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Abstract: It is known that cavitating flow characteristics and instabilities in inducers can greatly
impact the safety and stability of a liquid rocket. In this paper, step casing optimization design
(Model OE and Model AE) was carried out for two three-bladed inducers with an equal (Model O)
and a varying pitch (Model A), respectively. The unsteady cavitation flow field and accompanied
instabilities were studied via numerical simulations. Reductions of the cavity size and fluctuation
were observed in cases with a step casing. A significant difference in cavity structures was seen as
well. Referring to the pressure distributions on the blades and details of the flow field, the mechanism
of cavitation suppression was revealed. This work provides a feasible and convenient method in
engineering practice for optimizing the characteristic of the cavitating flow field and instabilities for
the inducer.
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1. Introduction

In hydraulic systems of liquid rocket engines, turbopumps are the main hydraulic components
that convey fuel and oxidizers. Due to the demand for a maximum power/weight ratio of the main
pump, cavitation may develop on the suction sides of the blades at the inlet of the main impeller [1,2],
leading to performance degradation (i.e., sharp decrease in head and efficiency) and hydraulic
instabilities (i.e., significant pressure fluctuations). Installing an inducer at the upstream of the main
pump is a common solution to mitigate the aforementioned effects. Therefore, the inducer often operates
under cavitation conditions accompanied by complex cavitation instabilities [3-7]. Among them,
rotating cavitation (RC) is widely considered as a major cause for the premature cutoff of engines [8,9].

Great efforts including inducer impeller optimization and casing modifications were made to
alleviate the influences of cavitation and its associated instabilities. Considering the manufacturing
convenience and the degree of overall structural change, casing modification, especially step casing
design, has been widely studied [10-14]. With a local clearance enlargement, it tends to be an effective
and realizable way for performance improvement. Kamijo et al. [4] designed five casings with
upstream/trailing edge enlargements and proposed a criterion for RC suppression in a LE-7 LOX
(Liquid Oxygen) turbopump inducer. Hashimoto et al. [10] experimentally illustrated the influence
of step casing with an upstream enlargement. It was observed that the onset and occurrence region
of RC were modified effectively. Furthermore, Shimagaki et al. [15] described the mechanism for
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RC suppression with step casing (i.e., a decrement of incidence angel by a thickened backflow
vortex with a wider tip clearance) by combining particle imaging velocimetry (PIV) and high-speed
photography. Moreover, Fuijii et al. [16] carried out experiments of 8 step casings to study the effects of
geometries (depth, location, etc.). Therefore, it can be concluded that step casing with an upstream
enlargement may be a possible method for RC suppression. However, concrete analysis is still needed
for specific inducers.

In this paper, step casing optimization design was carried out for two three-bladed inducers with
equal and varying pitch, respectively. Emphasis was exerted on the unsteady cavitation flow field and
the accompanied instabilities by numerical simulations. The characteristic of the cavitation area on the
blades and three-dimensional cavity structures was analyzed. The reductions of the cavity size and RC
fluctuation were observed in cases with step casing. Referring to the pressure distributions on the
blades and the details of the flow field, the mechanism of cavitation suppression was revealed.

2. Numerical Studies

2.1. Numerical Methods

The computational domain is shown in Figure 1, which consisted of an inlet pipe, an annulus
inlet casing, an inducer impeller, and an outlet pipe. An annulus casing with deflectors qas placed
upstream of the inducer and aimed at forming a uniform inlet flow [17]. The inlet and outlet pipes
were extended for a fully developed flow simulation (5 times the diameter of the annulus inlet casing
and 7 times the diameter of the inducer blade tip, respectively).

The outlet pipe

Inducer

The inlet pipe

Annulus inlet casing
A
s W w. |2

Flow

Figure 1. Computational domain.

Reynolds averaged Navier-Stokes (RANS) equations were solved in ANSYS CFX 19.2 code.
A SST (Shear Stress Transfer) k — w turbulence model [18] and Zwart-Gerber-Belamri (ZGB) cavitation
model [19] were utilized for turbulence and cavitation modeling with the boundary conditions of mass
flow rate and pressure at the inlet and outlet, respectively.

