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ABSTRACT

e Five diffusers with different axial widths were constructed
based on the area ratio principle to solve the problem that
axial dimension errors of impeller and diffuser strongly affect
the external performance and internal flow of a cantilever
multistage centrifugal pump. Field calculations on a two-stage
centrifugal pump were performed using the RNG k- turbulence
model on ANSYS Computational Fluid X. External characteristic
experiments were also conducted to benchmark the numerical
calculation. The external performance and velocity distribution
in the different pump models were determined. Results show
that when the diffuser inlet width is less than the impeller
outlet width, an increase in the diffuser inlet width always
causes a reduction in the pump head, and the pump efficiency
increases at a small flow rate but decreases at a large flow rate.
When the diffuser inlet width is larger than the impeller outlet
width, the pump head and efficiency decrease constantly,
and the rate of decrease increases gradually. The core zone
and turbulent boundary exist in the front pump cavity. With
an increase in the diffuser inlet width, the non-dimensional
circumferential component velocity in the core zone reduces
gradually, the effect of turbulent boundary on the flow in the
core zone weakens slowly, and the non-dimensional radial
component velocity is always approximate to zero. This study
provides a new reference for the matching design between
impeller and diffuser.

e Keywords: Multistage centrifugal pump, inlet width, diffuser,
front pump cavity.

RESUMEN

Se construyeron cinco difusores con diferentes anchos axiales
basandose en el principio de proporcion de area, para resolver el
problema de que los errores de dimension axial de rodete y difusor
afecten fuertemente al funcionamiento externo y al flujo interno
de una bomba centrifuga cantilever multietapa. Se realizaron
calculos de campo en una bomba centrifuga de dos etapas uti-
lizando el modelo de turbulencia RNG k-e mediante el programa
informatico ANSYS-Fluid X. También se realizaron experimentos
externos para contrastar el calculo numérico. Se determinaron el
rendimiento externo y la distribucion de velocidad en diferentes
modelos de bomba. Los resultados muestran que cuando la an-
chura de entrada del difusor es menor que el ancho de la toma
del rodete, un aumento en la anchura de entrada del difusor siem-
pre causa una reduccion en la altura de presiéon de la bomba y
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la eficiencia de la bomba aumenta con un caudal pequefio pero
disminuye con un gran caudal. Cuando el ancho de entrada del
difusor es mayor que el ancho de salida del rodete, la altura de
presion de la bomba y la eficiencia disminuyen constantemente
y la tasa de disminucion aumenta gradualmente. En la cavidad
frontal de la bomba coexiste una zona interna y una periférica
turbulenta. Con un aumento en la anchura de entrada del difu-
sor, la velocidad del componente circunferencial adimensional en
la zona interna se reduce gradualmente, el efecto de la periferia
turbulenta en el flujo donde la zona interna disminuye poco a
poco y la velocidad del componente radial adimensional siempre
se aproxima a cero. Este estudio proporciona una nueva referencia
para el disefio equilibrado entre rodete y difusor.

Palabras clave: Bomba centrifuga multietapa, ancho de en-
trada, difusor, cavidad frontal de bomba.

