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ABSTRACT

The development of efficient systems for water quality improvement for water sources such as lakes, dams and reservoirs 

has become a necessity to provide not only a cleaner and safer water to the urban society, but also to provide a cleaner and 

safer environment for the aquatic organisms living in lakes, dams and reservoirs. This study concentrates on the outlet design 

and internal flow analysis of an axial flow pump used in a floating type water treatment system completely powered by 

renewable energy source. The treatment system is designed to raise water from depths of about 3∼5m up to the water surface 

where it is naturally mixed with air as it is released back to the reservoir. The outlet of a typical axial flow pump is modified 

to suit the floating type water mixer. The performance of the axial flow pump is studied by investigating the internal flow of 

the system. Results show that the change in outlet shape does not alter the performance of the original pump at the maximum 

efficiency point as long as the cross sectional area of inlet is the same as the outlet. The axial pump for floating type water 

treatment system has good cavitation performance in the whole flow passage.

1. Introduction

Water stratification in reservoirs and lakes is 

usually formed because of the difference in the water 

densities between the upper and lower depths. The 

deeper water has the higher density. During the winter 

time when the surface water is frozen, the icy top 

shields the wind mixing effects and the water 

underneath becomes relatively stable. Thus the high 

density water of the lower depth stays on the bottom 

and does not mix with the upper layer water. 

Consequently, the water in the lower layer gradually 

becomes anoxic because of the inadequate supply of 

dissolved oxygen, and this in turn deteriorates the 

living conditions for aquatic organisms(1, 2).

Under anoxic conditions, some pollutants in the 

sediments will be released into the water and a series 

of problems may be caused such as colour and odour. 

The pH level may decrease and the algae’s multiplication 

may be accelerated. 

There are two solutions to the anoxic condition in 

deeper layer water due to stratification. One is to 
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Fig. 2 Axial pump models: (a) Original pump model (b) 

Modified pump model for water treatment system

Parameter Value

Impeller diameter 540 mm

Head 4 m

Flow rate 0.83 m3/s

Rotational speed 720 min-1

Blade number 4

Inlet cross sectional area 0.22 m2

Table 1 Specification of axial pump model types A and B

Fig. 1 Schematic view of floating type water treatment system 

using axial pump

overcome the water stratification. The other is to 

oxygenate the deep layer water by mixing.

Therefore, to apply the second countermeasure, this 

study introduces an axial-flow pump system. Axial 

flow pumps are typically used in high flow rate, low 

lift applications and can also be submersible(3∼8).

This study investigates the performance and internal 

flow characteristics of an axial flow pump used in the 

water treatment system. The system includes a floater 

which has the simple circular top base. Moreover, as 

power sources, wind turbine or solar cells can be 

installed on the top base of the system.

Other methods of water mixing has been discussed 

by McAliley9 and Cong1. The floating type system is 

developed because it can be easily applied to suitable 

locations. As it is not fixed, it can be easily moved to 

cover wider areas of the lake or reservoir, especially 

where anoxic conditions are more clearly visible. The 

use of renewable energy power source also makes the 

system more environmentally friendly.

2. Axial Pump Model and Numerical Methods

2.1. Floating type water treatment system and 

axial pump model

Figure 1 illustrates the schematic view of floating 

type water treatment system using axial pump. The 

pump is vertically aligned to pump up water from 

deeper layers. The central part contains the shaft and 

other mechanical systems. The fluid is pumped through 

the center and discharged on the sides of the floater, 

where the water naturally mixes with the atmosphere 

and goes back to the reservoir. So the top layer goes 

down as the deeper layer is pumped up and the cycle 

continues, which oxygenates the water.

Figure 2 shows the axial pump models adopted in 

this study. As the outlet of the pump installed in the 

water treatment system can be modified to find the 

best suitable shape, the typical pump model (Fig 2(a). 

straight type outlet) will be compared by changing the 

outlet (Fig 2(b). curved type outlet) to suit the floating 

type water treatment model. The effect of the change 

in shape will be investigated by studying the internal 

flow characteristics using numerical analysis. Table 1 

presents the design parameters of axial pump model 

adopted. The design parameters for the pump types A 

and B are all same but only the outlet shape is 

different.

2.2. Numerical methods

For the numerical analysis on the pump performance 

and internal flow, a commercial software of ANSYS 

CFX(10) is applied. As shown in Fig. 3, a high grid 

density is required for the impeller surface to achieve 

reliable CFD calculations.



