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Currently, design and manufacture of liquid-propellant rocket engines (LRE) are imposed with ever greater reliabil-
ity requirements. Accordingly, the standards for the design and manufacture of rocket engine units are raising. One of
these units is a turbopump unit (TNA), which provides continuous supply of liquid components from combustion reac-
tion to the combustion chamber of a rocket engine to create traction or other engine units. TNA is also the main source
of pressure increase for these liquid components in front of the LRE combustion chamber. Important requirements are
imposed on a turbopump unit (TNA): ensuring work performance and basic parameters for a given resource with the
necessary possible pauses of a specified duration; providing all engine operating modes, supplying the fuel components
of the required flow rate and pressure, guarantying a high degree of reliability with acceptable entire unit efficiency;,
providing high anti-cavitation characteristics of the pump in all modes. In the article, the authors summarize the latest
results of the study on cavitation in turbopump units of liquid propellant rocket engines alongside with the relevant re-
search in the field of hydraulics. The problems of cavitation in cryogenic liquids, simulation of stall characteristics, and
usability of various models to simulate cavitation flow are observed. A solution to the problems of flow modeling was
considered with respect to applicability to the following structural elements of LRE units: interscapular space of the
screw centrifugal main and booster pumps, axial pre-pump. Particular attention is paid to the implementation of vari-
ous numerical methods based on the use of various cavitation models, computational fluid dynamics in various CFD
packages, and also comparison of results with the model. In summary, the authors draw conclusions about the possibil-
ity of applying these methods to solve the problems of the cavitation phenomenon research in LRE.
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B nacmosiwee spemsa k npoexmuposanuio u npouzso0cmey HUOKOCmHuIX pakemusix dgueameneu (KPI]) npeowvss-
JsIIOmcest 6ce 6onvbue mpebosanusi no obecneyenuro HadexcHocmu. B coomeememeuu ¢ s3mum nosvliuaromesi mpebosa-
HUSL N0 NPOEKMUPOBAHUIO U U320MOGHeHUI0 azpecamos JKPJ]. OOnum uz maxux azpe2amos s61semcs mypooHacoCHblil
acpecam (THA), obecneuusarowuti HenpepviGHYI0 NoOady HCUOKUX KOMNOHEHMO8 peaKyuu 20peHus 8 Kamepy
ceopanusi pakemnozo ogueamens Osl CO30anusi mseu unu 6 opyeue azpezamul ogueamens. Taxoce THA sigisiemes oc-
HOBHBIM UCHIOYHUKOM NOBbIUEHUS] OAGLEHUST OAHHBIX JICUOKUX KOMNOHEHMO8 neped kamepoti ceopanus JKP/[. K THA
NPeovAGIAIOMCSL BAJCHBIE MPEeDOBAHUS NO 0OeCneyeHUur0 pabomocnoCOOHOCMU OCHOBHBIX NAPAMEMPOS NPU 3A0AHHOM
pecypce ¢ HeOOX00UMbIMU BOZMONCHBIMU NAY3AMU YCINAHOBIEHHOU NPOOONANCUMETLHOCU, NOOAYU KOMNOHEHMO8 MOon-
auea mpebyemozo pacxo0a u 0aBieHUs Ha 8CeX PedcUMax pabomul 08u2amelis,; 8bICOKOU CMenenu HA0eHCHOCMU C Npu-
emnemvim KIIJ] 6ceco acpeeama; 6blCOKUM AHMUKABUMAYUOHHBIM XAPAKMEPUCIIUKAM HACOCA HA B6CEX DPENCUMAX.
B 0annoii cmamve agmopul 0600waiom nocieonue pe3yibmamol UCCLe008aHUsL KAGUMAYUY 8 MyPOOHACOCHbIX azpe2a-
max JKPJ, a makoice npumenumble K HUM UCCI08anUs 8 obaacmu 2udpasiuku. Paccmompenst npobnemsl kasumayuu
6 KPUOZEHHBIX JHCUOKOCTSIX, MOOEIUPOBAHUE CPHIBHOU XAPAKMEPUCMUKU, NPUMEHEHUE PA3TUYHBIX MOOerel K MOOeu-
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POBAHUI0 KABUMAYUOHHO20 NOmoKa. Pewienue 0annvix npodiem MoO0enuposanus meveHus paccmampueanlocb OmMHOCU-
MENbHO NPUMEHAEMOCIU K CeOYIoWUM dNeMeHmam KoHcmpykyuu azpeeamos JKP/: mescnonamounozo npocmpancmea
UIHEKOYEHMPODENCHO20 OCHOBHO20 U OYCMEPHBIX HACOCO8, 0ce8020 npednacoca. Ocoboe sHUMAanUe YOereHo peanusd-
Yuu pasnuiHbIX YUCIEHHbIX MEmMO0008, OCHOBAHHBIX HA UCHONb30GAHUU PA3IUYHBIX MOOeNell KaGUMAayul, blNUCIUMENb-
Hou eudpozasoounamuxy 6 pasnuynvlx CFD naxemax, a maxoice cpagnenuu pesynbmamos ¢ MoOeIbHbIMU. A6mopbl
0enaiom 6v1800bl 0 BO3MOICHOCIU NPUMEHEHUSI OAHHBIX MEMOO08 K PEUEeHUIO 60NPOCO8 UCCIeO08AHUSA AGIEHUSA KAGU-

