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Abstract 

Due to the lack of understanding in the flow mechanism of the hub plate crown, the current calculation of the disc 
friction loss and the axial thrust in the centrifugal pump often uses empirical formulas. Research on the flow charac‑
teristics of the hub plate crown is of practical significance. The shroud and hub cavities are respectively studied with 
regard to tangential and radial velocities at the four different angular positions (0°, 90°, 180°, and 270°) at the four 
different operational points (0.6Qsp, 0.8Qsp, 1.0Qsp, and 1.2Qsp). Results indicate that at the same operational point, the 
smaller the volute chamber sectional area is, the higher the tangential velocity of the fluid core zone of the shroud 
cavity is. Radial leakage flow from the volute to the seal ring at the same operational point appears in 0° and 90° direc‑
tion; when the flow is large, the tangential and radial velocities of the shroud and hub cavities with the same radius 
tend to be equal with axial symmetry. The axial leakage flow through the balance holes significantly affects the radial 
distribution of both tangential and radial velocities of fluid flow in the hub cavity. The numerical calculation results of 
fluid leakage through the clearance of back sealing ring are in good agreement with the test results. Accordingly, the 
magnitude of leakage is closely related to the fluid pressure and velocity distribution in the hub plate crown of the 
centrifugal pump. The analysis of the flow characteristics in the hub plate crown of the centrifugal pump could reveal 
the cause of the disc friction loss from the mechanism, providing a significant guidance for improving the accuracy of 
calculation and balancing the axial thrust in the centrifugal pump.
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1 Introduction
In an impeller with balance holes of the double-sealing 
ring structure in a centrifugal pump, the hub plate crown 
of the impeller is divided into a shroud cavity and a hub 
cavity by the sealing ring. The calculation of round disk 
friction loss and axial thrust is closely related to the 
flow in the hub plate crown. Research on the shroud 
cavity, hub cavity, and sealing ring leakage has revealed 
the mechanism of the internal round disk friction loss 
and axial thrust of the centrifugal pump. Yang et  al. [1] 
pointed out that disc friction loss calculated by the con-
ventional method would produce more errors since it 

only considered the friction torque of the impeller at its 
periphery but ignored the major part at the hub plate 
crown and sealing ring. In the derivation of the axial 
thrust calculation formula, under the assumption that no 
fluid leakage flow exists in the hub plate crown and the 
fluid rotational angular velocity within the shroud cav-
ity is half of the impeller rotational angular velocity, no 
rotating motion of the hub cavity fluid exists within the 
sealing ring [2–4]. Salvadori et al. [5] pointed out that the 
cavity flow behavior is a key parameter for the pressure 
field evaluation and then for the thrust calculation. Over 
the pump operating range the main contribution to the 
axial thrust is due to the impellers flow fields, the leakage 
flows through sealing rings and the pressure distribution 
that occurs inside the cavities between impeller shrouds 
and pump stationary walls. Test results on disk friction 
loss or axial thrust calculated in terms of the theoretical 
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formula in fluid flow velocity in the shroud cavity did not 
match the results of practical tests [6]. To calculate the 
axial thrust of centrifugal pump with higher accuracy, 
Liu et  al. [7, 8] developed a mathematical model of the 
shroud cavity liquid pressure on the design condition by 
simplifying the Navier–Stokes equations for the move-
ment of cavity fluid. The results of liquid pressure test 
verified the reliability of the model. The study of Mu et al. 
[9] showed that the pump clearance leakage flow has sig-
nificant influence on the flow field in the hub plate crown. 
The angular velocity of the fluid in the back shroud cav-
ity is less than 0.5 times the angular velocity of impeller. 
Besides, compared with the experiment result, the axial 
thrust was found underestimated by the conventional 
formula. Research has shown that both cavities velocity 
field in the shroud and hub and the axial changing laws 
in the centrifugal pump are similar to the velocity field in 
the enclosed cylinder body [10–12]. That is, in the fluid 
flow velocity of the shroud and hub cavities, a turbulent 
boundary layer exists near the outer wall of the rotating 
impeller back shroud. Near the internal wall of the fixed 
motionless pump shroud, a flow core zone exists along 
the axial direction without significant changes between 
two boundary layers [13–15]. The flow core zone is the 
main region of fluid within the shroud and hub cavities. 
It occupies over two-thirds of the axial distance, whereby 
the fluid flow conditions within the shroud and hub cavi-
ties can be reflected.

