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Evaporative cooling effects due to cavitation can significantly improve the performance of liquid rocket

turbomachinery that operatewith cryogenic fluids, inwhich thefluid is operating close to its critical temperature and

the thermal effects resulting from phase change become important. A detailed numerical analysis to quantify these

thermal effects of cavitation and to better understand their impact on cavitation flow physics in liquid hydrogen

inducers is presented. Simulations were performed on a helical flat-plate inducer that was extensively tested in both

liquid hydrogen and cold water. Predictions of cavitating performance over the operational range of inlet pressures

were conducted and compared with experimental data. Fundamental differences were observed in the cavity for

liquid hydrogen compared with the cold-water inducer; the cavity in liquid hydrogen shows far less vapor content,

although spreading out further in the spanwise direction, which may generate blade-to-blade interactions. Thermal

effects result in a more gradual breakdown of the head in liquid hydrogen resulting in improved overall

performance; the liquid hydrogen inducer performed to a suction specific speed (Nss number) of 75,000 and the

corresponding value in water is 35,000. The temperature depressions due to evaporative cooling in the liquid

hydrogen fluid are found to be only on the order of 0.5–1.0 K, highlighting the strong coupling of thermodynamic

properties and the phase-change process at these flow conditions.

Nomenclature

cm, cg, cL = speed of sound in the mixture, gas, and liquid
Dv = viscous flux vector
E, F, G = flux vectors
hm = mixture enthalpy
Kf , Kb = rate constants for vapor and liquid formation
k, � = turbulent kinetic energy, turbulent dissipation

rate
mt = rate of vapor mass formation
Nss = suction specific speed, !q0:5=NPSH0:75

NPSH = net positive suction head, �PT � PV�=�g, ft
PV = vapor pressure at the local fluid temperature
p = pressure
Q, E, S = vectors of conservative variables
Qv = vector of primitive variables
q = flow rate, gpm
S = source term vector
Tsat = temperature saturation
u, v, w x, y, z = components of velocity
�Hv = latent heat formation of vapor
�m, �g, �L = density of the mixture, gas, and liquid
�k, �e, C1, C2 = modeling constants
�g�L = void fraction of the gas and liquid
�c = total head coefficient with cavitation

�nc = total head coefficient single phase (no
cavitation)

! = rotational speed, rpm

I. Introduction

N UMERICAL simulations of cavitating liquid rocket turbo-
machinery that employ cryogenic working fluids are presented

in this study. Liquid rocket systems are a subset of a broader class of
pumps in which the operating temperature is elevated relative to the
critical temperature of the fluid and thermodynamic effects of
cavitation play an important role. Typically, this results in improved
mean performance of cryogenic pumps, particularly for liquid
hydrogen systems. The thermal effects of cavitation were studied
extensively by numerous researchers through the 1970s, including
Hord [1], Stahl and Stepanoff [2], Ruggeri andMoore [3], Holl et al.
[4], and Brennen [5], among others. Stahl and Stepanoff [2] were the
first to estimate head depression�Hv values due to thermodynamic
effects using the so-called B-factor method based on a quasi-static
theory, in which the temperature depression was estimated in terms
of the ratio of the vapor volume to liquid volume. More elaborate
correlations that included dynamic effects were given later by Hord
[1], Ruggeri and Moore [3], and Holl et al. [4]. The semi-empirical
procedures outlined by Ruggeri and Moore [3] continue to be used
currently as an engineering tool for predicting the thermodynamic
depression in pumps. A more rigorous numerical procedure was
developed by Cooper [6], in which a baratropic equation of state was
used to define the two-phase mixture and thermal effects were
evaluated with a nondimensional vaporization parameter. Most of
these techniques, however, require some degree of empiricism and
calibration of coefficients for specific pump geometries.

