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Abstract

To investigate the influence of different tip clearances on the hydraulic performance and cavitation
characteristics of a cryogenic inducer, this study builds upon previous research by employing the SST
k-w turbulence model and modifying the empirical coefficients for evaporation and condensation in
the Zwart cavitation model. Numerical simulations of the full flow field within an LNG cryogenic
inducer were conducted. The results yielded cavitation performance curves, pressure distributions
at incipient cavitation, vapor volume fraction contours, and leakage flow streamlines for various tip
clearances. The impact of tip clearance on the overall hydraulic performance and cavitation behavior
of the LNG inducer was systematically examined, with particular attention given to the microscopic
evolution of the Tip Leakage Vortex (TLV) during the initial stages of cavitation. Experimental
findings indicate that as the tip clearance increases, the tip leakage flow intensifies, leading to greater
energy losses within the inducer and a consequent slight reduction in pump head and efficiency. A
critical clearance value, O, exists within the range of 0.4 mm to 0.6 mm, which governs the
development pattern of the TLV. When the clearance is smaller than 0, the TLV forms more rapidly,
and cavitation development is significantly more sensitive to increases in tip clearance. Conversely,
when the clearance exceeds 9, the formation of the TLV is delayed, and cavitation progression
becomes less responsive to further increases in tip clearance.

Keywords: cryopump; tip clearance of inducer; tip clearance flow; tip cavitation

1. Introduction

In recent years, liquefied natural gas (LNG) has been viewed as a clean energy alternative in
global energy consumption. It is considered one of the three pillars of energy sources, together with
oil and coal. China’s LNG imports primarily originate from Australia, Qatar and other countries and
are transported to domestic coastal LNG receiving stations by LNG ships. The LNG cryopump is
needed to pressurise low-temperature liquid LNG to achieve its production, transportation and
storage. The LNG cryogenic delivery pump is a crucial device in the LNG industry. However, due to
its extremely high speed, the required cavitation margin (NPSHr) of LNG cryopumps is larger than
that of conventional industrial pumps. Meanwhile, the LNG cryopump is prone to cavitation while
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working due to the harsh transportation conditions of the cryogenic medium. It lowers the LNG
cryopump transportation efficiency, noise and energy loss[1-4]. To enhance the pump’s cavitation
resistance, an inducer is typically installed upstream of the main impeller. This configuration
effectively improves the flow conditions by mitigating flow non-uniformity and suppressing
cavitation caused by inadequate inlet pressure, thereby increasing the operational stability and
reliability of the pump under high-efficiency conditions[5-11].

Centrifugal pumps with front inducers have recently been the subject of several research works.
Trupen Parikh et al.[12] demonstrated that the installation of an inducer upstream of a centrifugal
pump can effectively enhance its hydraulic performance. Kong et al.[13] investigated the cavitation
characteristics of variable—pitch inducers based on fundamental hydraulic design principles,
systematically analyzing the influence of pitch variation on inducer performance while providing
practical implementation cases of variable—pitch inducers. Cui et al.[14-16] developed a high-speed
visualization test rig for inducer cavitation studies, employing high-speed imaging technology to
meticulously document the dynamic evolution process of cavitation clouds. Their work elucidated
the vapor cavity evolution mechanisms across different cavitation stages, offering visual evidence for
understanding unsteady cavitation flow characteristics. Li et al.[17] conducted parametric studies on
inducer deflection angles in centrifugal pumps, concluding that a 5°deflection angle yields optimal
hydraulic efficiency. Chen et al.[18] studied the impact of varying blade inclination angles of the
meridian section of the inducer on the external characteristics of a centrifugal pump. They revealed
that when the inclination angle exceeds a certain value, it greatly affects the cavitation performance
of the inducer. Zhang et al. Zhao et al. and Dou et al.[19-21] performed visual experiments and
numerical simulation research on two-blade and three-blade inducers. They discovered that the
cavitation performance of three-blade inducers was superior to that of two-blade inducers. Wang et
al.[22] installed an annular groove at the leading edge of the inducer inlet. Numerical simulation
determined that the annular groove increased the leakage of the inducer tip, enhanced the inlet
backflow, and transferred the low—pressure zone from the blade inlet to the middle and rear sections
of the flow channel. As a result, the cavitation zone’s position changed.

With advancements in achieving superior casting and machining accuracies, the tip clearance of
the inducer has become controllable in practical applications. Many scholars have researched the
influence of tip clearance on an inducer’s performance. ZHANG et al.[23-25] implemented high-
speed imaging systems to comprehensively capture tip leakage vortex cavitation phenomena in axial
flow pumps. Through comparative validation between experimental measurements and numerical
simulation results, their research established critical foundations for optimizing numerical models of
cavitation dynamics. Guo et al.[26,27] studied the inducer of high-speed centrifugal pumps under
different clearances. They found that the tip clearance significantly affects the pressure distribution
and pulsation in the inducer channel within a certain range. Xiang et al.[28] conducted visual
experimental research on inducers with different tip clearances. They identified three cavitation
instability phenomena: super-synchronous rotation cavitation, synchronous rotation cavitation and
cavitation surge. Meanwhile, the cavitation area under large clearance was smaller, but the flow
channel blockage was more severe when cavitation deteriorated. Karakas et al.[29] found that with
the increase in tip clearance, the pressure loss caused by the tip leakage vortex and secondary flow
will decrease the inducer’s cavitation performance. Dreyer[30] made the tip clearance dimensionless
and revealed that when the tip clearance dimensionless number is 0.3, the average vortex intensity of
the tip leakage vortex reaches the maximum value. Several studies by scholars demonstrate that the
cavitation phenomenon of the inducer is closely related to tip clearance.

