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I. Introduction

A LARGE launch vehicle, the H-II, has been developed
in Japan. The launch vehicle uses a LOX/LH2 engine,

the LE-7, the thrust of which is about 1000 kN. The cryogenic
propellant feed pumps of the LE-7 engine are characterized
by high delivery pressure and large flow rate. The hydrody-
namic performance of these pumps was thermodynamically
evaluated mainly for the following reasons:

1) With regard to compressible fluids, the pump perfor-
mance evaluations, which are based on assumptions of in-
compressibility, do not necessarily show the true pump per-
formance because a fair amount of energy input to a pump
is spent on increasing the internal energy.

2) With regard to pump efficiency measurement, a torque-
meter could not be installed between the pump and the tur-
bine of a turbopump. The installation of a torquemeter com-
plicates turbopump assemblies to such a degree that they are
not able to operate at the rated rotational speed.

The efficiency of the LOX pump was evaluated based on
the adiabatic efficiency1-2 because LOX is not so compressible.
However, the efficiency directly determined from the mea-
sured pressures and temperatures was corrected for internal
leakage from the split pump to the main pump.

With regard to the LH2 pump performance, the polytropic
head and efficiency which has been used as the true aero-
dynamic efficiency3 were examined, because LH2 is much
more compressible than LOX. Since it was impossible to know
the detailed compression process in a pump, a simplified cal-
culation was carried out to determine the polytropic head and
efficiency.
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Fig. 1 Compression process of pump fluid.

II. Polytropic Head and Efficiency
A typical compression process of cryogenic fluids is pre-

sented in Fig. 1 using an enthalpy h—entropy s diagram. p{
andp2 represent the pump inlet and outlet pressure, respec-
tively. The isentropic and actual compression processes are
indicated by dotted lines. The adiabatic efficiency is presented
by the following equation in which both the kinetic and geo-
detic heads are neglected:

j(l = (A/z,,/A/U (1)

where A/z/5 and A/zrtC, are the increase of enthalpy in the
isentropic compression process and the energy input to the
pump, respectively. Since it was impossible to know the de-
tailed compression process in a pump, the polytropic head
and efficiency are calculated by the following expedient pro-
cedures. An isentropic compression process with a fixed ef-
ficiency is assumed between all the adjacent isobaric lines
which are drawn between the two isobaric lines of pressures
/?! and p2 as shown in Fig. 1. The polytropic head A/i,,. is
obtained as the sum total of all isentropic enthalpy increments
between the adjacent isobaric lines:

A/I,, = 25^

The polytropic efficiency is defined as follows:

(2)

(3)

As shown in Fig. 1, the enthalpy increment between the
adjacent isobaric lines increases with the increase of entropy.
So both the polytropic head and efficiency result in larger
values than those of the adiabatic head and efficiency.

III. Test Pumps and Test Procedures
The major design parameters of the EOX and LH2 pumps

of the EE-7 engine are presented in Table 1. The impellers
of the main pump and the split pump are arranged on a
common shaft with the LOX pump. The main pump has an
inducer with three swept-back blades. The split pump sucks
in about 20% of the delivery of the main pump. There is
internal leakage from the split pump to the main pump through
the wearing ring seal. The LH2 pump is a two-stage centrifugal
pump with an inducer which is similar to that of the LOX
pump. Each of the main impellers has 10 full vanes and 10
partial vanes.
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Table 1 Design parameters of LE-7 propellant feed pumps

Rotational speed, rpm
Shaft power, kW
Stage specific speed, m, m3/s, s"1

Mass flow, kg/s
Volume flow, 1/s
Inlet pressure, MPa
Outlet pressure, MPa

LOX
Main

20,000
5,222
0.0947
229.0
201.0
0.40
21.3

Pump
Split

20,000
662
0.0644
43.8
38.4
20.1
32.7

LH2
Pump

46,130
22,065
0.0562
38.9
563.0
0.32
31.5

hi, mi

Fig. 2 Internal flow of main and split pump.

The pressures and temperatures at the pump inlet and outlet
were measured to obtain the enthalpies which are necessary
to thermodynamically calculate the pump performance. All
the pressures were measured by strain-gauge-type sensors.
Temperature measurements of LOX and LN2 were carried
out with C-C thermocouples which were calibrated using
LN2. LH2 temperatures were measured with platinum resis-
tance thermometers. Fluid properties, which were necessary
to obtain the pump performance, were according to Ref. 4.
All the flow rates were measured by turbine-type flow meters.

IV. Performance of the LOX and LH2 Pumps
Since there is internal leakage from the split pump to the

main pump as shown in Fig. 2, the influence of this leakage
on the performance of both pumps must be considered with
the LOX pumps. The measured adiabatic efficiencies of the
main and the split pump were obtained utilizing the measured
temperatures and pressures of both the pump inlet and outlet.
These efficiencies are represented by the following equations:

h, - (4)

(5)

The mass flow of the internal leakage from the split pump
to the main pump through the wearing ring seal is designated
as Am, which is determined by calculation utilizing the mea-
sured pressure distribution within both the pumps, q is the
enthalpy increment of the leakage flow which is caused by
the disc friction loss of the back shroud of the split pump
impeller. The measured efficiencies (r/'*?m, 17 *5) are corrected
for the internal leakage flow by the following equations using
the symbols in Fig. 2:

'Ha.m = Am h2 — hl + q
ra, //! - hQ

Am H2 - h, + q
m2 h2 — h}

(6)

(7)
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Fig. 3 Performance of LOX main pump at rated rotational speeds.
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Fig. 5 Efficiency of large rocket pumps.