For turbomachinery simulations, the majority of cavitating-pump
computational fluid dynamics (CFD) simulations presented in the
literature are limited to idealized liquids (no thermodynamic effects)
at design conditions. Typical simulations show comparisons with
data at design conditions for the head coefficient and the critical Nss

number at which performance breakdown occurs (Hosangadi et al.
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[7], Athavale and Singhal [8], Dupont andOkamura [9], andMedvitz
et al. [10]). However, the effect of temperature variations in the fluid
on the cavitating performance is, by definition, not accounted for in
these calculations. A semi-analytical procedure recently developed
by Watanabe et al. [11] has shown excellent comparisons of cavity
length for liquid nitrogen cavities and may provide a means of
predicting improvements in the performance of inducers as a
function of liquid thermodynamics. A number of groups (in addition
to the authors) have been working on developing compressible
frameworks for cavitation problems in liquid rocket pumps,
including Dorney et al. [12], Utturkar et al. [13], and Venkateswaran
et al. [14] for applications in high-speed supercavitating vehicles.
However, as our discussion here highlights, there is a critical need for
more fundamental CFD tools thatmay be used to study the flowfields
of cryogenic inducers.

In the present effort, a detailed numerical analysis to quantify the
thermal effects of cavitation in liquid hydrogen inducers and to better
understand the coupling between cavitation phase change and fluid
thermodynamics is undertaken. To simulate this class of flows, a
generalized compressible multiphase formulation was developed
that models thermal effects of phase change and the accompanying
property variations. This formulation has been validated extensively
for cavitation in liquid nitrogen and hydrogen in our earlier work
(Hosangadi and Ahuja [15,16]); predictions of temperature and
pressure depression for flow over hydrofoils and ogives were
compared with experimental data obtained by Hord [1]. The
multiphase model was implemented in the CRUNCH CFD® code,
which is a multi-element-based unstructured code [17] that permits a
combination of hexahedral, tetrahedral, prismatic, and pyramidal
elements in mesh construction. Such a framework is particularly
attractive for complex turbomachine configurations such as inducers,
because high-quality grids can be generated very efficiently with
minimum skewness.

The liquid hydrogen inducer analyzed here has a 6-deg flat plate,
helical geometry, and was extensively tested in both cold water and
liquid hydrogen (Ball et al. [18], Anderson et al. [19], and Kovich
[20]). We focus our attention on the design flow coefficient with the
inlet temperature of liquid hydrogen at 37� R. The impact of thermal
effects will be assessed by simulating the cavitating suction
performance and comparing the performance at a similar flow
coefficient in cold water, in which thermal effects are negligible.
Additional analysis of the cavity characteristics between the liquid
hydrogen and cold-water case will be conducted and, in particular,
we will examine whether the cavity changes from a glassy to a frothy
vapor zone in cryogenic working fluids, as has been noted in the
literature [1]. For the liquid hydrogen case, the temperature
depressions in hydrogen at different cavity lengths (or inlet
pressures) will be quantified to identify the coupling between the
thermodynamic property variations and the phase-change process. In
the sections to follow, we begin with a brief description of the
multiphase formulation. Simulations for the water flow tests are
presented, followed by a discussion of results for corresponding
simulations in liquid hydrogen. We conclude by summarizing the
differences in inducer flows for the two working fluids.

II. Multiphase Equation System

The multiphase equation system is written in vector form as

@Q
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� @E
@x
� @F
@y
� @G
@z
� S�Dv (1)

whereQ is the vector of dependent variables;E,F, andG are the flux
vectors; S is the source terms for the phase change; andDv represents
the viscous fluxes. The viscous fluxes are given by the standard
compressible form of Navier–Stokes equations [17]. The vectorsQ,
E, andS are given next,with a detailed discussion on the details of the
cavitation source terms to follow later:
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The equations represented in the preceding system are in the
following order in the preceding vectors: 1) mixturemass continuity,
2–4) mixture momentum (three components), 5) vapor phase mass
conservation, 6) mixture energy, 7) turbulent kinetic energy and
8) turbulent dissipation rate conservation. Here, �m and hm are the
mixture density and sensible enthalpy, respectively, and �g is the
volume fraction or porosity of the vapor phase (note that the subscript
gand any references to a gas imply the vapor phase and not an
additional noncondensable gas component). The mixture-energy
equationwas formulated with the assumption that the contribution of
the pressure work on the mixture energy is negligible. This is based
on the premise that liquid hydrogen has minimal compressibility and
that the pressure in the cavity remains close to the vapor pressure. The
source term for the vapor phase arises due to cavitation, wheremt is
the net rate of vapor mass generation (or condensation), and the
corresponding source term for the energy equation is given asmthfg,
where hfg is the change in enthalpy resulting from the phase change
and is a function of the local fluid temperature. These phase-change
source terms are discussed further in Sec. III.

