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Introduction

IQUID OXYGEN (LOX) and hydrogen have been used

in various types of liquid rocket engines because of their
high specific impulse and low exhaust pollution." Numerous
flow and chemical complexities involved in the LOX evapo-
ration and combustion processes have attracted significant at-
tention of many researchers.>~"' Experiments have been carried
out to determine the effects of important factors, such as drop-
let size, environmental pressure and temperature, and compo-
sition of the ambient gas on the combustion characteristics.
Theoretical models have also been presented to elucidate the
experimental observations and to predict the burning rate and/
or lifetime of droplets. Since the fundamental study on the
evaporation and chemical reaction processes of LOX in hy-
drogen-rich environments can be useful in advancing the
knowledge of the overall spray combustion, the present work
is motivated to explore the transport behavior and structure of
a LOX/H, diffusion flame at elevated pressures.
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Experimental Apparatus .

A gas-pressurized LOX feeding system was used to maintain
a stable LOX surface at the exit of the feeding tube (6.35 mm
diameter). The chamber pressure was maintained at a prespec-
ified level by a computer feedback-controlled gas supply sys-
tem. Instead of pure hydrogen, the mixture of helium and hy-
drogen was employed to pressurize the system for safety
considerations. Another reason for using helium is because of
its similar solubility features as hydrogen. Direct images of the
flame shape of a LOX/hydrogen laminar diffusion flame were
recorded using high-magnification video photography. For spe-
cies concentration measurements, a quartz microprobe with an
orifice diameter of 25 um was used to sample the gas mixture
in the postflame region. The gas mixture composition was an-
alyzed using a Varian 3700 gas chromatograph (GC) with a
thermal conductivity detector. Detailed description of the ex-
perimental setup can be found in Refs. 12 and 13.

Theoretical Approach

A theoretical model™"® was formulated to study combustion
characteristics of LOX with the H,/He mixture at elevated
pressures. The physical model considers a column of LOX
reacting with H;/He mixture as shown in Fig. 1. Steady-state
calculations were performed by considering the LOX being
supplied at a certain feeding rate that kept its surface station-
ary. The gaseous oxygen and hydrogen react and form a stable
diffusion flame anchored at the exit of the inner tube. It should
be noted that the flame shape can be adjusted to accommodate
a range of steady-state flow rates. The governing equations
consist of a set of conservation equations of mass, momentum,
energy, and species concentrations for a multicomponent sys-
tem. To allow diffusion in the axial direction, the present anal-
ysis treats a fully elliptic problem. The gravitational body force
was considered to account for the influence of natural convec-
tion. In the treatment of the real-gas behavior, pressure and
temperature effects were included for evaluating thermody-
namic and transport properties.”*”*' The flame-sheet approxi-
mation” with consideration of different mass diffusivities (i.e.,
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Fig. 1 Schematic diagram of the combustion of LOX with gas-
eous H,/He mixture.
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nonequal, nonunity Le) for various species was used to de-
scribe the combustion process of oxygen and hydrogen at high
pressures. To characterize the high-pressure solubility of the
ambient gas into the liquid, a fugacity-based thermodynamic
analysis with quantum-gas mixing rules was also carried out.”
Calculations were performed by solving the governing equa-
tions with an iterative semi-implicit method for pressure-linked
equations (SIMPLE) algorithm.”

Results and Discussion

In the combustion tests, a stable onion-shape LOX/H,/He
diffusion flame was achieved at a pressure of 30 atm. The
laminar diffusion flame studied had an oxygen supply rate of
0.018 gm/s, hydrogen of 0.052 gm/s, and helium of 0.12 gm/s.
The LOX surface was below the exit of the feeding tube by
about 1.5 mm. When the LOX surface was raised to approach
the port of the feeding tube, the flame tended to detach from
the tube rim and became unstable. To verify the present axi-
symmetric steady-state combustion code, a numerical simula-
tion was conducted by considering the LOX surface fixed at
the position of 1.5 mm below the exit of the feeding tube.
From surface temperature measurements, the LOX surface was
136.2 K at P = 30 atm. The temperature of the surrounding
H,/He was 295 K. Based on measured mass flow rates of
oxygen, hydrogen, and helium, the gas velocities of the H,/
He mixture and vaporized LOX were 1.5 and 0.523 cm/s, re-
spectively. The oxygen mass fraction at the LOX surface was
also determined to be 0.981 from the phase equilibrium anal-
ysis. Figure 2 presents the comparison between predicted and
experimentally observed steady flame shape for the coflowing
LOX/H,/He laminar diffusion flame at a pressure of 30 atm.
In general, the calculated flame shape was in reasonable agree-
ment with the observed luminous flame surface. The predicted
results also matched well with measured radial hydrogen con-
centration distributions in the stations beyond the flame height
(not shown in the figure)."”