Many existing studies have confirmed that tip clearance is a key factor influencing the inducer’s
cavitation behavior, primarily through its impact on tip leakage vortex dynamics. The clearance-
induced vortex structures are closely related to the formation and persistence of local low-pressure
zones, which serve as favorable sites for cavitation inception and strongly affect its subsequent
development. These tip leakage vortices, typically generated due to the pressure difference between
the pressure and suction surfaces near the blade tip, interact intricately with the main flow and the
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surrounding turbulence structures, resulting in complex unsteady flow patterns near the tip region.
However, due to the strong coupling of turbulence, fluid compressibility, and multiphase phase-
change interactions, the physical mechanism governing the spatiotemporal evolution of tip leakage
vortices under cryogenic and multiphase flow conditions remains poorly understood. Particularly in
LNG pumps, where extremely low temperatures and high phase-change sensitivity coexist, these
effects become more pronounced. The cryogenic environment modifies both the fluid properties (e.g.,
vapor pressure, density, and viscosity) and the cavitation dynamics, leading to a significantly
different behavior of leakage vortices compared to room-temperature scenarios. Although
considerable efforts have been made to investigate the influence of tip clearance on inducer
performance, most of these studies have been conducted under simplified or isothermal conditions,
lacking a detailed resolution of the internal structure and evolution mechanism of tip leakage vortices
in cryogenic multiphase environments. As a result, the underlying flow-induced instability
mechanisms triggered by clearance variations, particularly in the context of LNG pump operation,
remain unclear. Existing literature tends to emphasize macroscopic performance indicators such as
head drop and cavitation number, while the role of clearance-induced secondary vortices in
modulating the onset, growth, and collapse of cavitation bubbles has not been systematically
resolved. Furthermore, the dynamic transition process of cavitation under different tip clearance
conditions—especially the evolution from partial cavity to full cavitation collapse —has yet to be
quantitatively characterized in a cryogenic multiphase framework.

In this study, numerical simulations were first conducted based on experimental results to
systematically analyze the effects of different tip clearance sizes on leakage vortex formation and
cavitation development in LNG inducers. Subsequently, a three-dimensional multiphase flow model
was established to capture the interaction between tip clearance leakage flow and the main flow,
revealing the coupling mechanisms between clearance variation, local pressure distribution,
cavitation volume evolution, and leakage vortex structure formation. Finally, the study further
explored the unsteady evolution mechanism of leakage flow-induced cavitation under various
clearance conditions and its nonlinear impact on pump performance degradation, providing
theoretical support for inducer structural optimization and cavitation suppression.

2. Experimental Object and Numerical Calculation Method
2.1. Subjects

The experimental object of this paper is an LNG cryopump, and Figure 1 depicts its overall
assembly. Hydraulic components primarily include the inducer, inducer guide vane, impeller and
impeller guide vane. The conveying medium is low-temperature liquid nitrogen, the fluid enters the
LNG pump along the path indicated by the red arrow, then flows sequentially through the inducer,
the inducer diffuser, and the multi-stage impellers where it is pressurized, and is ultimately
discharged as high-pressure fluid through the outlet pipeline. The medium density is 780 kg/m?, the
design flow rate is 308 m3/h, the design head is 1926 m and the design speed is 3000 r/min. Figure 2
shows the model structure of the inducer and centrifugal impeller, and Tables 1 and 2 present the
specific parameters.
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Figure 1. Assembly drawing of an LNG pump.

(b)

Figure 2. Schematic diagram of the inducer and impeller structure. (a) Basic dimensions of inducers; (b) Basic

dimensions of impellers.
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Table 1. Inducer size parameters.

parameter Numerical value
Diameter of imported hub dm 54 mm
Outlet hub diameter di2 129.3 mm
Inducer diameter D: 192.5 mm
Long blade: 10.1°
Inlet angle 51 ong > ace

Short blade: 23.1°
Long blade: 23.1°
Short blade: 22.4°
Wrap angle ¢ 217.8°
Long blade: 3
Short blade: 3
Diameter of imported hub dni 54mm

Outlet angle Bz

Number of blades z

Table 2. Dimension parameters of the impeller.

parameter Numerical value
Impeller inlet diameter D1 158 mm
Impeller inlet diameter D: 302 mm
Impeller outlet width b 21 mm
Inlet angle Bs: 20°
Outlet angle Bs: 23°
Wrap angle ¢ 135.5°
Number of blades z 6
Impeller inlet diameter D: 158 mm

2.2. Experimental System

Figure 3(a) illustrates the experimental test system used for the performance evaluation of the
LNG pump. The test setup primarily comprises an LNG cryogenic pump, an electromagnetic
flowmeter, temperature and pressure sensors, and a set of supporting data acquisition and control
software. Among these components, pressure sensors are strategically installed on both the inlet and
outlet pipelines of the LNG pump to accurately measure the inlet and outlet pressures during
operation. The temperature sensor is positioned within the LNG storage pool, enabling continuous
monitoring of the medium temperature to ensure accurate thermodynamic conditions. The flow rate
is determined through the use of an electromagnetic flowmeter, which provides high-precision, real-
time measurement of liquid nitrogen flow within the closed-loop system. Additionally, the test
software platform allows for real-time monitoring, control, and adjustment of flow through valve
regulation, thereby ensuring operational flexibility and experimental repeatability. Under stable
operating conditions of the LNG pump, the system is capable of recording multiple key performance
parameters, including flow rate, inlet and outlet pressure, medium temperature, motor voltage and
current, as well as the total motor power. These measurements provide a comprehensive dataset for
validating numerical simulations and evaluating the pump’s operational performance under
cryogenic conditions.
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Figure 3. Schematic diagram of the LNG pump experimental system. (a) Schematic diagram of the experimental

test system; (b) Test Site Diagram.

