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Abstract: A single-channel pump is a sewage pump with a unique non-clog impeller. This pump is employed in drainage, wastewater
control systems, agriculture, and aquaculture. Particularly, with a free passage impeller, a single-channel pump can transfer live fish,
eel, and shrimp without clogging and damage. The flow passage shape of a single-channel pump is vital for live fish transfer. In this
study, the matching performance of a single-channel pump was evaluated using various cross-sectional shapes of the impeller outlet
and volute casing. The pump performance, internal flow characteristics, and suction performance were compared to determine the best
combination of the impeller outlet and volute casing cross-sectional shapes. The results revealed that the circular cross-sectional shape
of the impeller outlet with the circular cross-sectional shape of the volute casing showed better pump hydraulic and suction perfor-
mances.

Keywords: Single channel pump, Matching performance, Hydraulic performance, Suction performance, Cross sectional shape, Im-

peller outlet, Volute casing

1. Introduction structure system in a single-blade centrifugal pump was proposed

Single-channel pumps are widely employed in sewage, fish, by Pei et al. [6] to reduce the pressure fluctuation and increase

eel, shrimp, fruit, and vegetable transfers. The single-channel the reliability of the pump. The trailing edge modifications of

pump impeller has a free passage from the impeller suction to centrifugal wastewater pump impellers were studied by Litfin et

discharge, which improves the solid handling capability [1]. al. [7] using numerical and experimental methods.

Hence, a single-channel pump can be employed for fruit or live The optimal shape design of the single-channel pump impeller

fish transfer without causing clogging or damage. Therefore, the and volute casing shapes is difficult to find in literature. There-

flow passage shape of a single-channel pump plays a significant
role in live fish transfer and the pump performance.

The design method and optimization of single-channel pumps
for wastewater treatment and the evaluation of the operating vi-
bration of the impeller-volute interaction were studied by Kim et
al. [2]. Guo et al. [3] evaluated the effect of the impeller blade
thickness on the pump performance and internal flow character-
istics of a single-channel pump model. Wu et al. [4] predicted the
tendency of the single-channel pump performance using various
turbulence models. Keays et al. [5] used numerical and experi-
mental methods to study the power loss and poor efficiency of a
single-blade wastewater pump caused by the complicated flow

behind the trailing edge. The FSI solution strategy for the fluid-

fore, this study aimed to evaluate the matching performance of a
single-channel pump using various cross-sections of the impeller
outlet and volute casing. Accordingly, the hydraulic pump per-
formance, internal flow characteristics, and suction performance
of single-channel pump models were examined using computa-

tional fluid dynamics (CFD) analysis.

2. Design of Single-Channel Pump

The design specifications of the single-channel pump model
are presented in Table 1. The three-dimensional and cross-sec-
tional shapes of the outlet of the impeller model are shown in
Figure 1. The design parameters of the single-channel pump

impeller were calculated based on the study results [1] as listed
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Table 1: Design specifications of single-channel pump

Item Nomenclature [Unit] Value
Flowrate Q [m3/s] 0.064
Head H [m] 4
Rotational speed n [min™1] 650
Specific speed ne = M 212
H0.75

Table 2: Design parameters of single-channel pump impeller

Item Nomenc_lature Initial value
[Unit]

Impeller outlet diameter D, [mm] 330
Impeller inlet diameter Dy [mm] 179
Angle 1 Bo [°] 42.97

Angle 2 B1[°] 8.96

Angle 3 B> [°] 11.18

Total wrap angle 1 01 [°] 123
Total wrap angle 2 @2 [°] 251
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Figure 1: Schematic view of single-channel pump impeller

in Table 2. The design parameters for the single-channel pump
were Dy, Dy, By, B1 and B,. The detailed design method of a sin-
gle-channel pump impeller has been presented in previous stud-
ies [1][3].

