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Abstract: The tip clearance, a compact gap between the inducer blade tip and casing wall, is critical to
both the liquid leakage and cavitation-induced forces of a turbopump. In this study, we numerically
investigate the effect of tip clearance on the cavitation characteristics of an inducer. Six different
tip clearances, 0.1, 0.3, 0.5, 1.0, 1.5, and 2 mm, namely Models A-F, were designed to evaluate the
cavitation performance, cavity structure, blade loading, radial force, etc. Model D (1.0 mm) had the
relatively highest head coefficient and smallest cavity area on each blade as compared to all other
models. The pressure coefficient distribution and blade loading further confirmed that Model D can
maintain a higher pressure head and better suppress the cavitation onset than the other models. The
radial force signals in the time and frequency domains show that Model D has an intermediate force
magnitude with slightly higher noises at the rotating frequency and its harmonic frequencies. Model
D also has a relatively smaller vortex region and smaller vortex strength (A, criterion). In short, all
results show that Model D is the best alternative to balance the complex interactions of the bulk flow
and tip leakage flow, compromising the hydraulic head and rotating cavitation.

Keywords: inducer; tip clearance; tip leakage, rotating cavitation; blade loading; radial force

1. Introduction

An inducer is a type of helico-axial pump installed upstream of the main pump
(turbopump) to maintain the propulsion performance and suppress the cavitation damage
in a liquid rocket engine. Due to the unstable force impulse and strong thermal effect during
the cavitation bubble growth and collapse, the cavitation damage may eventually lead to
a performance drop and severe vibrations and noises of the turbopump [1-7]. A number
of studies have focused on the effects of the geometric parameters of case-based inducer
configurations on the hydraulic performance and cavitation characteristics [8-12]. More
typically, a multi-objective optimization method can be adopted to generate an optimal
combination of the input parameters [13,14]. As the results emphasize, the tip clearance, a
compact gap between the inducer blade tip and casing wall, is critical to both the liquid
leakage and cavitation-induced forces [15-18].

On the other hand, the effects of the tip clearance change have been widely tested,
since it is much easier to realize in practice, compared with other geometric modifications
of the inducer. Casing walls with different grooves (e.g., J-shaped groove, circumferential
groove, helical groove) have been proposed to effectively suppress the cavitation formation
and growth [19-21]. Step casings have also been designed to evaluate their effects on
the hydraulic performance and cavitation instabilities [11,22-24]. It is found that both
the cavitation onset and the pumping head are sensitive to the starting location and the
enlargement size of the steps. However, the underlying flow mechanisms remain unclear.
The aforementioned studies of non-straight casing walls, e.g., groove casing and step casing,
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have further revealed that the local tip clearance might be one important factor for further
development of a case-based inducer.

Since the non-straight casing wall can be viewed as a combination of several straight
casing sections, a study of the tip clearances of straight casing walls may give a more
fundamental understanding of their effects. A relatively large number of studies have been
conducted to estimate the effect of the tip clearance of straight casing walls on the cavitation
suppression of an inducer with or without the main pump [15-18,25-29]. However, due
to the limited range of the tip clearances involved, some conclusions still need further
validation. In particular, how the tip leakage interacts with the bulk flow in the inter-blade
flow passages and how it influences the cavitation characteristics and the force distributions
on the inducer and casing wall are still in need of further discussions. To this aim, a wide
range of six different tip clearances were designed for the evaluation of a model inducer
in this paper. The effects of the tip clearance on the hydraulic performance and cavitation
cavities were analyzed via the discussion of the pressure distribution, the blade loading,
and the radial force on the model inducer in detail.

The main structure of this paper is arranged as follows. The methodologies including
the numerical schemes and experimental system are described in detail in Section 2. The
numerical validation, the illustrated results of flow fields, and the mechanism analyses are
conducted in Section 3. The discussions and conclusions are presented in the last section.

2. Materials and Methods

We describe the numerical schemes, geometrical characteristics, mesh topology, and
experimental system involved in the current study in this section. Additionally, the design
of six tip clearances, the mesh independence, and the difference of the experimental elbow
tube and numerical straight tube downstream the inducer are described in detail.