Figure 3 (b) display the cryogenic LNG pump system and site. The flow, head and power of the
pump were examined, mainly focusing on the operations of various components in the pump.The
flow rate-head-efficiency experimental results obtained from this test rig can be used to validate the
accuracy of subsequent numerical simulation results.

2.3. Reliability Verification of Numerical Simulation

Due to the limitation of test conditions, the pump speed established in the experiment is 1500 r/min,
and the head under different flow conditions at this speed is measured. Figure 4 shows the numerical
calculation and experimental results. This figure shows that the errors between the head calculated
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by numerical calculation and the head measured by experiment are less than 2.6%, and the efficiency
error is less than 2.0%.

The working condition of the pump with a rated speed of 3000 r/min is obtained (Table 3) using
equations (1) and (2) of the similarity conversion algorithm.

0 =—0 @™

2

n
H,=|—%|H 2
Z(njl “

Table 3. Parameters of 1500 rpm and 3000 rpm LNG pumps.

Speed (rpm) Rated flow rate (m3/h) Rated head (M) Efficiency
1500 154 480 67%
3000 308 1920 75%

Figure 5 presents a comparison between the numerical simulation results and experimental
measurements obtained at the rated rotational speed of 3000 r/min. As shown in the figure, the
deviation between the numerically predicted head and the experimentally measured head is 1.6%,
while the deviation in efficiency is approximately 2.8%. These relatively small discrepancies indicate
a high level of agreement between the simulation and experimental data. Furthermore, the numerical
and experimental results exhibit consistent trends across the operating range, suggesting that the
computational model accurately captures the flow physics within the pump. This close alignment
effectively validates the reliability and precision of the numerical calculation method employed in
this study, confirming its applicability for subsequent performance prediction and flow field analysis.

_ — Test head 5
600 - Simulate head 50
—e—  Test efficiency
- -e- - Simulate efficiency
550 —_
- S
g =
S z
(] Q
o &
m
450
400 1
T T T T T T T 54
110 120 130 140 150 160 170 180

Quantity of flow O(m*/h)

Figure 4. Head and efficiency curve of pump at 1500rpm.
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Figure 5. Head and efficiency curve of the pump at 3000 rpm.

2.4. Model Simplification

According to the previous research, the bubbles produced by cavitation have collapsed at the
end of the working face of the first-stage centrifugal impeller, and no cavitation phenomenon was
observed in the second-stage impeller and the rear impeller[31]. This paper simplifies the original
LNG pump model to reduce calculation costs, the study focuses exclusively on the first and second
stage impellers along with their corresponding diffusers. Subsequent impeller stages, where
cavitation does not occur, are excluded from the investigation. The specific simplified model is shown
in Figure 6.

During the formation of the impeller clearance, the size of the gap can be adjusted by altering
either the outer or inner diameter of the impeller. When the clearance is created by increasing the size
of the impeller chamber, the resulting gap can be considered minimal relative to the impeller
diameter; therefore, its impact on overall performance is negligible. Furthermore, this method of
enlarging the impeller chamber diameter avoids compromising the hydraulic profile of the impeller,
ensuring the normal operation of the pump system. Accordingly, this study adopted the approach of
increasing the impeller chamber diameter to establish five distinct clearance sizes: 0.2 mm, 0.4 mm,
0.6 mm, 0.8 mm, and 1 mm, facilitating a systematic investigation into their effects on pump
performance. These variations in clearance enable a comprehensive analysis of how different impeller
gaps influence hydrodynamic characteristics, efficiency, and operational stability, thereby providing
a theoretical basis for optimizing pump design and performance.

First diﬂ"uscr Scci)nd

I I Second diffuser
Inducer Inducer diffuser  First impeller impeller impeller

impeller

Figure 6. Explosion diagram of main parts of the experimental model.
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2.5. Mesh Division and Mesh Independence Verification

To enhance the accuracy of numerical calculations, TurboGrid software is employed to generate
a structured hexahedral mesh for the inducer’s flow domain, ensuring high-quality grid topology
and reduced numerical diffusion. In particular, local mesh refinement is conducted in regions near
the wall surfaces and within the tip clearance to capture detailed flow characteristics and boundary
layer behavior. Simultaneously, ICEM software is utilized to discretize the inlet and outlet channels,
along with the front and rear casing basins, into structured hexahedral grids to maintain geometric
consistency and mesh continuity. For complex flow regions such as the impeller, guide vanes, and
other internal fluid components, an unstructured tetrahedral mesh is adopted to accommodate
intricate geometries and streamline the meshing process. In order to mitigate numerical artifacts such
as backflow or reverse pressure waves at the domain boundaries, the inlet and outlet sections are
appropriately extended. This ensures a fully developed flow field and provides sufficient buffer
zones for accurate simulation. The overall computational fluid domain and the detailed mesh
configuration of the inducer are illustrated in Figure 7.