1. INTRODUCTION

Cantilever multistage centrifugal pump has advantages such
as compact structure, easy installation, high reliability, convenient
maintenance because of its very simple structure in the pump.
In many fields, such as building water supply, petrochemical pro-
duction, metallurgy, electric power, water conservancy, and ag-
ricultural irrigation, the traditional double-support structure of
the multistage centrifugal pump is gradually replaced with the
cantilever multistage centrifugal pump, and the latter is being ap-
plied widely. The multistage centrifugal pump mainly consists of
an impeller and a diffuser, and the internal flows of such a pump
are extremely complex [1-3]. Research has shown that the pas-
sage area ratio between the impeller outlet and the throat inlet
of the diffuser is the main factor that influences the performance
parameters of the multistage centrifugal pump, such as the head,
flow, and axial power. As one important component part of the
pump, the diffuser can convert the kinetic energy into the pres-
sure energy of the fluids in the pump, and the conversion effi-
ciency is influenced strongly by the match of the impeller and dif-
fuser. However, the cantilever structure causes errors between the
impeller and the diffuser to accumulate along the axial direction
during installation. The accumulated errors from the design and
the manufacture make the impellers and diffusers deviate from
the optimal axial position, which may lead to performance re-
duction of the pump. Other problems caused by the accumulated
errors are serious abrasion, vibration, and noise. These problems
should be considered and solved.
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In recent years, studies on multistage centrifugal pumps have
focused on structure optimization, external performance predic-
tion, and cavitation performance [6-11]. Wang et al. [12] simu-
lated the entire flow field of a stainless steel punching well pump
with different blade thicknesses and analyzed the influence of the
blade thickness on the performance of the entire machine. Dai et
al. [13] investigated the effect of the width of the single-stage
impeller on the pressure fluctuation in the centrifugal pump based
on experiment and numerical simulation. Considerable literature
has introduced the matching state between the impeller and the
diffuser. Arndt et al. [14] studied the influence of the matching of
the impeller guide vane on the flow field and the performance of
a centrifugal pump. Yang et al. [15] proposed a design method for
the high-efficiency volute cross section of the centrifugal pump
based on the principle of area ratio. However, studies on cantilever
multistage centrifugal pumps remain limited. Based on the area
ratio principle, five different diffusers with different axial widths
are designed in this study to investigate the impeller-diffuser
matching characteristic and the flow in the front pump cavity for
the cantilever multistage centrifugal pump. Computational fluid
dynamics (CFD) is used to explore the effect of the diffuser inlet
width on the internal flow field and the external performance of
the pump. This study could lay a foundation for investigating the
reliability and stability of cantilever multistage centrifugal pumps.

The rest of this paper is organized as follows. Section 2 presents
the five diffusers based on the area ratio principle and the setting
method of numerical calculations on the multistage centrifugal
pumps with different diffusers. Section 3 provides the external
performance and velocity distribution in the different pump mod-
els and obtains the optimal combination of impeller and diffuser.
Section 4 summarizes the results and future research directions.

2. MATERIALS AND METHODS

2.1. MAIN DESIGN PARAMETERS

Figure 1 shows the stainless steel cantilever multistage cen-
trifugal pump with the following basic design parameters as fol-
lows in Table |, and the real pump model is shown in Fig. 1.

2.2. DESIGN OF MATCHING SCHEME BETWEEN IMPELLER
BLADE AND DIFFUSER BASED ON AREA RATIO PRINCIPLE

The diffuser is designed with a continuous entire flow pas-
sage from the positive diffuser to the return diffuser. This design is
equipped with several flow channels from the inlet of the positive
diffuser to the outlet of the return diffuser, with an interference-
free characteristic among the flow channels. The flow of this type
of diffuser is smoother and the hydraulic performance is better
than those of the radial diffuser. The main geometric parameters
of the positive diffuser can be seenin Table I, and based on the
area ratio principle of centrifugal pump, the area ratio coefficient
of the cantilever multistage centrifugal pump is defined as follow

Fig. 2: Flow channel and axial position of diffuser
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Fig. 1: Assembly diagram of cantilever multistage centrifugal pump as follows:
1. Inlet pipeline; 2. Air-water mixture cavity; 3. Self-priming plate; 4. Impeller; 5.
Diffuser; 6. Outer hull; 7. Shaft; 8. Air-water separation cavity; 9. Outlet.

Inlet diameter of the Inlet diameter of the

impeller D, (mm) 45 positive diffuser D, (mm) 104
Hub diameter of the 2 Number of the impeller 6
impeller D, (mm) blades Z
Qutlet diameter of the 103 Rated flow Qz (m?/h) 10

impeller D, (mm)
Outlet width of the
impeller blade b, (mm)
Outlet angle of the

10 | Single-stage head H(m) 8

impeller blade B, (* 16 Rotating speed n (r/min) | 2800
Inlet width of the positive ” Efficiency of the pump 56.9
diffuse b, (mm) n (%) )
Width of the throat a Number of the diffuser
3 4.6 12
(mm) blades z

Table I: Basic geometric parameters of the original pump

Y= F, _ Total area of the guide vane inlet (1)
F, Total area of the impeller outlet

F, =zD,b, tan 3, (2)

F, = za;b, @3)