The mixture density, enthalpy, and vapor porosity are related by
the following relations locally in a given cell volume:

�m � �g�g � �L�L (3)

�mhm � �g�ghg � �L�LhL (4)

1� �g � �L (5)

where �g and rL are the physical material densities, and hg and hL are
the sensible enthalpy of the vapor and liquid phase, respectively, and
are generally functions of both the local temperature and pressure.

Thus far, we have not made any statements defining the
temperatures characterizing the liquid and vapor. In general, the
liquid and vapor may not be in equilibrium locally and can have
independent temperatures. Examination of temperature and pressure
data for cavitation in Freon [21] reveals that the saturation vapor
pressure corresponding to the local fluid temperature in fact matches
the local pressure measurement. This implies that the phase-change
process results in local thermodynamic equilibrium between the
phases. The thermodynamic properties of the liquid and vapor in the
cavity may now be defined by a single variable: the local saturation
temperature Tsat. Hence, all thermodynamic properties (density,
vapor pressure, viscosity, etc.) of both the liquid and the vapor phases
may be generated as a tabular function of the saturation temperature.
In our study here, these properties were generated from the standard
thermodynamic database 12 available from the National Institute of
Standards and Technology (NIST) for pure fluids [22]. The
thermodynamic properties of the fluid were specified using the
saturation values from the table corresponding to the local
temperature of the fluid.

The equation system as formulated in Eq. (1) is very stiff, because
the variations in density are much smaller than the corresponding
changes in pressure. Therefore, to devise an efficient and accurate
numerical procedure, we transform Eq. (1) to a pressure-based form
in which pressure rather than density is the variable solved for. An
acoustically accurate two-phase form of Eq. (1) is first derived,
followed by a second step of time-scaling or preconditioning to
obtain a well-conditioned system.We begin by defining the acoustic
form of density differential for the individual vapor and liquid phase
as follows:
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where cg is the isothermal speed of sound �@P=@�g�T in the vapor phase, and cL is the corresponding isothermal speed of sound in the liquid
phase, which is a finite value. We note that in Eq. (6), the variation of the density with temperature was neglected in the differential form for
deriving the time-marching procedure.

Following the preceding discussion, the differential form of the mixture density �m using Eq. (6) is written as
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where c� is a variable defined for convenience and is not the acoustic speed cm in the mixture, which will be defined later. Using Eq. (7), Eq. (1)
may be rewritten as
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and Qv � �p; u; v; w; �g; T; k; "�T (9)

The numerical characteristics of the Eq. (8) are studied by obtaining the eigenvalues of the matrix ���1�@E=@Qv��. The eigenvalues of the
system are derived to be

�� �u� cm; u � cm; u; u; u; u; u; u� (10)

where cm turns out to be the well-known harmonic expression for the speed of sound in a two-phase mixture and is given as
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The behavior of the two-phase speed of sound as a function of the gas porosity indicates that at either limit, the pure single-phase acoustic speed
is recovered.However, away from the single-phase limits, the acoustic speed rapidly drops below either limit value and remains at the low level in
most of the mixture regime. This large variation in the speed of sound is addressed via a preconditioning procedure that is described next.

To obtain an efficient time-marching numerical scheme, preconditioning is now applied to the system in Eq. (8), to rescale the eigenvalues of
the system so that the acoustic speeds are of the same order of magnitude as the local convective velocities. This is achieved by replacing � in
Eq. (8) by �p:
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where the parameter � was introduced to precondition the eigenvalues. The modified eigenvalues of the preconditioned system are given as
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where
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Equation (14) indicates that by setting �� �c2m=u2p�, where
up �max�u; 0:01 cm�, the pseudo-acoustic speed is on the order of
u at all mixture composition values. The well-conditioned
eigenvalues provide an efficient means of converging to steady-
state solutions with minimal round-off and dissipation errors in the
numerical flux calculation.