O‘)\\C\

Tip clearance mesh

encryption

Blade root mesh
encryption

(@) (b)

Figure 7. Fluid calculation area and inducer grid division. (a) All fluid calculation areas; (b) Inducer meshing.

To ensure the reliability of the simulation results, a grid independence study is conducted by
analyzing the variation in pump head with increasing grid density. The comparison results are
presented in Table 4. It is observed that as the total grid number increases to 2.08x10¢, the head
variation becomes negligible, indicating that the solution has reached mesh independence. Therefore,
a total grid count of approximately 2.00x106 is selected for the subsequent numerical simulations to
balance computational efficiency and solution accuracy.

Table 4. Grid independence verification.

Experimental serial number Inducer grid number Lift/m
1 609498 222.8
2 1488438 223.1
3 2080332 223
4 2487963 2229
5 3307026 222.8

2.6. Turbulence Model

To accurately capture the flow details of the low-viscosity, high-intensity shear turbulence
within the inducer clearance layer, the present numerical simulation employs the Shear Stress
Transport (SST) k-w turbulence model. This model incorporates the effects of turbulent shear stress
transport in adverse pressure gradient boundary layers and its influence on the turbulent viscosity,
for which it provides a reformed formulation. It enables reliable prediction of the onset and extent of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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flow separation under adverse pressure gradients. It has been proved that the rotating machinery
simulation agrees with the experimental results[32-35]. The equations of turbulent kinetic energy k
and turbulent kinetic energy w dissipation are:

(pnK) . 0(puK) _ O # | ok :
T—=4U, == — + - |— |+ P - k
6t j an an /um 8X pk ﬁpm 2 (3)

O3 j

o(p,.w) Jp,w) O U, | 0w w ) 1 ok dw
m®) | RPn®) _ My + 20, PR - Bip, @ + 201 F) p, —— 22
ot o o |4t o, Jax [Tek R A H AR s

Pnm

coefficients of the k—w model and k—¢ model. F: is a mixed function based on the distance from local

where the density of fluid medium is ,083, 0w3, a3 and Bz are linear combinations of corresponding

grid nodes to walls.

2.7. Cavitation Model

Due to the highly complex nature of the cavitation initiation mechanism within tip leakage
vortices, the Zwart cavitation model is based on the Rayleigh-Plesset equation, ignoring the second
derivative of bubble radius with respect to time and surface tension, it exhibits satisfactory numerical
stability throughout the computation process. It is widely used in the numerical simulations of
rotating machinery cavitation and has excellent convergence[36—40]. The corresponding equation is
defined as follows:

— _ 3anucpv(1_av) 2( pV(Too)_ p)
m =C,, R, 1/ 3 p<p,(T.) (5)

er =C 36lvpv 2(p_ pV(ToQ))
— “cond
Re 3p,

p>p,(T.) (6)

+ -
where M and M is the evaporation source term and condensation source term, respectively, ‘2

and Coond are the empirical coefficients of evaporation and condensation, respectively, taking the
values 5 and 0.001Error! Reference source not found.. Other parameters are bubble radius Re - 1x

10-*m and nucleation volume fraction Pnuc 5x 104\

2.8. Boundary Condition Setting

CFX software is utilized to carry out the numerical simulation of the flow field. In the
computational setup, all solid walls are assumed to be hydraulically smooth and subject to a no-slip
boundary condition, ensuring accurate prediction of boundary layer effects. To replicate the
cryogenic working environment encountered during actual operation, the working medium is
specified as low-temperature liquid nitrogen, with a set temperature of 83.06 K. At the inlet boundary,
a mass flow rate of 66.35 kg/s is imposed using a velocity inlet condition, while the outlet is defined
as a pressure outlet to allow for free outflow. The rotational speed of the rotor components is specified
as 3000 r/min, and the reference pressure throughout the domain is set to 0 Pa. In this study, the focus
is solely on investigating the influence of tip clearance on cavitation characteristics. The effect of
temperature variation on the cavitation pressure is not considered. Instead, a fixed cavitation
pressure of 188,940 Pa is adopted to standardize the evaluation conditions.

Under cavitating flow conditions, the volume fraction of the liquid phase at the inlet is set to 1,
while the gas phase volume fraction is set to 0, ensuring a fully liquid inflow. The dynamic-static
interface between the rotating and stationary domains is defined using the “frozen rotor” approach,
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which enables a steady-state approximation of the rotor-stator interaction. The convergence criterion
for the residuals is set to 1 x 10 to ensure the accuracy and stability of the simulation results.

Figure 8 illustrates the schematic diagram of the chord length coefficient (4). In this context, the
chord length coefficient is a normalized parameter used to represent the relative position along the
blade profile, where 1 = 0 corresponds to the leading edge (blade inlet) and 4 =1 corresponds to the
trailing edge (blade outlet). The chordwise direction is defined from the impeller inlet toward the
outlet. During operation, the primary flow within the inducer predominantly follows an axial
trajectory, which aligns closely with the blade chord direction from inlet to outlet, highlighting the
axial-dominant nature of the internal flow field.

1501
1201
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90 1 |
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60 1

I
g : Outlet
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=] 1 [
2 Inlet \ g
<-301 wl S
=1 3
60 Low pressure <) | .=
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90 = ' 2
g o=
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0.0 0.2 0.4 0.6 0.8 1.0

"Chord length coefficient

Figure 8. Schematic diagram of the chord length coefficient.