Therefore, the coefficient of cantilever multistage pump area
ratio is
,:3 ZaSbS

Y=2=—233 4
F, zD,b,tanp, @

According to Equation (4), if the impeller parameters, the
number of positive diffuser z, and the width of the throat a, are
determined, then the area ratio coefficient Y'is proportional to the
inlet width b,.
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The preliminary parameters for the diffuser of the cantilever
multistage centrifugal pump are shown in Figure 1. The same im-
peller is matched with the positive diffusers with varying inlet
widths (namely, different area ratios) to study and solve the nega-
tive effect on the pump performance caused by the axial displace-
ment of the impeller and diffuser and to reduce the possible effect
of grinding, vibration, and noise. Then, the numerical calculation
method is used to determine the optimal matching relationship.
When the model is assembled, the inlet width b3 of the positive
diffuser is set as 9, 10, 11, 12, and 13 mm, and each setting is
matched with the same impeller with outlet width b,=70 mm,
through which the axial size of the back pump cavity formed by
the position of the impeller hub and diffuser remains unchanged.
The axial size of the front pump cavity b, changes with the dif-
fuser inlet width b3 (see Figure 2), and the area ratio Y changes
correspondingly.

2.3. MODEL ESTABLISHMENT

Multistage centrifugal pumps are more complicated than sin-
gle-stage centrifugal pumps. The swirling of the inlet flow of the
impellers, except for the first one, is caused by the outlet flow of
diffusers. Moreover, the efficiency of the first stage differs signifi-
cantly from that of other stages. The number of stages should be
determined first to improve the calculation accuracy. In the can-
tilever multistage pump in this study, b, and b, are set as b, = 10
mm, b, = 11 mm and the pumps for the first four stages are simu-

Efficiency of the first stage 59.59% | 60.09 | 5998 | 5902
pump (%)

Efficiency of the second stage 5758 5754 | 57.61
pump (%)

Efficiency of the third stage 57.88 57.76
pump (%)

Efficiency of the fourth stage 5791
pump (%)

Total efficiency (%) 55.66 | 56.97 57.43 57.36

Table II: Efficiency comparison of different stages

Inlet section- Front ring. Pump cavity.

e

Impeller. Guide vane. Outlet section-

Fig. 3: Calculation model of a two-stage pump

Inlet surface Inlet section

a
Fig. 4: Structured mesh of fluid entire flow field. (a) Entire domain. (b) Diffuser domain. (c) Impeller domain
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lated numerically under the design condition. The results of the
simulations for the efficiency at each stage are shown in Table II.

Table Il shows that the efficiency of the first stage is rela-
tively large, whereas the efficiency of the second stage is near
that of the later stages, which verifies that the flow is irrotational
in the first stage but rotational in the other stages. In consider-
ation of the computer resource requirement, which increases with
an increase in the stage number, the entire flow field model for
two stages is established for this study, and the second-stage ef-
ficiency is used to predict the performance value. As shown in
Figure 3, the entire flow field domain with two stages is modeled
using Creo 2.0 software. The inlet and outlet sections of the water
domain are extended properly to avoid the backflow phenomenon
in the inlet and outlet.

2.4. MESH GENERATION

To generate a high-quality structured mesh for the water body,
ICEM software is used and the mesh near the boundary layer is
refined. As shown in Fig. 4, the calculation domain consists of
six parts, namely, inlet section, mouth ring, impeller, pump cav-
ity, diffuser, and outlet section. The mesh quality directly affects
the calculation accuracy. Compared with the unstructured mesh,
the structured mesh has better quality and is faster to generate,
thereby increasing the calculation accuracy and reducing the cal-
culation time.

As the calculation results depend on the mesh density and
quality, testing the mesh independence and ensuring the quality
of each flow field to be greater than 0.30 are necessary. Meshes
with four different cell numbers are used for the grid indepen-
dence study. The head values calculated from each case are com-
pared, as shown in Table Ill. Among them, the difference in the
predicted head values between cases A and B is 5.03%, whereas
the deviations in cases B, C, and D are 1.52%, 1.85% and 0.33%

A 0.85 60.76
B 1.86 57.85
c 2.34 56.97
D 3.81 56.78

Table I1I: Inspection of grid independence

respectively. With regard to the calculation time and coordination
accuracy, when the total number of mesh elements is 2,340,000,
the calculation requirements are not met.

2.5. SELECTING THE TURBULENCE MODEL
In this study, numerical calculations were performed with AN-
SYS CFX software, which provides a number of turbulence models.