III. Cavitation Source Terms

In the present effort, the cavitation source term is defined via a
simplified nonequilibrium finite rate form as follows:

mt � Kf�L�L � Kb�g�g (15)

where the constant Kf is the rate constant for vapor being generated
from liquid in a region in which the local pressure is less than the
vapor pressure. Conversely, Kb is the rate constant for reconversion
of vapor back to liquid in regions in which the pressure exceeds the
vapor pressure. Here, the rate constants are specified using the form
given by Merkle et al. [23]:
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We note that for steady attached cavitation, this simplified form may
be adequate, because the cavitation time scales do not interact with
the fluid time scales if the cavitation rate constants are fast enough.
The sensitivity of the cavity solution to different cavitation rate
constants was shown in our previous work [15]. For unsteady
cavitation modeling, however, it becomes essential to integrate
bubble dynamics within a dense cloud framework wherein both the
number density and mean local radius of the bubbles in an evolving
cloud are tracked. The development of this unsteadymodel for dense
cloud cavitation has been developed and validated for simpler
nonrotating configurations [24].

IV. Viscous Transport Properties
and Turbulence Model

The laminar viscosity and thermal conductivity for each phase are
obtained from the NIST-12 data bank as a function of the local fluid
temperature. In flow regions inwhich a two-phasemixture is present,
a simplified mass-weighted mixing model, consistent with the
homogenous flow model assumption of Eq. (1), is assumed:

�lm � �lgyg � �lLyL; klm � klgyg � klLyL (17)

where �lm and klm are the laminar mixture viscosity and thermal
conductivity, respectively, and yg and yL are the mass fractions of
vapor and liquid, respectively. We note that the laminar viscosity in
cryogenic fluids is substantially lower than that for water.
Consequently, most cryogenic flows are characterized by high
Reynolds numbers and turbulent conditions.

The effects of turbulent mixing are accounted for by employing a
two-equation k-�model.We are justified in using a turbulencemodel
because we are limiting our attention to mean predictions of sheet
cavitation solutions in which large-scale unsteadiness is not present
in the cavity closure region. We recognize that for cloud cavitation
problems, a more advanced unsteady large eddy simulation (LES)
framework may be necessary. The turbulent viscosity is obtained by
solving transport equations for the turbulent kinetic energy and its
dissipation rate as follows:
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where �k, �", C1, and C2 are the modeling constants, and f1, f2, and
f� are empirical modeling functions to account for low Reynolds
number (near the wall). (They equal unity in the high Reynolds
number form.)

LowReynolds number effects in the nearwall are accounted for by
using an extension of the near-wall model of So et al. [25]. This
model has been shown to reproduce the near-wall asymptotic
relations for theReynolds stress and kinetic energy accurately. In this
model, the damping functions f1, f2, and f� are defined as follows:
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where Rek � �
���
k
p
y=�. The constants for this model are given as

follows:

c� � 0:09; �k � 1:4; �" � 1:4; c1 � 1:44

c2 � 1:92; c3 � 2:9556
(20)

This model was tested for a number of standard turbulence test cases
to verify that it gives correct boundary-layer growth and
reattachment length for recirculating flows. We also applied this
model to cavitation in water and obtained good results for the mean
cavity length [26]. We note that the cases reported here did not
exhibit large-scale unsteadiness in the cavity closure region, and our
focuswas on the prediction ofmean cavity solutions in the absence of
highly unsteady cloud cavitation in the wake. The use of a RANS
methodology for the latter situation of cloud cavitation is less
justifiable and more suited for a LES analysis in which the flow
dynamics is not damped by large values of “turbulent” eddy
viscosity. However, we do note that there are other efforts reported in
the literature in which a variety of turbulence models have been
evaluated for unsteady cavity simulations [27].

The net viscosity and thermal conductivity are given as the sum of
the laminar and turbulent contributions:

�� �lm � �T; k� klm �
�T 
 Cpm
PrT

(21)

The turbulent Prandtl number was specified to be 0.9 for the
calculations presented here.
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V. Simulations of the Six-Degree Helical
Flat-Plate Inducer

The inducer configuration used for numerical analyses in this
study is a flat-plate helical inducer that was tested at NASA John H.
Glenn Research Center at Lewis Field between 1964 and 1970 ([18–
20]). There were multiple tests done in different test loops and the
working fluids ranged from cold and hot water to a cryogenic facility
with liquid hydrogen at different inlet temperatures. For all the tests,
basic performance data were taken, including head/flow non-
cavitating curves and cavitating suction performance data. For some
of the tests, more detailed radial profiles were measured. Three
different NASA reports were used for reference: NASA TMX-1360
([18]), NASA TN D-2553 ([19]), and NASA TN D-7016 ([20]).
Although the geometry was nominally similar for these three studies
in that all the inducers had a 6-deg blade angle with three blades (see
Table 1), there were differences in the axial length, as well as other
minor differences in the leading-edge profile. The inducer in TN D-
2553 and in TMX-1360 had a sharp leading edgewith awedge shape
that was symmetrical about the blade centerline (see Fig. 1). In
contrast, the inducer used in TN D-7016 had the wedge offset onto
the pressure surface.