The entire mesh system was developed in a commercial software package ICEM-CFD (Integrated
Computer Engineering and Manufacturing code for Computational Fluid Dynamics). Unstructured
hybrid grids were utilized for the annulus inlet casing and inducer. As for the inlet and outlet pipes,
hexahedral grids were developed. A 10-layer boundary layer grid was utilized with a height of 0.01 mm
at the first layer. More than 20 layers of mesh were set on the tip to accurately capture the clearance
flow characteristic.

Unsteady simulations were applied to evaluate the characteristics of cavitation instabilities.
The grid and time independence studies were carried out to find the best compromise between
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accuracy and efficiency. The mesh system with 2.1 x 107 elements (Figure 2 shows the mesh of the
inducer) and the time step corresponding to 2° of the inducer impeller rotations were chosen for the
following simulations. The verification of the above numerical setup can be referred to in our previous
research [20].

Figure 2. Mesh of the inducer.

2.2. The Inducers and Step Casing Design

Two inducers with an equal (Model O) and varying pitch (Model A) were selected to compare
the influence of step casing design (Model O and Model OE, Model A and Model AE). Tables 1 and 2
summarize the geometries of the studied inducers. For the equal pitch inducer, the blade profile was a
straight line (shown on the left of Figure 3) leading to an equal inlet and outlet blade angle. As for
the varying pitch inducer, the inlet and outlet blade angle was reduced and increased, respectively.
Therefore, the blade profile of the varying pitch inducer on the right side of Figure 3 was curved.
It should be pointed out that both the inlet and outlet blade angles of the two inducers were different
and thus results between the equal and varying pitch were not comparable. The study in this paper
mainly focused on the influence of step casing on the equal and varying pitch inducers, respectively,
and the cross-comparison was not involved.

Table 1. Geometrical parameters of the cases with the equal pitch inducer.

Model Inlet Blade Angle ;7  Outlet Blade Angle f;  Pitch Variation = Casing Geometry

@) B B Constant Straight
OE B B Constant Step

Table 2. Geometrical parameters of the cases with the varying pitch inducer.

Model Inlet Blade Angle f;  Outlet Blade Angle f,  Pitch Variation = Casing Geometry

A p—18° B +0.6° Linear Straight
AE p—-18° B +0.6° Linear Step
/’:= ,” ,=4+0.6
Outlet i Lt
Blade profile

S
Inlet -

g
BB - Br=p-18° .*
»: -

-’

Figure 3. Schematic of the blade profile. (Left one for the equal pitch inducer and the right one for the
varying pitch inducer).
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Figure 4 shows the schematics of the two casings used in this study. Figure 4a terms a step casing,
with enlargement near the leading edge of the inducer. While the other (shown in Figure 4b) is a
straight one, owning a constant diameter from the inlet to the outlet.

Step casing Straight casing

Flow [LLLLLLLLLLLLLL Flow .

s —

—% Hub — Hub
— _ \

Rotation axis Rotation axis

g —

- \ JR—

. Blade Blade

77’/ LA ELALALL T — 777 7l LA AAAAAANA
(a) (b)

Figure 4. Schematics of the studied casings: (a) Step casing; (b) straight casing.

3. Results

3.1. Characteristics of Cavity Oscillation on the Blades

The oscillation of the cavity on the blades was monitored to understand cavitating instabilities.
Figure 5 shows the variation of a nondimensional cavity area Seaw Over time on three blades of Model
O. Tthe ratio of the cavity area on the blade to the area of the inlet, =Scav/Sf; from the perspective of
cavitation suppression, was expected to be as small as possible. It can be seen that the cavity variation
on each blade was similar. They changed in an approximate sinusoidal pattern with a frequency of
152 Hz (~f() and a certain phase difference between neighboring blades. It can be inferred that there
was rotating cavitation in the studied inducer. Such asymmetric distribution of cavities might influence
the operation’s safety and stability.
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Figure 5. The variation of the nondimensional cavity area over time on three blades of Model O.

Taking the result of a certain blade as an example, the impact of the step casing design on the
cavity oscillation is discussed below. Figures 6 and 7 show the comparison of cavity oscillation in
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Model O and OE (cases with the equal pitch inducer), as well as Model A and AE (cases with the
varying pitch inducer). The influence of step casing tended to be similar both in equal and varying
pitch inducers. Significant reduction of cavities was seen when step casing was applied, showing that
the step casing design had a positive effect on cavitation suppression both in equal pitch and varying
pitch inducers.
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Figure 6. The variation of the nondimensional cavity area over time on Blade 1 of Model O and OE
(cases with the equal pitch inducer).
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Figure 7. The variation of the nondimensional cavity area over time on Blade 1 of Model A and AE
(cases with the varying pitch inducer).