It was confirmed that the measured adiabatic heads and the
measured ordinary heads of the LOX pump fairly well agreed
in the tests in which the pump pressure rises were less than
10 MPa, indicating that the influence of compressibility on
the pump efficiencies or heads ought to be less than 0.5%.
This verified that the temperatures and pressures were mea-
sured with high accuracy in the present test. Figure 3 presents
the performance of the main pump obtained at the rated
rotational speeds. The scattering of the efficiency in this figure
falls within a range of a few percent, which verified the use-
fulness of thermodynamic evaluation of pump performance,
even with LOX and LN2, which show comparatively small
compressibility.

Test results of the LE-7 LH2 pump are presented in Fig.
4. With regard to LN2, the performance was represented by
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the adiabatic efficiency which is considered to closely ap-
proximate the true performance because the delivery pressure
in the LN2 tests was less than 16 MPa. With regard to LH2,
not only the adiabatic efficiency, but also the poly tropic ef-
ficiency, is presented in Fig. 4. The poly tropic efficiency fairly
well agreed with the head and efficiency obtained in the LN2
test. Based on the above mentioned fact, the polytropic ef-
ficiency can be considered to show nearly true pump head
and efficiency.

The efficiency of about 80% at the designed flow ratio (Ql
Qd = 1.0) with the LOX pump mentioned above is considered
to be fairly high compared with those of the previously de-
veloped rocket pumps as shown in Fig. 5.5 Figure 5 shows the
stage efficiency of the rocket pumps with the main impeller,
the diameter of which was more than 195 mm. The efficiency
of about 75% obtained with the present LH2 pump can also
be considered as reasonable as shown in Fig. 5.
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Introduction

I NVESTIGATION of turbulent evaporating sprays is vi-
tally important in various industrial applications, such as

industrial combustors, gas turbines, etc. With the advent of
high-speed and sophisticated computers, numerical modeling
has been playing a more and more important role. Up to now,
various mathematical and physical models have been devel-
oped to predict the flow characteristics of sprays. Due to the
intrinsic existence of potential multivaluedness arising as droplet
trajectories cross, the Lagrangian separated-flow methods are
widely used. Currently used spray combustion models have
been reviewed.1"5
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The Lagrangian approach6 treats the dispersed phase by
representing different droplet "parcels," each of which is as-
sumed to possess the same size range, diameter, and velocity.
The droplet motion is governed by the Lagrangian form of
transport equations. In tracking each parcel of droplets, the
loss or gain of droplet mass, heat, and momentum within each
Eulerian cell can be obtained, which will be used as the cou-
pling source or sink terms in the corresponding finite differ-
ence equations for the gas phase. Lagrangian treatment of
droplet transport possesses the advantages of no numerical
diffusion and easy treatment of multivaluedness. But if this
approach is used to track the droplet motion in a deterministic
way, the advantage of no numerical diffusion will turn out to
be its disadvantage as well, which gives a discernible un-
derprediction of droplet dispersion. Confronted with this
problem, many researchers are presently employing the sto-
chastic separated-flow (SSF) method to treat the gas-turbu-
lence influence on the droplet motion through particle-eddy
interactions.7 This method has wide applications and gives
encouraging results in a variety of flow situations,8"10 includ-
ing flows with and without evaporation.

While the SSF models have found wide acceptance and been
applied with great success in most spray combustion modeling,
they usually neglect the fact that turbulent velocity fluctua-
tions are correlated temporally and directionally, and vanish
only when the time elapsed is large and cross-correlations are
zero. To account for this physical phenomenon in practical
spray combustion modeling, Berlemont et al.11 and Zhou and
Leschziner12 have recently proposed two similar models to
incorporate the turbulent temporal correlations and anisot-
ropy, both of which share the same philosophy, but start from
different routes.

In this Note, a comprehensive spray evaporation model,
based on an Eulerian model of the gas field and a Lagrangian
model of the droplet field in conjunction with the stochastic
description of gas turbulence effect on the droplet motion, is
applied to a turbulent evaporating spray in a recirculating
flow and validated by comparison between predictions and
measurements. Unlike many previous numerical predictions,
this Note has been able to avoid the usual problem of a lack
of detailed initial droplet-size and velocity-distribution con-
ditions, and incorporated the turbulent temporal and direc-
tional correlations. In the present study, we have adopted
Zhou and Leschziner's methodology to include turbulent tem-
poral and directional correlations in the numerical modeling,
which has proved to be an improvement over the conventional
particle-eddy modeling in simple flows.13-14

Physical Model Description
We consider an evaporating spray of liquid isopropyl al-

cohol issuing into a coflowing turbulent, heated, airstream.
An annular air jet enters the test section of 194-mm i.d. The
inlet air and liquid isopropyl alcohol temperatures are 353
and 304 K, respectively. The detailed droplet-size and velocity
distribution data were measured with phase-Doppler by Som-
merfeld.15

Governing Equations for the Gas Field and
Droplet Field

The equations for the continuous gas field are based on the
modified two-equation turbulent eddy-viscosity model by in-
corporating two-phase coupling source terms. Application of
the Reynolds time-averaging process to the Eulerian form of
conservation equations for each dependent variable results in
the mean flow equations for all dependent variables.

The droplet field is calculated by tracking the droplet par-
cels throughout the computational domain. The initial drop-
let-size distribution of the spray is divided, according to the
given experimental probability density function (PDF), into
an adequate number of discrete parcels, each of which rep-
resents a set of droplets belonging to the same size range and
possessing the same initial conditions. Due to the small ratio