2.1. Experimental Apparatus

To validate the numerical methodologies and results, our experiments were conducted
in a recirculating water tunnel system established at Xi’an Aerospace Propulsion Institute.
This typical closed-loop system consists of a drive motor, a booster pump, a water tank
with the gas bladder inside, a honeycomb, a test section, pipelines, a degassing unit, the
specific measurement instruments (flow meters, pressure sensors, water level indicator,
etc.), and the valves. The motor is used to drive the inducer rotating at varying speeds
in the operation conditions. The pump and tank control the flow rate and the pressure
level. Additionally, the LED lighting system and high-speed cameras are arranged properly
to visualize the spatio-temporal evolution of the flow behaviors of interest with a high
resolution. More detailed information about the operation range and precision of test rig
and the measuring technologies can be found in [18,25].

2.2. Inducer Geometry and Tip Clearance

The three-bladed model inducer involved in this study is shown in Figure 1. This
model inducer has an equal pitch of the helical axial-flow blades. The geometric information
and design operating conditions of this model inducer are listed in Table 1.

Table 1. Geometric characteristics of the tested three-bladed inducer.

Parameter Value
Blade tip diameter, Dy (mm) 100
Hub outlet diameter, D1 (mm) 35.5
Hub inlet diameter, D, (mm) 15.5
Sweepback angle, a (°) 120

Number of blades, N 3
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Figure 1. Schematic of the three-bladed model inducer in (a) front view and (b) side view.

A wide range of six different tip clearances, 0.1, 0.3, 0.5, 1, 1.5, and 2 mm, namely
Models A-F, were designed to evaluate the geometric sensitivity of the tip clearance for
our model inducer. The adoption of these clearances is based on, a tiny clearance, e.g.,
7 < 0.1 mm, which challenges the manufacture and configuration in practice, and a large
gap, which results in leaking the flow strongly, leading to significant hydraulic losses.
In one previous study [30], the authors emphasized that the scale ratio (tip clearance-to-
inducer blade tip diameter, T/ D) larger than 2% degrades the pumping head dramatically.
The maximum tip clearance involved in our design is 2 mm, since the blade tip diameter
Dy of the model inducer is 100 mm in our study.

As shown in Figure 2, the schematic configuration of the inducer and casing wall with
the tip clearance 7 is illustrated. The casing model numbers and corresponding clearance
are listed in Table 2. It is noted that the experimental validation of the numerical result
was conducted for the case of T = 0.5 mm (Model C), which is the original design of the tip
clearance in practice for our test model inducer.

Tip clearance (1)

Inducer casing
\\\\\ W W W . O . . . YO . . . .

F 57 / e/ v
Leading
Inducer blade 4~ edge

Figure 2. Schematic of tip clearance T between blade tip and casing wall.

Table 2. Six tip clearances.

Model Model A Model B Model C Model D Model E Model F
T (mm) 0.1 0.3 0.5 1.0 15 2.0

2.3. Mesh Topology and Numerical Scheme

The computational meshes and numerical simulations were conducted by the com-
mercial software packages Pointwise and ANSYS CFX, respectively. The details about the
computational domain frame and division, mesh generation logic and distribution, fluid
physical properties, boundary conditions, turbulence model, cavitation model, and solving
schemes are described meticulously as follows.

The entire computational domain of the model inducer in a straight casing wall is
schematically shown in Figure 3. Although the pipeline downstream the inducer has an
elbow structure in the experiment, an economic simplification of a straight pipe has been
widely adopted to reduce the unnecessary mesh concentrations of geometrical complexity.
To prove the rationality of this simplification, the same elbow tube downstream the inducer
in the experiment is duplicated in Section 2.4. The specific values of each parameter in
Figure 3 are listed accordingly.
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To accurately represent the flow field and relevant characteristics of both non-cavitation
and cavitation conditions, the total length of the entire computation domain was assigned
as about 21.7-times the inducer blade tip diameter Dy. The inlet and outlet were set far
away (>8 Dy) from the rotating blades, respectively, to prevent boundary effects on the
computational accuracy. The casing wall diameter D depends on the tip clearance T in-
volved in our estimation, while the inducer blade tip diameter Dy was fixed as 100 mm in
this study.

[— ) —>

Figure 3. Entire computational domain. L = 2170 mm, L; = 800 mm, L, = 300 mm, L3 = 1000 mm,
D = Dy + 271, D1 =35.5 mm, Dy =15.5 mm.

