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Abstract—This article presents three different methods for 

centrifugal pump efficiency prediction. The first method is 

based on exact solutions of the Navier-Stokes equations. The 

second one is based on empirical laws from laboratory 

measurements and the third one is a new empirical law which 

takes into account geometrical and operating centrifugal pump 

parameters. All three methods are validated against 

experimental data for various centrifugal pump geometries 

found in the literature. It is concluded that the methods 

presented are reliable and they accurately estimate the pump 

efficiency distribution with respect to volume flow rate. 

Keywords—Centrifugal Pump; Hydraulic Efficincy; Pump 

Impeller; Exact Solution; Empirical Method; Experimental Data; 

Flow Rate. 

I.  INTRODUCTION 

In recent years, centrifugal pumps have been 

increasingly used in industrial, agricultural and domestic 

applications. For the cost-effective design of pumps it is 

essential to predict their efficiency prior to manufacturing and 

placement in installation. To do so, a number of unknown 

issues associated to the enhancement of the pump efficiency 

need to be investigated. Since the impeller is an active part of 

the pump adding energy to the fluid, its geometry plays a 

major role in the centrifugal pump performance. Modern 

design practices demand a detailed understanding of the 

internal flow for design and off-design operating conditions. 

Today’s computer competency as well as the progress of 

numerical methods’ accuracy brought turbomachinery 

Computational Fluid Dynamics (CFD) methods from pure 

research work into the competitive industrial pump market. 

However, advanced CFD commercial software is not suited 

for a quick assessment of characteristic lines of a series of 

pumps, due to the detailed geometrical pump data required 

for the grid generation. Alternatively, very fast and accurate 

tools for the pump overall efficiency prediction prior to the 

detailed flow analysis and laboratory testing, can be given 

either by prediction methods based on exact solutions of the 

Navier-Stokes equations, or combination of traditional 

analysis and design approaches based on empirical 

correlations of model testing and engineering experience. 
 

II. LITERATURE SURVEY 

Researchers tried to investigate the centrifugal pump 

efficiency by means of numerical and experimental efforts. 

An accurate one-dimensional flow method for centrifugal 

pump efficiency prediction was proposed in [1]. It was based 

on the Euler and energy equation, including various types of 

losses. The predicted hydraulic pump efficiency was found 

consistent with experimental data in [2]. For one test case 

examined, the predicted efficiency was overestimated at low 

mass flow rates. This indicates the difficulty of such methods 

to provide an accurate prediction of pump efficiency over the 

whole range of volume flows. 

Theoretical analysis on pump efficiency in [1] revealed that 

the output hydraulic power of the pump can be 

divided into three parts based on the effect of the 

pump, being the effective output power  (to produce the static 

head), the necessary output (to overcome the system loss), 

and the actual output of the pump.  

The blade number of impeller is an important design 

parameter, affecting the characteristics of centrifugal pumps. 

Calculations and experiments with centrifugal impellers 

having different number of blades [3], [4], revealed that the 

blade number has an important effect on the flow field inside 

the impeller and on its jet-and-wake structure, affecting the 

pump efficiency. In general, the efficiency is increased by 

increasing the number of blades from 2 to 5. Further increase 

of blade number does not necessarily mean increase in 

efficiency. It was found that there is a critical number of 

blades that corresponds to the maximum pump efficiency. 

The influence of pump impeller inlet geometry on hydraulic 

performance of centrifugal pumps has been studied 

experimentally and numerically in [5]. Five impellers have 

been considered by extending the blade leading edge or 

applying much larger blade angle at impeller inlet compared 

with the original impeller. The 3-D turbulent flow inside 

those pumps has been analyzed basing on RNG k-ε 
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turbulence model. Based on the experimental test and 

numerical simulation, it was concluded that extending the 

blade leading edge and applying large blade angle at impeller 

inlet improve hydraulic pump performance. 

The effect of the blade exit angles was studied by means of a 

simple numerical model in [6]. It was concluded that when 

the blade exit angle is increasing, the efficiency of centrifugal 

pumps based on the model of [7] is also increasing. However, 

in some cases, depending on the value of the specific speed, 

when the blade exit angle is decreasing, the pump efficiency 

is increasing.  

