Hindawi

International Journal of Aerospace Engineering
Volume 2023, Article ID 7687760, 22 pages
https://doi.org/10.1155/2023/7687760

Research Article

Q@) Hindawi

Influence of Rotating Speeds and Thermodynamic Effects on LOX

Turbopump Performance

Xuebing Bu(,' Ping Fu,” Hongchuan Cong,' and Zhongguo Sun

"Department of Fluid Machinery and Engineering, School of Energy and Power Engineering, Xi'an Jiaotong University,

Xi’an 710049, China

?Xi’an Zhongke Aerospace Power Technology Co. Ltd., Xi’an 710100, China

Correspondence should be addressed to Zhongguo Sun; sun.zg@xjtu.edu.cn

Received 12 December 2022; Revised 17 February 2023; Accepted 23 February 2023; Published 3 April 2023

Academic Editor: Qingfei Fu

Copyright © 2023 Xuebing Bu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

As a key factor of a reusable turbopump, axial thrust directly determines the reliability of the bears and seals, especially
considering the influence of rotational speeds and thermodynamic effects. In this study, numerical simulations and
experimental tests were conducted to explore the impact of rotational speeds and the divergences of the turbopump
performance with/without the thermodynamic effects. The experimental data obtained at 15000 r/min are in good agreement
with the numerical results, illustrating the validity of the numerical model. The results show that the head deviations based on
the affinity laws are relatively smaller, only 0.1% difference at normal condition, yet the efficiency increases from 72.5% to
73.8%, which need to be modified through the formula correction. Notably, the axial thrusts acting on impeller are
significantly affected by the rotational speeds, and the values at rated flowrate decrease 17.6% after increasing the operating
condition to rated speed. The affinity laws are not applicable for obtaining the turbopump axial thrusts under different speeds.
Furthermore, due to the changes of the local physical properties, the values of head coeflicient and efficiency decrease 2.8% and
1.3% at rated flowrate, respectively, when the thermodynamic effects of liquid oxygen are considered. Meanwhile, the relative
variations of axial thrust are between 1.46% and 3.74% within the whole flow range. Finally, an in-depth analysis of the
internal flow was conducted through the velocity field and vorticity method. In conclusion, both the rotational speeds and
thermodynamic effects significantly affect the performance of a cryogenic turbopump, especially the axial thrust, and the

unsteady results of the rotor-stator cavity leakage flow need to be analyzed in the future.

1. Introduction

The function of a turbopump, a main component of the liq-
uid propellant rocket engine, is to pressurize the propellant
to meet the engine system requirements [1]. Nontoxic and
nonpolluting propellants, such as liquid oxygen (LOX), ker-
osene, and liquid hydrogen, have been widely applied, owing
to the environmental protection and staff health [2, 3].
Moreover, a centrifugal pump is an energy conversion device
that is widely used in the cryogenic refrigeration industry
and petrochemical industry [4, 5]. A common feature of
the above components is that the media pumped are all
cryogenic media. As is well known, the physical properties
of a cryogenic medium are closely related to the local tem-
perature and pressure, which is the so-called thermody-

namic effects. Additionally, the tendency of variable thrust
and reusability of rocket engines has placed extremely strin-
gent requirements on the development of turbopumps
[6-8]. As an important factor, the axial thrust of a turbo-
pump plays an important role and is affected by the physical
properties of the cryogenic medium [9]. Owing to the
adjustment of operating conditions, the flow rates and dis-
charge pressures of the turbopump should be adaptively
altered through the rotational speeds. Hence, the influence
of the thermodynamic effects and rotational speeds needs
in-depth study to ensure the turbopump performance and
reliability.

Due to the urgent requirement for delivering cryogenic
medium (such as LOX and LCH4) over a wide flow range,
the pump performance under off-design condition has been
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researched widely. Experimental test and numerical simula-
tion are the two main methods that provide an in-depth
understanding on this issue [10, 11]. Currently, due to the
high cost of experimental test and improved accuracy of
numerical simulation, the research strategy of preliminary
simulation analysis and final experimental verification is
generally adopted [12-14]. In terms of the operating condi-
tions of centrifugal pumps, the working conditions of a tur-
bopump can be realized by varying the rotational speeds or
flow rates. Yang et al. [15] employed a typical electrical sub-
mersible pump to verify the similarity of the pump perfor-
mance under different rotating speeds, and they found that
the maximum efficiency of the model pump slightly
improves after increasing the rotation speed. Xu et al. [16]
and Han and Tan [17] investigated the influence of rotation
speed on the pressure fluctuations. Additionally, Dodsworth
and Groulx [18] studied the influence of motor speeds to
obtain the performance curves of a tesla pump. Interestingly,
Tsukamoto et al. [19] conducted experimental tests and the-
oretical analyses to study dynamic characteristics of a cen-
trifugal pump with fluctuating rotational speeds. Based on
their respective mechanical models, Vermunt et al. [20],
Ogata et al. [21], and Zheng et al. [22] studied the character-
istics of their research objects under variable rotating speeds,
such as rotation stall, additives for drag reduction, and vibra-
tion behaviors. Owing to the potential energy savings, the
implementation of variable-frequency drives in electric
motors has also been evaluated [23-25]. Moreover, Tanaka
and Tabaru [26] studied the transient behavior of a centrif-
ugal pump during rapid start-up. Duplaa et al. [27-29] also
revealed that the performance during the pump rapid start-
up greatly deviates from that in quasi-steady condition,
owing to the rotational speed acceleration and flow rate
acceleration. In the above studies, centrifugal pumps or
other hydraulic machineries were employed as research
models, and the external characteristics were mainly focused
on. However, the internal flow distributions under different
operating speeds, especially the leakage flow in the rotor-
stator cavity, are not studied enough.

