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Abstract

Numerical simulation of flow characteristics inside a liquid ring vacuum pump is carried out using the
computational fluid dynamics (CFD) to investigate the effects of axial clearance and liquid feed rate on
pump performance. The liquid ring vacuum pump with rotational speed of 2850 rpm was used for the
numerical simulation. The axial clearance of the pump was changed to 0.1 mm, 0.2 mm and 0.3 mm,
and the liquid feed rate was changed to 0.03 kg/s, 0.04 kg/s, and 0.05 kg/s. The results show that the
impeller torque is the minimum when the axial clearance is 0.3 mm and the liquid feed rate is 0.03
kg/s, but the maximum compression pressure is 1.3 times smaller than that of the pump with 0.1 mm
axial clearance and 0.05 kg/s liquid feed rate. The liquid injected through the liquid inlet flows toward
the outlet region with increasing of the liquid feed rate and flows toward the inlet region with
decreasing of liquid feed rate when the axial clearance is constant. And the liquid injected into the
pump inside flows toward the inlet region with increasing of the axial clearance when the liquid feed
rate is constant. The pressure distribution and the impeller torque of the pump are different with the
change of axial clearances and liquid feed rates. The results of the research show that the axial
clearance and the liquid feed rate of liquid ring vacuum pump have a significant influence on the pump
performance.

Keywords: Liquid ring vacuum pump, gas-liquid two-phase, axial clearance, liquid feed rate, pump
performance

Introductions

Liquid ring vacuum (LRV) pumps are widely used in the food, pharmaceutical, coal and
chemical industries to create vacuum. LRV pumps are suitable for the exhaust of
condensable, explosive, or corrosive gases because the exhaust process is isothermal
compression [ 2. However, the efficiency of the LRV pump is generally low and power
consumption is high [3-5]. Many works have been carried out by researchers to increase the
efficiency and reduce power consumption of the pumps. Zhang et al. [ experimentally
verified that the maximum isothermal compression efficiency could be achieved by
automatically adjusting the discharge area of the pump according to the suction pressure.
Yu.V. Rodionov et al. ' designed a pump body structure that the area of the vaneless space
was reduced 36 %, which could reduce the friction of the liquid and save 35 % of the power
consumption. V. I. Teteryukov ! designed the optimized body profile for maximum suction
capacity of the pump, which proved that this structure could increase the suction capacity by
45.7 % and the isothermal compression efficiency by 8.1 %. Researchers have analyzed the
effect of working fluid on pump performance [ 9. Jinshi Li et al. !4 verified that low
working temperature and high flow rate of liquid could reduce unnecessary power
consumption by experiments on the temperature of working liquid. L. Ma et al. *2 claimed
that the proper operation of the LRV pump could reduce the heat generation of the pump and
the power consumption of the pump. U.S. Powle et al. ™% developed automatic control
techniques for heat exchangers to ensure the cooling efficiency and stability of the pump
because the working environment temperature affects the cooling of the pump. The radial
clearance between the impeller and the pump casing has a great influence on the
performance of the pump 04, The pump is affected by manufacturing errors, installation
errors, thermal expansion so that the axial clearance generally is selected within 0.2~1.0 mm.
Renhui Zhang [*%1 analyzed the phase distribution of gas-liquid two-phase flow in the axial
clearance by numerical simulation. The results showed that the gas-liquid two-phase
distribution in the axial clearance affects the efficiency of the pump. However, the effect of
working liquid feed rate was neglected. R.H. Zhang ¢! considered the effect of radial
clearance and blade profile on pump performance.

~134~


https://www.allstudyjournal.com/
https://www.doi.org/10.33545/27068919.2025.v7.i10b.1715

International Journal of Advanced Academic Studies

The researchers made an energy distribution model of the
LRV pump with improved structure and improved
efficiency by reducing the energy loss by reducing the
friction force and the turbulent flow loss.