A multi-element hybrid grid that models all three blades was
generated to eliminate skewness in the grid at the periodic surface.
Figure 2a shows details of the three-dimensional configuration and
surface grid; the grid had a total of approximately 3million cells. The
general philosophy followed is to use hexahedral blocks around each
blade and patch the regions between the blade blocks using
tetrahedral elements. Details of the hexahedral blade blocks and the
tetrahedral filler blocks are illustrated in Fig. 2b for the hub and the
shroud near the leading edge. As we proceed downstream, the entire
grid becomes hexahedral as the skewness reduces between adjacent
blocks.

Simulation results are presented for a flow coefficient of 0.072 for
a rotational speed of 14,140 rpm inwater (corresponding to results in
NASA TN D-7016 [20]), whereas the liquid hydrogen cases are

being computed for a rotational speed of 20,000 at the same flow
coefficient (corresponding to results of NASA TM X-1360 [18]).

Water calculations were also computed for the geometry in TND-
2553 (which has a shorter axial length) at the same flow conditions.
Figure 3 shows the comparison of the computed total head with
experimental curves from [18] (TMX-1360), [20] (TND-7016), and
[19] (TN D-2553). The computed single-phase head compares well

Fig. 1 Comparison of leading-edge geometry from a) TN D-2553/TM

X-1360 and b) TN D-7016.

Table 1 NASA inducer geometry comparison

TN D-2553 TN D-7016
TM X-1360

Rotor tip diam., in. 4.986 4.976
Rotor hub diam., in. 2.478 2.478
Number of blades 3 3
Tip blade angle (from axial), deg 84 84
Axial length, in. 1.637 2.00
Radial tip clearance, in. 0.025 0.025
Wrap, deg 360 440
Tip thickness, in. 0.067 0.067
Hub thickness, in. 0.100 0.100

Fig. 2 Details of the numerical grid for the helical flat-plate inducer.

Fig. 3 Computed single-phase head coefficient at flow coefficient of

0.072 compared with experimental data.
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with the respective results of TM X-1360 and TN D-2553. The
computed head for liquid hydrogen is about 6% higher than that for
water for identical geometries (red circle vs blue triangle); a result
that is consistent with lower skin friction losses due to the much
higher Reynolds number for liquid hydrogen.

The experimental results for TND-2553 are about 20% lower than
those obtained in TM X-1360 and are probably resulting from the
shorter length of the inducer. The corresponding numerical
simulations for this geometry (maroon diamond) come close to this
lower experimental value. The only inconsistency is the difference in
the experimental results for TM X-1360 and TN D-7016, which is
roughly 30% lower even though the geometries are nearly identical;
the authors of the report (TND-7016) did not provide any explanation
for this difference.

VI. Cavitation Simulations in Cold Water

Cavitating calculations in cold water at this flow coefficient were
then conducted and the inducer performance through head
breakdown was simulated. Figure 4 shows contours of vapor
volume fraction on the blade suction surfaces as well as the
isosurface of the vapor cloud for a volume fraction of 0.4. As the
suction specific speed (Nss number) increases, the cavitation zone
grows along the blade surface, primarily near the tip, and by anNss of
40,000, we see that the vapor front has enveloped the entire suction
surface and the inducer is not generating much head.

To better understand the flow evolution, wemake a cylindrical cut
at a radius of 2.4 in. (close to the shroud) and unwrap the surface to

better visualize the flow in the azimuthal direction. Figure 5 shows
contours of vapor volume fraction at various suction specific speeds,
and the corresponding pressure contours at this radius are shown in
Fig. 6. In Fig. 5, we observe a slender and short cavity at an Nss of
20,000 that grows substantially and comes close to the leading edge
of the neighboring blade by anNss of 25,000. By anNss of 30,000,we
see that the cavity is across the entire inlet of the blade passageway
and generates large blockage to the oncoming flow. Head loss
typically accelerates more rapidly at this point, as can be seen from
the pressure contours in Fig. 6, and by an Nss of 40,000, the inducer
has broken down.