The effects of flow viscosity play also an important role to 

the pump efficiency. Having investigated experimentally and 

numerically the influence of viscosity and of blade exit angle, 

it was concluded in [8] that the pump efficiency is 

significantly increasing as the viscosity is decreasing, but 

when increasing the discharge angle, it just slightly increases 

as well. 

The pump efficiency is also influenced by the pump specific 

speed [9]. For the case of low specific speed pumps, an 

increase in specific speed causes also an increase in 

efficiency. An increase in the impeller blade height at trailing 

edge,
2b , makes the pump attain higher efficiencies. 

Calculations have been performed in [10] by means of 

the finite volume method to solve the unsteady 3D 

incompressible Navier Stokes equations. Standard k-ε 

turbulence model with enhanced wall function and pressure-

implicit with splitting of operators was chosen for 

turbulence model and pressure-velocity coupling 

respectively. 

Calculations were performed in [11], [12] and [13] using the 

FLUENT package. The code uses the finite volume method 

and solves the fully 3D incompressible Navier-Stokes 

equations, including the centrifugal and Coriolis force source 

in the impeller channel. The pressure-velocity coupling is 

performed using the SIMPLE algorithm. Second order, 

upwind discretization is used for convection terms and central 

difference scheme for diffusion terms. Results are similar to 

those reported in earlier literature and also confirm the theory 

of [7] regarding the effects of the meridian curvature on the 

span-wise, as well as those of the blade forces in the pitch-

wise velocity distributions. 

The fully 3D incompressible Navier-Stokes equations are 

performed in ANSYS CFX 13.0 code in [14]. The finite 

volume method has been used for the discretization of the 

governing equations, and a high resolution algorithm has 

been employed to solve the equations. Turbulence is 

simulated with the shear stress transport (SST) k-ω 

turbulence model. The space and pressure discretization 

schemes are second order accurate. Five main impeller 

geometric characteristics were chosen as the research target 

to carry out calculations: The impeller blade height at trailing 

edge, 
2b , the impeller inlet diameter, 

1D , the impeller blade 

warp angle,  , the impeller inlet blade angle, 
1  and the 

impeller outlet blade angle, 
2 . It was found that the 

impeller blade outlet width is the most important efficiency 

determinant. 

Numerical investigation on the effects of pump design 

parameters was carried out in [15] including the blade height, 

the blade number, the outlet blade angle, the blade width, and 

the impeller diameter. Three cases were considered: impeller, 

impeller and volute, and combined impeller and diffuser. The 

continuity and the Navier-Stokes equations with the k-ε 

turbulence model and the standard wall functions were used 

by means of ANSYS-CFX code. Results revealed that some 

design parameters have an impact on the centrifugal pump 

performance describing the head, the brake horsepower, and 

the overall efficiency. Numerical results were compared 

against experimental data considering the case of combined 

impeller and diffuser showing good agreement. 

A numerical investigation of very low specific speed 

impellers of centrifugal pumps was done in [16] using the 

FLUENT software solving the Reynolds Averaged Navier-

Stokes equations, using the k-ε turbulence model. It was 

shown that thick trailing edges suppress local eddies in the 

blade channels and decrease energy dissipation due to 

excessive swirling. 

A numerical model for the simulation of the 3-Dimensional 

turbulent flow in centrifugal pump impellers solving the 

Reynolds Averaged Navier-Stokes equations was presented 

in [17]. The numerical results showed a fair comparison to 

experimental data. 

Experimental and numerical performance investigation on the 

effect of the outlet blade angle of mini centrifugal pumps was 

studied in [18]. For these small-sized fluid machines the 

internal flow condition is not clarified and conventional 

theory is not suitable to predict performance characteristics. 

Numerical predictions using the FLUENT software showed 

good agreement when compared against experimental data. 

Experimental data and numerical simulation of the three-

dimensional unsteady pump flow taking into account the 

impeller-volute interaction with different outlet blade angles 

was done in [19]. Results obtained using impellers with 

different outlet angles showed that when the blade outlet 

angle increases, the centrifugal pump efficiency is improving. 

An analysis and design method using the commercial 

package FLUENT was proposed in [20]. Experimental results 

verified that the pumps designed by the direct and inverse 

iterative design method have better hydraulic performance 

than the pump designed by the traditional design method. 