Another key aspect of this paper is the influence of ther-
modynamic effects on the turbopump performance. Exten-
sive related studies have also been conducted, mainly
focusing on the differences of the inducer cavitation. Over
the last 15 years, Japan Aerospace Exploration Agency
(JAXA) has devoted significant efforts to comprehensively
explore this issue, for enhancing the performance and
reliability of the liquid hydrogen/oxygen turbopump applied
to LE-7 rocket engine [30-36]. Watanabe et al. [30, 31]
presented the heat transfer model to analyze the thermody-
namic effects on cavitation instabilities using the singularity
method. At almost the same time, Yoshida et al. [32-34]
analyzed the thermodynamic effects on the cavitation per-
formances and cavitation instabilities of a rocket engine
inducer, to determine the evolution mechanism of subsyn-
chronous rotating cavitation. To meet the requirements of
liquid rocket engines, researchers are still comprehensively
exploring the thermodynamic effects of cryogenic media
[35-40]. In addition to the thermodynamic effects on cavita-
tion, Li et al. [41] employed a liquid oxygen turbopump to
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investigate the thermodynamic effects on pressure fluctua-
tions. During the exploitation of a new generation launch
vehicle, detailed pressure distributions on the rear side of the
impeller, which affect the axial thrust characteristics, were
obtained via compressible simulation [42-44]. Recently, Bu
et al. studied the thermodynamic effects of liquid oxygen on
the flow distributions in the rotor-stator cavities of a cryogenic
turbopump [45]. The current researches pay more attention to
the influence of thermodynamic effects on the inducer cavita-
tion; however, the influence of the cryogenic medium on the
axial thrust needs to be further analyzed.

Previous studies have categorically studied the influence
of rotating speeds and thermodynamic effects. However, the
previous research mainly focuses on the external perfor-
mance and vibration characteristics, the operating speeds
are relatively lower, and the pressurized medium is mostly
water or hydraulic oil. Meanwhile, the thermodynamic
effects of cryogenic media mainly focus on the characteris-
tics of cavitation, which mostly occurs in the inducer or
volute throat. Few conclusions have been conducted on the
impact of the characteristics of internal flow, especially in
the rotor-stator cavities. In this paper, the influence of rotat-
ing speeds and thermodynamic effects was investigated to
obtain the variations of an LOX turbopump performance,
especially the leakage flow in the rotor-stator cavities. This
paper is organized as follows. In Section 2, the test pump
parameters and experimental setups are presented, including
the basic information of the LOX turbopump and composi-
tion of the experimental system. In Section 3, numerical
results and experimental data are presented and compared
to validate the numerical model. In Section 4, the differences
of the turbopump performance are discussed under consid-
ering the influence of rotation speeds and thermodynamic
effects. In Section 5, the main conclusions are presented with
the significances and limitations of this study.

2. Pump Geometry and Experimental Test Rig

2.1. Basic Parameters of Liquid Oxygen Turbopump. A tur-
bopump is used as the pressurization pump in the propellant
system of a rocket engine to transport the propellant (e.g.,
LOX and RP-1). The LOX turbopump employed is a centrif-
ugal pump with a speed ratio of 32. The specific speed is
defined as follows:

_m/Q

hs= HO75 > (1)

where 7 is the rotational speed, Q, is the rated flow rate, and
H is the normal head.

The LOX turbopump employed comprises a two-blade
inducer and a twelve-blade impeller (half of the blades are
splitter blades). The inducer and impeller are driven by a
gas turbine, and the turbopump rated speed is 30,0001/
min. Same as the research model employed in reference
[45], the main parameters of the turbopump are illustrated
in Table 1.

Figure 1 shows the images of the inducer and impeller
used herein. Note that this inducer has a sweptback leading
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TaBLE 1: Main design parameters of the LOX turbopump.

Design parameter Symbol Value Unit
Rated head Hy 1148 m
Rated flow rate Q, 0.036 m>/s
Rated rotational speed ny 30000 r/min
Efficiency n 724 %
Specific speed ng 32 —
Inlet diameter of impeller D, 64 mm
Outlet diameter of impeller D, 112 mm
Outlet width of impeller b, 9 mm
Blade number of impeller Zim 6+6 —
Blade number of inducer Zi 2 —

edge, which is optimal for suppressing the cavitation surge.
The impeller has additional six splitter blades to weaken
the effect of the “jet-wake” flow and enhances the impeller
capacity. Moreover, the materials of the inducer and impel-
ler have identical thermal expansion coefficients; hence, the
ratio of the radial tip clearance to the blade height is main-
tained in a liquid oxygen environment.

Additionally, the media pressurized by the turbopump are
water and liquid oxygen, and they are applied for the subse-
quent experimental verification and numerical simulation.

2.2. Tested Pumping System. Water tests were conducted to
verify the overall performance of the turbopump. The test
rig was constructed at Xi’an Jiaotong University, and it is
schematically depicted in Figure 2. The closed-loop facility
comprises a water tank, rotating parts, control valves, suc-
tion pipe, and discharge pipe; meanwhile, the temperature
transducer, pressure transducer, turbine flowmeter, and the
gear rotating speed transducer are equipped to measure the
experimental parameters. Filtered water is stored in a
5.6m” stainless tank, and the pressure of the water tank is
controlled through either a compressor or vacuum pump.
Rotating parts include the test pump, speed-up gearbox, tor-
que meter, and driving motor. The rated speed and power of
the driving motor are 2900 r/min and 300 kW, respectively.
The maximum operating speed and maximum power of
the gearbox are 17,000 r/min and 350kW, separately. The
rotational speed is controlled within 0.02% using a variable
frequency drive. The flow rate of the test pump is precisely
controlled by the pneumatic regulating valves.

To prevent the potential risk from excess materials,
water from the tank flows through the filter firstly. A pres-
sure transducer and a temperature transducer are installed
at more than 10 pipe diameters upstream of the test pump,
and the torques and rotational speeds are measured using
a compound torque meter. In this paper, the test pump rota-
tional speed was fixed as 15000 + 30 r/min. The mean flow
rate is measured downstream of the test pump through an
electromagnetic flow meter, and it is regulated by precisely
controlling the valve opening. The uncertainty of each

parameter with 95% confidence interval is as follows:
+0.42% of the head and +0.16% of the mass flow rate.

Figure 3 shows the test section of the experimental sys-
tem, which mainly consists of a test pump, test bracket,
speed transducer, and the gearbox. The inlet and outlet
pipes of the test pump are connected to the straight pipe
of the experimental system through the flanges, and a cus-
tomized flange is rigidly fastened between the test pump
and the bracket. Owing to the high operating speeds,
high-precision splines are chosen to transmit the rotational
speed and torque. All controlled variables and acquisition
parameters are measured using the measurement and con-
trol system.