The cavitating performance is plotted both as a function of theNss

number and of the NPSH in Fig. 7. Head breakdown begins between
an Nss values of 25,000 and 30,000 (NPSH between 37 and 47 ft).
Comparison of the head fall-off with the experimental data of TND-
2553 and TN D-7016 indicates that the NPSH for head breakdown
compares reasonably well with experimental data. However, there
are qualitative differences in the head fall-off curve. The head curve
for the experiments in TN D-7016 shows a gradual head drop
(normalized by a single-phase value) even at large NPSH values of
80 ft, which is surprising because there should be minimal cavitation
effects at this range. In contrast, the results for TN D-2553 show a
much flatter head curve with much sharper and more sudden drop at
breakdown. The computed results lie in between the experimental
results and, at least for the purposes of comparing with the liquid
hydrogen results, these comparisons are entirely reasonable.

Fig. 4 Isosurface of the vapor volume fraction (at 0.4) and contours on

the blade suction surface shown for variousNss numbers for cold water.

Fig. 5 Vapor volume fraction contours shown on a cylindrical cut at

radius of 2.4 in. for various Nss numbers for cold water.

Fig. 6 Pressure contours shown on a cylindrical cut at radius of 2.4 in.

for various Nss numbers for cold water.
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VII. Simulations of the Six-Degree Helical Flat-Plate
Inducer in Liquid Hydrogen

Cavitating simulations of the 6-deg flat-plate inducer in liquid
hydrogen for an inlet temperature of 37� R (20.55 K), a flow
coefficient of 0.072, and a rotational speed of 20,000 are presented in
this section. Figure 8 shows contours of vapor volume fraction, at
various Nss numbers, on the blade suction surfaces, as well as the
isosurface of the vapor cloud for a volume fraction of 0.4. The
equivalent figure for the cold-water calculation was shown in Fig. 4.
Dramatic differences are observed between the cavitation zones in
liquid hydrogen and cold water:

1) The cavity in the liquid hydrogen case is far more porous (or
frothy), with significantly less vapor content.

2) The cavity is also showing increased unsteadiness at larger Nss

numbers, with pockets of vapor traveling upstream of the blade
leading edge.

The improved performance due to thermal effects is also obvious
because the inducer continues to perform at anNss number of 75,000,
whereas the cold-water case had broken down completely by 40,000.
These differences between water and liquid hydrogen will be
analyzed in detail in the discussion to follow.

The lower vapor content and increased frothiness of the vapor
cloud are apparent from the isosurface at a vapor volume fraction of
0.4. In the water case, the bulk of the vapor cloud is covered by this
isosurface and hence a large portion of the cloud has at least this level
of vapor content. However, for liquid hydrogen, the corresponding
isosurface covers only a very small portion of the vapor cloud,
indicating a much lower vapor content, leading to the frothiness (as
opposed to a “glassy” water cavity) that is typically associated with
cryogens. Figure 9 shows the corresponding temperature distribution
on the blade surfaces. Temperature depressions of approximately
0.5 K are observed on the average, and it is the combination of the
lower temperature with the lower flow blockage resulting from a
higher-density vapor cloud that results in improved pump
performance.

Vapor volume fraction contours at a cross-sectional radius of
2.4 in. are shown in Fig. 10. Contrasting it with the corresponding
water plots (Fig. 5), we observe that the hydrogen cavity spreads out
far more than the water cavity as the Nss number increases. This
increased spreading results in the cloud extending beyond the span of
the blade passageway. In particular, at an Nss number of 45,000, we
observe that the cavity interacts with the leading edge of the
neighboring blade and the resulting unsteadiness results in pockets of
vapor being generated upstream: an effect that becomes pronounced
close to breakdown (Nss � 75; 000), when the inlet pressure is
already very close to the vapor pressure value. In contrast, the cavity
in the water case does not spread as much and is completely enclosed
within the blade passageway. Consequently, unsteady effects at the

Fig. 7 Cavitating performance in cold water: a) variation with the
NPSH compared with experimental data and b) variation with the Nss

number; CFD calculation done for geometry in TM X-1360.

Fig. 8 Isosurface of vapor volume fraction (at 0.4) and contours on

blade suction surface shown for variousNss numbers in liquid hydrogen.
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leading edge are significantly reduced even at complete breakdown
conditions.