The effect on efficiency due to the number and shape of 

recirculation channels located at the impeller outlet, was 

examined in [16] using the FLUENT software. It was found 

that L-shaped channels provided the highest efficiency, which 

was also experimentally confirmed. On the contrary T-shaped 

channels at the impeller outlet produce a drop in efficiency. 

A generalized approximate formula of pump efficiency by 

means of an exponential function was done in [21]. This 

function represents the pump efficiency in terms of the 

impeller rotational speed and the pump volume flow.  

Prediction of pump efficiency using the CFD software 

package FLUENT using two different turbulent models was 

presented in [22]. It was found that the predictions using 

SST k-ε showed better agreement to experimental data than 

when using the RNG k-ε turbulence model. 

The effect of mesh style and grid convergence on 

numerical simulation accuracy of centrifugal pump was 

studied in [23]. When compared to experimental data, the 

structured, unstructured or hybrid meshes were found to have 
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certain differences in the impeller velocity distributions by   

varying the number of grid cells. 

Three different original numerical methods are presented 

here, aiming to predict centrifugal pump efficiency. The first 

one is based on exact solution of the Navier-Stokes equations. 

The second one is empirical, based on correlations resulting 

from experiments in the laboratory. The third method is an 

empirical one, based on geometrical and operating pump 

parameters. These methods are applied on various pump 

geometries and the results are compared with experimental 

data available in the literature, leading to the conclusion that 

can be useful tools to assess centrifugal pump performance. 

 

III. PUMP EFFICIENCY PREDICTION METHODS 

A. Exact Solution of the Navier Stokes Equations 

This approach consists of the exact solution of the Navier-

Stokes equations for the case of centrifugal pump impellers. 

This methodology, described in detail in [24], assumes that: 

(a) the impeller flow field has reached steady state 

conditions; (b) the circumferential component u  does not 

depend on the axial coordinate, z . Thus, the impeller head is 

found to be: 

 

   2

4
22 2

1 0 2

2

1 8

2 Re

b z

D z
H J J e n D

D


 

      
  

 (1) 

 

where 0J  and  1J  are the Bessel functions of the First kind 

[25],  Δz is the axial gap between the impeller disk and 

casing, 
2D  is the impeller outlet diameter and Re  is the 

Reynolds number. 

The hydraulic pump efficiency of the impeller is 

defined as the ratio of the net power added to the 

passing fluid, divided by the electric power given to the 

impeller shaft, [17], i.e. 

 

,

1
PUMP I

el el

N dW
n
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where N denotes the power delivered from the pump to the 

fluid and elN  denotes the electric power given to the pump. 

The work added to the fluid, dW , can be calculated as 

 

dW dV
dW g H dV g H g H dV

dt dt
                

 

The pump efficiency then is calculated from the integral: 
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Integrating the above equation results to: 
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Expressions for the impeller volume flow V as well as for 

the maximum volume flow are given in [24]. 

 

B. Prediction method resulting from experimental data 

Empirical laws can be developed from experimental data 

obtained from extensive testing of various pumps with 

different geometrical characteristics running at different flow 

conditions. According to this approach, gathering all 

experimental data and examining them it was concluded that 

the pump efficiency is influenced by two categories of 

efficiencies that depend principally on the ratio of the 

operating volume flow divided by the maximum volume 

flow, i.e.
max

V
V

and on pump geometrical characteristics. 

 
1/2
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The first category is a function of: (a) the ratio 
max

V
V

 ,       

(b)  the blade width at the impeller outlet and (c) the number 

of impeller blades. So the following empirical relation was 

derived, trying to model the influence of the three 

aforementioned effects: 
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where 

2b  is the blade width at the impeller outlet 

z  is the number of impeller blades 

n  is the rotational speed of the impeller expressed in  rpm 

 

The second category depends on: (a) the ratio 
max

V
V

 and     

(b) the impeller outlet diameter. The following function was 

derived trying to model the two aforementioned effects: 
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where 

2D  is the impeller outlet diameter 
 

C. New Empirical method 

Modifying the approach adopted in [2], it is proposed that 

the pump efficiency can be analyzed in two categories of 

parameters: 

(a) The first category is influenced by geometrical 

parameters: 

