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Centrifugal pump often operates at different working flow rates to meet engineering requirement. To better reveal the transient
behavior of centrifugal pump in the process of decreasing flow rate, the finite volume method (FVM), RNG k-¢ turbulence model,
sliding mesh technology, and user-defined functions (UDF) were employed to simulate the three-dimensional unsteady viscous
incompressible flow in a low-specific-speed centrifugal pump during the abrupt valve-off period. The results show that the
differences are very obvious between transient and quasi-steady calculations. The velocity is maximum on the wall of hub and
shroud, while the velocity is minimum and uniform distribution at middle positions. The transient flow field lags behind the quasi-
steady flow field, which may be related to the reasons; namely, kinetic energy cannot convert pressure energy in time.

1. Introduction

Centrifugal pump is widely used, and many scholars at home
and abroad have deeply researched and obtained plentiful
achievements. This research all belongs to stable states;
namely, rotational speed or piping system load is invariable
or has a slight change. So far, most of the research mainly
concentrates on the above region. Except for stable states,
many unstable states are also existent, such as rapid startup,
stopping accident, rapid regulating flow rate, and so forth.
With the development of the application field, for example,
underwater weapon launch, rapid startup of the large pump
station, it is more and more necessary to research transient
behavior.

Tsukamoto and Ohashi studied the transient character-
istics of a centrifugal pump during a rapid starting and
stopping period by theoretical analysis and experimental study
(1, 2]. They think that the impulsive pressure and the lag in
circulation formation around impeller vanes were the main
reasons for the difference between dynamic and quasi-steady
characteristics. Tsukamoto et al. studied the dynamic char-
acteristics of centrifugal pump subject to sinusoidal changes in
rotational speed [3]. The model actually is similar to rotational

speed control by frequency variation. It was found that, with
the increased frequency of rotational speed fluctuations, the
difference between dynamic and quasi-steady characteristics
was more remarkable. Lefebvre and Barker tested four tran-
sient cases of a mixed-flow pump during the acceleration and
deceleration period [4]. Results show the quasi-steady hy-
pothesis in predicting the pump performance is unreliable.
Thanapandi and Prasad tested a volute pump with different
valve openings to study the dynamic behavior of the pump
during normal startup and stopping [5]. The results showed
that the characteristic during the common transient period
was closed to quasi-steady. They also originally analyzed the
dynamic performances using the method of characteristics.
Antoine Dazin et al. presented a method of predicting the
turbomachinery’s transient behavior [6]. Based on the angular
momentum and energy equations, the internal torque, power,
and head could be solved. Results showed that the behavior of
a pump impeller is not only depending on the acceleration rate
and flow rate, as it is usually admitted, but also on velocity
profiles and their evolution during the transient. Tanaka and
Tsukamoto tested the transient behavior of a cavitating cen-
trifugal pump at the sudden opening or closure of the dis-
charge valve and quick starting or stopping of the pump [7-9].
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They found that unsteady pressure, as well as flow rate, is
related to the time-dependent cavitation behavior. Pressure
and flow rate fluctuations were found to occur due to oscil-
lating cavitation or water column separation at rapid transient
operations. Experimental results indicated that transient
phenomena at the opening of discharge valve and pump
starting were quite different from those at the closing of
discharge valve and pump stopping. They introduced a new
unsteady parameter to judge the occurrence of the fluctuating
pressure and flow rate during the transient process. Li et al.
adopted a new dynamic slip region method to simulate the
three-dimensional unsteady incompressible viscous flows in a
centrifugal pump during a rapid starting period [10]. The
pump was included in a pipe system, so boundary conditions
could be omitted. Wang et al. studied the transient behavior of
centrifugal pump and mixed-flow pump during rapid starting
by numerical simulation and experiment [11-15]. They found
the transient behavior is very remarkable. Wu et al. studied the
external transient hydrodynamic performance and the internal
flow mechanism of the centrifugal pump by numerical sim-
ulation and experiment during the discharge valve rapid
opening [16]. What is more, other some important studies also
showed different unsteady flow characteristics in pump or
turbine [17-23]. Zhang et al. studied transient behavior in
prototype centrifugal pump during rapid regulating flow rate
using CFD [24]. Based on the previous study, the flow
characteristics need to be more deeply researched so as to
better reveal transient characteristics.

In the above research, transient behaviors are very obvious.
By far, research about transient behaviors is very limited. In this
paper, the transient behavior in a low-specific-speed centrifugal
pump will be researched during the rapid shutting down valve
period by numerical simulation. In the process of shutting
down valve, the rotational speed is nearly constant, while the
flow rate is a fast variable.