The experimental tests are conducted in noncavitation
conditions. Before each test, the suction pressure was main-
tained to be higher than the critical cavitation pressure to
avoid the impact of cavitation.

3. Numerical Strategy and Test Verification

3.1. Computational Domain. The entire computational
domain is exhibited in Figure 4, including inlet pipe, pump
casing, inducer, impeller, volute, and outlet pipe. To obtain
the realistic performance of the turbopump, both the shroud
cavity and rear cavity are considered in the numerical simu-
lation. Furthermore, the inlet and outlet pipes are extended
to eliminate the interference of the physical model on the
numerical calculations. To improve the numerical conver-
gence, the inlet pipe is extended by eight times the inlet pipe
diameter, and the outlet pipe is lengthened by ten times the
outlet pipe diameter.

3.2. Grid Independence Verification. In this study, the grids
were generated via ICEM CFD. Consistent with the grid
strategy in reference [45], a hexahedron structure grid with
small truncation error and good convergence was selected
to discretize all computational domains to ensure the accuracy
of the numerical simulation, as shown in Figure 5. The mesh
of the narrow gaps was refined, such as the clearance in the
shroud cavity and rear cavity, especially the annular gap
between the rotating impeller and stationary casing [46].

Firstly, a brief overview of the numerical setup is pre-
sented. Reynolds averaged Naiver-Stokes (RANS) method
was employed to simulate the internal flow of the LOX tur-
bopump. The finite volume method was used to solve the
system of equations in commercial software ANSYS-CFX.
Since it is extensively benchmarked for turbomachines, the
shear stress transport (SST) turbulence model proposed by
Menter et al. [47] with automatic wall-treatment was
employed to compile the governing equations, similar to
Tanaka et al. [13] and Chabannes et al. [48]. A high-
resolution scheme was utilized for the advection scheme to
achieve robust and accurate solutions. The value of residual
target was set as 10, As the boundary of the CFD simula-
tions, the mass flow rate and the turbulence intensity of
0.05 (representing a medium turbulence level) were specified
at the outlet of the computational domain. At the inlet of
draft tube, a static pressure was considered for more robust
calculations.
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FiGURE 1: Inducer and impeller after hydraulic tests.
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FIGURE 4: Fluid domains and 3D model of the turbopump.

The flow coefficient ¢, head coeflicient v, and efliciency
n were used to characterize the performance of the LOX tur-
bopump as the nondimensional parameters, and they are
defined as follows [49]:

Flow coefficient, ¢ = 33, (2)
D;
AP
Head coefficient, y = —5—, (3)
pD;n
H AP
Efficiency, 17 = % ) ]\/([2 Z) , (4)

where p is the fluid density and AP is the total differential
pressure between the inlet and outlet of turbopump.

In Table 2, taking water as the medium, five sets of grids
were tested (cases A~E) at rated speed (n=30000r/min),
and variations of the calculated head coefficient y and effi-
ciency 7 are given. To be clear, the value of the flow coeffi-
cient ¢ is 1.74x 107 at rated condition. Comparison of
the numerical results obtained from cases D and E clearly
shows that the number of grid nodes has little impact on
the numerical predictions, which means that the number
of grids is sufficient. Considering the computational cost
and numerical accuracy, case D is selected for the subse-
quent numerical calculations. In addition, the values of y*
distributed on the impeller are less than 50, which can
completely satisfy the requirement of the turbulence model.

3.3. Experimental Verification. Figure 6 compares the perfor-
mance curve of the LOX turbopump obtained via numerical
simulation with the experimental results. For the LOX tur-
bopump, the real working conditions of cryogenic liquid at

90K are difficult to achieve, and the experimental cost is
too expensive. Hence, water at 298 K was chosen to conduct
the experiment and verify the turbopump simulation. To
obtain accurate experimental data and reduce the measure-
ment errors, the experimental tests were conducted thrice
at 15000 r/min. The results show that the values of the head
coefficient and efficiency obtained by the numerical simula-
tion well match the experimental data. The relative errors
between the numerical and experimental results are less than
5% over the test flow range.

In Figure 6, a comparison was performance between the
performance curves of the numerical simulation and exper-
imental data under different flow coeflicients. Based on
numerical simulation results, the head coefficient predicted
via numerical simulation is 0.56% higher than the experi-
mental value, and the efficiency is 1.68% higher than the
experimental value at the rated condition. Furthermore, the
differences between the numerical and experimental values
increase with the decrease of flow rate. The divergences
between the simulated and experimental values are caused
by the simplification of the real state of the tested product
and the accuracy of the numerical model. As shown in
Figure 6, the variations between the numerical results and
experimental data are within a certain range. It is demon-
strated that the simulated model presented herein can be
applied to conduct a numerical investigation.

4. Results and Discussion

To investigate the influence of the rotating speeds and the
thermodynamic effects on the performance of the turbopump,
steady simulation with validated numerical schemes was
conducted.
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FIGURE 5: Mesh arrangement of the turbopump.

4.1. Influence of Variable Rotating Speeds. Notably, the affin-
ity laws of a centrifugal pump relate the variations in volume
flow, head, and power. These laws are used to obtain the per-
formance curves of the pump at different angular velocities
or with different impeller diameters [9]. The corresponding
equations of the volumetric capacity Q, head H, and power

P are as follows:
Q _ (1) (D2 5)
Q ny ) \Di '
H, (n, : D, 2 (6)
() ()
RN CANEAY )
P, my D, '

Here, D represents the diameter of the impeller.

Keeping the medium as water and the structural size
of the turbopump unchanged, the performance curves of
the turbopump under 0.5n; and ny are compared in
Figure 7.

Figure 7 clearly shows that the rotation speeds have cer-
tain influence on the turbopump performance, especially the
efficiencies. When the rotational speed of the turbopump
increases from 0.5n4 to ny, the efficiencies via numerical
simulated change from 72.5% to 73.8% at rated flow, which
is very sensitive and essential for adjusting the parameters of
the engine system. As the flow rates deviate from the normal
condition, the divergences of the total efficiency decrease at
the off-design conditions. Contrary to the evolution ten-
dency of the efficiency, the values of the head coefficient
exhibit a completely different feature with varying rotation
speeds. When the rotational speed increases from 0.5x,4 to
rated speed, the head coeflicients obtained at rated flow are
1.451 x 107 and 1.452 x 1072, respectively, and the relative
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TaBLE 2: Grid independence study results.