3.2. Characteristics of Three-Dimensional Cavity Structures

3.2.1. The Results of Cases with the Equal Pitch Inducer

Three-dimensional cavity structures were analyzed with the help of the isosurface of the vapor
volume fraction @, = 0.3. As shown in Figure 8a,b, the cavity mainly appeared near the leading edge
in both Model O and OE. The cavity structures were similar. Cavities in both Model O and OE had
two subregions with different characteristics: Type I resembled the attached cavitation region and
Type Il resembled cloud cavitation. With the step casing, substantial suppression of the cavity in both
streamwise and axial directions was figured out. Next, we show details regarding the cavity on three
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typical sections along the streamwise direction within 1 revolution, thus demonstrating the varying
features of cavity structure over time.

Front view Side view

Front view Side view

(b)
Figure 8. The 3D cavity structures of (a) Model O and(b) Model OE.

As shown in Figure 9a, the first section (S;) was in the middle of Type I. 67 = 6y + %AGI,GO
indicates the inception position of Type I; A0y indicates the region Type I occupies streamwise, indicating
the characteristic of Type I cavitation. Figure 9b,c show the variation of cavities within 1 revolution (T)
at 51 for Model O and OE. Here, PS stands for the pressure side, whereas SS denotes the suction side.
Furthermore, r” indicates the ratio of radial position and tip radius (=#/rr), while Z’ indicates the ratio
of axial position and the axial length of the blade (=Z/Lg). With a weak radial fluctuation and almost
no axial fluctuation, the variation pattern of Type I in each case tends to be similar. We found the cavity
area as O = OE. 010r > 010 indicated that the application of step casing may result in downstream
cavitation inception.

0.18 -
0.16
0.14 +
0.12
0.10
0.08

0.06
0.04

Casing 002,

L s 0.00 L L L L )

1.00 1.05 0.80 0.85 0.90 0.95 1.00 1.05

r r
----- 0 —1/6T -----1/3T —1/2T -----2/3T —5/6T
(@ (b) (V)

Figure 9. The variation of cavities over time at S;. (a) Schematic of Sq, (b) Model O, and (c) Model OE.

The section at the end of the sweep was chosen as S, thus finding that 0,0 = 0,0 = 110°.
For Model O and OE, S; located the region of Type II with significant radial and axial variations
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(Figure 10a). Obvious morphological differences of cavities were observed. Cavities in Model O
(Figure 10b) developed in a much wider range along the radial and axial direction and were limited by
the casing. However, in Model OE (Figure 10c), with a local increment of clearance, the cavities were
far away from the casing and presented a semi-elliptic shape.

015 0.18
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r P
----- 0 —1/6T -----13T — 12T -----2/3T —5/6T
(a) (b) (c)

Figure 10. The variation of cavities over time at S,. (a) Schematic of Sy, (b) Model O, and (c) Model OE.

The section of average cavitation oscillation along streamwise was taken as S3 (Figure 11a),
which led to the lack of results. In Model O and OE (Figure 11b,c), the radial and axial fluctuations of
the cavities were captured, and there was little difference in morphology as the blade was away from
the step in Model OE.

020 0.20 F W
7z
-
.
" -
N o015 Nooasf 20 S |
010} 0.10 F
Casing Casing
0.05 A R L N ) 0.05 N . L N s
0.80 0.85 0.90 095 1.00 1.05 0.80 0.85 0.90 095 1.00 1.05
' o r
----- 0 —1/6T -----1/3T —1/2T -----2/3T —5/6T
(@ - (b) (c)

Figure 11. The variation of cavities over time at S3. (a) Schematic of S, (b) Model O, and (c) Model OE.

Table 3 summarizes the detailed characteristics of the cavity of cases with an equal pitch inducer
along the streamwise, radial, and axial directions. It can be seen that the cavities in Model O and OE
consisted of two regimes—Type I and II—and there were slight differences in the inception location
and occupied range along the streamwise direction. However, there was an increase in the maximum
range along the radial direction while the maximum range along the axial direction decreased.

Table 3. Geometrical parameters of the studied inducers.