In this paper, we have performed numerical simulations of
the LRV pump with axial clearance by ANSYS Fluent 19.2,
which liquid injection into the pump body was considered.
First, the gas-liquid two-phase distribution and the pressure
distribution in the axial clearance according to the different
liquid feed rates were discussed when the axial clearance
was constant. Second, the gas-liquid two-phase distribution
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and the pressure distribution in the axial clearance according
to the different axial clearances were discussed when the
liquid feed rate was constant. Lastly, the variation of the
pump impeller torque and compression ratio according to
the different axial clearances and liquid feed rates were
discussed.

2. Numerical simulation by CFD

2.1. Geometric model and computational domain

The model of the LRV pump used in the study is shown in
Fig. 1.

Outlet

Liquid inlet Inlet

Front cover  Port plate ~ Wheel Casing Motor
1 7
/
as

Fig 1: Structure diagram of test LRV pump. (a) Front view of test LRV pump. (b) Left view of test LRV pump.

The whole computational domain is divided into six
regions: wheel, casing, liquid inlet, inlet, outlet, and axial

clearance. The characteristics are shown in Table 1.

Table 1: The basic parameters of the modified LRV pump

Description Value
Radius of pump casing (mm) 89
Axial width of impeller (mm) 50
Impeller diameter (mm) 154
Width of axial clearance (mm) 0.1,0.2,0.3
Radius of hub (mm) 35
Eccentricity (mm) 10
Number of impeller blades 14
Liquid feed rate (kg/s) 0.03,0.04, .0.05
Rotational speed (r/min) 2 850
Wrap angle of impeller blade (°) 9.72
Inlet angle of impeller blade (°) 90
Outlet angle of impeller blade (°) 45
Thickness of the blade (mm) 4

In Fig. 1, the impeller rotates clockwise, and the working
chambers in the crescent space are independent of each
other by liquid ring and blades. When the impeller rotates,
The gas sucked into the working chambers is compressed

and exhausted through the outlet. The axial clearance is
located between the impeller and the port plate. The
computational domain is shown in Fig. 2.

Outlet

Liquid inlet

Wheel Inlet

Casing

Axial clearance
)

Fig 2: Computational domain of the LRV pump. (a) Front view of computational domain. (b) Left view of computational domain.
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2.2. CFD model

2.2.1. Gas-liquid two-phase flow model

The fluid flow inside the LRV pump is gas-liquid two-phase
flow. When the impeller rotates, the liquid forms a liquid
ring with a shape similar to the pump casing under the
action of centrifugal force, so that a crescent-shaped gas
space and a free interface between the gas and the liquid
ring are created in the inner space of the casing. VOF model
is used to model multi-phase flow. The VOF model is more
accurate in free-boundary processing than other multiphase
flow models [17-20]. In the VOF model, the volume

fraction variable ay (aV < [0’1]) is defined for each fluid

in each computational cell. If a, is equal to 1, the
computational element is completely filled with specified

fluid, and if %y is equal to O, it means that one fluid is
empty and the another fluid is filled in the computational

cell. If O<a, <1, It means that the free boundary of the

two-phase flow exists in the computational cell. The transfer
equation of the fluid volume fraction in a gas-liquid two-
phase flow is given by equation (1).

oa, oa,
a T 7P
! 1)

where t is the time; u; is the velocity vector in the X
direction; x; is the coordinate variable.

2.2.2. Boundary conditions and turbulence flow model
The numerical simulation was simulated by ANSYS Fluent
19.2. Numerical simulations were performed for three-
dimensional gas-liquid two-phase flow, which was
unsteady. The rotor angular velocity was set to 2850 r/min,
and the rotating and stationary domains were combined
using a sliding mesh. To reduce the computational time, the
gas phase was initialized in the inner region where the
central coordinate was equal to the central coordinate of the
casing and the diameter was smaller than 106 mm, and the
water phase was set in the other region. The working fluid
was set to water and the density of water was 998 kg/m?.
The surface tension coefficient was set to 0.07 N/m when
the temperature was 20°C, and the gravitational acceleration
was set to 9.81 m/s? in the negative direction of the Y-axis.
The gas phase was set as ideal gas. The inlet boundary
condition was set to constant mass flow rate and the fluid at
the pump inlet was set to pure gas. The inlet mass flow rate
of the gas was set to 0.02 kg/s. The outlet boundary
condition of the pump was set to the static pressure 101325
Pa. The liquid feed rate was set at mass flow rate of 0.03
kg/s, 0.04 kg/s and 0.05 kg/s, respectively.