Relative change Relative change

e . . o
Case Mesh nodes (million) Head coefficient (y) of head (%) Efficiency % (%) of efficiency (%)
Case A 7.26 1.438x 1073 -1.10 73.35 -0.65
Case B 9.79 1.442x 1073 -0.83 73.41 -0.57
Case C 12.24 1.447 x 1073 -0.48 73.72 -0.15
Case D 14.65 1.452x 1072 -0.14 73.84 0.01
Case E 17.26 1.454% 1073 0 73.83 —
1.65% 1073 76
1.50 x 107> L 72
g
1.35x 107 1 68 =
: 5
8 g
g :
g 120x 1073 A - 64 E
Qo o
3 g
s &
1.05 x 107 60 2
=
9.00 x 107 L 56
7.50 x 1074 T T T T : 52

60x10* 9.0x10™* 12x107

1.5%x107

1.8x107° 21x107° 24x107

Flow coefficient ¢

—a— y-numerical simulation

-@- y-experimental test

—— r-numerical simulation

-v- n-experimental test

F1GURE 6: Comparison of the performance obtained by experimental and numerical results.

change amplitude based on the rated speed is 0.07%, which
is small enough to be ignored. Similarly, the head coefficients
under off-design conditions are also analyzed, and the head
coefficients are 2.31% and 4.76% lower at flow coefficient ¢
=5.79x 107* and ¢ =2.51 x 1073, separately, when the tur-
bopump speed increases from 0.5n4 to rated speed. In com-
parison of the head coeflicients and efficiencies obtained
under variable rotational speeds, it is clear that the affinity
laws of a centrifugal pump relating the variations of the head
and efliciency are more effective with minor corrections, and
the characteristics of the head coefficient and efficiency are
different under different flow rates.

The turbopump internal flow is extremely complex. To
further analyze the performance characteristics of the turbo-
pump, the influence of rotational speeds on the turbopump
volumetric efficiency is studied, as shown in Figure 8. The
volumetric efliciencies in Figure 8 are defined as the ratio
between the leakage flow through the rotor-stator cavity
and the volume flow delivered by impeller. Nomenclatures
fys and 7y, in the figure represent the volumetric efficiency
of the shroud cavity and the rear cavity, respectively.

As shown in Figure 8, the deviations of the volumetric
efficiency increase with the decrease of flow rate, when the
turbopump speeds increase from 0.5x4 to rated condition.
Consistent with the change trend of total volumetric effi-
ciency, whether the rotor-stator cavity is a shroud cavity
or rear cavity, the volumetric efficiencies synchronously
decrease with the flow mate decreasing. However, after con-
sidering the influence of rotational speeds, the volumetric
efficiencies of the shroud and rear cavities exhibit different
variation trend, owing to the influence of the cavity struc-
tures. In the shroud cavity, as the rotational speed increases
from 0.5n4 to ny, the volumetric efficiencies change from
93.84% to 93.66% at rated flow, and the maximum devia-
tion is 0.82% at ¢ =5.79 x 107, In the rear cavity, the vol-
umetric efficiencies change slightly from 96.75% to 96.76%
at rated flow. Generally, the rotational speed has a slight
influence on the volumetric efficiency. Since the volumetric
efficiencies of the turbopump change little, the efficiency
differences are mainly caused by the hydraulic efficiency
variations after the turbopump speed changes. According
to the analysis of the turbopump efficiency, it was



International Journal of Aerospace Engineering

1.8x107 77
1.6 x 107> - - 70
S
1.4x107% L 63 =
oy o
Q
Eﬁg 1.2 %107 1 - 56 &
(v}
< g
54 =}
s &
1.0 x 1073 -49 2
&
8.0 x 107 1 L 42
6.0x107* T T T T - 35
40x10™* 80x10™* 1.2x107 1.6x107 20x107° 24x107° 2.8x107
Flow coefficient ¢
—a— y-0.5n, —a— $-0.5n,
-®- Y-ny -v- p-ny

FIGURE 7: Comparison of the performance under different rotational speeds.

100
95

S 90 4

>

=

>

Q

5

==

L)

L

g

S 80 -
75
70 T T
40x10%  80x10* 1.2x1073

—.— WV—O.SI’ld
-o- Ty 1y

—h— ”Vs_o'snd

1.6x107°  20x10° 24x107

2.8x%107°

Flow coefficient ¢
-¥- Hyshy
—— My 051y

-4~ Ny My

FiGureg 8: Comparison of the volumetric efficiency under different rotational speeds.

speculated that the changes of Reynolds number cause the
variations of the turbopump hydraulic loss, resulting in
the deviations of the hydraulic efficiency.

As mentioned above, the axial thrust of impeller is a key
factor that decides the turbopump reliability when the thrust
of the rocket engine is required to adjust. To analyze the

impact of rotational speeds on the axial thrust, the axial
thrust coefficient is introduced and defined as follows [50]:

Cy

Tp J’z 4p(ryrdr '

= P 2,4
0.57r5 pus; o PWI;