Stepanoff’s design method [8] was adopted for the volute cas-
ing design, as shown in Figure 2. The cross-sectional area distri-
bution of the volute casing was linearly proportional to the theta
angle, as shown in Figure 2(b). However, the centrifugal pump
impeller and casing shapes were determined by matching the
BEP [9]. The design method for a single-channel pump cross-
sectional passage shape is unclear and difficult to find in litera-
ture. As a preliminary study, various impeller outlet cross-sec-
tional shapes were selected to evaluate the pump-matching per-
formance. The design scheme of the single-channel pump impel-
ler outlet is shown in Figure 1(b). Similarly, the cross-sectional
shapes of the volute casing were circular, mixed, and rectangular
shapes that are adopted, as shown in Figure 2(c). Single-channel
pump models were generated according to the impeller outlet
and volute casing cross-sectional shapes listed in Table 3.
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Figure 2: Scheme of single-channel pump volute casing design

Table 3: Test pump cases for the CFD analysis by the combina-
tion of the impeller outlet and volute casing models

Cross sectional shape
Impeller outlet Volute casing

Test pump cases

Case CC
Case MC

Circular Circular

Mixed

Circular
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Case RC Rectangular Circular 100 + -~ 140
Case CM Circular Mixed 1 120
Case MM Mixed Mixed . 8 7T 1 100
Case RM Rectangular Mixed & 60 1 ©
: > 1803
Case CR Circular Rectangular = g
S T 60 +
Case MR Mixed Rectangular E 40 T - >
w —&— Efficiency (%) 1 40
Case RR Rectangular Rectangular 20 4 —myr
T+ 20
; 0 } } } } } } } 0
3. Numerical Method 20 22 24 26 28 30 32 34 36
CFD analysis was performed to evaluate the pump hydraulic Nodes in millions
and suction performances of the single-channel pump models. A Figure 4: Mesh dependence test results of Case CC
commercial CFD analysis code, ANSY'S CFX 18.1 [10], was em-
ployed for all the numerical simulations. Figure 3 illustrates the 90 -
hexahedral numerical grids of the impeller and volute casing
fluid domains of the single-channel pump model for case CC. 85
The hexahedral mesh was generated using ANSYS ICEM < 80 + M
18.1 [11]. A mesh dependence test for the single-channel pump ;>~/
c 75 +
model of case CC was implemented, as shown in Figure 4. The B 5 k-e
pump efficiency and maximum y+ value were calculated using E 70 T —e—SST
Equations (1) and (2), which were used to perform the mesh de- 65 L — A RNG
pendency test. According to the mesh dependency test, 2.8 mil-
lion nodes were selected to conduct the CFD analysis for the sin- 60 07 0.:8 0?9 1f0 1f1 1f2 1?3
gle-channel pump models. Q/Qgep
pgHQ Figure 5: Turbulence model dependence test results of Case CC
n=—7— @
Tw Table 4: Numerical methods and boundary conditions
YU Analysis type Steady state
y+= =L ) . Turbulence model | Shear Stress Transport (SST)
v Numerical — -
methods Cavitation model Reyleigh-Plesset
where p,g,H,Q,T and w are the density of water, acceleration Working fluid Water at 25°C
owing to gravity, head, flow rate, torque, and angular velocity, Water vapor at 25°C
. . Inlet Total Pressure
respectively. y, Uy and v are the absolute distance from the wall, Outlet Mass flow rate
- . . L - Boundary -
friction velocity, and kinematic viscosity, respectively. L Rotor-stator inter-
conditions Frozen rotor
face
Oulet 4= Walls No slip wall

The turbulence models of k-, RNG k—¢, and shear stress
transport (SST) were employed to conduct the turbulence model
dependence test, as shown in Figure 5. All the turbulence models
were compared with the pump hydraulic performance curves. The
shear stress transport (SST) turbulence model is preferable for eval-
uating the complicated flow field in fluid machinery and estimating

both flow separation and swirl flow on the wall [12].

The numerical methods and boundary conditions for steady-

Figure 3: 3D hexahedral fine numerical mesh generation of CC . . . . o
state analysis are listed in Table 4. The Rayleigh-Plesset cavitation
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Figure 6: Pump matching hydraulic performance curves of single-channel pump models with the various impeller outlet and volute

casing cross-sectional shapes

model was adopted for cavitation flow simulation in this study.
Water and water vapor were used as the working fluids at 25 °C.
The total pressure and mass flow rate were the inlet and outlet
boundaries of the single-channel pump, respectively. A frozen ro-
tor was used to create the interface between the fixed and rotating

domains.