The fluid within the flow core zone of the hub plate 
crown of a centrifugal pump was regarded as the research 
object in this study. Based on a comparative analysis of 
the numerical results on pump performance and the 
test results, investigations were conducted on the flow 
of the hub plate crown at the 0.6Qsp, 0.8Qsp, 1.0Qsp, and 
1.2Qsp operational points to map the axial center fluid of 
the back shroud and hub cavities and the radial distribu-
tion curves of dimensionless tangential and radial veloci-
ties at the four different angular positions (0°, 90°, 180°, 
and 270°). The study was also aimed to analyze the radial 
distribution of the dimensionless tangential and radial 
velocities of the flow field in the back shroud and hub 
cavities. The test results of back sealing ring leakage of 
clearance are utilized to verify the accuracy and feasibil-
ity of the numerical research (Additional file 1).

2  Research Models and Calculation Method
2.1  Research Models
The main parameters of the centrifugal pump are as fol-
lows: flow rate Qsp = 200 m3/h, head H = 32 m, efficiency 
η = 81%, rotational speed n = 1450 r/min, impeller outer 
diameter D = 325  mm, sealing ring radial clearance 
b = 0.22  mm, back sealing ring diameter Dm = 165  mm, 
back sealing ring length L = 18  mm, impeller hub 

diameter Dh = 60 mm, balance hole diameter d = 8 mm, 
and the number of balance holes and blades is six. A dia-
gram of the back shroud cavity, hub cavity, and back seal-
ing ring is shown in Figure 1.

Pro/E software was utilized to establish a complete 
geometric model of the flow channel. A section of the 
auxiliary computing domain was added to the impeller 
inlet and volute outlet to ensure that the outflow is fully 
developed and to erect it into a 3D model, as shown in 
Figure 2.

The back shroud cavity, the sealing ring clearance and 
the hub cavity are divided by structural grid in physical 
model of the centrifugal pump. The others are divided by 
nonstructural grid in the model. The structural grid clas-
sification pattern was adopted to improve the grid unit 
flow resolution. Grid independence test is presented, as 
shown in Figure  3. It can be noted that when the total 
number of elements are larger than 1.94 × 106, the effi-
ciency do not significantly change. The numbers of ele-
ments are as follows: back shroud cavity is 8.81 × 105, 
hub cavity is 3.41 × 105, back sealing ring clearance is 
2.29 × 104, and the total number of elements is 1.94 × 106. 
The distortion rate of all grid of the model is less than 
89.36%.

2.2  Calculation Method
Clean water was selected as the medium in the pump. 
The interfaces are created on impeller, volute, shroud cav-
ity, sealing ring clearance, hub cavity, and balance holes 

Figure 1 Schematic diagrams of the computational model
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with connection to the corresponding faces. Data can be 
effectively transmitted between different grid interfaces 
in the model. It forms circulating flow inside the pump. 
Boundary conditions were set as follows: the pump inlet 
was set as the velocity entrance without swirl flow, and 
the pump outlet was set as the free outflow pattern. No-
slip condition was applied to the solid wall surfaces of the 
blade and volute, the wall function method was utilized 
to deal with the near-wall turbulence flow [16–18]. Given 
that the working medium in the centrifugal pump is clean 
water, the flow in the pump is incompressible turbulent 
flow with constant physical properties. Accordingly, the 

RNG k–ε turbulence model was adopted, and a SIMPLEC 
algorithm was used to deal with the coupling between 
pressure and velocity [19–21]. Difference schemes were 
set as follows: the pressure sub-relaxation item is in the 
standard format, and the momentum sub-relaxation 
item, turbulent energy sub-relaxation item, turbulent 
energy dissipation sub-relaxation item, and turbulent 
energy dissipation rate are all Second-order Upwind Dif-
ference Scheme dispersion difference equations [22, 23]. 
Hence, numerical simulation can be conducted with 
FLUENT software. The impeller cover is set rotating wall 
in the hub plate crown, as shown in Figure 4.