The turbulence model used the RNG k-€& model 1, The
RNG k-¢ model is effective because it balances
computational cost and computational accuracy compared to
the LES model 2. The pressure-velocity coupling was
established by the PISO algorithm. A second-order central
difference scheme was used to discretize the momentum
equation. The residual error was set to 5x10°°, and the flow
field was considered convergent when the relative pulsation
amplitude of the pump inlet pressure was less than 5 %.
Considering the computational stability and upper limit of
Courant number, the time step was set to 2x10¢s. The time
interval spent in performing the numerical calculations was
240 h. The simulation was run by a Dawning Parallel Server
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with 64 CPU cores.

3. Validation of model

3.1 Mesh generation and grid-independence test

A computational model with axial clearance was used to
verify the validity of the model, which the axial clearance of
model is equal to 0.2 mm. The computational domain was
all divided into structured hexahedral meshes, which were
implemented by ANISYS-ICEM software. The inlet liquid
feed rate of the pump was set to 0.03 kg/s. The proper
selection of the grids number and the improvement of the
grid element quality are very important for numerical
simulations of the computational domain. To determine the
number of grids for the balance of computational cost and
computational accuracy, models with five kinds of grids
numbers were used for the calculations, whichgrids numbers
were about 2.35 million, 3.63 million, 5.74 million, 7.54
million, and 9.42 million. The variations of inlet pressure
according to the different grids numbers are shown in Fig. 3.
Through the grid independence test, the computational cost
and computational accuracy were balanced for the case with
7548362 grid cells. In this model, the axial clearance was
divided into 15 layers. Near the solid wall, the grid cells
were reconstructed. In this study, the first layer near the wall
grid cell was set to 0.1mm, the increment ratio of the layer
was set to 1.2, and the number of layers was set to 10. The
mean y* value of the blade surface calculated by the RNG k-
€ model is 3.2.

65.4 - =
65.2 N

65.0 b
64.8 -
64.6 - \

L
64.4 | N

Inlet vacuum (kPa)

64.2 - D |

T T T T T T T T T T T T T T T T 1
2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 8x10° 9x10° 1x10°
Total grid cells

Fig 3: Grid independence test
3.2. Verification of CFD calculation accuracy

The experimental equipment of the LRV pump used in this
paper is shown in Fig. 4.

é\ 4 %/g

1

N 6
Fig 4: The experimental equipment of the LRV pump. 1-Gas

flowmeter, 2-Needle valve, 3-Vacuum test vessel, 4-Vacuum
gauge, 5-Vacuum breakdown valve, 6-LRV pump

2
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The experimental equipment consisted of a LRV pump
connected with an inlet pipe, an outlet pipe, flow meters,
valves, a vacuum gauge and a vacuum vessel. The
evacuation rate, inlet vacuum degree and shaft power
cosumption of the pump were measured by a flowmeter, a
pressure transducer and a dynamometer, respectively. Water
was supplied to the pump at the rate of 0.03kg/s by a
flowmeter connected to the liquid inlet. The measuring
range of the flowmeter is 0 m%h to 1036 m%h and the
measuring range of the vacuum gauge is -100 kPa to 0 kPa.
The gas-liquid separator was installed in the outlet pipe to
separate the gas and liquid that were discharged into the
outlet of the pump. The hydrodynamic performance curves
for the LRV pump were obtained and analyzed by numerical
simulation and experimental measurements(Fig. 5).