(8)
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The axial thrusts acting on the impeller in the above  axial force acting on the impeller shroud and the impeller
numerical conditions were calculated, and the values of both ~ hub, respectively.
the impeller shroud and hub were analyzed, as shown in With distinct difference from the characteristics of head
Figure 9. It should be noted that Cp, and Cy, represent the  and volumetric efficiency in Figures 7 and 8, the axial thrusts
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acting on the impeller do not conform to the affinity laws.
For both the impeller shroud and the impeller hub, the axial
thrust coefficients Cp, and Cp, monotonically increase with
the decreasing flow at the same rotational speed. Moreover,
keeping the flow coefficients constant, the axial thrust coeffi-
cients C, and Cy, increase with the decreasing rotational
speed. As the turbopump speed increases from 0.514 to ngy,
the axial thrust coefficient Cp, decreases from 0.332 to
0.274 at rated flow, and Cp, decreases from 0.519 to 0.433
under the same condition. Based on the axial thrusts
obtained at rated speed, the relative changes of the axial
thrust acting on the impeller shroud and the impeller hub
are 21.2% and 19.9%, respectively. At lower rotational speed,
when the flow coefficient ¢ decreases from 2.51x 107% to
5.79 x 1074, the axial thrust coefficient Cp, increases from
0.275 to 0.403, and these values acting on the impeller hub
increase from 0.417 to 0.587, respectively. At rated speed,
when the flow coefficient ¢ decreases from 2.51 x 10~ to
5.79 x 107%, the axial thrust coefficient Cp, increases from
0.217 to 0.361, and Cp, increases from 0.342 to 0.515,
respectively. The above results show that the rotational
speed significantly affects the axial thrust. Owing to the
divergences between Cp, and Cp,, we can find that the struc-
tures of the rotor-stator cavities also influence the distribu-
tions of the axial thrust. According to the relative
magnitude of the axial thrust coefficient, regardless of
whether the turbopump operating condition is at rated flow
or off-design condition, the axial thrust coefficients do not
obey the affinity laws of centrifugal pumps.

Figure 9(b) shows the changes of the total axial thrust
coefficient C; under different rotational speeds. Owing to
the higher impeller outlet pressure at the smaller flow rate,
the axial thrust coefficient Cy in general increases as the flow
coefficient decreases, no matter how the rotational speed
changes. When the turbopump speed decreases, the axial
thrust coefficient Cy at normal flow increases from 0.159 to
0.187, and the relative amplitude is 17.6%. The results reveal
that there are large deviations when the affinity laws are used
to recklessly convert the axial thrust.

As described in the previous study, the axial thrust acting
on the impeller is obtained by integrating the static pressure
along the radial direction [51], and the static pressure is
achieved by the following formula:

72
p(r)=ps - paﬂj K (r)rar, (9)

r

where k is the fluid rotation ratio [51] and is solved by

k 8/5 1 714 k
= 0.07875 7| (LR o s Z 2k,
X

% ch ReL/S kO

(10)

cq 1s the
volumetric leakage flow, and Re, = wr3/v is the rotational

Reynolds number.

where x=r/r, is the nondimensional radius, Q
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As can be seen from Equation (10), keeping the turbo-
pump geometry unchanged, there is a direct between the
fluid rotational ratio k to angular velocity w, the leakage flow
Q> and the rotational Reynolds number Re,. Owing to the
volume efficiency under different flow rates in Figure 8, we
can find that the coefficient w/Q_q is approximately constant
at each speed. Hence, it is obvious that the changes of the
fluid rotational ratio k are caused by the rotational Reynolds
number Re,, which means that the differences of the axial
force coeflicient Cy in Figure 9 are mainly affected by the
turbopump speed n.

4.2. Influence of the Thermodynamic Effects. Selecting water
as the medium and without considering thermodynamic
effects, the performance under variable rotational speeds
was compared; the results indicate that the rotational
speeds have an obvious impact on the axial thrusts. Fur-
thermore, owing to the wide application of liquid oxygen
in liquid propellant rocket engines, liquid oxygen was
selected as the working medium to analyze the influence
of the thermodynamic effects. Furthermore, the characteris-
tics of the thermodynamic effects of liquid oxygen and the
changes of the rotational speeds on the turbopump perfor-
mance are discussed.

In this section, the influence of the thermodynamic
effects at a constant rotational speed was studied. In the cal-
culation, the total energy equation considering the viscosity
effect and rotation energy was added to obtain the internal
flow field, which is applicable to the temperature field calcu-
lation of turbopumps and other rotating machinery [41]. To
analyze the influence of thermodynamic effects, physical
parameters such as density, specific heat capacity, thermal
conductivity, and dynamic viscosity that vary with tempera-
ture are fitted as functions and written into commercial soft-
ware ANSYS CFX using CEL language. It should be noted
that the saturation thermodynamic properties of liquid oxy-
gen are used here to fit the physical property formulas, due
to the sensitivity of physical properties to the local tempera-
ture, compared with the pressure. Equations (11)-(14) pro-
vide the fitting formulas under liquid oxygen temperatures
of 75-120 K [52].

p=1430.1327 - 1.3895 - T - 0.02005 - T2, (11)

¢, =0.73639 +0.03652 - T — 4.82515 x 107*- 712
+2.17343x107° - T3,

(12)

Ax10% =273.9234 — 1.2605 - T — 0.00106 - T2, (13)

1 x 10° = 3320.1395 — 79.7493 - T + 0.67888 - T*

—0.00198 - T°. (14)

Here, T represents the local temperature. To ensure that
the above equations can accurately reflect the changes of the
physical properties of liquid oxygen with temperature rise,
the values of the coefficient of determination (R?) were cal-
culated, and the corresponding values of the fitting formulas
are all greater than 0.95.
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Firstly, the physical properties of liquid oxygen were kept
constant, and the total energy equation was added into the code.
Figure 10 displays the performance obtained at rated speed,
which is compared with the numerical results using water as
the medium. Based on the performance characteristics of the
centrifugal pump, the outlet boundary condition of the turbo-

pump is determined to ensure consistent volume flow, and
the initial temperature of the numerical simulation is 90 K.

As shown in Figure 10, due to the differences of physical
properties between liquid oxygen and water, the head coeffi-
cients and efficiencies of the turbopump exhibit obvious
divergences among the simulated flow coefficients. In
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Figure 10(a), the head coefficients vary from 1.45x 107> to
1.48x107% at rated flow, and the turbopump efficiencies
increase from 73.83% to 74.64%. When the medium is
changed from water to liquid oxygen, the dynamic viscosity
significantly reduces, thus inhibiting the turbulent dissipa-
tion; consequently, both the head coeflicients and efficiencies
improve across the flow range, except for the smallest flow
rate. The characteristics of head and efficiency in
Figure 10(b) significantly differ from those in Figure 10(a);
the changes of the axial thrust coefficient do not exhibit
any obvious trend, regardless of the cavity structure. Based
on the results of water, the maximum relative change of
the axial thrust coefficient C, is 2.74% at ¢=1.35x 107,
and that applied to the impeller hub is 2.94% at ¢ =1.93 x
107, Interestingly, the axial thrusts acting on the impeller
hub exhibit the same variation with the head coefficient.
This phenomenon can be explained by the higher outlet
pressure of the centrifugal impeller and the higher pressure