Based on the typical mesh construction and division to simulate the fluid charac-
teristics of a rotating fluid machine, the subdomains named rotational subdomains and
stationary subdomains need to be properly arranged with the reasonable mesh resolution.
A strategy of local refinement and smoothing was adopted on all wall surfaces (blades,
shaft, casing, etc.). Based on the geometric complexity, hybrid unstructured meshes were
generated. As shown in Figure 4, the detailed mesh distributions on the blade surfaces are
demonstrated in two different views.

(b)

Figure 4. Detailed mesh distributions on the blade surfaces in (a) front view and (b) side view.

Finally, around 20 layers of prism meshes were generated, where the height of the
first layer and the growing rate were set as 0.001 mm and 1.15, respectively. The above-
mentioned mesh resolution ensures the accurate representation of the cavitation charac-
teristics and instabilities on the inducer blades, tip clearance, and other solid surfaces. As
the k — w SST turbulence model typically requires, the y+ value was critically maintained
at less than 10 for all computational cases throughout our study. Additionally, the grid
independence test was conducted with six different mesh levels, and a moderate mesh
resolution of 6.5 million grids was compromised by considering both the computational
burden and accuracy. More details about the grid independence test can be found in our
previous studies [11,24].

The Reynolds-averaged Navier-Stokes equations (RANS) were solved based on the
concerned engineering interests. The turbulence model and cavitation model used in this
study were the k — w SST turbulence model and the Zwart-Gerber-Belamri (Z-G-B) cavita-
tion model, respectively. The evaporation and condensation coefficients are user-defined
values defined properly by the semi-empirical relationship validated by our previous
studies. The volume of fluid (VOF) method was utilized for the mixture model of water
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and vapor through our cavitation simulations. The inlet and outlet boundaries of the com-
putational domain are defined as the typical flow rate and static pressure types boundary
conditions. A rigid and non-slip type wall was assumed on all the solid wall surfaces in
this study.

The designed operation condition for the model inducer in this study was a rotating
speed of 5000 r/min and a mass flow rate of 17.3 kg/s. The working medium was water
as in the experiment, and the density and dynamic viscosity were then set as 1000 kg/m?
and 0.89 mPa-s, respectively. To promote the numerical convergence, a steady computation
with 5000 iterations maximally was conducted first as the initialization condition of the
following unsteady computation. According to the designed rotating speed of the model
inducer, we performed 180 steps and 360 steps in one revolution for unsteady simulations
separately. By compromising the efficiency and accuracy, the unsteady simulation for
each case was conducted with 180 steps in one rotation period and, then, 20 iterations in
each step.

2.4. Elbow Outlet

As mentioned in the previous subsection, an economic simplification of straight casing
walls has been widely adopted instead of an elbow configuration downstream the inducer
in experiments. We additionally estimated the difference between the ideal straight pipe
and the elbow outlet. As shown in Figure 5, we exactly duplicated the same experimental
configuration of an elbow tube downstream the inducer in our computational domain.

D

ot D
I* I |
L4 L]

Figure 5. Computational domain of elbow configuration duplicated from the experiment system with
the tip clearance of 7 = 0.5 mm. L; = 800 mm, L4 = 220 mm, L5 = 280 mm, D =101 mm, R = 150 mm.

3. Results
3.1. Numerical Validation

In this subsection, two-fold numerical validations were performed. The first one
aimed to confirm that the simplification of the straight pipe in the numerical simulation
was rational to replace the complex elbow tube downstream the inducer in the experiment.
The other one aimed to ensure that our adopted numerical methodologies and relevant
schemes were well solved, representing the cavitation evaluations against the experimental
measurements and observations.

As shown in Figure 6, the flow patterns (streamlines with the velocity magnitude), the
pressure distribution on the axial section plane, as well as the cavity structure on the blade
surfaces by steady computations were compared between the original elbow tube and the
simplified straight tube. The cavity structure is visualized by the volumetric isosurfaces
of vapor volume fraction &, at 0.3. It is noted that the tip clearance was 0.5 mm for both
configurations based on the experimental condition. In short, the comparisons proved
that the result of the simplified straight tube had an acceptable agreement with the elbow
configuration in the experiment.
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(a) Elbow configuration Straight tube

Pressure (10*Pa)

Velocity (m/s)

0 6.5 13.0 19.5 26.0

(b) Elbow configuration Straight tube

Vapor B T4 T

volume fraction
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 6. Steady numerical results between the elbow configuration and the simplified straight tube
with the same tip clearance of 0.5 mm: (a) flow field (pressure distribution on the axial section plane,
streamlines with the velocity magnitude) and (b) cavity structure with a vapor volume fraction of 0.3

on the blade surface.

