pump deration to 19% kaolin slurry with a yield stress of 112 Pa. 

This suggests that there may be some anomalous behaviour such 

as a breakdown of the interaction between clay particles, thus 

causing a reduction in the apparent viscosity while the kaolin 

is being sheared in the pump. This behaviour requires further 

investigation. 

The similarity in the value of w/Dimp found for these two differ- 

ent types of 4 × 3 pumps suggests, albeit tentatively, that perhaps 
the average value may be usable as a general value for pump head 

predictions. As a test of the generality of the dimensions with size 

and geometry, the average w/Dimp value of 25% has also been 

used to predict the head for a range of other pump results from 

the literature as follows. 

 
 

 
 

Figure 7. Water head versus non-Newtonian fluid head for GIW 4 × 3 
pump at CPUT. 

The largest pump so far attempted with the modified Hydraulic 

Institute method is a GIW 18 × 18 LSA pumping phosphate slimes. 
Data obtained at the GIW laboratories (Addie, private communi- 

cation) while pumping these slimes through a 440NB pipe are 

shown in Figure 9 along with the predictions. The agreement with 

the experimental data is seen to be satisfactory when the w/Dimp 

value was set to 25%. Note that in this case the rheological model 

was a Bingham plastic. 

A data set was available for an SIPF 80-ZJ-1-A42 for kaolin 

slurries from Xu et al. (2002). In this case the kaolin slurry 

was described by the Casson rheological model. The compari- 

son between the experimental data and the calculations using the 

proposed method is shown in Figure 10. Again the method gives 

good predictions in the range of the BEP of the pump. 

 
 

 
 

Figure 9. Comparison of the un-derated and actual head versus flow 

rate curves for an 18 × 18 LSA pump conveying two different phosphate 
slimes. 

Table 4. Characteristic dimension for Warman and GIW pumps 

Pump Characteristic 

dimension, w (m) 

w/Dimp  (%) 

Warman 4 × 3 AH 0.059 24 

GIW 4 × 3 LCC-M80-30 0.084 27 

 

Table 5. Rheological parameters for kaolin slurries 

Fluid  y (Pa) k (Pa sn) n 

5% kaolin 4.74 0.095 0.664 

10% kaolin 35.23 6.15 0.168 
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Figure 10. Comparison between SIPF pump data (from Xu et al., 2002) 

and deration calculations for kaolin slurries with w/Dimp = 25%. 

 

 
 

Figure 11. CPUT data for a GIW 8 × 6 LCC-M for kaolin slurries with 

w/Dimp = 25%. 

 

Further data from the Cape Peninsular University of Technology 

for a GIW 8 × 6 LCC-M pumping kaolin slurries together with 
predictions using the present method are shown in Figure 11. The 

predictions for the slurries are again seen to be satisfactory. 

Walker and Goulas (1984) also provided data for a Warman 

4 × 3 DAH pumping kaolin and also a Hazleton 3′  BCTL pump- 

Figure 12. Walker and Goulas (1984), Warman 4 × 3DAH kaolin slurry 
with w/Dimp = 25%. 

 

 

Figure 13. Walker and Goulas (1984), Hazleton 3′ BCTL, coal slurry with 

w/Dimp = 25%. 

 

MODIFIED WALKER AND GOULAS APPROACH 

The homogeneous fluid data presented in the previous section 

was also used to test a modified version of the deration method 

put forward by Walker and Goulas (1984). They advocated that 

the plastic viscosity or “kp” for a Bingham plastic fluid be used in 

a pump Reynolds number as defined below: 

 
 •D2

 

ing coal slurry. All the suspensions could be represented by the 

Bingham plastic model. The experimental results are shown in 

Figures 12 and 13, respectively together with the predictions. The 

Rep  = 
imp 

 

kp 
(6) 

predictions compare well with the experimental results except for 

the higher rheology coal slurry tests. 

The pump head ratio data are then correlated in terms of this 

Reynolds number. 
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Figure 14. Warman 4 × 3—modified Walker and Goulas (1984) 
approach using apparent viscosity at a shear rate of 4000 s−1. 

 

 
 

Figure 15. GIW 4 × 3—modified Walker and Goulas (1984) approach 
using apparent viscosity at the shear rate of 4000 s−1. 