mayuu 6 JKPI].

Kmiouesvie cnosa: xasumayus, THA, J)KP/], CFD moodenuposanue.

Introduction. Cavitation in hydrodynamics is a spe-
cial case of liquid boiling (phase transition of a liquid into
a gas inside a liquid at a certain temperature and pres-
sure), which occurs in moving liquid due to local pressure
reductions to the level of saturated steam pressure. In hy-
drodynamics the phenomenon of cavitation plays a nega-
tive role as it causes violation of medium homogeneity.
As a result, there may be bubbles in the flow that break
when in contact with the blades, which can lead to a hy-
draulic shock that destroys the blades. It is important to
take into account that the cavities connecting the units,
movable parts of pumps and turbines, supply pipelines are
elements of a complex spatial structure, geometry of
which also affects the flow. In the working parts of the
pump, the pressure reduction inside the flow part is con-
nected with the streamlining of the blade profiles, where,
as with the streamlining of any profile, a cavity of re-
duced pressure is formed at the inlet from the rear (non-
working) side. This region of minimum pressure is the
region of cavitation origin. The higher velocity of the
flow, flowing around the blade is, the greater will be the
discharge on the blade. Therefore, the most distant point
from the axis of rotation of the blade leading edge may be
the generation center of cavitation. Cavitation during
TNA LRE operation can lead to three main negative con-
sequences:

a) failure of TNA operation modes, i.e. sharp decrease
of main output parameters — head, flow rate and, as a re-
sult, efficiency;

b) to the collapse of steam cavitation bubbles in the
area of the blades, accompanied by strong blows, helps to
destruct the blades of the machine impeller — erosion de-
struction. This phenomenon is usually manifested during
long-term operation in cavitation mode, during the opera-
tion of the TNA LRE;

¢) to occurrence of low-frequency self-oscillations due
to possible unstable operation of TNA LRE [1].

To determine cavitation conditions in theoretical and
experimental studies, the following non-dimensional pa-
rameter is used:

c, =52, (1)
~oU?
2P

where p is flow pressure (for example, the input pressure),
p, is the saturated vapor pressure for the liquid, denomi-

nator is the dynamic pressure. This coefficient represents
the pressure difference at a point of the body and in an
undisturbed fluid at a certain distance from it and is pro-
portional to the square of the velocity of the relative mo-
tion. The definition of the main condition for reducing the
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pressure to the minimum at which cavitation begins is
also derived from it.

In 1917 Lord Rayleigh published the article “On the
pressure, developing in a liquid when a spherical cavity”
[2]. Rayleigh used the formulation of the problem on an
empty cavity in a homogeneous liquid at constant pres-
sure at infinity, proposed by Besant in 1859: “An infi-
nitely large mass of a forced homogeneous incompressi-
ble fluid is at rest. The liquid inside a certain spherical
surface instantly disappears. It is required to find the in-
stantaneous change in pressure at any point of the liquid
and the filling time of the cavity, assuming that the pres-
sure at infinity is constant”. The solution to this problem
is based on the complete transformation of the work done
by the mass when the cavity collapses into kinetic energy.
The resulting equation:

3
P(RR; +ER§) =-p, ()

where p is the pressure at infinity, R is the bubble radius,
p is the density of the fluid around the cavity, R, and

Ry are the derivatives of the radius with respect to time.