3. Calculation Results and Data Analysis
3.1. Cavitation Characteristic Curve and Efficiency Analysis

To investigate the influence of different tip clearances on the critical net positive suction head
point of the LNG pump, it is first necessary to perform an analysis of the overall performance curves
under varying tip clearance conditions. Figure 9 presents a graph of cavitation performance under
different inducer tip clearances. This figure shows that cavitation intensifies when the inlet pressure
is less than 210,000 Pa, and bubbles gradually block the flow channel, resulting in a rapid drop in the
head. In engineering, the NPSHA corresponding to the head drop of 3% is usually taken as the critical
cavitation allowance of the pump. Except for the gap of 0.2mm, the head at the cavitation initiation
point is slightly higher than that without cavitation. This phenomenon is attributed to the
microbubbles attached to the blade surface during the initial cavitation, which reduces the roughness
of the blade surface, decreases the friction loss between the medium and the blade while doing work,
and slightly increases the head.
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Figure 9. Cavitation performance curves under different inducer tip clearances.

Pump head is a key performance parameter. To investigate the variation trend of the head in the
LNG pump under different tip clearances, the head values under non-cavitating conditions were
specifically isolated for analysis across the various clearance sizes. Figure 10 depicts the headline
diagram of the model pump under different tip clearances. In the absence of cavitation, the head
decreases gradually when the gap size increases from 0.2mm to 1 mm. When the gap increases by
0.2mm, the head decreases by about 1 m.

To further investigate the phenomenon of head reduction with increasing tip clearance, a more
detailed analysis of the internal flow within the inducer is required. Figure 11 presents a streamlined
diagram of gap leakage flow under different gaps. Under the clearance of 0.2mm-0.4mm, the leakage
flow generated by the tip clearance of long blades can still be integrated into the main flow direction
before reaching the next blade. At this time, the flow rate and kinetic energy of leakage flow are small;
hence, mainstream can quickly integrate them. When the gap increases to 0.6mm, a small amount of
secondary flow begins to appear due to the increase in the leakage flow rate, accompanied by an
increase in kinetic energy of leakage flow and the weakening of mainstream integration. Before
reaching the next blade, the mainstream cannot integrate all leakage flow, and the unintegrated
leakage flow continues to pass through the next blade’s gap and consume mainstream energy,
causing a slight decrease in the head. However, due to the existence of short blades, when the chord
length coefficient 1 = 0.8, the leakage flow can be performed by the short blades so that the flow
direction of the leakage flow is the same as that of the main flow. When the gap increases to Imm,
the position of the secondary flow is more forward, and the head decreases more.
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Figure 10. Pump head under different tip clearances.
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Figure 11. Clearance leakage streamline diagram under different tip clearances.

Figure 12 illustrates the efficiency characteristic curves of the model pump under varying
inducer tip clearances. As the tip clearance increases, the leakage flow through the inducer tip region
correspondingly grows, leading to greater secondary flow intensity and enhanced energy dissipation
associated with the change in flow direction of the leakage stream. This additional energy
consumption manifests as an almost linear reduction in the overall efficiency of the model pump.
Nevertheless, the magnitude of efficiency decline remains minimal; specifically, when the clearance
increases from 0.2 mm to 1.0 mm, the efficiency drop is less than 1%. This limited sensitivity is
attributed to the fact that the primary work output of the model pump is generated by the final two-
stage impellers, while the inducer primarily functions to elevate the inlet pressure of the centrifugal
stages, ensuring stable operation under low-pressure suction conditions. Consequently, the inducer
contributes relatively little to the total energy consumption, and its efficiency loss exerts only a minor
influence on the overall performance of the pump.
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Figure 12. Pump efficiency under different tip clearances.

As demonstrated by the aforementioned research, the clearance size not only affects the pump’s
energy efficiency but also directly influences its operational stability and cavitation resistance in
practical applications. Consequently, the design of the pump’s diffuser clearance must carefully
consider operational conditions, load requirements, and potential cavitation risks to optimize overall
performance and prolong its service life.
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3.2. Analysis of Pressure Distribution in the Flow Channel

The radial coefficient is introduced as a dimensionless number * to observe the effect of tip
clearance on the internal pressure of the induced runner:

r=— %

where r is the distance from the selected position to the hub; R is the distance from blade tip to hub.
When the radial coefficients are 0.1, 0.5 and 0.9(As shown in Figure 13 at the position), the pressure
distribution nephograms in the flow field are compared. The three radial coefficients represent the
position of the impeller hub, the middle part of the blade and the top of the blade, respectively.

/N

r=09 r*=05 r*=0.1

Figure 13. Diagram of radial coefficients(0.1, 0.5, 0.9).

The cavitation phenomenon in the inducer is intricately linked to the pressure distribution
within the flow passage. Hence, investigating cavitation characteristics necessitates a prior analysis
of the pressure field. Figure 14 presents a nephogram of the pressure distribution in the flow channel
under the selected inlet pressure of 198,000 Pa. Under this inlet pressure, the inducers with different
tip clearances are in the initial cavitation period, approaching the critical cavitation point. When the
radial coefficient increases from r*=0.1 to 7*=0.9, the area of the low-pressure area at the inlet decreases
slightly. In contrast, the pressure in the high-pressure area at the outlet increases gradually because
of the centrifugal force of blade rotation. The medium moves and accumulates to the outer edge,
leading to a gradual increase of the pressure at the outer edge.
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Figure 14. Nephogram of pressure distribution in induced runner. (a) r*=0.1; (b) =0. 5; (c) r"=0. 9.

