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Abstract: This study aims to design a new axial-pump model to improve the efficiency of an old pump model. The new de-
sign considers key parameters such as velocity triangles, hub-to-tip ratio, and selection of hydrofoil in the preliminary design.
A computational fluid dynamics analysis was adopted to investigate the performance of the pump models. The performance of
the new design was compared with that of the old pump model. The experimental results of both models matched well with
the numerical results. The efficiency of the new model reached 73.4%, which is 8.2% higher than the efficiency of the old
model at the design point by experimental measurement. The highest loss was found in the impeller domain of both models
under the design condition. Thus, the focus is on the internal flow in the impeller domain of both models. Uniform static pres-
sure and smooth streamline distributions were revealed in the fluid passages of the new impeller model. In contrast, non-uni-
form static pressure distributions were indicated in the blade passages of the old impeller model. As a result, flow circulations

were found in the vicinity of the impeller hub area, which caused large hydraulic losses in the impeller and outlet domains of

the old model.
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1. Introduction

Axial-flow pumps have a high specific speed range in com-
parison with radial and mixed pumps. Higher specific speed
with conventional axial-flow pumps yields a decline in effi-
ciency and cavitation performance [1]. Many researchers have
studied the design, flow analysis, and optimal design of im-
peller blades of axial flow pumps. M. Oshima [2] designed an
axial flow pump by modifying a mixed-flow pump without
changing its specific speed. A. A. Yevtushenko et al. [3] in-
vestigated the effect of impeller hub-to-tip ratio on perform-
ance of an axial flow pump. The study concluded that the ax-
ial velocity distribution behind an impeller is highly dependent
on the impeller hub-to-tip ratio. A. Gusak et al. [4] developed
and conducted a test of a small submersible pump for exploit-
ing water from wells. A. Gusak et al. [5] mathematically in-
vestigated the hydraulic loss in an impeller of a size ax-
ial-flow pump. Manjunatha et al. [6] used CFD to analyze the
basic design and investigate the internal flow of an axial-flow
pump. L. J. Shi et al. [7] numerically optimized an im-
peller-blade shape considering the cascade solidity ratio and

blade angle to improve the efficiency of an axial flow pump

under off-design conditions. The goal of this study is the per-
formance improvement of an old axial-flow pump model by
designing a new impeller and diffuser vane under similar
working conditions. The new design of the pump model con-
siders the blade angle, hub-to-tip ratio, and diffuser vane. The
new design is compared with the old pump model in terms of
the pump performance, which is evaluated experimentally and
numerically. The efficiency of the new pump model was ex-
perimentally recorded as 73.4%, which is 8.2% higher than
that of the old model under the design condition. The en-
hancement is mainly attributed to the decrease in hydraulic
loss at the impeller and outlet areas of the new pump design.
Thus, an internal flow analysis was conducted to confirm the

performance improvement of the new model.

2. Performance test facility of pump models

Figure 1 shows the experimental apparatus for performance
testing of the axial flow pump model. The flow is transported
through a closed loop in the system by an axial-flow pump.
The pump is installed horizontally in the system, which has a

water tank, two gate valves for controlling flow in and out of
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Figure 1: Experimental apparatus for testing pump perform-

ance (top); old axial-pump model (bottom)

the tank, an axial pump driven by a motor, and a magnetic
flow meter. Because of the relatively long distance from the
impeller blade to the driven motor, straight support vanes are
installed in the pipe system to maintain the stability between
the shafts of the pump and motor. However, the old pump
model does not include a diffuser at the outlet of the impeller
because of the pump simplification. The inner diameter of the
pipe system is 155 mm, but the casing inner diameter of the
impeller model is 151 mm including a 0.5-mm tip clearance
between the blade tip and the casing inner wall. Because a gap
clearance less than 0.15 mm is not recommended [8], the
0.5-mm tip gap was chosen for ease of manufacturing. Pressure
transducers were installed at the inlet and outlet of the axial
pump model to measure the pump head. A dynamic torque me-
ter is utilized to measure the pump shaft speed and torque sup-
plied by the motor. The flow rate of the pump is measured by
a magnetic flow meter. All measurement signals are recorded

to a data-logging system under each operating condition.

3. Design of new axial-flow pump model and

numerical method

3.1 Design of new axial-flow pump model

The design parameters of both pump models are shown in
Table 1. The new model is designed to supply flow to a pro-
peller hydro-turbine model located downstream of the axial
pump. Hence, the design operating condition of the new
model is changed appropriately according to the design spec-
ification of the propeller hydro-turbine model by changing
the specific speed of the pump slightly. The hub diameter of

the new impeller was increased to maintain a constant specific

speed, which is expressed as Equation (1). The two pump
models are designed for a similar operating condition, which
is described by the head coefficient (Equation (2)), flow co-
efficient (Equation (3)), and rotational speed. A flow chart of
the design procedure of the new pump model is presented in
Figure 2. A closed design loop of the pump model including
the CFD analysis is repeated continuously until the design

targets are met.