distribution in the rotor-stator cavity, which results in
higher axial thrusts. However, the axial thrusts acting on
the impeller shroud exhibit totally different tendency, and
the mechanism analysis of the axial thrusts acting on the
impeller hub is not applicable here. Clearly, the media pres-
surized by the turbopump have a certain impact on the
external characteristics and internal flow field, and owing
to the divergences between the shroud cavity and rear cavity,
the axial thrust coeflicients exhibit some special features.
Based on the above numerical simulations of turbopump,
the influence of thermodynamic effects was considered,
which was realized by inserting Equation (11)-Equation
(14) into the commercial code. Figure 11 shows the turbo-
pump performance at different flow coeflicients, with and
without the influence of thermodynamic effects. In order to
better analyze the influence of rotational speeds and thermo-
dynamic effects on the turbopump performance, the simu-
lated values in Figure 9 were drawn and compared again.
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When considering the influence of the thermodynamic
effects, the density of liquid oxygen depends on the medium
temperature; thus, to unify the benchmark for comparison,
the physical parameters at the inlet boundary of the turbo-
pump were selected to conduct a dimensionless analysis.

As shown in Figure 11, quite distinct from the influence
of the rotational speeds, the head coefficient and efficiencies
of the turbopump significantly change in all calculated flow
conditions, and the axial thrusts acting on impeller decrease
by varying degrees. After considering the thermodynamic
effects, the head coefficient decreases from 1.477 x 10~ to
1.435x 1072, and the efficiency of the turbopump decreases
from 74.64% to 73.67% at rated condition. Similarly, the
axial thrust coefficient Cp, (shroud cavity) decreases from
0.273 to 0.267, and the axial thrust coefficient Cy, (rear cav-
ity) decreases from 0.436 to 0.431 at the same working point.
In Figure 11(a), the head coeflicients and efficiencies reduce
under oft-design conditions. The maximum relative varia-
tion of the head coefficient is 5.9% at ¢ =2.12x 107, and
that of efficiency is 4.3% under the same flow coefficient.
The energy generated by the turbulent dissipation causes
the temperature of the medium to increase, and subse-
quently, the density of the medium and the outlet pressure
of turbopump are decreased. Combined with the research
in Section 4.1, the performance curves of the turbopump
obtained via a hydraulic test cannot be directly converted
to obtain the performance data under a real medium; the
rotational speeds and thermodynamic effects need to be con-
sidered to obtain accurate results, and the characteristics of
their influence on turbopump performance are completely
different. In Figure 11(b), due to the increase of temperature
in the rotor-stator cavities, the density of liquid oxygen
decreases, which causes the decrease of axial thrust coeffi-
cient obtained by the pressure integration in varying magni-
tudes. The axial thrusts exhibit maximum relative variation
on both impeller shroud and impeller hub at ¢ =1.93 x
107>, Moreover, the deviation of 2.4% and 2.8% can result
in large absolute values when the axial thrust is obtained
exactly, especially in the turbopump of high-thrust engine.
Consistent with the head coefficient variation, to obtain suf-
ficiently high-precision characteristics of the LOX turbo-
pump, the thermodynamic effects need to be considered.

4.3. Comparison of Pressure within the Impeller. As is well
known, the external performance and axial thrust are closely
related to the pressure field distribution. Therefore, to fur-
ther analyze the internal mechanism of rotational speeds
and thermodynamic effects on the turbopump performance,
a comparative study was conducted on the pressure field of
the turbopump. Here, a nondimensional pressure is defined
as a pressure coeflicient [53].

PP h—h
C, = = . 15
P 0.5pu;  0.5p((nnD,)/60) (1%)

Here, C, is the pressure coefficient, p, is the local pres-
sure, p; is the inlet pressure of turbopump, and u, is the cir-
cumferential speed of the impeller at the trailing edge.

13

To analyze the influence of the rotational speeds,
Figure 12 shows the distributions of the static pressure
coefficient in the rotation domain of turbopump under
different flow coefficients, and the pressurized medium is
water.

As shown in Figure 12, the pressure distributions in the
impeller and rotor-stator cavities exhibits similar trends
under the same flow coefficients, regardless of the variations
of the rotational speed. However, owing to the influence of
rotational speeds, the obvious contrast of the pressure coef-
ficient can be discovered in the area around the impeller
entrance, as indicated in Figure 12 using series numbers 1-
4. Consistent with previous research results of centrifugal
pumps, due to the rotation of impeller and the energy con-
version in the volute, the pressure coefficient C, increases
from the leading edge of the impeller to the spiral channel
of the volute, and the specific value decreases with increasing
flow coefficient ¢ at the same location. Figures 12(b) and
12(e) display the distribution of the pressure coefficient at
$¢=1.74x 1073, with rotational speeds of 0.5n4 and ng,
respectively. The pressure coefficient C, in the main flow
channel, comprising the impeller and volute, is almost iden-
tical in any fluid domain, which can be verified through the
head coefficient shown in Figure 8. Further comparison at
the low flow coefficient of ¢ =1.35x 107, similar to the
rated condition, shows that the head coefficient exhibits
the same characteristics, as shown by the polylines in
Figures 12(a) and 12(d). As shown in Figures 12(c) and
12(f), after the flow coefficient is increased to ¢ =2.12 x
1073, the rotational speeds of the turbopump have obvious
effect on the pressure distribution in the main flow at the
impeller eye.

Note that the pressure coefficient varies radially and has
the same value in the axial direction in rotor-stator cavities,
just the divergences of the radial location, which is conve-
nient for correcting the one-dimensional formula of pressure
to accurately obtain the axial thrust coefficient acting on the
impeller. To unify the evaluation criteria, the value range of
the legend is exactly identical under each operating condi-
tion. Therefore, although the axial thrust coefficient values
exhibit obvious changes at different rotational speeds, no
major differences in terms of the pressure coefficient are
observed in the shroud cavity or rear cavity, due to the iden-
tical value range of the legend. More detailed analysis will be
conducted in follow-up studies.