The pump efficiency n can be calculated by equation (2).

p = PQ.In(p./p,)
P )

Here p1, p2, p and Qy are the inlet pressure, outlet pressure,
shaft power and volume flow rate, respectively.
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Fig 5: Comparison of experiments and simulations

In Fig. 5, the pump inlet pressure increases and the
efficiency increases linearly with the increasing of flow rate.
The figure also shows that the trend of the performance
curves obtained by numerical simulation is almost similar to
the experiment. The maximum error of the pump inlet
vacuum is less than 5% difference from the experimental
value. The main reason for the error between the simulation
results and the experimental results is related to the grid
quality and grids number of the model for the numerical
simulation. Also, the reason is that the computational
domain is not modeled exactly as the test pump. For
example, the structure of chamfers, inlet and outlet was
simplified for computational convenience. Lastly, the reason
is that the effect of the liquid temperature injected is not
taken into account. Since the simulation results and
experimental results were similar when the evacuation rate
of the pump was 40 m%h, this value was chosen to analyze
the internal flow characteristics of the LRV pump in the
next chapter.

4. Results and discussion
4.1. Analysis result of gas-liquid two-phase flow in the
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axial clearance of the LRV pump

There is no friction between the impeller and the port plate
of the LRV pump, so there is inevitably a gap between
them. This clearance forms a leakage path during operation
and the gas leaks through the axial clearance from the
compression region to the suction region. So the leakage of
gas has a great effect on the ultimate pressure. The gas-
liquid two-phase flow in the axial clearance of the LRV
pump is considered to analyze the pump performance
accurately. Fig. 6 shows the gas-liquid two-phase
distribution in the axial mid-section of the LRV pump.

contour3s
Volume fraction (a-1)

1.00e+00
9.00e-01
8.00e-01
7.00e-01
6.00e-01
5.00e-01
4.00e-01
3.00e-01
2.00e-01
1.00e-01
0.00e+00

myw

Fig 6: Gas-liquid two-phase distribution in the axial mid-section of
the LRV pump

From Fig. 6, the formation of liquid ring inside the pump
and the votex distribution of fluid at the tip of the blade are
shown. The liquid forms a liquid ring similar to the structure
of the casing under the action of centrifugal force by a high-
speed rotating impeller during operation. Fig. 7 shows the
pressure distribution in the axial mid-section of the LRV
pump at t=0.025 s. From the figure, we can see that the inlet
region of the pump is the low pressure region and the outlet
region is the high pressure region. The gas sucked through
the inlet is compressed by receiving energy from the liquid
ring when the impeller rotates and is pumped through the
outlet.

Liquid intlet

Fig 7: Pressure distribution in the axial mid-section of the LRV
pump

Fig. 8 shows the gas-liquid two-phase distribution and
pressure distribution in the axial clearance of LRV pump
with an axial clearance of 0.1 mm and a liquid feed rate of
0.03 kg/s.
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Fig 8: Gas-liquid two-phase distribution and pressure distribution in the axial clearance pump. (a) Gas-liquid two-phase distribution. (b)
Pressure distribution.

Fig. 8 (a) shows the gas-liquid two-phase distribution in the
axial clearance of the pump. In the LRV pump, the working
chambers are formed by a liquid ring, blades, and a port
plate, which adjacent cells are isolated from each other and
suck, compress and discharge gase. In Fig. 8 (a), the
adjacent cells are not completely sealed each other because
there is an axial clearance between the impeller and the port
plate. The LRV pump requires a continuous liquid supply to
ensure cooling of the pump and seal between parts during
operation. If the liquid injection is carried out through the
axial clearance, the liquid film in the clearance can be
formed to reduce the gas leakage between adjacent cells.
Fig. 8 (b) shows the pressure distribution in the axial
clearance of the LRV pump. The pressure of the axial
clearance increases gradually from the suction region to the
discharge region. Therefore, gas leaks from the high
pressure cell to the low pressure cell. This is one of the main
reasons why this pump cannot lower the ultimate pressure.
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4.2. Analysis result of gas-liquid two-phase flow in axial
clearance with variation of liquid feed rate and axial
clearance