2. Physical Model

In the piping system with centrifugal pump, when the flow
rate is increased by regulating valve, pump head possibly
reaches zero; this is an utmost working point. When the flow
rate is decreased, the pump head possibly reaches the
maximum; this is also an utmost point. In order to analyze
the transient behavior during regulating flow rate, a low-
specific-speed centrifugal pump is used as a calculation
object. The main design parameters are as follows: the flow
rate is 6 m>/h, the head is 8 m, the rotational speed is 1450 r/
min. The suction and discharge diameters of the pump are
50 mm and 40 mm. The inlet and outlet diameters of the
impeller are 48 mm and 160 mm. The inlet and outlet widths
of the impeller are 20 mm and 10 mm. The blade angles at
inlet and outlet are 25°, and the blade number is 5. The grid
in the calculation region could be seen in Figure 1.

3. Numerical Method

3.1. Control Equations. The continuity equation and
Navier-Stokes equations of the three-dimensional unsteady
viscous flow in the centrifugal pump are as follows:
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FiGure 1: Grid of calculation region.
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In order to seal the equations and aim at the Reynolds
stress in the time-mean equation, the turbulence model has
to be adopted to establish a link between the time-mean
valve and pulse value. k-¢ two-equation model is widely
applied. RNG k-¢ turbulence model in the eddy viscosity
models will be adopted in this paper, which has made sure
that it is well suited to the interior flow of the pump and well-
disposed flow of high strain rate and high curve degree [25].
The constraint equations of k and ¢ are as follows:
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where pog =+, i, = pC, (K*/e), Ci, = Cy, = (n(1 = (/n
1+ Br), n = (2E;; - E;)'"” (kle), and E;; = (1/2) ((0w;/9
x;)+ (auj/ax,.)).

The constant values in the model are as follows:
C, =0.0845, o =a, =139, Cy, =142, Cy, = 1.68, 1 =
4.377, and f = 0.012.

3.2. Sliding Mesh. In order to obtain interior flow charac-
teristics, the sliding mesh technology is used, and its
principle is shown in Figure 2. When the calculation domain
is meshed, it is divided into several subdomains. Sliding
mesh technology makes bilateral meshes slide on the in-
terface, and does not require mesh points superposition. But
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FiGure 2: Sliding mesh principle.

bilateral flux must be calculated and make them equal. When
sliding mesh passes datum through an interface, all meshes
are not rebuilt. The calculation model is common control
equations. After iteration in every time step, the whole
rotation domain begins to slide in the light of the appointed
mode and then continues to calculate in the next time step.

3.3. Calculation Method. In order to precisely obtain interior
flow characteristics during regulating flow rate, finite volume
method, sliding mesh technology, and user-defined functions
(UDF) were applied to simulate the three-dimensional un-
steady viscous flow. At inlet, the boundary condition and
initial condition are simultaneously given by UDF. The flow
rate is regulated from the design flow rate to zero; namely, the
valve is shut down, and the flow rate is uniform change. The
regulating time is 0.1 s:

6, t<ty,
Q(t) =4 6-60(t—t,), t,<t<t,+0.1, (3)
0, t>t,+0.1,

where Q(¢t) is the transient flow rate (m’/h). f, is stable
operation time before regulating flow rate.

At outlet, the outflow condition is applied. The as-
sumption is that the flow is completely developed at any
moment; namely, every parameter does not change along the
flow direction:
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No slip boundary condition is adopted on the wall.
Standard wall function is also adopted to dispose the low
Reynolds number problem near the wall region. The one-
order upwind form is adopted to discrete convection term,
the central difference form with two-order accuracy is
adopted to discrete diffusion term, the standard form is also

adopted to discrete source term. The SIMPLE algorithm is
used to couple velocity and pressure. Flow medium is water,
density is 1000 kg/m’, dynamic viscosity is 1.0 x 10~ Pa-s,
and gravity is taken into account. The calculation domain is
meshed by an unstructured grid. The dependence test of the
grid number is also carried out with different grid numbers.
It is found that when the relative error of the predicted head
is less than 2%, the grid number effect can be ignored.
Although the predicted head shows slight rising tendency
with the increase of grid numbers, the evolution tendency of
the flow field remains the same. Meanwhile, the final grid
number is 508 792 so as to keep high calculating efficiency.
The present grid number is insufficient to simulate the
microcosmic flow like in the boundary layer, but it is able to
be used to correctly predict the external performance and
capture the basic flow phenomenon. Subsequently, the grid
quality is checked and the results show that “EquiAngle
Skew” and “EquiSize Skew” of all grids are less than 0.85 and
the corresponding maximum values of y+ on wall surfaces
are within the range of 35; therefore, the grid quality is also
satisfied.