There is also a version of the Rayleigh equation for a gas-
filled bubble, in which the condition is accepted that the
gas does not exchange heat with the liquid, which means

. . . . 4
that its state is described by the Poisson p V7'~ const:

3, R, 3k
p(RRTT+ERT):PO 3 -Pps 3)

where « is the polytropic index, F, is the atmospheric gas
pressure in the bubble, and R, is the atmospheric radius

of the bubble. Note that equations (1) and (2) do not take
into account the influence of the gas cavity contents, sur-
face tension, viscosity, and compressibility. Also, for
these equations, it is assumed that the pressure at the dis-
tance from the bubble is also constant. At the moment,
various generalizations of the Rayleigh equation are used
to solve hydrodynamic problems.

Currently, significant work has been carried out on the
study of the Rayleigh-Plesset model applicability for solv-
ing the problems of cavitation flow modeling in the chan-
nels of the LRE pumps. The Rayleigh-Plesset equation
provides the basis for the flow equation that controls
steam formation and condensation. The Rayleigh-Plesset
equation describing the growth of a gas bubble in liquid is
derived from the equations of moments:

2 2
R R

RBd 23+§(d Bj L 20
dar* 2\ dt PRy P,
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where Rj represents the bubble radius, p, is the pres-

sure in the bubble (it is assumed that this is the vapor
pressure at the liquid temperature), p is the pressure in the
liquid surrounding the bubble, p,is the liquid density,

and o is the coefficient of surface tension between the
liquid and the vapor. In the practices of cavitation flows
modeling with various software packages simplified
modifications of the Rayleigh-Plesset equation are usually
used. For example, in the ANSYS CFX package, the sec-
ond-order terms (which are suitable for low vibration fre-
quencies) and surface tension are neglected [3].

In addition to numerical studies of cavitation flows in
the pump, general solutions of the Rayleigh and Rayleigh-
Plesset equations were obtained in [4] and [5], respec-
tively.

Modern approaches to modeling the cavitation
flow. Let us consider the approaches used for modeling
the cavitation flow in pumps applied in various areas of
hydraulic engineering. The main attention will be paid to
a representative comparison with real tests with reference
to the used cavitation models. Over the past several dec-
ades due to the growth of computational capacities many
tests have been carried out the results of which allow to
select the most suitable cavitation model for modeling the
flow in the pump TNA LRE.

In [6] the authors consider the possibility of applying
the Rayleigh-Plesset model to modeling the flow of cryo-
genic components. Since this work was carried out di-
rectly in application to the TNA LRE unit, it is also nec-
essary to highlight the following comments and assump-
tions given by the authors:

— lack of consideration of thermal effects affecting the
development of the cavity, development of which accord-
ing to [6] is currently underway;

— insufficient amount of empirical data on cryogenic
fluids;

— calculation used a model with three interscapular
channels.

The work was carried out in the ANSYS CFX envi-
ronment. Importantly, in addition to the cavitation equa-
tion discussed above, the ANSYS CFX model also in-
cludes a k-o turbulence model, which also affects the
numerical simulation results. Comparison in the article is
based on the total volume of cavitation cavities. In con-
trast to the results discussed further, the text only men-
tions the results of full-scale tests of the screw, but no
numerical data or percentage comparison is given. How-
ever, the authors note that despite the fact that heat effects
are not taken into account in the Rayleigh — Plesset for-
mula, good convergence of the data was obtained from
numerical modeling. Also, the authors carried out a nu-
merical simulation of the cavitation flow with an im-
proved screw.

In [7] a technique for modeling a stalling cavitation
flow in a booster turbopump unit is considered. In this
article construction of a cavitation model is also based on
the application of the Rayleigh-Plesset model. The work,
as well as [4], was carried out in the ANSYS environ-
ment. The authors considered the method of setting the
parameters for constructing computational grid, setting

419

initial conditions, and also compared the results obtained
for models with and without a gap, as well as with field
tests. The discrepancy with the model test for the model
with a gap in the case of calculating the cavitation head-
room was about 15 %, without a gap — 10 %. However,
the clearance model showed better head convergence with
the model tests. Also, the model without a gap does not
take into account the vortex component of the flow. The
authors conclude that the model with a gap is more appli-
cable to modeling cavitation flow than without it.

Articles [8—12] were also considered in [7], where the
authors compared the results obtained with the results
of the authors of [8—12], however, it also seems necessary
to consider cavitation models applicable in them and
the authors' conclusions about the possible reasons for the
discrepancies in the modeling results and model tests.