Patrick Mark Singh⋅Young-Do Choi

54 한국유체기계학회 논문집: 제17권, 제3호, 2014

Fig. 3 Numerical grids of axial-flow pump impeller 

Domain Nodes Elements

Inlet & Outlet 4.0×106 5.3×106

Front Guide Vanes 0.2×106 1.1×106

Impeller 0.9×106 3.3×106

Diffuser 0.8×106 4.3×106

Total (All Domains) 5.9×106 14.0×106

Table 2 Mesh information

Numerical 

Methods

Mesh type
Tetra-hedral & 

Hexahedral 

Mesh element number 14.0×106

Turbulence model SST

Calculation type Steady state

Boundary 

Condition

Rotor-stator interface Frozen rotor

Inlet Mass flow rate

Outlet Static pressure

Wall No-slip

Working fluid Water at 25°C

Table 3 Boundary conditions and numerical methods

Fig. 4 Turbulence model dependence test of the axial pump model B

The analysis for this study is done by using 

tetrahedral and hexahedral numerical grids. The mesh 

information of all the different parts are summarized 

in Table 2. In addition, turbulence dependence test is  

done by using the Shear Stress Transport(SST), k-ε 

and k-ω turbulence models. Table 3 summarizes the 

numerical methods and boundary conditions of this 

study.

2.3. Dependence Test of Turbulence Model

The turbulence model test needs to be carried out to 

validate the results of the study. In this study, three 

turbulence models of k-ω, k-ε and SST were tested 

withsame boundary conditions and numerical grids. 

Figure 4 presents the tested results of performance 

curves by the pump model B, which show good 

correlation of the performance curves by each 

turbulence model. As the SST turbulence model has 

been well known to estimate both separation and 

vortex occurring on the wall of a complicated blade 

shape(11), the SST model is used to obtain all the 

results shown in this study.

3. Results and Discussion

3.1. Performance curves

Although alternative presentations are possible, the 

performance of a pump is usually characterized by a 

plot of total head rise versus flow rate. For a given 

pump rotational speed, there is a particular value at 

which the pump operates most efficiently and as far as 

possible, a pump is selected to fulfill its duty at or 

near the maximum efficiency point.

Equation 1 is utilized to calculate the efficiency of 

the pump, which is given by the product of the 

pressure change and flow rate divided by the product 

of the torque and angular velocity.

 



(1)

where ρ is the water density, g is the gravitational 

acceleration, Q is the flow rate, H is the Head, ω is the 

angular velocity and T is the torque on the impeller 

blades.
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Fig. 5 Velocity vectors (left) and pressure contours (right) of 

the axial-flow pump model B at maximum efficiency point

Fig. 6 Pressure distribution across the pump models A 

and B at maximum efficiency point

Figure 4 shows the efficiency comparison of the two 

pump models. The pump models A and B have similar 

maximum efficiency of 84% at little different flow rates 

of 0.800 and 0.825m3/s, relatively. However, at the 

range of partial flow rate, the efficiency of the pump 

model B is relatively lower than that of the pump model 

A. Moreover, at the range of excessive flow rate, the 

efficiency of the pump model B shows higher value than 

that of the pump model A. These results indicate that 

the outlet shape has some influence to the performance 

and internal flow of the pump in the ranges of partial 

and excessive flow rate but almost same efficiency at 

the maximum efficiency point if the cross sectional 

area at the pump inlet remains same.

3.2. Pressure and velocity distributions

Figure 5 shows the pressure contours and velocity 

vectors of the axial-flow pump model B at the best 

efficiency point. From the pressure contours, it is seen 

that the pressure increases gradually from the pump 

inlet to pump outlet, expecially sharp increase at the 

locations of impeller and diffuser guide vane. 

Moreover, the velocity vectors show that the flow 

gains high velocity at the location of impeller.

For the more detailed quantitative examination of 

the pressure change in the pump flow passage, the 

static pressure distribution across the flow passage of 

the pump models A and B is shown in Fig. 6. It is clear 

that static pressure decreases a little in front of the 

impeller inlet because of the influence of swirl flow at 

the region, where position “0” in the Fig. 6 means 

impeller inlet. However, the pressure increases 

considerably after the impeller inlet and then, the 

pressure increases gradually from the diffuser guide 

vane to the pump outlet.