 

An alternative approach is considered here where the apparent 

viscosity (at a shear rate to be determined) is used in the Reynolds 

number definition: 
 

2 
imp 

rheology of the fluid. This method was initially found to correlate 

data for two different pumps; however, anomalous behaviour was 

detected where kaolin slurries showed less deration than other 

homogeneous materials tested here. This aspect requires further 

investigation. 

An average characteristic dimension given by 25% of the pump 

impeller diameter was tested with a further range of suspensions 

and pumps and in most cases was found to give satisfactory results 

for the head duration. The method has therefore been satisfacto- 

rily tested with power law, Herschel–Bulkley, Bingham plastic, 

and Casson rheology models with pump sizes ranging from 3 to 

18 inches. In the absence of specific pumps tests for a particu- 

lar slurry it is suggested that using 25% of the impeller diameter 

as the characteristic dimension for the modified Hydraulic Insti- 

tute method would provide a good indication of the derated head 

performance. It is recognised that there is at least one pump for 

which this method is not appropriate, the Warman AHF. Xu et al. 

(2002) have shown that this pump has no head deration when 

non-Newtonian slurries are pumped and this behaviour has also 

been confirmed by the present authors. 

The trend of pump head deration presented by Walker and 

Goulas (1984) was found to be applicable for fluids of non- 

Bingham plastic rheology if the apparent viscosity at a high shear 

rate (4000 s−1) was used for the viscosity determination. 

 

FUTURE  WORK 

It would be desirable to confirm that the deration methods in this 

article could be applied to any centrifugal pump. Thus, desirable 

future work should include expanding the range of experimental 

data for different pumps with a range of homogeneous non- 

Newtonian fluids. This would allow the characteristic dimension 

for different pumps to be determined and to confirm whether the 

25% of the impeller diameter is a universal value for the char- 

acteristic dimension. A wider range of materials should allow 

resolution of the anomalous behaviour noted between the kaolin 

slurries and the other homogeneous fluids. 
The new Hydraulic Institute methods should be incorporated 

into this approach when available. 

Rep  = 
 a 

(7) 

 

This has physical significance due to the use of apparent vis- 

cosity and universal application, since the apparent viscosity can 

be determined for any rheological behaviour1. 

Figures 14 and 15 show the results of using the Reynolds num- 

ber based on the apparent viscosity for the Warman 4 × 3 and the 

GIW 4 × 3 pumps. The shear rate for the apparent viscosity deter- 

mination was selected to be 4000 s−1  as it gave a good fit to the 

data. This provides an apparent viscosity close to a limiting high 

shear viscosity. It can be seen that the trend of the Walker and 

Goulas (1984) results is followed by the data from both pumps, 

but that the scatter is significantly greater for the Warman pump 

data. Data from other pumps would be needed to check whether 

4000 s−1 was of greater applicability rather than just for these two 

pumps. 

 
CONCLUSIONS 

Centrifugal pump head data for homogeneous fluids could be cor- 

related over a wide range of pump Reynolds number by the use of a 

single characteristic pump dimension. This characteristic dimen- 

sion and pump geometry was used to determine an equivalent 

shear rate through the pump and hence a viscosity, given the 
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END NOTES 

1.  It  should  be  noted  that  at  high  shear  rates  the  plastic  viscosity 

approaches the apparent viscosity (Slatter and Wasp, 2004). 
 
 

NOMENCLATURE 

A         pump equivalent flow area (m2) 

Ai Hydraulic Institute coefficients 

Cc         Hydraulic Institute correction coefficient 
Dh equivalent hydraulic diameter of pump (m) 

Dimp       diameter of pump impeller (m) 

H          pump head (m) 

HR      head ratio 

 •D 
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imp 

imp 

k consistency index (Pa sn) 

kp plastic viscosity (Bingham plastic model) (Pa s) 

n flow behaviour index 

N pump speed (rps) 

NB number of blades 

Q pump flow rate (m3 s−1) 

QBEP pump best efficiency flow rate (m3 s−1) 

Rep pump  Reynolds  number 

V fluid velocity through pump (m s−1) 

w pump characteristic dimension (m) 
 

Greek Symbols 

 ̇ shear rate (s−1) 

  non-dimension pump head coefficient (gH/(N 2D2   )) 

 a apparent viscosity (Pa s) 

  fluid shear stress (Pa) 

 y fluid yield stress (Pa) 

  kinematic viscosity (m2 s−1) 

  non-dimensional pump flow coefficient (Q/ND3   ) 

•  pump rotation speed (rev s−1) 
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