4. Results and Discussion

4.1. Pump hydraulic performance

The pump-matching performance was evaluated based on the
cross-sectional shapes of the impeller outlet and volute casing.
Nine single-channel pump models with three cross-sectional
shapes of the impeller outlet and three cross-sectional shapes of
the volute casing were employed under non-cavitation conditions
for the CFD analysis. Figure 6 illustrates the pump-matching hy-
draulic performance curves for various cross-sectional shapes of
the impeller outlet and volute casing models. The results show
that the efficiency of the circular cross-sectional impeller outlet
with the circular cross-sectional volute model (Case CC) was
higher than that of the other models for the entire flow rate range.

The various impeller outlet and volute casing cross-sectional
shapes showed differences in the pump hydraulic performance.
All single-channel model designs were acceptable because the
design point matched the best efficiency point. Therefore, it was
concluded that the cross-sectional shape of the impeller outlet
had a more significant influence on the pump hydraulic perfor-
mance than that of the volute casing. Case CC exhibited a better

hydraulic performance than the other cases.

4.2. Internal flow characteristics
The matching loss analysis of the impeller and volute casing
is defined by Equations (3) and (4).

Tw
-5 —Ape @
hloss—impeller = pg—H X 100%
hioss—votute = & % 100% 4
pgH

where hyoss—impener represents the total loss of the pump
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impeller, hygs_vorute 1S the total loss of the pump volute casing,
T is the input torque (Nm), w is the rotational speed (rad/s), p is
the water density (kg/md), g is the acceleration due to gravity, and
Ap, is the total pressure difference in the respective components

of the pump.
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Figure 7: Matching loss analysis of the impeller and volute by
the various impeller out and volute casing cross-sectional shapes
at the design point

Volute Impeller
ul pe‘

A \ .

a) b) c)
W2 a2 a8 WD oo _ho [CIIA A ,\0 A2 o o° o
—_
Velocity [m 8-1]

Figure 8: Velocity streamline with various volute shapes with
mixed cross-section impeller a) MC, b) MM, and ¢) MR at BEP
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Figure 9: Velocity streamline with various volute shape with
mixed cross-section impeller a) CM, b) MM, and c) RM at BEP

Figure 7 presents the matching loss analysis results of the im-

peller and volute casing passages based on various cross-

Ujjwal Shrestha *

Young-Do Choi

sectional shapes of the impeller outlet and volute casing at the
design point. In the impeller domain, the hydraulic loss of the
circular cross-sectional shape of the impeller showed a relatively
lower value, regardless of the volute casing type (Cases CC, CM,
and CR). However, the rectangular cross-sectional shape of the
impeller shows a relatively higher loss for all volute casing types
(RC, RM, and RR). In the volute casing domain, the hydraulic
loss changes noticeably in all combination cases owing to the
various cross-sectional shapes of the impeller outlet and volute
casing.

Figure 8 shows the variation in the velocity streamlines in the
volute flow passages with the mixed cross-sectional impeller and
various volute shapes. Figure 9 shows the streamline flow vari-
ation in the mixed-shape volute flow passage for various impeller
shapes. The flow behavior in the volute flow passage was incon-
sistent with the changes in the impeller and volute shapes. There-
fore, the hydraulic loss in the volute casing is inconsistent with
various combinations of the impeller and volute casing.

Among the cases, the circular cross-sectional shape of the im-
peller outlet with the three volute casing shapes exhibited a rela-
tively lower loss value. These results match well with those of
the pump hydraulic performance study, which shows a relatively
higher pump efficiency from the combination cases with the cir-
cular cross-sectional shape of the impeller outlet. This indicates
that the circular cross-sectional shape of the impeller outlet re-
sults in a lower flow passage loss and higher pump hydraulic ef-
ficiency.

Because sensitive materials such as fish and vegetables for trans-
fer are vulnerable to injury or damage, the internal flow in the pump
passage should be uniform and stable.

To quantitatively evaluate the effect of the combination of various
cross-sectional shapes of the impeller outlet and volute casing on the
swirl intensity, the swirl number was examined as shown in Figure
10. The swirl number evaluates the secondary flow and flow insta-
bilities in the turbomachinery. The swirl number was calculated at
various locations along the impeller passage. The swirl number is de-
fined by Equation (5).

. vevgr?dr
Sn = I E— ()
R[ wvgrdr

where vg and v are the velocity components in the circumferential
and axial directions, r and R are the local and full radii, respectively,

ateach [/Z location shown in Figure 10, Z is the total axial height
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of the impeller model, and [ is the local axial length from the im-
peller inlet.