The combustion process of LOX in the surrounding flow of
a H,/He mixture (with a mass ratio of 30/70) at a pressure of
68 atm was also simulated. In the present case considered, the
inflow velocity of vaporized oxygen was 0.218 cm/s above the
LOX surface, and the flow velocity of the surrounding H,/He
mixture was 1.5 cm/s. The temperatures of the LOX surface
and surrounding flow were 153.3 and 295 K, respectively. The
phase equilibrium analysis was applied to determine boundary
conditions of species concentration at the LOX surface.

Figure 3a shows temperature contours with respect to both
axial and radial coordinates. The high-temperature area
spanned from the interface region of the oxidizer and fuel in-
lets near the tube rim to the centerline. The peak temperature
along the centerline was about 3310 K. The flame height, de-
fined as the location of the peak centerline temperature, was
found to be 1.66 cm above the tube exit. The steep axial tem-
perature gradients were noted in the vicinity of the LOX sur-
face, which indicated a strong heat feedback from the flame
to the LOX surface, to provide the energy required in the phase
change of oxygen from a compressed liquid to a superheated
vapor.

Using the same boundary conditions, another calculation
was performed with zero gravity. Figure 3b displays temper-
ature contours without considering the body-force effect. In
the case of considering gravity, the buoyancy. force accelerates
the flow in the reaction zone and thereby increases the entrain-
ment of the surrounding H,/He mixture. This suction-like ef-
fect induces an inward radial flow motion near the port exit
plane to enhance combustion and drive the flame closer to the
centerline. In contrast to the previous case, the flame core tends
to expand in the radial direction and its flame height is taller
at the zero-gravity condition. No visible sign of the upward
flow acceleration is observed in the high-temperature region.

In diffusion flames, the vorticity field plays an important role
in characterizing the mixing and combustion processes. The
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~ Fig. 2 a) Predicted and experimentally observed flame shape

with an oxygen supply rate of 0.018 gm/s at a pressure of 30 atm
and b) predicted centerline temperature profile and location of
luminous flame surface for the coflowing LOX/H, /He laminar dif-
fusion flame at a pressure of 30 atm.

rate of change of the vorticity field links to various mecha-
nisms, such as vortex stretching, vorticity dilation, baroclinic
torque, and viscous dissipation. In the present two-dimensional
axisymmetric analysis, the vortex stretching term disappears.
The vorticity dilation is related to the variable density effect
for the fluid. The baroclinic torque represents the vorticity gen-
eration through a nonalignment of the density and pressure
gradients. They are essentially trivial for a nonreacting low-
Mach-number flow. However, in combustion situations, these
two terms can be significant because of the existence of a
strong density variation.

Figure 4 presents the predicted vorticity dilation and baro-
clinic torque distributions along the centerline above the LOX
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Fig. 3 Temperature contour for the coflowing LOX/H,/He lam-
inar diffusion flame a) at a pressure of 68 atm and b) without the
effect of body force (P = 68 atm).

surface. As shown in the figure, the amplitude of both vorticity
dilation and baroclinic torque grew considerably when the exo-
thermic heat took place as a consequence of combustion. This
observation also suggested that these two terms could be con-
sidered as an indicator of the chemical reaction zone. More-
over, it was noted that the magnitude of the baroclinic torque
was substantially larger than that of the vorticity dilation. This
indicates that the vorticity field is mainly generated by the
misalignment of density and pressure gradients in the flame.
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Fig. 4 Predicted centerline vorticity dilation and baroclinic
torque distributions for the coflowing LOX/H,/He laminar diffu-
sion flame (P = 68 atm).