In the LRV pump, the liquid is supplied to the pump inside
through the liquid inlet by the pressure difference between
inside and outside of the pump. The liquid with a constant
velocity passing through the liquid inlet is subjected to
centrifugal force by the impeller, pressure force due to the
pressure difference between the inlet and outlet regions, and
viscous friction force in the axial clearanc between the
impeller and the port plate. These forces depend on factors
such as the liquid velocity through the liquid inlet, width of
axial clearance, rotational speed of the impeller, liquid
viscosity, pump suction pressure, etc. Fig. 9 shows the gas-
liquid two-phase distribution and the liquid velocity vector
in the axial clearance when the width of axial clearanc is 0.2
mm and the liquid feed rate is 0.03kg/s.

Outlet side i

TS ln/leté;/de‘,
~ =L N = Z
NN = 5 —= =

// VZ //
& ‘ = / )(”
" //.///K% “} NGNS V4 2

Fig 9: Gas-liquid two-phase distribution and velocity vector distribution of liquid in the axial clearance of LRV pump. (a) Two-phase
distribution of gas-liquid in axial clearance. (b) Velocity vector of liquid in axial clearance

Fig. 9 (a) shows the gas-liquid two-phase distribution in the
axial clearance. The liquid phase injected into the axial
clearance is distributed much toward the inlet, which
prevents the gas leakage through axial clearance between
the liquid inlet and the inlet. Fig. 9 (b) shows the velocity
vector distribution of the liquid in the axial clearance. When
the axial clearance is 0.2 mm and the liquid feed rate is 0.03
kg/s, the liquid flows in the clearance toward the inlet region

because the influence of pressure force by the pressure
difference between the outlet and inlet regions is the
stronger than the centrifugal force and the viscous friction
force of the liquid by the impeller.

Fig. 10 shows the gas-liquid two-phase distribution and the
liquid velocity vector in the axial clearance when the width
of axial clearanc is 0.2 mm and the liquid feed rate is 0.05
kg/s.
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Fig 10: Gas-liquid two-phase distribution and velocity vector distribution of liquid in the axial clearance of LRV pump. (a) Two-phase
distribution of gas-liquid in axial clearance. (b) Velocity vector of liquid in axial clearance

The liquid phase is distributed much in the axial clearance phase is directed toward the outlet side because the
towards the compression region and the distribution of centrifugal force and the viscous friction force of the liquid
liquid phase in the inlet region is small (Fig. 10 (a)). by the impeller are much larger than the pressure force
Therefore, the distribution of liquid phase has a good effect between the outlet and inlet regions.

on the sealing between the working cells of compression Fig. 11 and Fig. 12 show the pressure distribution in the
side. However, the sealing between the working cells of axial mid-section of the pump with axial clearance of 0.2
inlet side are not affected by it. Fig. 10 (b) shows the mm when the liquid feed flow rates are 0.03 kg/s and 0.05
velocity vector distribution of the liquid phase in the axial kals, respectively.

clearance. The direction of the velocity vector of liquid
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Fig 11: Pressure distribution in the axial mid-section of the pump with the liquid feed rate of 0.03 kg/s and the axial clearance of 0.2 mm
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Fig 12: Pressure distribution in the axial mid-section of the pump with the liquid feed rate of 0.05 kg/s and the axial clearance of 0.2 mm
The figures show that the case of Fig. 12 presents a larger pressure in the compression region compared to the case of
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Fig. 11. Increasing the liquid feed rate increases the
compression ratio of the pump because the liquid film is
well formed in the axial clearance.