In the article [8], the authors consider development
and application of numerical methods for cavitation mod-
eling. The work was carried out in the CFX TASC flow
2.12 software environment. Currently the developers of
this software environment are part of ANSYS. The con-
structed model was compared with the results obtained in
model tests of the National Graduate School of Arts and
Crafts. In the preface, the authors note that for flows with
large accelerations, it is necessary to use a solution
method based on solving the conservation equations for
each of the phases and used in the development of non-
equilibrium conditions for the exchange of heat, mass,
momentum between phases. Moreover, the models will
contain certain assumptions. The model used by the au-
thors in [8] is based on the use of a non-equilibrium ap-
proximation in order to reduce the number of equations to
be solved. According to the simulation data, in compari-
son with the real experiment, the results of the numerical
model converge agree with the indicators of the ratio of
expenses (current to nominal) from 0.91 to 1.09. In this
work, a simplified Rayleigh — Plesset equation was used,
which is similar to the equation used in the ANSYS CFX
software environment.

The article [9] also discusses the problem of cavitation
numerical simulation. The authors emphasize that at the
time of 2003 the problem of flow optimization by reduc-
ing cavitation was rarely used and mainly suggested op-
timizing the flow angle at the pump input. This article
discusses several software packages CFX-Tascflow,
FLUENT and STAR-CD. FLUENT, like CFX-Tascflow,
is currently part of the ANSYS package and allows the
use of Zwart-Gerber-Belamri, Schnerr and Sauer and
Singhal et al. The STAR-CD package is also in produc-
tion today and uses the Rayleigh-Plesset cavitation model.
At the time of this article writing, none of them take into
account three-dimensional turbulent flow and viscosity
effect. Based on the simulation results, the authors note
that of the three selected programs, CFX-Tascflow shows
the most accurate results in comparison with the model
test. Also, the most accurate results obtained in CFX-
Tascflow were compared with a simplified method based
on the use of the initial shape of the cavitation cavity.
This model is described in detail in [9]. Both methods are
good at predicting the starting level and the percentage of
head drop. Based on the comparison results, the authors
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conclude that none of the proposed software packages at
the time of 2003 justifies the time spent on the calcula-
tion, as compared to the achieved level of accuracy. How-
ever, CFX-Tascflow simulation data remains relatively
accurate.

Article [10] addresses the issues of cavitation model-
ing in a diagonal centrifugal pump. In the article the au-
thors employ the commercial package ANSYS CFX and
clarify that they use the ANSYS CFX model without
changes, that is, a model based on the VOF (volume of
fluid) method. The aim of the study was to test the appli-
cability of this commercial package as part of a standard
engineering study. In terms of building a spatial model
and a method of breaking it up into elements, the authors
note that the hexahedral mesh is preferable to the tetrahe-
dral one when modeling flows in turbopump units. Also
in the model moving and stationary parts of the mesh are
connected using the frozen-rotor interface. As in the work
of previous authors, the studies also consider cavitation at
higher, equal or lower than the nominal pump flow rate.
In comparison with real tests the authors note that cavita-
tion in the model begins with a lower number of cavita-
tions and pressure drop is steeper. They attribute this to
the lack of accounting for instability in the numerical
model used. Under overload conditions at a flow rate
of 1.25 of the nominal flow rate, the model showed the
results that are closest to the real experiment. Analyzing
the data obtained, the authors confirm that the model built
in ANSYS CFX shows accurate results in terms of dis-
playing the position, size of the cavitation cavity, and also
emphasize the importance of using meshes based on
hexahedral elements.

In the article [11], the authors consider numerical
simulation of cavitating flow performed according to the
standard model built into ANSYS CFX. The authors com-
pared the results of numerical simulation with the stan-
dard model used in ANSYS CFX, as well as with the
model with a modified k- turbulence model, which takes
into account the cavity compressibility in the cavitation
flow. Also, the Schnerr-Sauer cavitation model is used for
the modified k-o turbulence model. The comparison was
also carried out with real model tests and showed that,
despite discrepancies between the real cavitation curve
and the one built on the basis of numerical simulation, the
modified k-® model gives results that are closer to real
data. However, at a higher flow rate the pressure drop
curves obtained using the two models have practically no
differences. Apart from that, in comparison with model
tests cavitation occurs with a lower number of cavitations
and the total head is higher in both numerical models. The
high head is explained by the imperfection of the model
and the lack of accounting for flow losses that inevitably
arise during the real pump operating. Based on the com-
parison results, the authors concluded that the use of the
Schnerr-Sauer model can improve the accuracy of cavita-
tion flow modeling.