3  Numerical Method Validation
3.1  Performance Qualification
The three-dimensional steady turbulent flow is simulated 
through the whole flow passage of the model. To ensure 
the reliability of the numerical calculation, the numerical 
simulation results were compared with the test results in 

Figure 2 Geometric model
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Figure 3 Grid independent verification

Figure 4 Velocity distribution of rotating wall of the impeller cover in 
the hub plate crown (m/s)
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terms of pump head and efficiency performance curves, 
as shown in Figure 5.

Figure  5 shows that under the operational conditions 
of volumetric flow rate ranging from 0.6Qsp to 1.2Qsp, the 
relative errors of the numerical and test results on head 
and efficiency are within 2.98% and 2.88%, respectively. 
The numerical simulation results on pump performance 
closely match the test results.

3.2  Verification of Leakage in the Back Sealing Ring
Given that the back sealing ring clearance can provide a 
break between the back shroud cavity and the hub cav-
ity, a pressure difference exists between the back shroud 
cavity and the hub cavity. This difference could cause the 
fluid to leak from the high-pressure side to the low-pres-
sure side through the back sealing ring clearance. Hence, 
the leakage of the back sealing ring clearance can reflect 
the side fluid pressure and its velocity distribution condi-
tions in the back shroud to some extent. The fluid pres-
sure difference before and after the sealing ring as well as 
continuity equation for the leakage flow are used in the 
traditional calculation method of leakage through the 
clearance of sealing ring to calculate the leakage [4]. In 
Ref. [24], the fluid leakage behavior test through the back 
sealing ring clearance was conducted on an enclosed test 
bed of pump. The procedure of combining pressure in 
the internal testing measure shroud cavity (r1 = 110 mm) 
and in the internal hub cavity (r2 = 62 mm) with the the-
oretical formula was adopted to calculate the leakage of 
the back sealing ring clearance in the centrifugal pump. 
A 1151-type Smart  Pressure  Transmitter was used to 
measure the pressure in the shroud and hub cavities. An 
LWGY-DN150-type Intelligent Turbine Flowmeter was 
utilized to determine the pump flow and display the real-
time flow. The measurement error was less than 0.5%. 
The measuring pattern of pressure designed is shown in 
Figure 6.

Fluid leakage qv in the back sealing ring is as follows 
[24]:

Flow coefficient ψ in the sealing ring is as follows:

The fore-and-aft pressure difference (∆H) in the back 
sealing ring is as follows:

where p1
/

ρg is measured value at radius r1 of the shroud 
cavity, m; p2

/

ρg is measured value at radius r2 of the 
hub cavity, m; ξ is the shape coefficient, ξ = 0.28; λ is the 
resistance coefficient, λ = 0.05.

In the working zone of the flow rate ranging from 
0.6Qsp to 1.2Qsp, numerical calculation can provide the 
fluid leakage through the clearance of the back sealing 
ring. The clearance fluid leakage in the back sealing ring 
can be converted into dimensionless coefficient q̄v , indi-
cating that it occupies a percentage in the flow rate, Q, at 
an operational point. At the same time, the flow rate Q at 
an operational point can be converted into a dimension-
less coefficient Q̄ , which is the ratio of Q to flow rate Qsp 
at the design operational point.

(1)qv = ψDmπb
√

2g�H .

(2)ψ =
1

√

1+ 0.5ξ +
�L
2b

.

(3)�H =
p1

ρg
−

p2

ρg
,

(4)q̄v =
qv

Q
× 100%,

(5)Q̄ =
Q

Qsp
.
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Figure 5 Performance curves of the centrifugal pump

Figure 6 Sketch of fore‑and‑aft pressure test in the back sealing ring
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Thus, q̄v = f
(

Q̄
)

 relation curves can be obtained, as 
shown in Figure 7.