4.3 Effects of axial clearance and liquid feed rate on the
maximum pressure of the pump and the impeller torque
Increasing the liquid feed rate has a good effect on the liquid
film formation in the axial clearance of the LRV pump, but
the power consumption is also increased by it. So, the
variations of the maximum compression pressures and the
impeller torques were considered when the axial clearance
of the pump was changed to 0.1 mm, 0.2 mm and 0.3 mm,
and the liquid feed rate was changed to 0.03 kg/s, 0.04 kg/s
and 0.05 kg/s, respectively. Fig. 13 shows the maximum
compression pressure and the impeller torque when the axial
clearance of the pump is changed to 0.1 mm, 0.2 mm and
0.3 mm.
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Fig. 13: Maximum compression pressure and the impeller torque
when the axial clearance of the pump is changed to 0.1 mm, 0.2
mm and 0.3 mm

The maximum compression pressure and the impeller torque
decrease with increasing clearance when the liquid feed rate
of the pump is constant. Also, the maximum compression
pressure and the impeller torque also increase as the liquid
feed volume of the pump increases. Fig. 14 shows the
maximum compression pressure and the impeller torque
when the liquid feed rate of the pump is changed to 0.03
kg/s, 0.04 kg/s, and 0.05 kg/s, respectively.
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Fig 14: Maximum compression pressure and the impeller torque
when the liquid feed rate of the liquid ring vacuum pump is
changed to 0.03kg/s, 0.04kg/s, and 0.05kg/s
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Both the maximum compression pressure and the impeller
torque increase when the axial clearance of the pump is
constant. The maximum compression pressure of the pump
is 125382 Pa and the impeller torque is 4.7884 Nem when
the axial clearance is 0.1 mm and the liquid feed rate is 0.05
kg/s. The maximum compression pressure of the pump is
95890 Pa and the impeller torque is 3.3944 Nem when the
axial clearance is 0.3 mm and the liquid feed rate is 0.03
kals. As a result, the impeller torque of the pump with the
axial clearance of 0.3 mm and liquid feed rate of 0.03 kg/s is
the lowest. However, the maximum compression pressure in
this case is 1.3 times less than the maximum compression
pressure of the pump with the axial clearance of 0.1 mm and
liquid feed rate of 0.05 kg/s.

5. Conclusion

In this paper, the numerical simulation of complex gas-
liquid two-phase flow inside the LRV pump was
investigated. From the simulation results, three conclusions
can be drawn:

(1) The gas-liquid two-phase distributions in the axial
clearance are different according to variation of the liquid
feed rates when the axial clearance is constant. The liquid
phase with the increasing of liquid feed rate is more
distributed towards the outlet region compared to the inlet
region. It is because the centrifugal and viscous friction
forces of the liquid by the impeller are stronger than the
pressure force by the pressure difference between the outlet
and the inlet in the axial clearance.

(2) The gas-liquid two-phase distributions in the axial
clearance are different according to the width variation of
axial clearances when the liquid feed rate is constant, which
has a great influence on the pump seal. When the axial
clearance decreases, the liquid phase is more distributed
toward the outlet region, and when the axial clearance
increases, the liquid phase is more distributed in the inlet
region.

(3) When the axial clearance and the liquid feed rate change,
the impeller torque and maximum compression pressure of
the pump change greatly. The smaller the axial clearance
and the larger the liquid feed rate, the higher the maximum
compression pressure and the impeller torque. The impeller
torque is minimized when the axial clearanc is 0.3 mm and
the liquid feed rate is 0.03 Kkg/s, but the maximum
compression pressure is 1.3 times smaller than the case with
axial clearance of 0.1 mm and liquid feed rate of 0.05 kg/s.
When the axial clearance increases, the parts of the pump
can be easily installed, but it is not possible to increase the
compression ratio unless the liquid feed rate is increased.
When the liquid feed rate increases, the compression ratio
and impeller torque are increased. So the optimum clearance
and liquid feed rate should be chosen to increase the
compression ratio of the pump and reduce the impeller
torque.
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