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Abstract – Operation of centrifugal pumps with non-Newtonian fluids is usually estimated with the help of correction factors. The 

calculation of these factors is based on methods defined fundamentally for high viscosity Newtonian fluids. A prediction model for head 

degradation based on the dimensional groups of a centrifugal pump is known for viscous liquids. This model uses experimentally obtained 

parameters. In this paper, the model’s parameters with glycerol solution were validated by comparing the performance curves estimated 

with the predicted and measured ones. In addition, a possible way of using the estimation model with power-law fluid was investigated. 

Based on our experimental results at nominal rotational speed, a form for calculating a virtual shear rate was determined, with the help 

of which the predicted correction factors and head degradation curves at other rotational speeds showed a good agreement with the 

measurements. The reported results can be considered as a first step in developing an estimation procedure for head degradation of 

centrifugal pump’s operation with power-law fluids. 
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1. Introduction 
The non-Newtonian fluids are widely used in industrial processes and are delivered by pumping between technological 

processes. For a centrifugal pump, the performance curves are available as datasheets in the catalogue and are given for 

water. However, if other liquids are supplied with the pump, the performance curves change. Therefore, an accurate 

estimation of the curves degradation is needed to design the fluid flow system properly. 

A considerable amount of literature has been published on the effect of viscosity on the pump operation delivering highly 

viscous Newtonian fluids [1][2]. Traditionally, these evaluations are based on experimental studies [3], but recently, 

numerical simulations have also been applied to investigate the pump performance curves for viscous Newtonian fluids [4]-

[6]. Despite a wide range of literature dealing with the topic, just a few proper prediction models are available. These 

estimation methods provide forms to calculate the head and efficiency degradation compared to the performance with water 

for highly viscous fluids.  

The kinematic viscosity in the existing prediction models is a well-defined parameter for Newtonian fluids but not for 

the non-Newtonians; it is not constant but depends on the shear rate. Although some research has been carried out on non-

Newtonian pump degradation [7]-[10], there is still very little scientific understanding of this problem [11]. Pinelli et al. [12] 

showed that the shear rate field inside the pump varies widely with power-law fluid. Buratto et al. [13] found that 3D flow 

structures inside a centrifugal pump obtained with power-law fluid are similar to those obtained with high viscosity 

Newtonian fluids; therefore, it was proposed to replace it with a virtual Newtonian fluid.  

Stepanoff [14] showed that applying the dimensional analysis for a pump gives the describing constants in a 

dimensionless form, which can be useful to draw conclusions regarding pumping fluids of different viscosities. Gülich [15] 

formulated the estimation for pumping high viscosity fluids. Based on the earlier works, Ofuchi et al.[16] recently developed 

a procedure to calculate the degraded points under viscous operation. In their study, a comparison with other models 

(Hydraulic Institute [1] and KSB [2]) and the limitations of the method were presented as well. Although their approach was 

validated by measurements, some open questions remained to be answered. However, their practice using normalized 

dimensionless parameters of the pumps seems to be suitable for alter it to fit the non-Newtonian operation with using virtual 

Newtonian liquid parameters. 
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There are two primary aims of this study: 1. To validate the Ofuchi model for our pump under viscous operation by 

comparing the performance curves estimated by the model and the measured ones. 2. To explore the possible way to 

extend the model for non-Newtonian operation in the case of a power-law fluid. 

 

2. Methods 
For validation, measurements were carried out on a centrifugal pump with water and with glycerol solution at 

different rotations. The correction factors were calculated between the baseline and the measured curves and were 

compared at three normalized specific speeds with the results of Gülich [15]. The baseline performance curve was 

modified by the Ofuchi correction procedure [16] to get the predicted degradation of the curves for glycerol solution. 

Finally, the performance curves from the experiments were compared with the predicted ones. 

In an attempt to test the prediction model for non-Newtonian fluids, experiments were performed with a power-law 

fluid. With choosing an appropriate shear rate to get the average kinematic viscosity of the non-Newtonian fluid, the 

degraded operation points were also estimated for this fluid. 