In the article [12], the authors analyze the effect of
cavitation flows on screws with different blade geometry.
A number of studies have been carried out for each of the
three geometry options. In their work, the authors used
the Fluent software package. In the mass transfer model,
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the cavitation rate is also based on the simplified
Rayleigh-Plesset model. Before working with pumps, the
authors did preliminary work in terms of studying cavita-
tion, first in Venturi tubes, then in two-blade cascades and
axial screws. The type of emerging cavitation and the
development of cavitation during the test were determined
for all of the above geometries. In terms of a more accu-
rate behavior of the flow characteristics, considering the
comparison of the stable flow of model tests and numeri-
cal modeling: similar to previous studies, the numerical
model shows the onset of cavitation at large cavitation
numbers for all three pumps tested by the authors. The
authors also note that the results are in good agreement.
The factors influencing the discrepancies between model
tests and numerical modeling, according to the authors'
conclusions, are: modeling of only one interscapular
channel and, as a consequence, the lack of consideration
of interactions between the channels, in comparison with
the real geometry of the model is ideal without defects
and deviations, as well as a numerical model does not
take into account the radial clearance.

The article [13] presents the development and numeri-
cal simulation of cavitation flow based on a set of open
source tools in OpenFOAMR, allowing the use of various
cavitation models. The authors carried out work consider-
ing applicability of various cavitation models to the prob-
lem of cavitation flow modeling in the pump. In the arti-
cle, the authors reviewed 4 models: Kunz et al, Merkle et
al., Schnerr-Sauer-Yuan and Zwart et al. As in all previ-
ous studies, a 3 % head drop due to cavitation was mod-
eled. Of the above models, the Zwart model first showed
the best results on the airfoil and was then used to simu-
late cavitation flow. Comparison with model tests also
showed high head values, but low values of the cavitation
volume for the numerical model compared to the experi-
mental one. The authors explain this discrepancy by the
fact that the material used to create the impeller has a low
stiffness and could deform during a real experiment,
which cannot be taken into account in the numerical
model; pump operation in a numerical model.

In article [14] the authors consider unsteady flow in
the pump, as well as structural calculation of strength
based on hydraulic calculation. Despite the fact that the
main topic of this article is the analysis of the possibility
of realizing the combination of interrelated strength and
hydraulic calculations in the software package, the au-
thors also carried out research in the field of cavitation
modeling. When carrying out hydraulic calculations, a
comparison of model tests and a numerical model was
also carried out. The authors used the Zwart — Gerber —
Belamri model, also based on the simplified Rayleigh —
Plesset model. This model was also used by the authors of
the article [13]. The results presented by the authors show
good agreement with model tests. The numerical model of
cavitation shows the onset of stalling at large cavitation
numbers, in comparison with model tests, at a pump flow
rate equal to the nominal (1.0 Q,). Note that in this study,
the values of the head during the real test and the results
of the numerical model are close to each other.

The article [15] considers pump impeller optimization
in order to increase productivity. The work was carried
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out using the CFturbo 9.0 software. Despite the fact that
the main topic of this article is the pump efficiency in-
crease, the authors also carried out tests in terms of de-
termining the cavitation characteristics. Prior to present-
ing test results with already optimized geometry, the au-
thors also compared numerical and model tests results.
Provided that a two-phase vapor-liquid model is used with
a k-¢ turbulence model and a constant mass fraction of
gas, based on the already Rayleigh-Plesset equation, the
numerical simulation data give almost identical results in
comparison with model tests.

Conclusion. Having considered all the above works
along with conclusions made by the authors, it is possible
to define a number of factors that affect the accuracy of
cavitation modeling in software packages, which must be
taken into account:

— to increase the simulation accuracy it is necessary to
take into account the working fluid leaks during the op-
eration of the TNA pump;

— it is important to take into account the clearance be-
tween the blades and the casing wall in geometric models;

— when choosing a numerical model, it is necessary to
consider both the model of cavitation and turbulence.

In summary, the results of [13] and [14] show good
convergence of the numerical model and real experiment,
which allows to conclude that the Zwart — Gerber — Be-
lamri model, also based on the Rayleigh — Plesset model,
is more applicable for cavitation flow simulating in a
pump. This line of research is relevant, but insufficiently
developed for application in engineering calculation
methods and design of TNA LRE, especially for obtain-
ing numerous options for more advanced designs at the
initial stages of new models of rocket engines develop-
ment.
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