Furthermore, we compared the experimental visualization and measurement with
the unsteady simulation result of Model C. Both non-cavitation and cavitation perfor-
mance tests were examined in the experiment and simulation. The non-cavitation test
was conducted by tuning the inlet flow rate with a constant outlet pressure, while the
cavitation test was conducted by tuning the outlet pressure with a constant inlet flow rate.
Typically, the performance curves of hydraulic machinery are drawn in terms of three
nondimensionalnumbers, flow coefficient ®, head coefficient ¥ and cavitation number o,
as follows:

_ 2Q ¥ = Pout‘finro_ _ Pin_lzv. )
i Viip 0.5thl.p 0.5thl.p
where Q, Ttips Vtip/ Pin, Pout, Pu, and p denote the flow rate, inducer blade radius, rotational
velocity of the inducer blade tip, inlet static pressure, outlet static pressure, saturation vapor
pressure, and water density at room temperature, respectively.

As shown in Figure 7, the non-cavitation and cavitation performance curves are plotted
for Model C (7 = 0.5 mm) in the experiment and simulation. The reference head coefficient

®,.r is defined under the designed operation condition. By a direct comparison, the
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simulation results in both non-cavitation and cavitation tests showed good agreements with
the experiment. The head coefficient in the non-cavitation test was slightly overestimated
at the lower flow rate in the numerical prediction against the experiment. The simulated
head in the cavitation test was slightly underestimated at only a few cavitation numbers
compared to the experiment measurement. Our numerical simulations can well represent
both the total performance trend and the cavitation breakdown points.

(@ (®)
3k —0— Sim. _
[ ® Exp. r ° °
[ e |

B o2r g

5 [ 5 i

= [ = 08F —0—— Sim.
1F L ] Exp.
N U NS SRR N 06-|.H|‘..|H‘|‘.‘|H‘
0.05 0.06 0.07 0.08 0.09 0 0.2 0.4 0.6 0.8 1

@ a

Figure 7. Performance comparison between experiment and simulation for Model C (t = 0.5 mm) in
terms of: (a) non-cavitation performance and (b) cavitation performance.

To further validate that our numerical simulation can well predict not only the total
performance, but also the flow field details in spatio-temporal evolution, the instantaneous
cavity structures on the inducer blade surface were compared for experimental snapshots
and simulation visualizations.

In Figure 8, we extract the experiment snapshots and corresponded numerical captures
for Model C from eight even time intervals in one rotational period. The cavity structure in
the simulation is represented by the volumetric isosurfaces of the vapor volume fraction
up to 0.7. The numerical visualizations highly duplicate the cavity structure with respect
to the videos taken by the high-speed camera in the experiment at the same instants.
It is noted that the cavity structure and total volume size on each blade were observed
as a fixed attachment synchronously as the blade rotates in both the experiment and
simulation. In general, the above validations show that our simplified straight casing wall
and adopted numerical processing are reliable to investigate the inducer performance and
cavitation characteristics.

3.2. Effects of Tip Clearances

Since the numerical methodologies involved in our study were well validated, we
now investigated the effects of tip clearance on the total hydraulic performance, the cavity
structures, the blade loading, the radial force, the tip leakage flow, etc.

3.2.1. Cavitation Performance

As demonstrated in Figure 2 and Table 2, six different tip clearances (0.1-2 mm),
Models A-F, were designed by expanding the casing wall diameter accordingly for our
model inducer. The selection of these six gaps was based on the considerations of the
challenges of manufacturing and configuration (small clearance), as well as the adverse
impact of flow leakage (large clearance).
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T 5T 3r
fot = ot — fo+ =
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Figure 8. Eight instantaneous captures of the cavity structure in one rotational period (T) between

experiment (top) and simulation (bottom) for Model C (7 = 0.5 mm).