Figure 7 shows that the leakage rate obtained by numer-
ical calculation is in agreement with that obtained by test 
deduction in terms of the changing tendency. When the 
flow rate increases, the pump head decreases, leading to 
a reduction of both the pressure difference at the inlet 
and outlet of the back sealing ring and the fluid leakage 
rate through the clearance. Given that the effect on vor-
tex flow and fluid viscosity is neglected in the theoreti-
cal calculation formula, the results obtained by numerical 
calculation in the same flow operational point are always 
larger than those obtained by test deduction. However, 
the relative difference value remains basically unchanged. 
The relative difference between dimensionless simulation 
leakage rate and dimensionless test leakage rate is 0.19% 
in the flow rate, 1.0Qsp, at the design operational point. 
For this reason, the numerical calculation results are in 
accordance with the test deduction results, thus proving 
that the research results of this study are accurate, and 
the numerical calculation method is feasible.

3.3  Analysis of Leakage Flow in the Hub Plate Crown
The fluid flow in the back shroud and hub cavities is simi-
lar to the fluid in the closed cylinder body, mainly con-
sisting of radial pressure difference flow and tangential 
shearing flow, which can be considered as 2D viscous 
laminar flow [11–13]. At the same radial position or loca-
tion, the fluid in the flow core zone does not undergo 
much change along the axial direction. The fluid radial 
flow behavior in the hub plate crown is formed because 
of the large kinetic energy at outlet of the impeller; the 
fluid flows into the back shroud cavity through the volute. 
In Ref. [25], the flow rate ranging from 0.6Qsp to 1.2Qsp, 
numerical and experimental results of static pressure 

are compared to verify the reliability of the numeri-
cal method in the back shroud cavity of the centrifugal 
pump. Under the action of radial pressure difference, the 
fluid flows from the back shroud cavity through the back 
sealing ring clearance into the hub cavity, leading to an 
increase in pressure potential energy of the fluid in the 
hub cavity. The fluid flows again through balance holes 
into the impeller. The leakage flow conditions in the hub 
plate crown are shown in Figure 8.

To verify the above argument, the fluid in the axial 
center position of the back shroud and hub cavities was 
regarded as the research object. Under the four opera-
tional conditions of 0.6Qsp, 0.8Qsp, 1.0Qsp, and 1.2Qsp, a 
detailed analysis was conducted on the radial distribution 
of the tangential and radial velocities in the back shroud 
cavity and the hub cavity at four different angular posi-
tions (0°, 90°, 180°, and 270°), thereby revealing the fluid 
flow behaviors in the back shroud and hub cavities.

For a convenient analysis, dimensionless tangential 
velocity v̄u(v̄u = vu

/

ωr) , dimensionless radial velocity 
v̄r(v̄r = vr

/

ωr) , and dimensionless radial length coeffi-
cient r̄(r̄ = 2r

/

D) were introduced, where vu is the fluid 
tangential velocity at the measuring point, vr is the fluid 
radial velocity at the measuring point, ω is the impel-
ler rotational angular velocity, and r is the radius at the 
measuring point.

4  Calculation Results and Analysis
4.1  Velocity Distribution in the Back Shroud Cavity
Given that little axial change occurred in the fluid of the 
flow core zone, the pump with 0.6Qsp, 0.8Qsp, 1.0Qsp, 
and 1.2Qsp operational points was considered to analyze 
the distribution of fluid field. The cloud chart of velocity 
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Figure 7 Comparison of the clearance fluid leakage rate in the back 
sealing ring

Figure 8 Sketch of the leakage flow of the hub plate crown in the 
centrifugal pump
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distribution in an axial center cross section of the back 
shroud cavity is shown in Figure 9.