In this cavitation stage, both the inlet of the inducer and the impeller fall within the low-pressure
region, which results in a reduction of the local cavitation pressure. The underlying mechanisms
contributing to this phenomenon are primarily as follows:

(1) The pressure at the impeller inlet is directly and predominantly influenced by the external
inlet pressure. Meanwhile, due to the rotational motion and energy input from the blades, the local
flow undergoes drastic changes. This working effect of the blade causes a rapid acceleration of the
fluid, which in turn leads to a sharp pressure drop in the inlet region, thereby inducing cavitation.

(2) On the low-pressure side of the blade, flake cavitation is further intensified by the presence
of a tip leakage vortex. This vortex is generated by the radial leakage flow across the tip clearance,
which interacts with the mainstream flow and forms a vertically oriented cavitation vortex. This
vertical structure not only promotes bubble nucleation but also facilitates the accumulation of vapor
bubbles within the flow channel, partially blocking the passage and altering the flow field. As the
fluid continues to move downstream under the action of the long blade, the pressure within the
passage gradually rises. This increasing pressure compresses the vapor bubbles, leading to their
condensation and re-liquefaction. However, this process is accompanied by significant energy
dissipation and pressure loss due to the abrupt phase transition and turbulent mixing caused by the
collapse of cavitation structures.

When the tip clearance increases from 0.2mm to 0.4mm, the pressure changes most apparently,
which is attributed to the larger proportion of the increased clearance to the overall clearance size,
generating the largest proportion of the increased clearance leakage flow to the overall leakage flow,
and the most evident pressure change. Figure 9 shows that the low-pressure zone on the blade
pressure surface extends from chord length coefficient 1= 0.3 to A =0.4. At the impeller hub, when the
tip clearance increases from 0.2mm to 0.4mm, the low-pressure area almost covers the whole low-
pressure surface of the blade. Because of the flow change and vertical cavitation vortex caused by the
work performed by the short blade at the end of the long blade, the low-pressure area begins to
extend to the inlet of the short blade, resulting in the emergence of the low-pressure area at the inlet
of the short blade. When the tip clearance increases from 0.6mm to 1mm, the ratio of the increased
tip clearance to the overall clearance gradually decreases. The ratio of the increased leakage flow to
the total leakage flow becomes smaller; therefore, the pressure changes in the flow passage under the
three clearances of 0.6mm, 0.8mm and Imm are less different.

3.3. Analysis of Cavitation Distribution in the Flow Channel

To further investigate the cavitation characteristics of the inducer at the critical NPSH condition,
it is essential to examine the vapor distribution within the flow passage during cavitation inception.
Figure 15 depicts an isosurface where bubbles account for 10% of the flow passages of each flow
component when the inlet pressure is 198,000 Pa. Figure 15(a) shows that the most serious cavitation
occurs at the inducer. A few bubbles appear at the inlet edge of the first-stage impeller blades.
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However, cavitation does not occur in the guide vane of the inducer and the second-stage impeller.
It can be verified here that cavitation does not occur in the latter-stage impellers after being
pressurised by the first-stage impeller, demonstrating that simplification of the model does not affect
the research content.

6=0.2mm 6=0.4mm

6=0.6mm 6=0.8mm 6=Imm
(b)

Figure 15. Cavitation volume distribution in flow channel. If there are multiple panels, they should be listed as:

(a) Bubble distribution of each flow component; (b) Bubble distribution of inducer.

Because the inducer is the first part to contact the medium, the medium flows around the blade
inlet, the velocity in the tip clearance accelerates and the pressure is decreased due to the tip leakage
vortex, which leads to the most serious cavitation position of the inducer. However, with the increase
of the pressure of inducer blades on the medium, the bubbles can be crushed by the increased
pressure before flowing out of the inducer and changing back to liquid state. When the medium
enters the first-stage impeller, the rotating blade makes the low-temperature medium flow around
the inlet of the blade, which causes the pressure drop and produces a small amount of airfoil
cavitation. However, due to the pressurisation of the inducer, the cavitation range is very small.
When the tip clearance of the inducer increases from 0.2mm to 1mm, the cavitation range of the first-
stage impeller rises slightly due to the increase in the gap of the inducer, the increase in the flow rate
of the tip leakage flow, and the increase in the energy consumed by the mainstream. All these actions
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lead to the gradual decrease of the pressure at the outlet of the inducer. Therefore, the cavitation
degree at the inlet of the first-stage impeller increases slightly with the increase of tip clearance.

To further investigate the cavitation degree of a low-temperature medium in the inducer under
different tip clearances, the isosurface with bubble volume accounting for 10% in the inducer was
output separately. Figure 15 (b) shows the bubble distribution in the induction channel. The bubble
distribution on the blade is basically consistent with the low-pressure area distribution on the blade
in Figure 9. At the inlet end of the inducer, a large number of bubbles are generated to adhere to the
low-pressure side surface of the blade due to the low-pressure caused by the medium flowing around
the blade’s inlet. With the bubbles moving along the axis of the inducer, the bubbles move to the
outer wall and accumulate under the action of rotating centrifugal force. In the range of chord length
A =0.2-1, there are no bubbles near the hub. Bubbles on the blade surface with tip clearance of 0.2
mm-0.4 mm move along with the axial direction because the pressure in the flow channel gradually
increases, and they collapse before the blade ends. When the tip clearance is 0.6mm-1mm, the high-
pressure region moves backwards due to the enhancement of the tip leakage vortex, and the bubbles
on the blade surface can collapse only when they reach the impeller outlet.