We plot the cavitation performance curve at the designed operation condition for
all six models in Figure 9. The designed operation condition for the model inducer in
this study was at a rotating speed of 5000 r/min and a mass flow rate of 17.3 kg/s, while
the inlet pressure and cavitation number were 27,000 Pa and 0.12, respectively. Since the
head drops dramatically from 7 = 0.5 mm to T = 0.3 mm, we additionally computed
another case of T = 0.4 mm for this performance curve. This case of T = 0.4 mm is only
included in this figure, but not discussed further. The curve shows that the hydraulic head
approaches the maximum when the tip clearance is 1 mm (Model D). Some remarks can be
made as follows: (1) in the range of 0.1 mm < 7 < 0.5 mm (Models A-C), the performance
increases quasi-linearly as the tip clearance is enlarged; (2) the peak head is reached when
the T = 1 mm (Model D); (3) the pumping head gradually drops as the tip clearance is
enlarged from T = 1 mm to T = 2 mm (Models E-F).

From the above observations, it is revealed that a certain tip clearance, with the maxi-
mum hydraulic head, needs to be carefully estimated for our model inducer. The smaller
tip clearances are more sensitive to the performance than the larger ones. The adverse
effects of the tip clearances remain for the further interpolations by our following analyses.
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Figure 9. Cavitation performance for different clearances at the designed operation condition. The
designed operation condition is at a rotating speed of 5000 r/min and a mass flow rate of 17.3 kg/s,
while the inlet pressure and cavitation number are 27,000 Pa and 0.12, respectively.

3.2.2. Cavity Structures

As stated in Section 3.1, the cavity structures on three blades of Model C (T = 0.5 mm)
were observed as the fixed attachments rotating synchronously as the blades rotated
in both the experiment and simulation. First, we statistically extracted the monitoring
data of the cavity area (¢y = 0.3) on each blade of all models for several revolutions
by post-processing analysis. The signals showed the same trends for all models: (1) the
time-averaged magnitude of the cavity area on each blade was very similar for the three
blades. (2) the temporary oscillation of the cavity area on each blade was relatively small
compared to the time-averaged magnitude. (3) the phase difference of the temporary signal
of the cavity area on each blade was almost fixed. The same observation can be seen in
Figure 10 of [17]. Again, the above phenomena togethermay lead to a small resultant radial
force on the model inducer, since the force component on each blade is almost counteracted
in each direction.

One typical instant of the cavity structure is then extracted for all six models in
Figure 10. The cavity is presented as the volumetric isosurface of a, = 0.3. For the two
smallest tip clearance Models A (t = 0.1 mm) and B (t = 0.3 mm), the cavity size is
much larger than the other four models, implying a larger area of the low pressure (< p,)
region on the blade suction side (SS). The cavity obviously extends from the blade tip to
the mid-span, obstructing the inter-blade bulk flow and tip leakage flow for Models A-B.
Models C-E have a similar pattern of cavity structures, while Model C has a slightly smaller
area among the three models. Model F shows the different behaviors of all the models.
Even the cavity area is small at the blade tip, and there is a certain portion of tailed cavity
expanded in the spanwise direction.

The observations can be described by the coupling interaction of the bulk flow in the
inter-blade passages and tip leaked flow. A proper tip clearance compromises the cavitation
damage and hydraulic head with a certain tip leakage, and our case study suggests that
the tip clearance of T = 1.0 mm (Model D) is the preferential design based on the model
inducer involved in this paper.
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3 g - - S

Model D (1.0 mm) Model E (1.5 mm) Model F (2.0 mm)
Figure 10. A typical instant of cavity structures at a vapor volume fraction of 0.3 for all six models.

3.2.3. Blade Loading and Force Distribution

After the inspection of the cavity structures on the blade surface, the forces exerted
on the model inducer with six tip clearances were analyzed in detail. As described above,
by the coupling interaction of the rotating blades and the fixed casing wall, the working
medium is naturally pressurized, flowing through the inter-blade passages (bulk flow) and
the compact space of the tip clearance (leakage flow). The working flow, especially the
cavitation flow, then interacts with the inducer and casing wall with a certain pressure
force, resulting in mechanical instabilities and noises.