Summary and Conclusions

A theoretical model was formulated and solved numerically
to simulate the combustion process of LOX with hydrogen un-
der high-pressure conditions. The model was based on the con-
servation equations for a multicomponent system, with consid-
eration of gravitational body force, solubility of ambient gases
in liquid, and variable thermophysical properties. A fugacity-
based thermodynamic analysis with quantum-gas mixing rules
was performed to characterize the solubility of ambient gas at
the LOX surface. Effect of differential diffusion was considered
in the chemical reaction of oxygen with H,/He mixture at high
pressures. A stable onion-shaped LOX/H,/He diffusion flame
was achieved at a pressure of 30 atm. The calculated flame
shape agreed well with the shape of the observed luminous
flame. Simulation results demonstrated that the development of
vortex structure existed in the flame region mainly controlled
by the combustion-induced baroclinic torque and buoyancy-
driven flow acceleration of the surrounding H,/He mixture.
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Introduction

NE promising method of supersonic jet noise reduction
is the use of a mixer—ejector nozzle.'® The work de-
scribed in this Note is a part of an ongoing experimental study
on the flow physics and performance characteristics of a rec-
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tangular multielement supersonic mixer—ejector nozzle. The
ejector characteristics studied included the mean flow at the
ejector exit, ejector pumping, and the ejector sidewall static
pressure. To our knowledge, the only other published work on
rectangular supersonic multijet ejectors is that by Chandrasek-
hara et al.” Their results showed that the performance of a
multijet ejector is distinctly superior to that of a single equiv-
alent jet ejector. Our main objective is to characterize the per-
formance of multijet ejectors at various primary jet Mach num-
bers and area ratios (ejector area/primary jet area).

Experimental Setup and Instrumentation

A schematic diagram of the flow facility used in our experi-
ments is shown in Fig. 1. The facility was previously described
in detail in Refs. 8 and 9, therefore, only a brief description is
given here. The primary jets emerged from four convergent—
rectangular nozzles (6.9 X 34.5 mm) into the straight adjustable-
area rectangular ejector. The internozzle spacing (center-to-cen-
ter) was 6.25 times the narrow dimension of the nozzle. The
individual nozzle total pressures were maintained to within +0.1
psi using an automatic feedback control loop.

The adjustable-area ejector was constructed from Plexiglas®
side walls. The leading edges and spacers were made from
wood. The total length of the ejector sidewall, in the stream-
wise direction, was 32.51 c¢m, which included 5.08 cm of lead-
ing edge and 4.45 cm of tapered trailing edge (only the outside
surface was tapered). The small dimension of the rectangular
ejector could be adjusted by the addition or removal of spacers.
The large dimension could be adjusted by loosening the
clamps and sliding the small sides (stack of spacers) in or out.
The ejector aspect ratio, defined as the ratio of the large to
small dimensions of the ejector exit, was kept constant at 4.5
for the two cases studied.

An extra sidewall was fabricated and instrumented with 121
static taps (11 X 11 matrix) connected to the electronic scanning
pressure (ESP) modules for instantaneous mapping of the ejec-
tor sidewall static pressure distribution. The pressure tap matrix
extended from the leading edge to 5.72 cm upstream of the
trailing edge. The flow total pressure at the ejector exit was
mapped using a pitot probe having an o.d. of 0.8 mm. The probe

. was traversed over the entire flowfield under computer control.

Results and Discussion

Mean Flowfield at the Ejector Exit

Mach number contours at the ejector exit plane, for two
ejector area ratios (AR = 7 and 12) at six primary-jet fully
expanded Mach numbers are shown in Fig. 2. The ejector area
ratio is defined as the ratio of ejector exit area to the total exit
area of the four rectangular nozzles. In these plots, the y and
z coordinates are normalized by the primary nozzles’ equiva-
lent diameter D,,, defined as the diameter of the circle having
an area equal to the total exit area of the four primary rectan-
gular nozzles. From the contour plots of Fig. 2 it is clear that
for all primary jet Mach numbers, an increase in the ejector
area ratio from 7 to 12 resulted in a reduction in the peak
ejector exit Mach number and a more uniform mixing of the
primary jets and secondary (ejector entrained) flow.

The ejector pumping per unit secondary area for various
cases is plotted in Fig. 3. The pumping was obtained as fol-
lows. First the total mass flow at the ejector exit was calculated
by integration of the data shown in Fig. 2, then the primary
jet’s mass flow was subtracted from the total mass flow. Finally
the pumping per unit secondary area was calculated. The sec-
ondary area is the ejector exit area (constant for an ejector
with parallel sidewalls) minus the total exit area of the four
primary nozzles. From the plots of Fig. 3 it is clear that, for
both area ratios, the ejector pumping per unit secondary area
increases when the primary jet Mach number increases. For
the case of AR = 7, the variation is almost linear, but the slope
decreases as the primary jet Mach number increases beyond