Model  Region 0 A6 (AMmax  (Az)max
I 75°~85° 10° ] .
o 1 450 160° 750 11.9%  13.5%
I 80°~90° 10°

OE 19.8% 11.1%

I 90°~170° 80°
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3.2.2. The Results of Cases with the Varying Pitch Inducer

Three-dimensional cavity structures for the varying pitch inducer are shown in Figure 12a,b.
Unlike the equal pitch inducer, a significant difference in cavity structures were seen in the varying
pitch inducer when the step casing was applied. Cavities in Model A owned two subregions. In Model
AE, only clearance cavitation was observed and nearly no leakage cavitation occurred in other cases.
Thus, there was only the Type I cavity.

Front view

(a)

Front view Side view

(b)
Figure 12. The 3D cavity structures of (a) Model A and (b) Model AE.

Cavity details varying pitch cases were analyzed. Figure 13b,c shows the characteristics at
Sy (Figure 13a). For Model A, the midsection of Type I (61 = 6y + %AGI) was taken. As for AE,
014 = Ooar + %AQIA. A weak radial fluctuation and almost no axial fluctuation of cavity variation
was observed in both cases. In terms of the cavity area, we found that A ~ AE. 014 > 014 indicates
that the application of step casing could result in downstream cavitation inception.

018 r
0.16
0.14 +
0.12
& 0.10 \
0.08
0.04
SS

0.02 +

ARl RNNRen R R R R R R DAY

Casing

0.00 s A " A N 0.00 A A A A o
Z 0.80 085 0.90 0.95 1.00 1.05 0.80 0.85 0.9 0.95 1.00 1.05

1/6T =----- 13T — 12T ----- 2/3T —5/6T
(a) (b) (c)

Figure 13. The variation of cavities over time at Sy, (a) Schematic of Sy, (b) Model A, and (c) Model AE.

The results at S, (Figure 14a, 04 = 04 = 110°) are shown in Figure 14b,c. A striking influence
of step casing was observed. In Model A, the cavity variations were similar to Model O and OE,
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indicating a Type II cavitation. While in Model AE, the fluctuation in the axial direction greatly reduced
and tended toward Type L

0.12 0.16
Z
0.09 012
PS
0.06 0.08
¥ S
N N —
SS
0.03 - 0.04 F
0.00 | 0.00 ¢
Casing Casing
0.03 . . = 5 4 -0.04 . . + - -
0.80 0.85 0.90 0.95 1.00 1.05 0.80 0.85 0.90 0.95 1.00 1.05
/e r
----- 0 ——1/6T -----13T —1/2T -----2/3T —5/6T
(@) (b) ()

Figure 14. The variation of cavities over time at S, (a) Schematic of S;, (b) Model A, and (c) Model AE.

At Sz (Figure 15a), significant differences of morphology and fluctuation characteristics were
observed (Figure 15b,c). Apparent radial and axial fluctuations of the cavities were captured in Model
A, indicating a Type II cavitation. In Model AE, the cavities tended to be Type I

020 020
PS
SS
N on0f N o010
0.05 F 0.05 |
Casing Casing
0.00 L . . 1 ) 0.00 . . . . )
0.80 0.85 0.90 095 1.00 1.05 0.80 0.85 0.90 0.95 1.00 1.05
& r
----- 0 1/6T -----1/3T ——1/2T =----2/3T —=5/6T
(a) (b) (c)

Figure 15. The variation of cavities over time at S3. (a) Schematic of S3, (b) Model A, and (c) Model AE.

Table 4 summarizes the detailed characteristics of the cavity along the streamwise, radial, and axial
directions. For varying inducer cases (Model A and AE), close inception location and total occupied
range along the streamwise were observed, whereas in Model AE, the maximum range along the
radial and axial direction decreased significantly. As mentioned above, cavities in Model AE mainly
manifested as Type. Model A, however, owned Type I and IL

Table 4. Geometrical parameters of the studied inducers.