The blade loading on both the pressure side (PS) and suction side (SS) of one certain
blade for all six tip clearances is displayed in terms of the pressure coefficient C, = %;’; st
in Figure 11, where p and V are locally the pressure and velocity at each location. In general,
the net difference of the pressure coefficient from SS to PS determines the pumping capacity
(hydraulic head), while the low-pressure regions at the SS, especially in the vicinity of
the leading edge (LE), are highly related to the cavitation onset and evolution. In the
Cp contour plot, Model C (t = 0.5 mm) shows the highest pressure difference from the
LE to the 12 o’clock position clockwise, and Model D (t = 1.0 mm) shows the highest
pressure difference from 12 o’clock to the trailing edge (TE). The above observations
can be supported by the performance curve of Figure 9. Furthermore, Model D has a
higher pressure distribution on the SS, especially in the the vicinity of the LE and blade tip,
implying the suspension of rotating cavitation compared to the other models. Again, Model
D shows a higher hydraulic head and lower cavity size compared to the five other models,
and the results are consistent with Figures 9 and 10 shown in the above subsections.
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PS SS PS SS
Model A LE\F\ “ Model B
0.1 mm / 0.3 mm
( ) TE / ( )
Model C Model D
(0.5 mm) (1.0 mm)
Model E Model F \
(1.5 mm) (2.0 mm) /

Cp -0.05 0 0.05 0.1 0.15

Figure 11. Loading at one certain blade for all models. LE: leading edge; TE: trailing edge;
PS: pressure side; SS: suction side.

A cylindrical surface at 90% spanwise height was extracted with the contours of the
C, distribution and, then, flattened into a 2D surface in Figure 12 accordingly. Since this
spanwise height is located around the blade tip of the cavitation onset zone, our selection
aimed to closely track the blade loading characteristics impacted by the cavitation. From
a total view, the pressure distribution is periodically pitched at the three blades for all
Models A-F, reflecting the highly symmetric forces exerted on each blade. The pressure
difference across the blade from the SS to the PS is the work on the flow performed by
inducer pumping. The results again show that Models C and D have a higher head than
the four other models. In detail, Model D has less pressure difference in the vicinity of the
LE as compared to Model C, which may lead to a weak flow of tip leakage. Integrating
Figures 9-11, the results further confirm that Model D of T = 1.0 mm has the best perfor-
mance output relying on the complex interaction of inter-blade flow (bulk flow) and tip
leakage flow induced by the rotating blades and fixed casing wall.

The integral of the C;, distribution on the blade surfaces implies the total force exerted
on the inducer, and the radial component is the radial force leading to the rotating cavitation
instability. We tracked the radial force on the three blades in 10 revolutions for all Models
A-F to inspect the signal spectra in the time and frequency domains, respectively. The
radial force of each model was first normalized by the time-averaged amplitude of Model
C (T = 0.5 mm) and then presented as the orbital distribution, time series signals, and fast
Fourier transform (FFT) frequency spectra accordingly.

As shown in Figure 13a, the normalized time-averaged radial force is plotted. It
shows a similar trend to the performance curve, but the maximum is reached for Model C
(t = 0.5 mm). The time-averaged radial force of Models A-B is about 20-30% of Model
C, while it is about 60-70% for Models D-F. The orbit of the radial force, in Figure 13b,
shows anonuniform distribution for all models. Model C has the highest radial force
compared to all other cases, while Model A has the lowest radial force. Models D and E
have similar magnitudes, but have relatively different orbital fluctuations. Model F shows
an intermediate performance in terms of magnitude and orbital fluctuations.
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Model B Model C Model D
(0.3 mm) (0.5 mm) (1.0 mm)

Cp  -0.06-0.04 -002 0 002 0.04 006 008 0.1 012 0.14 0.16 0.18

Model F
(2.0 mm)

Figure 12. Loading on one blade for all six models.
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Figure 13. Normalized radial force for all six models as: (a) time-averaged magnitude; (b) or-
bital tracking.