Under a tip clearance of 0.2 mm, within the chord length coefficient range A= 0-0.25, it is difficult
to form a distinct shear vortex zone through interaction with the main flow. This is mainly due to the
small pressure differential between the pressure and suction surfaces, as well as the limited leakage
flow rate. As a result, the tip leakage lacks the momentum necessary to induce strong shear or
cavitation. When / increases to around 0.25, the pressure difference increases sufficiently to enhance
the leakage flow strength. The resulting leakage stream begins to interact with the mainstream to
form a shear vortex region, triggering cavitation onset. In comparison, for larger tip clearances of 0.4-
1.0 mm, the extended low-pressure region on the pressure surface delays the formation of cavitation
associated with the tip leakage vortex. In these cases, the cavitation onset shifts downstream to the
chord length range of 1 = 0.3-0.4 due to the delayed velocity gradient formation and bubble growth
in the enhanced leakage environment

3.4. Flow and Velocity Analysis of Clearance Leakage Flow

The clearance leakage flow under each clearance is monitored to further study the impact of
clearance leakage flow on tip leakage vortex cavitation. Consequently, Figure 16 is developed.

10 1

Leakage flow (m?/h)
>

02 04 06 08 1.0
6 (mm)

Figure 16. Gap leakage flow rate of different gaps.

Based on the data presented in Figure 16, it is evident that the tip clearance leakage flow exhibits
an increase as the tip clearance expands from 0.2 mm to 1.0 mm. Furthermore, for every 0.2 mm
increment in clearance magnitude, the corresponding increase in leakage flow remains
approximately constant. This quasi-linear relationship between leakage flow rate and clearance
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dimension arises because the incremental enlargement of the clearance area is uniform throughout
the progression. Consequently, the leakage flow rate demonstrates an essentially linear increase with
the tip clearance dimension. This finding indicates that the leakage flow rate can be approximately
predicted by a linear relationship with the clearance size, assuming the absence of abrupt nonlinear
flow phenomena, thereby providing valuable guidance for clearance design in engineering
applications.

To further investigate the evolution mechanism of the tip cavitation zone under varying tip
clearances, Figure 17 presents a nephogram of leakage flow velocity in the blade tip region, captured
on an axial plane with a chord length coefficient A = 0.5 under an inlet pressure of 198,000 Pa. This
figure illustrates the spatial distribution and evolution of the tip clearance leakage flow, along with
the formation of the tip leakage vortex near the inducer blade tip. The origin of the leakage flow lies
in the pressure difference between the pressure surface and the suction (low-pressure) surface of the
blade. Under the influence of this pressure gradient and the fluid’s inherent viscosity, a portion of
the working fluid leaks through the tip clearance, flowing in a direction opposite to the mainstream.
This reverse flow interacts with the main flow and forms a distinct shear layer, known as the leakage
shear layer. Notably, in the region near the casing wall, the leakage flow remains relatively unaffected
by the mainstream flow due to the no-slip boundary condition and low momentum of the near-wall
incoming flow. The local velocity reduction observed in this region is attributed to the convergence
of the leakage stream with the horizontal component of the mainstream. Once convergence occurs,
the combined fluid is redirected toward the hub side and subsequently migrates toward the suction
surface of the blade. This redirected flow circulates back to interact with the outer leakage stream,
thereby establishing a rotational structure-commonly referred to as the tip leakage vortex. This vortex
formation behavior indicates that as the tip clearance flow intensifies with increased gap size, the
resulting leakage stream acquires greater momentum, making it less prone to suppression by the
near-wall flow. Consequently, the core region of the tip leakage vortex shifts away from the suction
surface and migrates outward in the spanwise direction.

6=0.2mm 6=0.4mm
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Figure 17. Clearance leakage streamlines on the lower plane of different tip clearances.

Furthermore, Figure 17 demonstrates that as the tip clearance increases from 0.2 mm to 1.0 mm,
the tip leakage vortex gradually moves away from the blade’s suction surface. A primary
contributing factor is the expansion of the area where the planar velocity component of the tip leakage
flow exceeds 10 m/s. This trend reveals that both the flow rate and the kinetic energy of the leakage
stream increase significantly with growing tip clearance. The corresponding red high-speed regions
in the nephogram also extend longitudinally with larger clearance values, confirming that the leakage
flow strengthens and penetrates further into the passage. At a minimal clearance of 0.2 mm, the near-
wall main flow exerts a noticeable damping effect on the leakage stream, confining the vortex
formation to regions close to the suction surface. As the clearance enlarges, the influence of the near-
wall main flow diminishes due to the increasing leakage momentum, allowing the vortex structure
to develop further from the blade surface.
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In summary, variations in tip clearance not only influence the magnitude and velocity of the
leakage flow but also govern the spatial location, extent, and structure of the tip leakage vortex. These
changes directly affect flow instabilities, the onset location of low-pressure cores, and the intensity of
cavitation phenomena, thereby playing a critical role in the overall hydrodynamic performance and
cavitation resistance of LNG cryogenic pumps.

3.5. Vorticity Analysis of Blade Tip Leakage Vorticity

Figure 18 illustrates the vorticity nephogram of the blade tip region under an inlet pressure of
198,000 Pa, captured on an axial plane corresponding to a chord length coefficient 1=0.5. As depicted
in the figure, the maximum vorticity is observed within the leakage shear layer, which represents the
region of most intense vortex activity across the entire tip leakage zone. This phenomenon primarily
arises due to the strong interaction between the lateral tip leakage flow and the mainstream flow near
the casing wall. Such interaction results in a steep velocity gradient in this region, which significantly
intensifies the shear effect. The sharp velocity difference between the leakage stream and the adjacent
main flow leads to a pronounced local variation in flow velocity, thereby inducing the highest level
of vorticity within the leakage domain.
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Figure 18. Vorticity nephogram of blade tip region with different tip clearance.