Table 1: Design parameters of the pump models

Design parameters Old model ‘ New model
Blade number 5
Diffuser vane 0 ‘ 6
Impeller diameter (mm) 150
Hub to tip ratio 0.393 0.533
Head coefficient 1.1 1.3
Flow rate coefficient 0.35 0.38
Rotational speed (min™) 1800
Specific speed 1080 1094

Figure 2: Design process of the new axial-pump model

Figure 3: (a) Entrance velocity triangle and (b) Exit velocity

triangle of a blade section
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Figure 4: Old and new impeller models

Figure 5: Numerical fluid domains of the new pump model

The preliminary design of an impeller blade considers the
velocity triangles at the impeller inlet and outlet, which are
presented in Figure 3. The entrance flow assumes no pre-rota-
tion at the impeller blade inlet. Hence, the tangential velocity
at the entrance ( V,;) should not exist. With a design assump-
tion that same amount of flow rate is transported from the
leading to the trailing edge, the meridional velocity (V) is
determined considering the flow rate in the flow passages.

The impeller blade angles () at the inlet and outlet can be
obtained from Equation (4) and Equation (5), respectively,
where indicators “1” and ‘“2” represent the entrance and exit
angles of the impeller, respectively; and U is the peripheral

velocity; U; = U, at the same span of impeller blade. The

tangential velocity at the impeller blade outlet is calculated

Table 2: Boundary conditions for whole flow passages

Calculation type Steady state

Turbulence model Shear stress transport

Impeller domain Rotating
Inlet Static pressure
Outlet Mass flow rate
Walls No-slips

Working fluid Water at 25 °C

Interface between rotating F ‘
rozen rotor

and non-rotating domains

Figure 6: Comparison of the new model performance decay

calculation for all tested grids

from the Euler equation considering hydraulic efficiency (77) as

H
Vo= 779U . A rough estimation of the meridional velocity
2
. 4Q
can be determined by V,, = —————-,where D, and d are
7 (D*—d?)

the impeller diameter and hub diameter, respectively. The
same hydrofoil shape from the previous study [9] is adopted
for the impeller blade. A comparison of the three-dimensional

impeller blade models is illustrated in Figure 4.

3.2 Numerical method

Owing to the improved accuracy and reliability nowadays,
computational fluid dynamics (CFD) analysis is used to predict
the performance of fluid machinery as a pre-manufacturing
stage. This study uses a commercial code of ANSYS CFX
version 18.1 [10] to investigate the performance of both pump
models. The experimental results are compared to validate the
CFD analysis results.

Numerical fluid domains of the models are built using a
three-dimensional software. As seen in Figure 5, the fluid do-
mains of the new pump model have five domains. To calcu-
late the pump performance, the tip clearance gap is included

in the impeller domain.
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Table 3: Averaged y+ value of main fluid domains

Fluid domain y+ value
Inlet domain 112.5
Impeller blade 214
Diffuser vane 39.1
Outlet 452

Figure 7: Structured meshes of one pitch of diffuser vane

and impeller blade (new model) of the chosen grid

To reuse the existing apparatus system, the only changes to
the new pump model are the changed impeller shape and the
addition of a diffuser. Moreover, as the pump size is small
and to improve the convenience of the assembly process of
the pump parts, a relatively long spacing is included between
the impeller and diffuser domains.

The boundary conditions of whole flow passages are in-
troduced in Table 2. This boundary condition is adopted for
all steady state calculations of both pump models. To reduce
the calculation time and obtain reliable CFD analysis results, a
grid sensitivity test was conducted. All meshes of fluid do-
mains were generated using ANSYS ICEM [10]. Figure 6
shows the results of the grid test in terms of the efficiency of
the new pump and different grid sizes of all fluid domains.
From the comparison of the pump efficiency with the mesh
number, a mesh of three million nodes was selected for CFD
analysis. The averaged near-wall treatment y+ value of the
main fluid domains of the selected grid are shown in Table 3.
Meshes of one pitch of impeller blade and diffuser vane of the

selected grid are illustrated in Figure 7.

4. Results and discussion

4.1 Performance curves

The performance curves of both pump models presents at
various flow coefficients in Figure 8. The best efficiency
points (BEP) of each pump model matched with the design
points. The old pump model was chosen as a reference model
with which to evaluate the performance of the new pump
model and to validate the CFD results. The CFD results
matched well with the experimental results for both models. In

the experimental results, the efficiency of new model reached

Figure 8: Comparison of performance curves of pump models
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Figure 9: Comparison of hydraulic losses of fluid domains
between the old and new pump models by CFD analysis at
the design point

73.4%, which is 8.2% higher than the efficiency of the old
model at the design point. Moreover, under the all-flow con-
ditions, the efficiency of the new model was higher than that
of the old model.

4.2 Hydraulic loss analysis

Using hydraulic loss analysis for the pump models is a
helpful way to understand the reason for the varying perform-
ances of the different designs of pump model. Hydraulic losses
of all fluid domains were calculated using Equation (6) and
Equation (7).