In Figure 14a, the radial force signals of all six models show highly periodic characteris-
tics in the time domain with the different time-averaged magnitudes. The peak radial force
increases rapidly as the tip is enlarged when the tip clearance is in the range of 0.1-0.5 mm,
while the peak radial force gradually drops when the tip clearance is within the range
of 0.5-2 mm. The frequency spectra of the radial force is accordingly plotted by the FFT
from the signals in the time domain, as shown in Figure 14b. Since the model inducer is a
three-bladed helico-axial pump rotating at 5000 r/min in our study, the rotational frequency
fo and blade passing frequency (BPF) (3fj) are about 83.3 Hz and 250 Hz, respectively.
In general, the peak amplitudes of the radial force for each model can be predicted at a
frequency of fy and its harmonic frequencies (up to 3 fp involved in this study). Model A
only has an obvious peak amplitude at fy. Model B has three similar peak amplitudes at fj,
2fo, and 3fy. Models C-F have a relatively similar trend to each other, with the amplitude
at 2fy higher than the others. For Model D, the amplitudes at fy, 2f, and 3f; are higher
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than the others. In this sense, Model D may induce slightly sharp radial force noises at the
rotational frequency and harmonic frequencies.

®)

200
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52
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Figure 14. Normalized radial force for all six models in: (a) time domain; (b) frequency domain.

3.2.4. Flow Leakage

To better understand the overall interaction of bulk flow and tip leakage, the stream-
lines with the vortex strength (A, criterion [31]) zoomed into the tip clearance region of the
axial section are plotted in Figure 15. As described previously in this study, an optimized
tip clearance for a certain inducer case could be compromised with the hydraulic head and
the rotating cavitation instability. The proper leakage can effectively suppress the cavitation
by resisting the lower pressure (magnitude level and occupied area) at the SS induced by
the inducer rotating, while the high pressure in the PS can be properly maintained. The
leakage flow is fully determined by the reverse pressure gradient across the SS to the PS,
coupling with the tip clearance space when the flow rate and rotating speed are fixed.

Model C

Model D Model E Model F

Vorexstensh N (10°s)

(2, criterion)
-4.0 -2.5 -1.0 0.5 2.0

Figure 15. Streamlines with vortex strength (A, criterion) for all models.

Tip leakage flow usually forms a certain pattern of vortex flow in terms of size and
intensity. In Figure 15, Models A and B show the highest leakage flow vortex level and
area, especially at the cavitation onset region, among all models, while the leakage vortex
at the downstream is lower in Model B as compared with Model A. Model C shows slightly
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higher vortex intensity and area than Models D-F in the cavitation onset region. Model D
is observed to have a relatively lager vortex size, but lower intensity compared to Models E
and F. Overall, Model D with a tip clearance of 1.0 mm can be regarded as the relatively
best alternative, balancing the tip leakage and bulk flow.

4. Conclusions

In this study, we numerically evaluated the effect of six different tip clearances, 0.1, 0.3,
0.5, 1, 1.5, and 2 mm, namely Models A-F, on the cavitation characteristics and hydraulic
performance for a model inducer.

The numerical validation was first conducted for the casing as Model C (T = 0.5 mm)
against the experimental result in terms of the instantaneous cavitation flow pattern, the
non-cavitation and cavitation performance curves. We then investigated the cavitation
performance under the designed operation condition for all six models. The performance
curve shows that the hydraulic head approached the maximum when the tip clearance was
1 mm (Model D). Furthermore, the integration of the cavity structure and blade loading on
the blade surfaces showed that Model D had the smallest cavity size among all six models.
The above observations can be explained by the relatively higher pressure distributions
on both the pressure side and the suction side, especially in the vicinity of the LE and the
blade tip.

The radial force was referred to the rotating cavitation instability in this study. The
radial force increased rapidly when the tip clearance was within the range of 0.1-0.5 mm,
while the radial force then gradually dropped as the tip enlarged when the tip clearance
was in the range of 0.5-2 mm. The frequency spectra of the radial force showed that the
amplitudes at fy, 2fy and 3 fp for Model D were higher compared to the others, which may
induce the slightly sharp radial force noises.

Finally, we zoomed into a specific view of the tip clearance region on the axial section
plane. Model D was observed with an intermediate vortex size, but lower intensity among
all models. Overall, Model D with a tip clearance of 1.0 mm can be regarded as the relatively
best alternative, balancing the tip leakage and bulk flow, in our study. The workflow and
analysis of this paper may provide a baseline reference to efficiently evaluate the effect of
tip clearance on the cavitation characteristics of an inducer.
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