) (0
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Efficiency 1 (%) 57.28 56.97

59.34

59.57 59.91 55.89

Table IV: Numerical and experimental results with different turbulent models under rated flow condition

Fig. 5: Performance curve of model pumps. (a) H-Q.(b) n-Q

Among the turbulence models, k- and k-w are known to be the
most suitable for the internal flow of rotating machines. There-
fore, five models, i.e., Standard k-, RNG k-g, BSL k-, Standard
k-, and SST k-, were selected, and their results were compared
with the experimental results. Table IV shows that the prediction
by RNG k-€ model is closest to the experimental data; thus, this
model was selected in this study.

2.6. BOUNDARY CONDITION

The mesh generated through ICEM is imported in ANSYS Com-
putational Fluid X (CFX) 14.5 to conduct the solving process. The
inlet and outlet boundary of the calculation domain are the veloc-
ity inlet and free outflow respectively.The surface roughness is set
to 25 pum. The rotating coordinate system is adopted in the flow
field of the impeller, and the rotation speed is 2800 r/min. The
rest of the flow field is set to a stationary coordinate system. As
the impeller of the multistage pump and the flow passage type
diffuser are composed of a curved wall surface, the streamline
has a large bending degree, and the Reynolds stress has obvious
anisotropy. The RNG k-¢ turbulence model comprises the continu-
ity equation and the Navier-Stokes equation that forms a closed
set of equations. With this model, the turbulent fully developed
region can be predicted efficiently. In the calculation, the head
and average static pressure of the inlet and outlet sections of the

Velocity (m/s)

0 m’/h

(b)

multistage pump are monitored. The average residual is calculated
as the convergence criterion, and the residual value is set to 1075,

3. RESULT ANALYSIS AND DISCUSSION

3.1. COMPARISON OF EXTERNAL CHARACTERISTICS

Under the given settings, the five different diffuser models are
simulated by ANSYS CFX. The performance curve of the pump with
different inlet widths of the positive diffuser is obtained, as shown
in Figure 5.

Figure 5(a) exhibits the curve of head and flow rate. Under
the same flow condition, the head of the pump model with b, =
10 mm is the highest, whereas that with b3 = 13 mm is the low-
est. The head first increases and then decreases with the width of
the diffuser varying from 9 mm to 13 mm. From the O.GOSp to the
0-805,; working condition, the head is sensitive to the change in
the inlet width. In particular, when the width increases from 12
mm to 13 mm, the head difference value reaches the maximum
with a value of 0.31 m. From the 1-005,, to the 1-405,, working
condition, the head difference of the model pump is small, and it
decreases with an increase in the flow rate. Therefore, the influ-
ence of the positive diffuser inlet width (namely, the area ratio of
the impeller and the diffuser Y) on the head is reduced gradually
with an increase in the flow rate.

(a)

Fig. 6: Meridian velocity vector and contour. (a) b, = 9 mm. (b) b, = 10 mm. (c) b, = 13 mm
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Figure 5(b) indicates that, with the increase of the diffuser inlet
width, the pump efficiency under rated flow condition and large
flow condition increases first and then decreases, finally reaches
the highest value when b, = 10 mm. However, under the small-flow-
rate condition, the efficiency of the model pump decreases with
an increase in the inlet width. The pump efficiency almost keeps
stable when the diffuser inlet width varies from 9 mm to 12 mm.
By contrast, the pump efficiency decreases rapidly, especially in the
rated condition, when the width exceeds 12 mm. Accordingly, the
width of the diffuser inlet has a strong influence on the pump per-
formance. When the width of the diffuser inlet is different under
the same flow rate, the maximum values of the efficiency differ-
ence and the head difference are 7.53% and 7.70%, respectively.
The preceding discussion indicates that for the multistage centrifu-
gal pump, especially the cantilever multistage pump, the width of
the positive diffuser inlet should be located within a suitable range.