 
1/8

2 1 2 1 2G b D t z Dn n n n n n n n n         
 (8)  

where 

2bn  refers to the effect on efficiency due to the blade height 

at the impeller outlet  

1Dn  refers to the effect on efficiency due to the impeller inlet 

diameter 

n  refers to the effect on efficiency due to the difference of 

peripheral angle between trailing edge and leading edge 

2n  refers to the effect on efficiency due to the blade angle 

at trailing edge 

1n  refers to the effect on efficiency due to the blade angle at 

trailing edge 

tn  refers to the effect on efficiency due to the influence of 

the blade thickness 

zn  refers to the effect on efficiency due to the outlet impeller 

blade angle 

2Dn  refers to the effect on efficiency due to the impeller 

outlet diameter 

(b) The second category is influenced by flow 

parameters, given by the following equations: 

 
1/2

F v nn n n 
   (9) 

where 

vn  refers to the effect on efficiency due to the volume flow 

nn  refers to the effect on efficiency due to the impeller speed 

of rotation 

Once the efficiencies which depend on these parameters 

are determined according to [1], the pump efficiency is:
 

 
1/2

,PUMP III F Gn n n    (10) 

 

IV. RESULTS 

 

A first test case to assess the applicability of the present 

methods described previously, is the prediction of the 6-

bladed centrifugal pump impeller with backwards curved 

blades, running at 1450 rpm, [19]. Figure 1 shows 

comparison between numerical results obtained by the three 

different approaches analyzed in the present article and 

experimental data found in [19]. The continuous line 

represents numerical predictions obtained of the exact 

solution of the Navier-Stokes equations using equation (4). 

Dash-dotted line represents the efficiency prediction based on 

experimental data, using equations (5), (6), (7). Dotted line 

represents the efficiency prediction using the new empirical 

law, using equations (8), (9), (10). Finally, squares represent 

experimental data found in [19]. 

 
 

Fig. 1. Comparison between numerical results by the present method and 
experimental results in [19] 

 

One can see from figure 1 that all numerical predictions 

follow the trend of experimental data. The exact solution 

overpredicts the pump efficincy, while the prediction based 

on experimental data under predicts the efficiency. The new 

empirical prediction stands in between showing a very good 

agreement to experimental data. 

 

Experimental data regarding the efficiency of a 6-bladed 

impeller with outlet diameter 
2D  0.2 m are found in [23] for 

a second test case. The rotational speed is 1450rpm, the 

design point flow rate is 25.2m3/h, the specific speed is 

sn  73.6 and the maximum efficiency measured as  53,9% .  

 
 

Fig. 2. Comparison between numerical results by the present method and 

experimental results in [23] 
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From figure 2, one can see that the exact solution (continuous 

line) passes among the experimental points and gives a good 

estimation of the efficiency behavior, under-predicting the 

maximum efficiency. Empirical law from experimental data 

also agree with measurements, but the maximum efficiency 

predicted with this method occurs at higher flow rate than the 

experimental one. A rather interesting shape has the curve 

representing the efficiency using the new empirical law 

presented in this article. This method gives the prediction of 

the maximum efficiency at higher volume flow than the 

experimental one. 

 

A third test case is a 6-bladed centrifugal impeller examined 

in [6]. This centrifugal pump impeller has an outlet diameter 

2D  0.1 m, rotating at 2900 rpm with specific speed 

sn 38.47.  

 
 

Fig. 3. Comparison between numerical results by the present method and 

experimental results in [6] 

 

 

Figure 3 shows comparisons of numerical predictions 

obtained with the three different models presented in this 

article, against experimental data. Predictions obtained using 

the present method show quite good agreement to reference 

data from [6]. Empirical laws from experimental data agree 

very well to measurements for all the range of volume flows. 

Efficiency predictions using the exact solution method agrees 

well only in high flow rates and predicts higher efficiency at 

low and medium flow rates.  Efficiency prediction using the 

new empirical method agrees also well to measurements 

showing better agreement to low flow rates. 
 

Another test case where experimental data are available, 

concerns the centrifugal pump impeller discussed in [20]. 

This impeller has an outlet diameter 
2D  0.322 m, rotating at 

1480 rpm. Predictions obtained using the present method are 

compared in figure 4 against experimental data found in [20].  