Corresponding to Figures 10 and 11, the same vertical
section used in Figure 12 is utilized to obtain the distribution
of the pressure coefficient. Select liquid oxygen as the simu-
lation medium, Figure 13 shows the distribution of the static
pressure with and without considering the thermodynamic
effects.

As depicted in Figure 13, the pressure coefficient shows a
slight reduction when the thermodynamic effects are consid-
ered, as shown in the red dotted ellipse. This can be inter-
preted in Figure 11 as the power loss leading to various
physical properties, owing to the influence of thermodynamic
effects. First, the pressure distributions in Figures 13(a)-13(c)
are obtained under the premise of keeping the physical
properties constant. In comparison of Figures 13(a)-13(c)
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FIGUre 12: Comparison of the pressure field under different rotational speeds.

with Figures 12(a)-12(c), it clearly shows that the variations
of the pressure coefficient under the same flow coefficient
are almost identical. Regardless of whether the medium is
water or liquid oxygen, the results show that the changes
of the media do not affect the flow field distributions, just
the divergences of the specific values occur because of the
influence of the physical properties, which can be validated
in Figure 10. As shown in Figures 13(a)-13(f), after consid-
ering the thermodynamic effects of liquid oxygen, the pres-
sure coeflicients in the main flow decrease at all flow
coefficients, which can be clearly observed by comparing

the pressure coefficient contours. Similar to the definition
of head coefficient in Figure 10, the pressure coeflicient
values shown in Figures 13(d)-13(f) are obtained by using
the density at the inlet boundary of the turbopump, which
ignores the changes of local density caused by the thermody-
namic effects. Therefore, this variable essentially expresses
the pressure difference.

Similar with the pressure distributions in Figure 12, the
static pressure in the main flow region gradually increases
from the impeller eye to impeller outlet, where maximum
static pressure zones appear near the impeller outlet.
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FIGURE 13: Comparison of the pressure field with and without thermodynamic effects.

Moreover, due to the rotor-stator interaction between the
high-speed rotating impeller and the stationary volute, the
static pressure distribution within the volute presents an
obvious asymmetry along the circumferential direction.
Comparative analysis of the pressure coefficient distribu-
tions in Figures 13(b) and 13(e) shows that the pressure
coefficient values vary little at the inlet edge position of the
impeller. However, as the medium is pressurized and con-
veyed downstream of the impeller, the difference of pressure

coeflicient between the two contours becomes more appar-
ent, and more obvious differences of polylines. This feature
is in accordance with the head coefficient simulated in
Figure 10, which also can be observed in higher and lower
flow coefficients. Fortunately, the characteristics of the static
pressure in rotor-stator cavities still remain the same, which
provides convenience for accurately solving the axial thrust
after considering the thermodynamic effects. However, the
divergences of the cavity pressure coefficient in Figure 13
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are obvious with those distributions in Figure 12, which are
corresponding to the axial thrusts in Figures 9(a) and 11(b).

Owing to the thermodynamic effects of liquid oxygen,
the distributions of pressure shown in Figure 13 are caused
by the differences of the physical properties, which is essen-
tially the variations of the temperature distribution, as
shown in Figure 14. Whether the thermodynamic effects

are considered or not, the temperature distributions in the
rotational domains of the turbopump are closely related to
the flowrate, which can be explained by the turbopump effi-
ciency curve. Due to the influence of the rotor-stator cavity
structure, the local temperature values in both the shroud
cavity and the rear cavity are obviously higher than the main
flow region. After considering the thermodynamic effects of
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liquid oxygen, the characteristics of the temperature distri-
bution have not changed under all operating conditions,
but the local corresponding values have increased signifi-
cantly, especially at the impeller outlet and the rotor-stator
cavities, as shown in Figures 14(a) and 14(d). The differences
of the local temperature result in the variations of the phys-
ical properties of liquid oxygen. Finally, the turbopump head
coefficients, efficiencies, and the axial thrusts in Figure 11
will be changed measurably, due to the consideration of
thermodynamic effects.

4.4. Vortex Structures in Shroud Cavity. Vortex is a typical
flow structure in fluid machineries and plays an important
role in determining the overall performance of hydraulic

machineries [54]. To investigate the vertical structures, the
Q-criterion is applied to extract and obtain the vortex core
region within the shroud cavity, which is widely used to
determine complex flow structures. The Q-criterion can be
described as follows:

1
Q=3 (128 - ISF). (16
with
Q:

[Vv - (VV)T} ;8= [Vv + (VV)T} . (17)

N =

1
2
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Here, Q is the rotation rate tensor, and S is the strain rate
tensor.

If Q>0, the rotating force overcomes the strain
force, and the rotating force maintains the predominant
role. Furthermore, a large Q value indicates a large dif-
ference between the internal vorticity and the deforma-
tion rate.

For convenience of comparison, a nondimensional
value of Q is usually employed, and the expression of Q*
is as follows:

= (18)

Here, Q,,,, denotes to the maximum value of Q, which
is extracted to determine the vortex core position in the
vortex region identified by the Q-criterion.

To comprehensively characterize the three-dimensional
vortex structures, the shroud cavity was selected as the
research domain to analyze the influence of rotational
speeds and thermodynamic effects. Figure 15 presents the
vortices identified by Q-criterion at the rated and off-
design conditions; the corresponding value is set as Q* =
0.006 [55]. From Figure 15, some typical and significant ver-
tical structures are captured by the Q-criterion.

As shown in Figure 15, the gap leakage vortex (GLV) is
generated in the inlet domain. As the flow coeflicient
increases, the distribution and intensity of GLV correspond-
ingly decrease. However, as the rotational speed decreases,
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GLV exhibits opposite characteristics. A vortex structure is
generated due to the rotor-stator interaction between the
impeller and volute, pressure difference between the pressure
and suction surface of the blade, and the momentum exchange
between the main flow and secondary leakage flow. The main
vortex generating area comprises three parts: the inlet, the cav-
ity, and discharge domains (Figure 15(a)). The vortex in the
inlet domain is mainly affected by the momentum exchange
between the main and the leakage flows. The vortex structure
in the cavity and discharge domains is controlled by the struc-
tures and the upstream boundary conditions.