It can also be seen that there is almost no difference 

of the pressure distribution between the original (Type 

A) and the modified (Type B) pump models. This is 

because, although the outlet shape is changed, the 

cross sectional area of the pump inlet remains the 

same and hydraulic loss at the pump discharge shows 

no difference from the both pump models.

Moreover, the results show that the static pressure 

distribution lies over the saturation pressure line 

across the all flow passages from the inlet to the 

outlet of the pump models, which means that the 

possibility of cavitation occurrence is very low and 

cavitation performance is satisfactory.

3.3. Cavitation performance

In order to investigate the cavitation performance in 

detail, comparison of local static pressure on the 

impeller surface, where the possibility of cavitation 

occurrence is most high, with saturation pressure of 

the working fluid is conducted as shown in Fig. 7. The 

results show that the pressure on the blade surface is 

changing along the circumferential position of the 

pump and the pressure distribution of the impeller 

blades is almost same regardless of the blade location. 

Moreover, the pressure distribution shows that 

pressure on the impeller blade surface is higher than 

the saturation pressure, so the occurrence of cavitation 

is very low.
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Fig. 7 Static pressure distribution on the impeller blade surface 

of the pump model B at maximum efficiency point

Fig. 8 Air volume fraction across axial-flow pump model B at 

maximum efficiency point

Fig. 9 Measuring locations of air volume fraction

The cavitation model in CFD analysis is based on the 

assumption that the water and vapor mixture in the 

cavitating flow can be modeled as a homogeneous 

fluid. Therefore, present study adopts the Rayleigh- 

Plesset Model(9) as a cavitation model, which illustrates 

cavitation by using the air volume fraction method.

Figure 8 shows the air volume fraction across 

axial-flow pump model B at the best efficiency point. 

The value of volume fraction 1 means that air bubbles 

are completely formed and cavitation occurs and the 

value of 0 means there is only water. The values 

between 1 and 0 is a mixture. The results show no 

significant possibility of cavitation occurrence in the 

pump passage even though the values of the volume 

fraction in the regions between inlet guide vane and 

impeller is relatively higher than that of the other 

region. 

Furthermore, for the purpose of investigating the 

possibility of cavitation occurrence in the pump 

passage in detail, measuring locations of the impeller 

surface, impeller shaft surface and whole flow passage 

are examined as shown in Fig. 9.

Figure 10 shows the air volume fraction on the 

impeller blade of pump model B at the best efficient 

point. The abscissa x/X represents local dimensionless 

chord length of the impeller blade, where x is length 

from leading edge to trailing edge and X is the chord 

length. The distribution of air volume fraction indicates 

that on the surface of the impeller blade, at the 

location of x/X=0.25, shows relatively higher value of 

air volume fraction but the value is below 0.35, which 

means very low possibility of cavitation occurrence.

Moreover, Fig. 11 shows the air volume fraction on 

the impeller shaft surface of pump model B at the best 

efficiency point. The value of air volume fraction in 

the region shows blow 0.6, which means low possibility 

of cavitation occurrence as well. 

Figure 12 shows the distribution of the air volume 

fraction across flow passage of pump model B. The 

abscissa Y represents the vertical distance with origin 

at the impeller inlet. The result reveals relatively 

high value below 0.9 existing at the locations between 

the front guide vane and impeller. However, there is 
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still allowance from the margin of the cavitation 

occurrence. 

Fig. 10 Air volume fraction on the impeller blade surface of 

pump model B at maximum efficiency point

Fig. 11 Air volume fraction on the impeller shaft surface of pump 

model B at maximum efficiency point

Fig. 12 Air volume fraction across flow passage of pump model 

B at maximum efficiency point

4. Conclusions

The study concludes that an efficient axial pump for 

floating type water treatment system is developed for 

oxygenating the deeper layer waters by mixing it with 

the surface air. The new outlet shape for aiding in 

simple floating structure is acceptable, contributing to 

a efficiency of 84% at the maximum efficiency point 

and a head of 4.8m. 

The pump performance for model B does not change 

at the maximum efficiency point in contrast to model 

A, however, the efficiency of the pump decreases at 

the partial flow rate and increases at the excessive 

flow rate if the discharge passage is modified from 

model A to B for the floating type water treatment 

system. 

The distribution of air volume fraction in the pump 

passage confirms that there may be low possibility of 

occurrence of cavitation in the pump system. Relatively 

high value of air volume fraction exists at the 

locations between the front guide vane and impeller 

but there is still allowance from the margin of the 

cavitation occurrence.
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