From the above figure one can see the comparison between 

numerical predictions and experimental data for this impeller. 

Numerical results using the exact solution of the Navier-

Stokes equations follow the trend of the experimental data 

and agree very well with them for all flow regimes. 

Results obtained using empirical laws from experimental data 

show also good agreement with measurements, but 

discrepancies can be observed in low flow rates. Numerical 

predictions using the new efficiency method lie between the 

curve of the exact solution and the curve using empirical laws 

from experimental data. The comparison is satisfactory 

except the area of high flow rates. 

 
 

Fig. 4. Comparison between numerical results by the present method and 

experimental results in [20] 

 

A fifth test case concerns the centrifugal pump impeller 

analyzed in [12]. Figure 5 presents the comparison between 

the three numerical models presented here and experimental 

data as well as numerical results obtained using 3D 

sophisticated numerical package  including  the  effect  of 

impeller-volute interaction. 

 

 
Fig. 5. Comparison between numerical results by the present method and 

experimental results in [12] 
 
 

Observing this figure, one can see that the exact solution 

(solid line) shows a very good agreement to experimental 

data (squares), especially in medium and high mass flow 

rates. Numerical results according to empirical laws from 

experimental data (dash-dotted line) predict higher values of 

efficiency for all the range of volume flows. Predictions using 

the new empirical method agree well to experimental data. In 

the same figure, it is illustrated using dashed lines the 

prediction of pump efficiency from [12]. It can be   seen that 

numerical predictions of characteristic lines considering the 

complete pump and solving the full Navier – Stokes 

equations with modeling of turbulence, leads to the most 

accurate numerical results, if one has the numerical tools for 

the grid generation and if he can afford the CPU time for 

these calculations. 
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Another test case is the centrifugal pump impeller analyzed in  

[10]. This is a 6-bladed centrifugal pump impeller with an 

inlet diameter 
1D 0.203 m, outlet diameter 

2D  0.489 m, 

rotating at 1490 rpm and specific speed 
sn 14.2. 

Figure 6 presents the comparison between numerical 

prediction using the three numerical models presented in this 

study and experimental results. One can see that the exact 

solution curve passes through the experimental points. 

Numerical prediction from experimental data follows better 

the trend of experimental data. The new efficiency method 

also predicts accurately the experimental data. 

 

 
Fig. 6. Comparison between numerical results by the present method and 

experimental results in [10] 

 

V. CONCLUSIONS 

In this contribution, three different approaches to predict 

hydraulic efficiency of centrifugal pumps were presented. 

The first approach is based on exact solutions of the 

incompressible, steady state Navier-Stokes for the case of 

centrifugal pumps, employing the Bessel functions of the first 

kind. In order to express the pump head in terms of the flow 

rate, empirical relations are used. In these relations, the most 

important parameters are the pump impeller rotational speed, 

the number of impeller blades and the ratio of the inlet hub 

diameter to the outlet diameter. The pump efficiency is 

proportional to the integral of the manometric head. When 

performing the integration, the maximum volume flow is 

used as the integration constant. 

The second method proposed here is an empirical equation 

derived from experiments done in the laboratory. This 

method 

takes into account the maximum volume flow, the blade 

width at the impeller outlet, the number of impeller blades 

and the impeller outlet diameter. 

The third method is a new empirical method proposed in the 

current study. The pump efficiency is expressed as the 

product of the efficiency depending on geometrical 

parameters and the one depending on volume flow and 

rotational speed of the pump impeller. 

Test cases of six different centrifugal pump impellers with 

two-dimensional and three-dimensional blades are chosen to 

illustrate the ability of the method to predict the variation of 

the pump head in terms of the flow rate. In these test cases 

the specific speed is varying from 15 to 85. For all the cases 

examined, a very satisfactory agreement between numerical 

predictions and experimental data is found. The predicted 

results are in agreement to experimental data not only at the 

best efficiency poi nt, but also at higher and lower flow rates.   

This validates the method and makes it useful for industrial 

applications. The advantages of the present method are: (a) it 

requires a minimum of geometrical data and (b) it is simple 

and accurate and it can be used as a very quick global pump 

performance assessment tool, prior to a detailed investigation 

of the three-dimensional pump flow field, either numerically 

or experimentally. 
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