Due to the impact of the rotor-stator interaction and
leakage flow, the trailing edge vortex (TEV) and GLV can
be observed at the inlet domain of the shroud cavity. Com-
parison of the vortex structure at different flow coefficients
clearly shows that the size and strength of the vortex in the
inlet domain negatively correlated with the flow coefficient,
regardless of the rotational speed variation. In other words,
the volume and strength of TEV and GLV in the inlet
domain reaches the maximum at the small flow coefficient
of ¢$=1.35% 107>, Due to the impact of the small clearance
structure and leakage flow, the shroud cavity is almost filled
with vortices, and the GLV volume in the cavity domain var-
ies little within the simulated flow range, which can be seen
from Figures 15(a) and 15(c). However, when the rotational
speeds are varied and the flow coefficient are kept constant,
the vortex structure in inlet domain significantly changes,
as shown in Figures 15(b) and 15(e).

The vortex structures in Figures 15(d)-15(f) and
Figures 16(a)-16(c) are clearly different. When the pressur-
ized medium is changed from water to liquid oxygen, the
dynamic viscosity of liquid oxygen is remarkably lower than
that of water, which causes vortex breakdown at high flow
rates or low operating conditions. Subsequently, to further
analyze the influence of the thermodynamic effects, a com-
parison is performed on the vortex distribution considering
the thermodynamic effects in the shroud cavity, as shown
in Figures 16(d)-16(f). The dynamic viscosity of liquid oxy-
gen is directly related to temperature. Turbulent dissipation
leads to the temperature increase, leading to vortex separa-
tion at each flow coefficient. The volume of the vortex
decreases when the influence of thermodynamic effects is
considered which can be observed in Figures 16(b) and
16(e). These results correspond to the axial thrust coeflicient
in Figure 11(b) and reveal how the thermodynamic effects
affect the distribution of the flow field in a cryogenic
turbopump.

5. Conclusions

This paper is aimed at investigating the influence of rota-
tional speeds and thermodynamic effects on the performance
of a LOX turbopump. The accuracy of the numerical model
was verified by comparing the head coefficients and efficien-
cies with the experimental data. The effects of rotational
speeds and thermodynamic effects on the head coefficients,
the efficiencies, and the axial thrusts acting on the impeller
were analyzed in detail.
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Taking water as the conveying medium, the numerical
results reveal that the turbopump rotational speeds exhibit
obvious effects on the efficiencies and axial thrusts. Under
both normal condition and off-design conditions, as the
rotational speed decreases, the total efficiencies gradually
decrease and the head coefficients barely change. When
the rotational speed of the turbopump increases from 0.5
ng to ny, the efficiencies via numerical simulated change
from 72.5% to 73.8% at rated flow, which are very sensitive
and essential for adjusting the parameters of the engine sys-
tem. Unlike the external performance of the turbopump,
the axial thrusts acting on either the impeller shroud or
impeller hub monotonically increase, owing to the decrease
of the rotational speeds. As the turbopump speed increases
from 0.5n4 to ny, the relative changes of the axial thrust
acting on the impeller shroud and the impeller hub are
21.2% and 19.9% at rated flow, respectively. The affinity
laws of the centrifugal pump can be used for quickly
obtaining the head coefficients and efficiencies, but they
are not suitable for obtaining the axial thrusts acting on
the impeller.

Moreover, the influence of the thermodynamic effects on
the abovementioned performance indicators was investi-
gated. First, the thermodynamic effects of liquid oxygen
and water were not considered; the head coefficients and
efficiencies moderately change under all flow coefficients,
due to the impact of dynamic viscosity. After taking into
account the thermodynamic effects of liquid oxygen, the
head coefficients and efficiencies significantly change, and
the influencing trends are different obviously to the rota-
tional speeds. The maximum relative variation of the head
coefficient is 5.9% at ¢ =2.12x 107%, and that of efficiency
is 4.3% under the same flow coefficient. The axial thrusts
decrease by varying degrees, the deviation of 2.4% and
2.8% can be observed within the flow range. Due to the
increase of temperature in the rotor-stator cavities, the axial
thrust coeflicients decrease with the magnitudes variation in
the flow range. Therefore, the thermodynamic effects of lig-
uid oxygen need to be considered for obtaining accurate
axial thrust. Comparison of the internal flow and vortex
shows that the rotational speeds and thermodynamic effects
have significant impacts on the turbopump rotor-stator flow,
which cannot be ignored for obtaining accurate turbopump
performance.

The above results not only provide a deep understand-
ing about the influence of rotational speeds and thermody-
namic effects on the turbopump performance, but also
some basic theoretical guidance for designers to determine
the correct method. Based on the current results, further
studies will be conducted to investigate the influence of
thermodynamic effects on unsteady flow. Additionally, vor-
tex analysis will be performed to further reveal the inner
flow based on the incorporation of some advanced vortex
identification methods.

Abbreviations

LOX:  Liquid oxygen
LCH4: Liquid CH4
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WTE:  With thermodynamic effects
WOTE: Without thermodynamic effects

GLV:  Gap leakage vortex
TEV:  Trailing edge vortex.
Nomenclature

b:  Axial width, mm

Specific heat capacity, kJ/kg.K

Axial thrust coefficient
: Axial thrust coefficient acting on impeller shroud
: Axial thrust coefficient on impeller hub

Pressure coefficient

Diameter, mm

Head, m

Rotational speed of the impeller, r/min
Specific speed

Static pressure, Pa

Inlet pressure of the turbopump, Pa
Local pressure, Pa

Value from Q-criterion
Nondimensional value of Q
Volumetric flow rate, m’/s

Radius, m

Temperature, K

Axial thrust, N

Circumferential velocity of a component, m/s
Y plus

Number of impeller or inducer

Strain rate tensor

Velocity gradient tensor

Pressure difference, Pa.
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Greek Symbols

Rotation rate tensor

Flow coefficient

Head coefficient

Density, kg/m’

Angular velocity of a rotating component, rad/s
Thermal conductivity, W/m.K

Dynamic viscosity, Pa.s.

Subscripts

d: Rated design condition
1: Inlet of a component
2:  Outlet of a component
im: Impeller

in: Inducer.
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