The effect of time step on unsteady numerical results is
studied to validate the independence of time step. Three time
steps, that is, 0.0001379 s, 0.0002069 s, and 0.0004138s, are
used in the simulation. These time steps correspond to 300,
200, and 100 time steps in a revolution, respectively. The
numerical simulation results show that the relative error of
the predicted head is less than 2%; therefore, the compu-
tational time step size was selected as 0.0004138s so as to
save the calculating time. The average Courant number in
the transient simulations is about 3. In software ANSYS-
FLUENT, the default iteration number in a time step is 20.
Actually, this iteration number is insufficient for most of the
calculating projects. In order to ensure convergence, the set
iteration number in a time step should be as more as
possible. In order to save the total calculating time, the set
iteration number should be as less as possible. Therefore,
there are the minimum and maximum loops in each time
step in theory. In the present work, the iteration numbers for
each time step were set to 2000 (the maximum number of
iterations for each time step actually only are about 40) so as
to make ensure of the convergence. During the iterations
process, the convergence history curves for continuity and
momentum equations for each time step were below 0.0001.
The required time to calculate the whole flow is about 45
hours by means of 10 processors in a computer. The reli-
ability of numerical results has been validated in [26].

4. Result Analysis

4.1. Stable Operating State. The velocity distributions at
different sections (r = 72 mm) are shown in Figure 3, wherein
the symbol s stands for the distance from the hub to any
point along the axial direction in the impeller and b indicates
the distance from the hub to shroud along the axial di-
rection. At different positions and different moments, the
regularity of velocity distributions between hub and shroud
are similar; namely, the velocity is maximum on the wall of
hub and shroud, while the velocity is minimum and uniform
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FIGURE 3: Velocity distribution between hub and shroud (r =72 mm). (a) The second section. (b) The fourth section. (c) The sixth section.

distribution at middle positions. The region of stable velocity
mainly concentrates on the region of (0.2 ~ 0.8)b. Viscosity
makes the liquid particle adhere to the wall, so the velocity of
the liquid particle is equal to the rotational velocity of the
wall. In the vicinity of hub and shroud, there are two linear
velocity gradients. Besides the above characteristics, the
difference of velocity distributions also exists at different
positions and different moments. It is seen from Figure 3
that the average velocities are about 9.59, 9.27, 9.70, and
9.54m/s at 0, 0.25, 0.50, and 0.75T at the second section.
Meanwhile, the average velocities at the fourth section are
about 9.03, 9.57, 9.44, and 9.74m/s at 0, 0.25, 0.50, and
0.75T. At four moments and at the sixth section, the average
velocities are about 9.75, 9.55, 9.57, and 9.56 m/s.

The velocity distribution of volute inlet-axial at different
positions and different moments are shown in Figure 4, the
distribution tendency is reverse comparing with the velocity
in the impeller. Viscosity makes the liquid particle adhere to

the wall; therefore, the velocity of the liquid particle is
minimum. The velocity at the middle position is uniform
and minimum. In the vicinity of the wall, there are also two
linear velocity gradients. No remarkable velocity difference
appears at different positions and different moments. It is
seen from Figure 4 that the average velocities are about 7.07,
7.42, 6.78, and 6.82m/s at 0, 0.25, 0.50, and 0.75T at the
second section. Meanwhile, the average velocities at the
fourth section are about 7.31, 7.55, 7.67, and 7.16 m/s at 0,
0.25, 0.50, and 0.75T. At four moments and the sixth
section, the average velocities are about 7.47, 7.56, 7.78, and
7.90 m/s.

4.2. Closing Valve Characteristics. The comparison between
transient process and quasi-steady is shown in Figure 5. It
should be noted that the start time of 0.0s under this
condition is the moment that the working flow rate begins to
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FIGURE 4: Velocity distribution of volute inlet-axial (r=282mm). (a) The second section. (b) The fourth section. (c) The sixth section.