Figure 9 shows that the fluid velocity in the shroud cav-
ity is obviously subject to the effect of the main flow in 
the volute. Complicated tangential and radial changes in 
velocity occur without axial symmetry. When the flow 
increases from 0.6Qsp to 1.2Qsp, the flow velocity in the 
high-speed zone near the volute tongue in the shroud 
cavity decreases, but the flow velocity in the low-speed 
zone near the sealing ring increases. Under the tangential 
and radial velocity of the fluid in the back shroud cavity, 
the fluid in the back shroud cavity at the four different 
angular positions (0°, 90°, 180°, and 270°) dimensionless 
tangential and radial velocity distribution can be mapped 
into curves, as shown in Figures 10 and 11.

Figures  10 and 11 indicate that in the same condi-
tion, a large difference in the radial distribution exists 
in the angles of 0°, 90°, 180°, and 270° of the dimension-
less tangential and radial velocities. The fluid in the flow 
core zone is in the circumference with the same radius, 
such that a significant change in the tangential and radial 
velocities occurs; however, near the volute, tangential and 
radial velocities are obviously subject to the constraint 
function of the main flow in the volute. Accordingly, the 
obtained value tends to be in agreement with an increase 
in radius. In the flow rate ranging from 0.6Qsp to 1.2Qsp, 

Figure 9 Velocity distribution in the back shroud cavity (m/s)
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the back shroud cavity
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the larger the flow is, the more nearly equal the magni-
tude of dimensionless tangential and radial velocities with 
the four angles tends to become. Above the degree of 0°, 
v̄u increases with an increase in radius. The larger the flow 
becomes, the larger v̄u is; however, v̄r is smaller than zero. 
That is, the fluid flows from the volute to the sealing ring. 
Above the degree of 90°, v̄u decreases with an increase in 
radius, and the flow becomes large. v̄u is small, but v̄r is 
always smaller than zero, that is, the fluid flows from the 
volute to the sealing ring. Above the degree of 180°, v̄u is 
small with the change in the radius and flow rate. Mean-
while, v̄u is always larger than 0.5, and v̄r is always larger 
than zero. At the same radius, v̄r becomes small with an 
increase in flow, that is, the fluid flows from the sealing 
ring to the volute. The larger the flow is, the smaller v̄r 
is. Above the degree of 270°, v̄u increases in radius. The 
larger the flow rate is, the larger v̄u is. However, v̄r is 
always close to zero, that is, the fluid is approximately still 
along the radial direction. The above phenomena are due 
to the fact that the high-energy fluid in the impeller out-
let flows into the back shroud cavity through the volute. 
The high-energy fluid in the impeller outlet continues to 
transfer energy to the low-energy fluid in the back shroud 
cavity with an inner radius. The cross-sectional area of 
the volute cross section with 90° angle direction is small, 
and the energy obtained in the inner radius increases 
rapidly. However, the radial pressure difference increases 
with increased dynamic energy. The cross-sectional area 
of the volute cross section with 0° angle direction is large, 
but the radial pressure difference is small. The fluid in the 
inner radius has less dynamic energy. Hence, the larger 
the cross-sectional area of the volute cross section is, 
the smaller the v̄u of the fluid in the back shroud cavity 
is. The v̄r radial distribution condition illustrates that the 
existence of 0° and 90° fluid in the core zone of the back 
shroud cavity signifies a radial flow from the volute to the 
sealing ring, that is, leakage flow exists. An increase in 
flow operation and in the main fluid flowing in the volute 
may exert a significant impact on the fluid flowing in the 
shroud cavity; therefore, the value of tangential and radial 
velocities tends to be in agreement. The main flow direc-
tion is also agreement with Figure 8.

4.2  Velocity Distribution in the Hub Cavity
Equally, the cloud chart of fluid flow velocity distribution 
in an axial center cross section of the hub cavity is cut off, 
as shown in Figure 12.

Figure 12 shows that the fluid velocity in the hub cav-
ity increases with an increase in flow rate ranging from 
0.6Qsp to 1.2Qsp. At the 0.6Qsp and 0.8Qsp small-flow 
operational points, a high-speed vortex flow zone exists 
near the inner radius in the hub cavity owing to the 
common influence of the hub rotational movement and 
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the axial leakage flow in the balance holes. At the 1.2Qsp 
large-flow operational point, the fluid flow velocity in 
the hub cavity exhibits the changing trend of increas-
ing first and then decreasing with an increase in radius. 
At the outer radius of the hub cavity, a large velocity-
increasing zone with an extremely thin velocity gradi-
ent is formed because of the rotational movement of 
the interface of the sealing ring. The curves of the rela-
tionship between fluid tangential and radial velocities 
and radius in the hub cavity axial center are shown in 
Figures 13 and 14.