 
2.1. Rheology of the fluids 

As a reference, the head of the centrifugal pump was measured with water at the nominal rotational speed (𝑛𝑛 =
3355 𝑟𝑝𝑚). To determine whether the prediction model’s parameters were feasible to our pump, we performed 

measurements with 25% glycerol solution, a Newtonian fluid but broadly twice as viscous as the water. 

The investigated non-Newtonian fluid was a jelly textured bath gel (referred to as “gel”). For determining the 

rheological parameters, Anton PAAR Physica MCR 301 rotational rheometer was used. The gel showed pseudoplastic 

rheological behaviour and was estimated by the power-law (Ostwald) rheology model. The rheograms of the fluids and 

the exact parameters of the describing equations in SI units are given in Fig. 1. 

 
2.2. Experiments 

For the experiments, a radial centrifugal pump, Wilo-Helix-EXCEL 1602-1/16/E/KS, was built in a test rig. The 

dimensionless specific speed of the pump was: 𝑛𝑞 = 21. The static head (H, [m]) was calculated from the difference 

between the pressures at the pressure and suction side of the pump, which were measured by calibrated pressure 

Fig. 1: Rheograms of the test fluids: water, 25% glycerol solution, gel. 
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transducers. The volume flow rate (Q, [m3/s]) was determined by a standard orifice meter; the rotational speed (n, [rpm]) was 

given by the digital data of the pump. The operating points were adjusted using the frequency converter and a gate valve 

placed at the pressure side of the pump. The baseline characteristic curve of the pump was measured with water. For glycerol 

solution, five different rotational speeds were set between the minimum (𝑛1 = 1000 𝑟𝑝𝑚) and maximum (𝑛5 = 3355 𝑟𝑝𝑚) 

values allowed by the pump control; while in the case of the gel -due to some unstable operation- only two (𝑛3 = 2200 𝑟𝑝𝑚 

and 𝑛5 = 3355 𝑟𝑝𝑚) were set. Measurements were performed at 8-10 operating points by each rotational speed, taking 

special care to avoid heating the fluids. During the experiments, the temperature change was allowed a maximum of 1 °𝐶. 

 
2.3. Prediction method 

To predict the head degradation of the pump in the case of highly viscous or non-Newtonian fluid, the describing 

parameters had to be normalized [16]. The method required the values at the best efficiency point (referred to with the 

subscripts of “BEP”) for water taken from the pump baseline curve at the nominal rotational speed. From the known 

dimensionless groups of centrifugal pumps, the following two were relevant for our investigation: 1) rotational Reynolds 

number Reω and 2) rotational specific speed ωs: 
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Where n is the actual rotational speed in [rpm], D2 is the impeller outlet diameter in [m], Q is the volume flow rate in [m3/s], 

H is the head in [m], g is the gravitational acceleration in [m/s2], and ν is the kinematic viscosity in [m2/s]. The normalization 

removed the geometric parameter from the dimensionless values and gave the normalized Reynolds number Ren and 

normalized specific speed ωn: 
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Correction factors of the head (𝐶𝐻) and volume flow rate (𝐶𝑄) were proposed to use in estimations of the pump 

performance curve for highly viscous fluids. Ofuchi’s new method [16] suggested calculating the correction factors based on 

the normalized dimensionless numbers using the following equations for given normalized specific speeds: 

𝐶𝐻 =
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However, there is a range of normalized specific speed 0.6 ≤ 𝜔𝑛 ≤ 1.25 as a limitation to Eq. (5) and (6), which has to be 

considered carefully.  The simple correlation between the two correction coefficients is known based on Stepanoff [14] and 

was verified in Ofuchi et al.[16]:  

𝐶𝑄 = 𝐶𝐻
1.5 (7) 

Eq.(7) assures that only the head correction factor has to be estimated from the baseline pump parameters. The operational 

specific speed for any operating point (referred with the subscripts of “op”) from the baseline water curve is given by: 

𝜔𝑠−𝑜𝑝 =
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The modified Reynolds numbers can be calculated for the operating points as well: 

𝑅𝑒𝑚𝑜𝑑 =
2𝜋𝑛𝑜𝑝
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A correlation between the modified Reynolds number and the correction factor for the head was found and suggested by 