As the tip clearance increases from 0.2 mm to 0.8 mm, the region where the vorticity within the
leakage shear layer exceeds 7500 s becomes progressively broader. This expansion is directly
attributed to the increased volume of leakage flow permitted by the enlarged tip gap. A larger
clearance reduces the dominant control exerted by the main flow on the leakage stream, thereby
allowing the leakage flow to develop more freely. This results in a broader passage for vortex
formation and an increase in the lateral entrainment of the main flow, particularly near the casing
wall. Consequently, a more extensive vortex region characterized by high shear and strong rotational
motion emerges.

However, when the tip clearance further increases from 0.8 mm to 1.0 mm, the area of the leakage
shear layer where the vorticity exceeds 7500 s begins to shrink. This reduction is mainly due to the
dynamic behavior of the converging flow interacting with the now more dominant leakage stream.
As the converging main flow is entrained into the tip leakage vortex near the suction side of the blade,
the intensified leakage flow creates a resistance to flow redirection, making it difficult to maintain the
same rotational intensity. This leads to enhanced energy dissipation within the shear layer, which
suppresses the generation and maintenance of high vorticity in the downstream region of the vortex
structure.

Furthermore, when the tip clearance increases from 0.2 mm to 0.4 mm, both the area of tip
leakage vorticity and the vorticity magnitude at the vortex core increase significantly. This trend is
indicative of a regime where the leakage flow, although still limited in volume, undergoes sharp
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acceleration, enhancing vorticity generation due to the rapid shear formation. In contrast, as the
clearance continues to grow from 0.4 mm to 1.0 mm, the total vortex area keeps expanding, but the
peak vorticity at the vortex core shows a decreasing trend. This is because the stronger leakage flow
in this range leads to a higher degree of convergence, which in turn reduces the ability of the flow to
be redirected or destabilized, thereby diluting the core vorticity.

The increasingly concentrated converged flow near the hub becomes more inert to deflection
forces, making the flow field more stabilized and reducing the intensity of localized vorticity. Hence,
it can be inferred that there exists a critical threshold of tip clearance-most likely within the range of
0.2 mm to 0.6 mm. Below this threshold, the central vorticity of the tip leakage vortex increases with
clearance due to the intensified shear effect. However, once this threshold is surpassed, further
increases in tip clearance lead to greater energy loss and flow stabilization, thereby diminishing the
core vorticity and weakening the vortex strength.

4. Conclusions

The experimental study and numerical simulation of LNG cryogenic multistage pump external
characteristics are conducted in this paper. As a result, the accuracy of numerical calculation is
verified. The external characteristics, cavitation performance and tip leakage vortex of the pump with
five tip clearances of 0.2mm, 0.4mm, 0.6mm, 0.8mm and 1mm were assessed, and the following
conclusions were obtained:

1. The influence of the inducer with blade tip clearance on the external characteristics of the
cryopump is determined. In the absence of cavitation, with the increase of tip clearance
equivalence, the flow rate of tip leakage flow increases linearly, the area of tip leakage vortex
increases, the leakage loss of inducer increases, and the head and efficiency of model pump
decrease slightly. When the tip clearance is larger than 0.6mm, the primary flow cannot be
integrated before the leakage flow reaches the next blade, and the unintegrated leakage flow
continues to flow through the tip clearance of the next blade, creating a secondary clearance
leakage flow and leading to the further consumption of mainstream energy in the inducer.
However, because the inducer is mainly used in the model pump to provide a small amount of
pressure for the inlet of the impeller and avoid cavitation in the impeller, the main work part
of the model pump is the centrifugal impeller; therefore, the energy loss of the inducer has
little impact on the whole.

2. By decomposing the cavitation in the tip leakage region, it can be divided into clearance layer
cavitation, shear flow cavitation and tip leakage vortex cavitation. When the tip clearance
increases from 0.2mm to Imm, the tip leakage flow increases. Its energy consumption increases
at the same time. The low-pressure area of the inducer gradually extends inward. When the tip
clearance is 0.2mm and 0.4mm, the cavitation bubbles can collapse in the flow passage, but
when the tip clearance increases to 0.6mm to 1mm, the bubbles cover the whole low-pressure
blade of the inducer. The area of tip leakage vortex and clearance shear layer increases, and the
cavitation degree of 0.2mm-0.8mm tip leakage area gradually increases. However, when the
tip clearance increases to 1mm, the central vorticity of the tip leakage vortex decreases and the
cavitation degree of the tip leakage vortex improves.

3. The relationship between tip clearance and tip leakage vortex is established. The strong
vorticity area of tip leakage vortex increases with tip clearance. There is a certain clearance
between 0.2mm and 0.6mm. When the tip clearance is less than this value, the impact of
mainstream on tip leakage flow is still obvious; the tip leakage vortex forms faster, and the

central vorticity of tip leakage vortex increases gradually. When the tip clearance is larger than
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this value, the weakening effect of the mainstream on tip leakage flow is weakened, the
generation speed of the tip leakage vortex is slowed down, and the vorticity in the central

region is gradually reduced.
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