3.2. ANALYSIS OF INTERNAL FLOW CHARACTERISTICS

The reasons for the increase of the head and efficiency when
b, = 10 mm and their rapid decline when b, = 13 mm under the
rated-flow condition are analyzed. Figure 6 presents the meridian
velocity vector diagram and the velocity contour of the transition
zone between the secondary impeller and the diffuser under the
rated-flow condition for b, = 9,10,13 mm. The internal flow of the
diffuser model is relatively reqular, and an obvious low-velocity
zone exists between the impeller outlet and the diffuser inlet.
The diffuser converts the velocity energy into the pressure energy,
which forms a large pressure gradient for the surrounding fluid.
The low-velocity area increases with an increase in the diffuser
inlet width. The velocity vector indicates that within the three
types of inlet width, the impeller internal flow pattern is best in
the model with b, = 10 mm.

When b, = 9 mm, as shown in Figure 6(a), part of the impeller
flow channel outlet is blocked by the limited flow area because
the width of the impeller outlet (10 mm) is larger than that of the
width of the diffuser inlet (9 mm). The capability of flow channel
diffusion is reduced, which leads to an increase of nonuniform
flow in the impeller outlet. In the diffuser inlet, turbulent dissipa-
tion and significant water shock loss occur. A large residual vortex
appears in the region near the suction surface of the middle part
of the impeller. As a result, large hydraulic loss is produced, and
the nonuniformity of the outflow can also have a significant influ-
ence on the pressure pulsation and vibration excitation. When the
diffuser inlet width increases to 13 mm, the head and efficiency
of the model pump decrease rapidly. The main cause of this phe-
nomenon is that the width of the diffuser inlet is higher than that
of the impeller outlet, and the fluid is thrown out and flows into
the diffuser because of the impeller rotation. The velocity in the
diffuser inlet is higher than that in the impeller outlet because of
the area difference of the flow channels. Moreover, the second-
ary backflow is formed between the diffuser and the front pump
cavity, thereby resulting in a large hydraulic loss in the pump, as
shown in Figure 6(c). Given that the pump cavity is filled with flu-
id, when the impeller rotates, a disc friction loss occurs between
the fluid and the cover plate of the impeller. With an increase in
the width b,, the impeller position does not change, thereby re-
sulting in an inevitable increase in b,, which is the clearance of the
front pump cavity between the front cover of the impeller and the
face of the front stage diffuser. The larger the value of b,, the more
fluid is in the pump cavity gap. Therefore, considerable hydraulic
loss occurs in the pump cavity circulation. The efficiency is high
and the head drop of the model pump is fast when b, = 13 mm.
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3.3. FLOW FIELD CHARACTERISTICS OF FRONT PUMP
CAVITY

According to the preceding analysis, the influence of the dif-
fuser inlet width b, on the external characteristics of the multi-
stage centrifugal pump is closely related to the flow characteris-
tics of the fluid in the front pump cavity. Taking the front pump
cavity before the secondary impeller as an example, this paper
discusses the flow characteristics of the fluid in the front of the
pump cavity under different inlet width conditions of the diffuser.
Given space limitations, this section analyzes the flow fields of
the front pump cavity under the rated condition when the diffuser
inlet width b, is 9, 10, and 13 mm.

Velocity (m/s)

-

7.5

y

(@)
Fig. 7: Velocity distribution in front cavity.
(@) b, =9 mm. (b)b, =10 mm. (c) b, = 13 mm

(b)

Affected by the symmetrical flow of diffusers, the velocity dis-
tribution of the fluid that is rotating in front of the pump cavity
is also symmetrical. Figure 7 shows the velocity distribution in the
central axial section of the front pump cavity with different inlet
widths. Under the rated-flow condition, the flow velocity of the
fluid in the front pump cavity first increases and then decreases
along the radial direction. The change is relatively uniform. Ow-
ing to the combined effect of radial leakage flow that exists in
the ring clearance and the rotation of the front cover plate of the
impeller, the value of the pressure gradient and the velocity of the
fluid decrease (the minimum velocity value is up to 1 m/s) at the
position of a larger radius. When b, increases from 9 mm to 10
mm and then to 13 mm, the average velocity of fluid in the front
pump cavity continues to decrease. The absolute velocity when b,
is 13 mm is obviously smaller than that when b, is 9 mm, which
indicates that the core rotation zone exists between the rotating
front cover plate and the static wall. The effect of the rotating
front cover plate on the core area decreases with an increase in
the diffuser inlet width.