be decreased. As we know, the tongue structure plays an
important role in the internal flow field structure. In this
paper, the position of tongue structure could be clearly seen
in [24]. In quasi-steady calculation, the rotational speed is
unchanged and is still 1450 r/min. According to the user-
defined function, the corresponding flow rate would be
employed to calculate in the quasi-steady. The transient flow
field lags behind the quasi-steady flow field, which may be
related to flow inertia; namely, kinetic energy cannot convert
pressure energy in time. In the process of transient opera-
tion, the backflow region first appears in the middle position
of the pressure side. Then, with the gradual decrease of flow
rate, relative velocity will decrease, the control force of vanes
for fluid will be weakened, and flow separation will be more
obvious. The backflow region gradually increases, and the
eddy center gradually moves towards the impeller outlet. At
the impeller inlet, some backflow regions also appear. This
backflow will cause plentiful hydraulic loss. The tongue

structure makes no backflows in other channels appear. In
the process of quasi-steady calculation, two backflow regions
appear in the same channel, and with the decrease of flow
rate, two backflow regions gradually develop, till full total
channel. The velocity vector in a period is shown in Figure 6.
The results show that, with the gradual decrease of flow rate,
the magnitude of relative velocity also gradually decreases.
The pressure at the pressure side is obviously higher than
that at the suction side. As such, the relative velocity in the
impeller channel would be changed and becomes nonuni-
form. What is more, the rotor-stator interaction between
rotational impeller and stationary volute also plays an im-
portant role in jet-wake flow structures. The jet-wake flow
structures could be clearly seen in Figure 6. The relative
velocity at the pressure side is obviously higher than that at
the suction side. The jet-wake flow structures appear at the
impeller outlet closing with the volute tongue. In other
channels, the relative velocity is uniform, and the jet-wake
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FIGURE 6: Evolution of velocity vector in a period. (a) 0.029s. (b) 0.031s. (c) 0.033s.

flow structure is not very remarkable. With the change of
relative positions between vanes and volute tongue, the jet-
wake flow structure also will be changed. In the super-low-
specific-speed centrifugal pump, splitter blades often are
adopted to weaken the jet-wake flow structure. The calcu-
lation results show that besides splitter blades, the geometry
parameters and the location parameters of the volute tongue
also could be designed to improve the jet-wake flow
structure. Relative to the volute tongue, reverse velocity
vector appears at the middle of the suction side in the
farthest channel; this verifies that backflow region will ap-
pear, which may be related to the oversize setting angle at
inlet and volute tongue effect.

According to the difference of relative positions between
vanes and volute tongue, there are the farthest relative
position and the nearest relative position. The pressure
distribution at the impeller outlet is shown in Figure 7. The
result shows that the distribution regularity is similar. There
are obvious periodic characteristics, and the frequency of
period characteristics is equal to the blade number. With the

gradual decrease of flowrate, the pressures at impeller outlet
gradually increase. This characteristic is consistent with the
change tendency of external performance of centrifugal
pump under target condition. At vanes locations of impeller
outlet, there is minimum pressure.

The distributions of pressure coefficient are shown in
Figure 8 when the closing valve time is, respectively, 0 Ts and
0.1 T. Definition of pressure coefficient is as follows.

P .

Zpug
where u, is circular velocity at impeller outlet. Pressure
coefficients gradually increase with the augment of radius. At
the same radius, the pressure coefficient on pressure sides is
obviously higher than that of suction sides. Action force and
centrifugal force formed by the pressure difference between
the working surface and back surface are consistent with the
rotation direction of the centrifugal pump, which completely
accords with the reality of the centrifugal pump. There are
obvious low-pressure regions at the inlet of suction sides.
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F1GURE 9: The streamline distribution under the shutdown state. (a) 0. (b) 1/2T.

Under cavitation conditions, the cavitation phenomenon  4.3. The Characteristics under Shutdown State. The stream-
will firstly appear at this location. For low rotational speed  line distribution in the centrifugal pump is shown in Figure 9
and high pressure at impeller inlet, the centrifugal pump will ~ under the shutdown state. At this time, no flow rate is
not be cavitated, so it is under a good operation state. transported, the rotation of impeller turns into agitation of



the mixer, so the centrifugal pump becomes a mixer. Agi-
tation action and viscosity action together make plentiful
backflow region appear near the suction side in a centrifugal

pump.

5. Conclusions

The transient behavior of the centrifugal pump is numeri-
cally simulated during regulating flowrate valve-off. The
velocity distribution regularities are completely reverse in
impeller and volute. At the same position, there are slight
differences in velocity distribution for different moments in
the impeller. The transient flow field lags behind the quasi-
steady flow field, which may be related to the reasons;
namely, kinetic energy cannot convert pressure energy in
time. Under shutdown state, centrifugal pump actually
becomes a mixer.

Nomenclature

: Volume flow rate
: Pump head
Rotational speed
Distance from hub
Blade number
Time
Total pressure at blade surface
Density of the fluid
Circumferential velocity.

SRRITTL2ITO

Subscripts
0: Before regulating flow rate
2: Impeller outlet.
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