The values 0.0 to 1.0 [/Z indicate the axial locations from the
impeller inlet to the impeller outlet. The results indicated that the
internal flow of all models at the impeller inlet was similar, and
the difference in the internal flow characteristics was mainly at
the impeller outlet. However, the difference in the swirl intensity

distribution of all the pump models was not significant.

30 T (=0

Swirl number (S,)
5 @&

o
ol
|
T

I/z

Figure 10: Swirl flow of single-channel pump models with the
various impeller outlet and volute casing cross-sectional shapes
at the design point

4.3. Pump suction performance

Figure 11 shows the suction performance comparison between
the single-channel pump models from the combination of three
types of impeller outlet shapes and three types of volute casing
shapes by CFD analysis. The cavitation number (¢) was calcu-
lated using Equation (6).

where NPSH is the net positive suction head, p, is the pump in-
let pressure, p,, is the saturated vapor pressure, g is gravitational
acceleration, and H is the effective head.

The result indicates that the suction performance of the circu-
lar cross-sectional shape of the impeller outlet with the circular
cross-sectional shape of the volute casing model (Case CC) is
better and distinguished from the other models. Moreover, in the
case of matching different cross-sectional shapes of the impeller
outlet and the same cross-sectional volute, the suction perfor-

mance by the combination of the circular cross-sectional shape

of the volute casing with different impeller outlet shapes showed
relatively better suction performances than those of the other

mixed and rectangular volute casing cross-sectional shapes.
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Figure 11: Suction performance of single-channel pump models
with the various impeller outlet and volute casing cross-sectional

shapes at design point
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Figure 12 Vapor volume fraction distribution at ¢ = 0.32 and
Q/Qger

A cavitation number of 0.32 is selected for the comparison of
the various cases. Figure 12 shows the averaged vapor volume
fraction (VVF) distribution of the single-channel pump models
with various impeller outlets and volute casing cross-sectional
shapes at =0.32. The values 0 and 1 in the figure legend indicate
liquid (water) and vapor (cavitation inception), respectively. The
majority of the single-channel pump models had relatively small
VVF values, and in the two model cases, CM and RM had rela-
tively higher VVF values. The suction performance is highly de-
pendent on the shapes of the impeller outlet and volute casing
cross-section. Figure 11 shows that the critical cavitation num-
ber differs according to the case of the single-channel pump. The
0=0.32 is the critical cavitation number for cases CM and RM.
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The vapor volume fraction of 0.26 and 0.31 indicates the cavita-
tion inception in the impeller of the CM and RM cases, respec-
tively. This indicates that a well-matched pump combination may
result in a relatively better suction performance. The measure-
ment plane on [/Z = 0.7 planes was selected to evaluate the vapor
volume fraction values at the cavitation number ¢=0.32, as

shown in Figure 13.

Vapor Volume Fraction

Figure 13: Vapor volume fraction contours of single-channel
pump models with a) CC and b) RM on [/Z = 0.7 plane at 6=0.32

The single-channel pump with the cross-sectional shapes of a rec-
tangular impeller outlet and mixed volute casing shows a higher
VVF value than the other models on the measurement plane of 1/Z
=0.7 at 6=0.32, which is strongly related to the suction performance
in Figure 13. The relatively low suction performance may resultin a
higher possibility of cavitation inception in impeller and volute cas-
ing passages. In contrast, case CC, with the cross-sectional shapes of
a circular impeller outlet and circular volute casing, showed a low

VVF value on the measurement plane.

5. Conclusions

In this study, the matching performance of a single-channel
pump with various cross-sectional shapes of the impeller outlet
and volute casing combination was evaluated by CFD analysis.
Circular, rectangular, and mixed cross-sectional shapes were
used for the impeller outlet and volute casing cross-sections, re-
spectively. According to the CFD analysis, the hydraulic and suc-
tion performances are highly influenced by the impeller outlet
cross-sectional shape variation compared to the volute casing
cross-sectional shape at the design point. Among the various
models, the circular impeller outlet with the circular volute cas-
ing cross-sectional model had better hydraulic and suction

Young-Do Choi

performance than the other cases. The flow uniformity in the
pump flow passage did not exhibit a considerable difference be-
tween the impeller outlet and volute casing matching combina-
tions.
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