The cavitating performance of the liquid hydrogen inducer is
plotted vs NPSH in Fig. 11 and compared with experimental data at
flow coefficients of 0.072, 0.074, and 0.075. We note that the
geometry is identical in all of the experimental curves shown here
and the numerical model matches this configuration as well: the
geometry corresponds to that of TMX-1360, and the study in TND-

4423 [28] is an extension of that earlier report. The data indicate that
cavitation performance for this design is sensitive to variations in
flow coefficient on the order of 1:10�3. It is worth noting that the
system error for flow rate measurement is stated to be 16 gpm in [18]
(error in the flow coefficient of 8:10�4): a value that is substantial,
given the sensitivity of the inducer.We also note that the report notes
that some boiling may have occurred in the inlet duct at a lowNPSH.
This would have resulted in vapor content at the inducer inlet and
potentially altered the flow coefficient further. The computed results
are underpredicting the experimental results at �� 0:072, but are
close to the curve for 0.074 . This is reasonably good agreement,
given the sensitivity of the inducer to small changes in flow rate.
More important, the shape of the breakdown curve is also similar to
the experimental data sets.

To compare the impact of thermal effects on performance, we plot
the cavitating performance vs suction specific speed for liquid
hydrogen andwater in Fig. 12.Although thewater case shows amore
rapid breakdown around an Nss number of 25,000, the liquid
hydrogen case shows a gradual breakdown that begins around anNss

number of 35,000, with the inducer close to complete breakdown at
anNss of 75,000. Thus, the improvement in suction performance due

Fig. 9 Temperature contours on blade suction surface shown for

various Nss numbers in liquid hydrogen.

Fig. 10 Vapor contours shown on a cylindrical cut at radius of 2.4 in.

for various Nss numbers for liquid hydrogen.

Fig. 11 Suction performance of liquid hydrogen inducer compared

with cold water; CFD calculations and experiment results for geometry

in TM X-1360/TN D-4423.

Fig. 12 Suction performance of liquid hydrogen inducer compared

with cold water.
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to thermal effects that suppress cavitation by lowering vapor pressure
is dramatically highlighted by these results, and we note that a
fundamental Navier–Stokes-based formulation is able to provide
accurate simulations of the effect of fluid thermodynamics on the
suction performance of complex turbomachinery systems.

VIII. Conclusions

A numerical study to quantify thermal effects of cavitation in
cryogenic liquid rocket turbomachinery and to better understand the
coupling between fluid thermodynamic properties and the phase-
change mechanism is presented. Simulations were performed on a
helical flat-plate inducer that was extensively tested in both liquid
hydrogen and cold water in earlier studies by other researchers.
Cavitating performance of a 6-deg flat-plate inducer with liquid
hydrogen (rpm=20,000, �� 0:072, and inlet temperature is 37�R)
was simulated, and thermal effects of cavitation were deduced by
direct comparison with results for cold water operating at the same
flow coefficient. Excellent comparison with experimental data was
noted for the cold-water calculation, with the inducer breaking down
at a suction specific speed of 35,000. Cavitation performance
predictions for liquid hydrogen were good, considering the
complexity of the problem, and the numerical simulations showed
head breakdown at a suction specific speed of 75,000,
underpredicting the experimental breakdown point slightly.
However, the analysis of the experimental data indicated that the
head drop was extremely sensitive to both inlet temperature of the
hydrogen and to the flow coefficient and that the computed head drop
was very close to that obtained experimentally for a flow coefficient
of 0.074 (comparedwith 0.072 for the calculation). The possibility of
boiling in the inlet duct at high Nss values was considered as a
possible source of uncertainty in the data because it could alter both
the inlet temperature and the flow coefficient and lead to differences
with the numerical calculation.

Detailed analysis of our simulation results showed fundamental
differences between the water and liquid hydrogen solutions, with
the cavity in the liquid hydrogen case showing far less vapor content,
although spreading out further in the spanwise direction and
generating blade-to-blade interactions at larger Nss numbers.
Temperature depressions on the order of 0.5 K were observed in the
cavity. Analysis of the flow contours taken along a cylindrical cut
near the shroud indicate that head loss begins when the cavity length
increases to a point at which it impacts the pressure-side profile of the
neighboring blade. Further increase in the Nss number results in the
cavity blocking the entire blade inlet passageway, leading to
substantial flow losses and accelerating breakdown.
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