Figures 13 and 14 indicate that at the same flow oper-
ational points and owing to the rotational movement 
of the sealing ring interface and hub, a radial velocity-
increasing boundary zone is formed at the two ends of 
dimensionless tangential velocity v̄u . Meanwhile, a less-
than-zero zone exists at dimensionless radial velocity v̄r , 
that is, flowing from the sealing ring to the hub. Apart 
from one boundary at the two ends, when r̄ > 0.3, the v̄u of 
the four angles decreases with an increase in radius, and 
v̄r tends to become zero. When r̄ < 0.3, a large difference 
exists in 0°, 90°, 180°, and 270° angles. This is because 
the balance holes are located at the 0.24 to 0.3 radius of 
the impeller. The axial leakage flow through the balance 
hole exerts a certain effect on the tangential velocity dis-
tribution of the hub cavity, leading to an increase of the 
v̄u at radial zone of the balance hole position. The larger 
the flow is, the more obvious the v̄u increase is. The v̄r 

Figure 12 Velocity distribution in the hub cavity (m/s)
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Figure 13 Radial distribution of dimensionless tangential velocity in 
the hub cavity
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distribution in the four angles of 0°, 90°, 180°, and 270° is 
in less agreement than that in the rest of the other zones.

Figures  13 and 14 also show that when the flow rate 
increases from 0.6Qsp to 1.2Qsp, the value of dimension-
less tangential velocity v̄u and dimensionless radial veloc-
ity v̄r at the same angles of 0°, 90°, 180°, and 270° tends 
to be equal. At the 0.6Qsp and 0.8Qsp small-flow opera-
tional points, the hub nearby and balance hole zones v̄u 
and v̄r exhibit a large variation at the angles of 0°, 90°, 
180°, and 270°. When r̄ > 0.3, v̄r tends to be nearly zero, 
thereby illustrating that the hub rotational movement 
and axial leakage flow through the balance hole can 
cause a vortex movement, which in turn exerts a signifi-
cant impact on small flow tangential and radial velocities 
distributed along the circumference. At the 1.0Qsp and 
1.2Qsp operational points, v̄u increases with an increase 
in radius, resulting in velocity reduction near the hub. 
In the balance hole zone, the velocity increases first and 
then decreases. In the process of velocity increase near 
the sealing ring, v̄r always tends to be almost zero. Par-
ticularly at the 1.2Qsp large-flow operational point, the 
distribution of fluid velocity in the hub cavity is of axial 
symmetry.

5  Conclusions
(1) The magnitude of clearance leakage rate in the impel-

ler sealing ring can reflect the flow conditions in the 
hub plate crown and the radial distribution of pres-
sure and velocity in the back shroud and hub cavities 
in the centrifugal pump.

(2) At the same flow operational point, the smaller the 
cross-sectional area of the volute is, the larger the 
fluid tangential velocity of the flow core zone in the 
back shroud cavity is. At angles of 0° and 90°, radial 
leakage flow occurs from the volute to the sealing 
ring.

(3) The main flow in the volute exerts a limited effect on 
the fluid flowing in the shroud cavity. When the flow 
increases from 0.6Qsp to 1.2Qsp, the tangential and 
radial velocities at the position with the same radius 
gradually tend to be equal.

(4) The joint action of hub rotational movement and 
axial leakage flow through the balance hole exerts 
significant effects on the radial distribution of the 
tangential and radial velocities of the fluid flowing in 
the hub cavity. The larger the flow is, the more axial 
symmetry exists in the fluid flow velocity distribution 
in the hub cavity.
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Figure 14 Radial distribution of dimensionless radial velocity in the 
hub cavity
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