Tw
6 - Ap[mp.
hlass —Imp. — T (6)
Q
Ap
hl{}ss = W (7)
Q

where Ap is the change of total pressure in the analyzed

domain, @ is flow rate pumped of the pump model, T is the
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torque provided to the impeller through the shaft of the mo-
tor, and @ is the angular velocity of the impeller. The sub-
script “Imp.” means the impeller domain. A comparison of
the hydraulic losses of the old and new models at the design
point is shown in Figure 9. The hydraulic losses of the new
model declined significantly compared with those of the old
model in most of the fluid domains. The loss of impeller do-
main decreased from 17.2% in the old model to 14.4% in
the new model. The losses of the diffuser and outlet domains
reduced drastically from 14.9% in the old model to 8.5% in
the new model. The loss of impeller domain showed the
highest loss in both pump models. Thus, the internal flows
of the impeller fluid domain need to be investigated in fur-
ther detail.

4.3 Pressure contours in impeller domain

Figure 10 shows the static pressure contours of flow pas-
sages in both impeller models on a plane perpendicular to
the flow direction at the middle of the impeller blades, at the
BEP. The figure indicates a gradual increase in static pres-
sure contours from the suction side (SS) to the pressure side
(PS) of both pump model blades. The pressures that devel-
oped inside the flow passages of the new impeller were more
uniform than those of the old model. Figure 11 presents the
static pressure contours at the mid-span of the impeller mod-
els at the BEP. The static pressure in the flow passage
around the blades increased owing to the effect of the blade
lift force in both pump models. The lowest pressure is in-
dicated at the suction side of the old impeller model. This is
position at which where cavitation usually occurs in axial

pumps.

4.4 Streamlines in the impeller domain

The streamlines of the old and new models are compared
in Figure 12. Non-uniform flows were found in the vicinity
of the hub area in the old model. Relatively large circulation
areas occurred inside the old impeller passages, which is re-
garded to decrease the flow rate, and consequently the hy-
draulic power. Moreover, the loss in the impeller domain in-
creased, and the pump efficiency decreased, as seen in the
performance curves of the old pump model. In the new
pump model, smooth streamlines are shown in the blade
passages. Thus, the percentage loss in the impeller domain of
the new pump model is lower than that of the old pump
model; this demonstrates the higher efficiency of the new

pump model.

Figure 10: Static pressure contours of the impeller models
on a plane perpendicular to flow direction (from view of

entrance flow) at the BEP

Figure 11: Static pressure contours at the mid-span of the

impeller models under the BEP condition

Figure 12: Streamlines of both impeller models on a plane
perpendicular to flow direction (from view of entrance flow)
under the BEP condition

4.5 Cavitation performance

The results of the internal flow analysis indicate that the
lowest pressure areas of both models were in the leading edge.
Therefore, the cavitation was analyzed to examine the areas
that could start cavitation on the impeller blade. Both pump
models were simulated under the BEP condition without
changing the static pressure at the inlet of the pump. Thus, the

efficiencies of neither pump model changed.
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Figure 13: Water-air volume fraction contours on the impeller
surfaces of (a) old model and (b) new model at the BEP

Figure 14: Air volume fraction distributions on the blade
surfaces of the pump models at the BEP

The Rayleigh-Plesset model was adopted as a cavitation
model in the calculation analysis. The Rayleigh-Plesset equa-
tion [11] describes the growth of a vapor bubble in a liquid.
The homogeneous model was selected with a pair of fluids;
water refers to a value of “0” and water vapor (air) refers to
a value of “1”. The values were used to evaluate the possi-
bility of cavitation occurrence, as well as the areas on impeller
surface in which cavitation could appear. The derivation and
the parameters in the cavitation model are discussed ex-
tensively in F. Bakir et al. [12]. The standard parameters were
used for the presented calculations.

Figure 13 and Figure 14 illustrate the water-air volume frac-
tion (AVF) contours and values on the impeller blade surfaces
of both pump models at the BEP. A small area on the leading
edge of the impeller blade of the old model indicates a max-
imum AVF value of 0.13. An AVF value of zero was found
in all spans of the new impeller model. This means that both
impeller models had a very low possibility of cavitation occur-

rence at the BEP condition.

5. Conclusions

A new axial-flow pump model was designed to improve the

performance of the old pump model. The experimental results
matched well with the numerical results in both pump models.
The efficiency of the new model achieved 73.4% in the ex-
perimental performance test, which is 8.2% higher than the ef-
ficiency of the old pump model at the design point. The in-
crease in the efficiency in the new pump model was because
of the significantly decreased hydraulic losses in the impeller,
diffuser, and outlet domains in comparison with those of the
old pump model. The flow passage of the new impeller model
had a more uniform static pressure distribution than that of the
old impeller model. The streamlines in the flow passages of
the new impeller were smooth, unlike the complicated stream-
lines near the hub of the old impeller passages. The non-uni-
form flow caused large hydraulic losses in the impeller and
outlet domains of the old pump model at the design point.
Both impeller models had a very low possibility of cavitation

occurrence at the design point.
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