The circumferential and radial flow characteristics of the fluid
in the front pump cavity are studied; thus, the effect of b, and b,
on the flow characteristics in the front of the pump cavity can
be further discussed. Figures 8 and 9 show the non-dimensional
circumferential velocity and the non-dimensional radial veloc-
ity distribution of the monitoring points that are located in the
three circles on the velocity distribution photos of the front pump
cavity with radii of 0.6, 0.8, and 1.0 R along the axial direction,
respectively. The non-dimensional circumferential velocity repre-
sents the ratio of circumference velocity component v, against
the impeller rotational velocity w, at the monitoring point. The
non-dimensional radial velocity component represents the ratio
of the radial velocity v against the impeller rotational velocity w,
at the monitoring point. S represents the distance between the
monitoring point and the static wall surface, & is the thickness of
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the front pump cavity, and Ris the radius of the impeller. The fluid
flow in the front pump cavity is axially symmetric; thus, any of the
axial sections in the pump cavity could be selected.

Figures 8(a) to 8(d) illustrate that the front pump cavity has a
core flow region where the non-dimensional circumferential ve-
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locity is almost unchanged under the rated-flow condition. The
comparison of three kinds of inlet width shows that with the in-
crease of the pump cavity thickness, the axial length of the core
flow region increases, and the core region becomes closer to the
static wall of the diffuser. Furthermore, the non-dimensional cir-
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0.0 . . .
0.0 02 04 06 0.8 1.0
slé
(b)
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Fig. 8: Axial distribution of circumferential velocity. (a) 0.8 R. (b) b, = 9 mm. (c) b, = 10 mm. (d) b,= 13 mm
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Fig. 9: Axial distribution of radial velocity. (a) 0.8 R. (b) b, = 9 mm. (c) b, = 10 mm. (d) b, = 13 mm
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cumferential velocity is larger near the shroud of the impeller, and
the non-dimensional circumferential velocity is small where it is
close to the static wall. In the same axial section, with an increase
in r/R, the dimensionless circumferential velocity of the core re-
gion decreases gradually. In the core area where the diameter is 0.6
R, the non-dimensionless circumferential velocity is larger with a
value of almost 1. According to the analysis, such a phenomenon
is mainly caused by the leakage flow of the ring clearance. When
the high-energy fluid flows from the impeller outlet to the front
of the pump cavity, the fluid with a higher velocity transfers the
energy to the fluid where the position is at a small radius because
of the viscous force effect. Figure 8(a) also shows that when b,=9
mm or 10 mm, the difference in the non-dimensional circumfer-
ential velocity component is small at 0.8 R. When b, increases to
13 mm, the non-dimensional circumferential velocity decreases
significantly, because the increase in the pump cavity axial clear-
ance weakens the mutual interference of the core area flow and
boundary layer flow.

The non-dimensional radial velocity distribution of the diffuser
with different inlet widths along the axial direction at a radius of
0.8 Ris shown in Figure 9(a). A core flow area remains in the pump
cavity, but the general trend decreases. As shown in Figures 9(b) to
9(d), at the same radial position in the pump cavity with different
axial widths, the non-dimensional radial velocity along the axial
direction first decreases and then increases gradually after reach-
ing the minimum value. Thereafter, the value stabilizes at approxi-
mately O because the pump cavity flow is mainly composed of the
core area flow and boundary layer flow. The fluid near the rotating
impeller front cover is influenced by the “pump capacity” of the
rotary impeller cover. Given that the centrifugal force overcomes
the force caused by the radial pressure difference, the fluid flows
to the outer diameter. Nevertheless, the radial velocity component
is smaller than the absolute velocity of the cover plate that leads
to a small non-dimensional radial velocity in the impeller front
cover wall surface.
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Fig. 10: Schematic diagram of the test rig: 1. Pool 2. Inlet control valve 3.
Inlet pressure transmitter 4. Pump 5. Outlet pressure transmitters 6. Turbine

flowmeter 7. Flow control valve 8. Motor
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At the side close to the static wall, the angular velocity pro-
duced by the fluid is too small to overcome the radial pressure
difference induced by the ring leakage. Consequently, a negative
non-dimensional radial velocity exists near the wall surface. With
an increase in the axial clearance of the pump cavity, the absolute
value of the non-dimensional radial velocity decreases. When the
width of b, is 13 mm, the minimum value is 0.26. The radial veloc-
ity of the fluid in the core region is relatively small in relation to
the boundary layer, and no radial flow basically exists. When b, is
13 mm and r/R=1.0, the dimensionless radial velocity in the same
position is obviously different from that when b, is 9 or 10 mm, in-
dicating that the non-uniform distribution of the radial flow field
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velocity appears at the outer diameter when the diffuser inlet is
larger than the impeller outlet width.