Gülich [15]: 

𝐶𝐻 = 𝑅𝑒𝑚𝑜𝑑

(−
6.7

𝑅𝑒𝑚𝑜𝑑
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(10) 

 

With this method, the normalized specific speed with Eq.(2) and Eq.(4) can be calculated for each point of the baseline water 

curve. In the range of 0.6 ≤ 𝜔𝑛 ≤ 1.25 the modified Reynolds number can be determined with Eq.(9) for any rotational 

speed and any fluid given by the kinematic viscosity value. The 𝐶𝐻  correction factor for the head is specified by Eq.(10), the 

one for the volume flow rate 𝐶𝑄 with Eq.(7). Finally, the points of the predicted degraded curves are defined with Eq.(11) 

and Eq.(12): 

𝐻𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = 𝐶𝐻 ∙ 𝐻𝑜𝑝 (
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3. Results 
3.1. Viscous operation 

The baseline curve with water and the degraded curves with glycerol solution at five rotational speeds were 

measured. From the measured performance curves, the actual 𝐶𝐻 correction factors were calculated at three normalized 

specific speeds: 𝜔𝑛 = 0.6, 1, 1.25. Fig. 2 shows the actual correction factors as the function of the modified Reynolds 

number defined in Eq. (9) and Eq. (10). The predicted correction factors were in a range of ±5% around the actual 

correction factors, except for the values measured at the lowest rotational speed of 𝑛1 = 1000 𝑟𝑝𝑚. Further 

investigation is needed to clarify the limitation of the estimation method is in terms of rotational speed. 
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Fig. 3 shows the measured and predicted performance curves of the pump with glycerol. It can be observed that the 

degraded head curves at each rotation matched reasonably well.  

 

 

Fig. 2: Actual head correction factors as the function of the modified 

Reynolds number at three normalized specific speeds for each measured rotational 

speed with 25% glycerol solution compared to the Eq. (10) 

Fig. 3: Measured and predicted performance curves of the pump for each 

measured rotational speed with 25% glycerol solution 
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3.2. Non-Newtonian operation 

Two degraded curves have been able to measure with the gel. We assumed an average shear rate could be used by 

estimating the gel’s viscosity, as seen in Buratto et al. [13]. Moreover, we supposed to be a linear correlation between 

average shear rate �̇�𝑎 and the actual rotational speed of the pump. The assumption �̇�𝑎[1/𝑠] = 𝑐 ∙ 𝑛𝑜𝑝[1/𝑠] was completed 

the baseline rotational speed 𝑛𝑛 and resulted in constant 𝑐 = 3.01 with a coefficient of determination of 𝑅2 = 0.9971. 

average kinematic viscosity was optained from the apparent viscosity at the average shear rate as: 

𝜈𝑎 =
𝜇𝑎

𝜌
=

4.7962 ∙ 𝛾�̇�
(0.3127−1)

𝜌
 (13) 

 

Where 𝜇𝑎 is the average apparent viscosity in [Pa·s], and ρ is the density in [kg/m3].  With this substitution of the 

kinematic viscosity with one average –virtual- value at power-law fluid, the prediction model steps and parameters were 

the same as the viscous operation. The measured and predicted performance curves with gel are shown in Fig. 4. It can 

be seen that this estimation resulted quite well at the lowest rotation speed. 

 

 

4. Conclusions 
The following conclusions can be drawn from the present study, which shows the results of experiments carried out 

with a centrifugal pump with the dimensionless specific speed of 𝑛𝑞 = 21. The measurements with viscous 25% glycerol 

solution at five different speeds fit well with the predicted data with Ofuchi’s model. An average-virtual- shear rate was 

introduced to determine the apparent viscosity of the power-law fluid and thereby to describe the degradation caused by 

the non-Newtonian gel. With the tested fluids, the pump’s performance curves could be estimated with the established 

methods at different rotational speeds. We want to extend the presented method using other fluids and measuring 

different pumps as a further step. 

 

 

 

Fig. 4: Measured and predicted performance curves of the pump for the two 

measured rotational speeds with the gel 
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