Model  Region 0 A0 (A)max  (Az)max
I 75°~93° 18° ] i
A I v 53 11.9%  9.0%
AE I 80°~150° 70° 4.1% 6.8%

3.3. Characteristics of Blade Loading and Flow Field

To further analyze the influence of the step casing on the flow field, Figures 16 and 17 show the
blade loading Cp (equals to the difference between the static pressure and the inlet pressure at each
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position divided by the dynamic pressure) along the streamwise direction at a 95% span on certain
blades. The distribution on the other two blades was similar. In both the equal and varying pitch
inducers, with a local increment in the clearance in the vicinity of the leading edge (LE), the impact of
the step casing was shown near the leading edge (0~0.25). The reduction of the maximum pressure
and pressure difference between SS and PS was observed. In the subsequent area (>0.25, till the trailing
edge (TE)), the step casing design showed little influence on blade loading.

0.35
0.30

0.25

0.20
,a 015
) 7
T e S
Nk
0.05 & R R
Y Model O Model OE
0.00 | -+ PS PS
1y R AR
0,05 A’: SS SS
-0.10 1 1 1 L
0.0 0.2 0.4 0.6 0.8 1.0

LI TE

Figure 16. Blade loading along the streamwise direction at a 95% span for a certain blade in Models O
and OE.

0.35

0.30
0.25
0.20
= 015
0.10

0.05

’)/"‘1/ 3 Model A Model AL

0.00 PS PS

eSS SS |

-0.05 ’r";m",vf,,.,

-0.10 L L . L
0.0 02 0.4 0.6 08 1.0
Lt e
Figure 17. Blade loading along the streamwise direction at a 95% span for a certain blade in Models A
and AE.

Tables 5 and 6 demonstrate the characteristics of the clearance flow at S,. With the reduction of
Ap (pressure difference between SS and PS) and the increment of local tip clearance when step casing
was applied, the average velocity at the clearance significantly reduced, while the leakage flow rate
increased (145% in Model OE and 56% in Model AE).

Table 5. Characteristic parameters of clearance flow in the cases with the equal pitch inducer.

Model Ap (Pa) Average Velocity at the Clearance (m/s) Leakage Flow Rate (kg/s)
o 1.11 x 10° -16.18 0.094
OE 1.04 x 10° -10.69 0.230

Table 6. Characteristic parameters of clearance flow in the cases with the varying pitch inducer.

Model Ap (Pa) Average Velocity at the Clearance (m/s) Leakage Flow Rate (kg/s)
A 8.40 x 10° ~7.45 0.045
AE 6.70 x 10° -1.33 0.070

Furthermore, the distribution of the vapor volume fraction @, and velocity vectors are shown in
Figures 18 and 19 (Figure 18a for Model O, Figure 18b for Model OE. And Figure 19a for Model A,
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Figure 19b for Model AE). Clearance flow in cases without step casing (Model O and Model A) tended
to penetrate upstream and interact with the main flow, leading to a more apparent axial extension of
cavities. As for Model OE and AE, with lower velocity and higher leakage flow rates, the clearance
flow tended to interact with the main flow in a closer region.

3
0.50

F 0.45
1 0.40

0.35 SR A b '
- 0.30
0.25
0.20
- 0.15
0.10
0.05

(a) (b)
Figure 18. Flow fields at S;. (a) Model O and (b) Model OE.
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0.50

F 0.45
1 0.40

£ 0.35
1 0.30
[ 0.25
0.20
r 0.15
0.10
0.05

(a) (b)
Figure 19. Flow fields at S, (a) Model A and (b) Model AE.

4. Conclusions

To evaluate the influences of step casing design on cavitating flows and instabilities in inducers
with equal and varying pitches, a numerical simulation was employed in four cases. We analyzed
cavitation area characteristics on blades and three-dimensional cavity structures. The step casing
design showed a positive effect on cavitation suppression in both equal and varying inducers with
a significant reduction of cavity size and fluctuation. Its impact on cavity structures, however, was
quite different. In Models O and OE (cases with the equal pitch inducer), there were two regimes:
Type I (resembled attached cavitation) and Type II (resembled cloud cavitation). While in cases with
the varying pitch inducer, a significant difference was observed. Model A owned two regimes (Type I
and II), while in Model AE there was only the Type I cavity. Referring to the pressure distributions
on the blades and the details of the flow field, it seemed that with the alteration of clearance flow
characteristics, the cavity feature varied. Clearance flow in the straight casing tended to penetrate far
more upstream, resulting in a more apparent axial extension of cavities. As for step casing, the clearance
flow tended to interact with the main flow in a closer region with lower clearance velocity and higher
leakage flow rate.
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