3.4. EXPERIMENTAL VERIFICATION OF PUMP MODELS

Two groups of pump model with the diffuser width of b, = 11
mm (original model) and b, = 10 mm (optimal model) are convert-
ed into a prototype to verify the actual reliability of the numerical
calculation. The simulations were performed at five flow points
(Q=1.65,2.64, 3.3, 3.96, 5.4 m3/h). At the same time, the hydrau-
lic models were shown to a pump company in Fujian Province, and
a five-stage centrifugal pump was manufactured. Then, the pump
was sent to the National Water Pump and System Engineering
Technology Research Center of Jiangsu University for performance
testing. As shown in Figure 10, the test rig is an open-type system,
which is composed of two parts—acquisition and water circula-
tion systems. A turbine flowmeter was used to measure the flow
rate Q with a precision of £0.3%. The pump speed n was mea-
sured by a tachometer (PROVA RM-1500, Taiwan) with a preci-
sion of +0.04%. During the experiment, two pressure transmitters
(CYG1401, China) with a precision of +0.2% were used to measure
the inlet and outlet pressures.

The comparisons between the numerical and experimental re-
sults are presented in Figure 11. The efficiency curves of the nu-
merical and experimental results are nearly the same in the trend.
Under the rated flow condition and large flow rate conditions, the
numerical and experimental values present an insignificant differ-
ence and have a good agreement. The error under the rated-flow
condition is within 3%. Under the small flow condition, the cal-
culated value is significantly higher than the experimental values,
and their error is large. According to the analysis, given that the
pump operates under the small-flow-rate condition, flow separa-
tion and shock phenomenon are prone to appear in the flow com-
ponents and result in large hydraulic loss, but the error is less than
3%. Thus, the numerical prediction has relatively high accuracy.
The results show that the performances of the pump can be cred-
ibly predicted using CFD through the entire calculation model and
appropriate numerical setting method.
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Fig. 11: Comparisons between the numerical and experimental results

4. CONCLUSIONS
In this study, five groups of three-dimensional CFD simula-
tions are conducted to analyze the effect of axial errors between
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the impeller and the diffuser on the external characteristics and
the internal flow of a cantilever multistage centrifugal pump. The
conclusions drawn from this study are as follows:

(1) The diffuser inlet width that is smaller than the impeller
outlet width results in a low pump head. With an increase
in the diffuser inlet width, the efficiency increases under
the small-flow-rate condition but decreases under the
large-flow-rate condition. By contrast, the head and effi-
ciency decrease with an increase in the diffuser inlet width,
and the decreasing rate becomes significant when the dif-
fuser inlet width increases to 13 mm.

(2) The low-velocity zone exists in the transition section from
the impeller to the diffuser in the different models. The
low-velocity zone is more obvious in the diffusers with a
larger inlet width. When the diffuser inlet width is small,
the trapped vortex appears in the impeller center near the
suction surface area. The secondary back flow forms easily
between the diffuser and the pump cavity in the models
with a large inlet width.

(3) The flow field in the front pump cavity is symmetric, and
the core area and the turbulent boundary layer exist in the
middle of the pump cavity. The boundary layer of the tur-
bulent flow is strongly affected by the leakage of the front
ring. With an increase in the diffuser inlet width, the turbu-
lence boundary has a weaker effect on the core flow region.

(4) The accumulated errors from the design and the manufac-
ture may make the impellers and diffusers deviate from the
optimal axial position, which may lead to performance re-
duction of the pump. Firstly, the diffuser inlet width should
not be smaller than the impeller outlet width so that the
pump performance keeps stable. Secondly, it's best to make
the central plane of the impeller coincide with that of the
positive diffuser to keep a high efficiency. Thirdly, it's very
necessary to check the axial position of the impeller before
running.

This paper only presents the experimental results of the op-
timal pump model. In the next step, different numerical models
should be processed with the real experimental models to verify
the accuracy of numerical calculations completely. Moreover, vor-
tex distribution, as an important flow characteristic in the pump,
should be considered in future studies.
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