
196 J. PROPULSION VOL. 7, NO. 2
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Studies are currently under way to evaluate and develop test techniques for safely handling hydrogen exhaust
products from hypersonic propulsion systems, as well as future liquid propellant rocket engines, during
simulated altitude tests. Results of a study that considered several different handling concepts for air-breathing
propulsion testing are presented. The study concluded that exhaust inerting to the oxidizer lean combustion limit
is practical for direct-connect testing during normal engine operation, provided that bleed and plant surge-
control airflows are negligible; however, diluent costs and exhaust pumping requirements can be high. The study
also considered the so-called "hydrogen afterburning" concept. This technique uses injection of oxygen or air
into the exhaust system to afterburn the exhaust products in real time in a controlled process. Hydrogen after-
burning is attractive because of its potentially wide range of applicability and low secondary flow requirements.
An analytical study was begun to investigate the technical details of hydrogen afterburning, which included the
mixing of the exhaust products with the injected oxidizer and the potential for ignition and burning of the mixed
gases. Conclusions from the analytical study were that adequate mixing can be obtained, and that autoignition
and afterburning are feasible.

Introduction

S EVERAL proposed hypersonic propulsion systems use
hydrogen fuel because hydrogen combustion has the abil-

ity to release a very large amount of energy very rapidly.
Because of this large potential energy release, the presence of
unburned hydrogen outside of the test article is a very signifi-
cant hazard. In an altitude test facility, the use of rotating
machinery to pump exhaust products to atmosphere increases
the hazard, which can be catastrophic in terms of personnel
safety and facility damage. Even without the tragedy of per-
sonal injury, the replacement value of the exhaust machinery
is very high. The probability of ignition of a combustible mix-
ture within the exhaust system is high because sparks, hot par-
ticles, or even hot exhaust can ignite a combustible mixture.
Simplified engine cycle analyses indicate a high probability of
unburned hydrogen being present in the test cell and facility
exhaust systems during the altitude testing of both hypersonic
propulsion systems and LOX/LH2 rocket engines.

The presence of combustible species in test facility ducting is
not a new problem. In fact, excess hydrogen has long been a
problem in both liquid and solid rocket testing, in both alti-
tude and ground level test facilities.1'6 Combustible mixtures
in altitude tests of rocket engines come from the combination
of excess hydrogen in rocket exhausts and air inleakage into
the subatmospheric facility exhaust systems. An acceptable
procedure in altitude testing has been to inert the rocket ex-
haust flow to below the oxidizer lean combustion limit
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(OLCL), approximately 4% O2 by volume at standard tem-
perature and pressures (STP), by adding a flow of nitrogen to
the exhaust stream. Because the amount of oxidizer present is
low (inleakage is usually very low), and rocket tests are typically
of short duration, large amounts of diluent may not be re-
quired. For this reason, the nitrogen inerting technique has been
a safe, cost-effective solution to handling hazardous exhaust.

Carbon dioxide inerting has also been used. Carbon dioxide
has an additional advantage that some of the CO2 dissociates
when it is mixed with the hot rocket exhaust gas and releases
oxygen, which then recombines with some of the hydrogen in
the exhaust to form water. Thus by adding CO2, the flow is in-
erted, the hydrogen content is reduced, and the gas constant
("R-factor") of the exhaust is lowered simultaneously. A
lowered R-factor means increased exhaust density, at given
pressures, which reduces exhaust gas pumping power require-
ments.

In general, the inerting techniques rely on bringing the ex-
haust flow to either above the upper, or below the lower, flam-
mability limit of the combustible exhaust gases. A reasonably
complete literature exists on the flammability limits for
hydrogen-air and hydrogen-oxygen-nitrogen mixtures, even at
low pressures, and in both dry and wet conditions.7"21 Thus,
the technical basis for hazardous exhaust handling by inerting
is well supported by data.

Another theoretical approach to hydrogen-rich exhaust gas
handling is real-time afterburning. This process involves con-
trolled combustion of the exhaust flow within the facility duct-
ing during the engine operation. This approach has been stud-
ied at the Arnold Engineering Development Center (AEDC)
and elsewhere.1'2'5'6

This paper discusses the overall combustible exhaust gas han-
dling problem. The paper is divided into three parts. The first
section discusses anticipated test requirements. The second sec-
tion describes a study of the various handling techniques. The
last section presents a computational study of some fluid-
mechanical details of real-time afterburning.

Test Requirements
There are anticipated requirements for altitude testing of

air-breathing hydrogen-fueled hypersonic propulsion systems
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and rocket engines. Some of these tests may be conducted in
facilities that were never intended for use with hydrogen fuel.
In many facilities there will be a need to conduct the tests such
that combustible mixtures are not present in the facility ex-
haust system. This section discusses several methods to meet
this need. The results reported herein are oriented primarily
toward the hypersonic engine test requirements; however, ex-
cept where noted, the work is also applicable to the rocket test
requirement.

There are several factors that must be considered before a
particular exhaust gas handling technique is selected for en-
gine tests. These factors include facility operational parame-
ters and engine characteristics. The first operational parame-
ter is the test mode. Two different test modes for air-breathing
engine testing are the "direct-connect" mode, where virtually
all of the supplied air flows through the engine, and the "free-
jet" mode. In a freejet mode, the engine is embedded within
an air stream, and an amount (often large) of the supplied air
flows around and over the engine. If the bypass air is captured
and mixed with the engine exhaust, a large amount of O2 will
be flowing through the exhaust system making the accepted
approach of N2 inerting of the exhaust to the OLCL impracti-
cal, since very large amounts of diluent would be required.

Another operational parameter of critical importance is test
duration. Rocket tests are typically of short duration, on the
order of a minute. Exhaust gas handling techniques that are
applicable to short duration or intermittent testing may not be
practical or cost effective for long duration testing, which can
occur in air-breathing propulsion tests.

Engine operational characteristics determine the sources of
unburned hydrogen. There are two main hydrogen (H2)
sources in testing both air-breathing hypersonic and rocket
propulsion systems during normal engine operation. The pri-
mary source of unburned hydrogen in the exhaust will result
from fuel-rich operation of the propulsion systems. Both
hypersonic air breathers and rockets are likely to operate fuel
rich for performance requirements. For hypersonic engine
ground tests in the Mach 0 to 4 range (the range examined by
the authors), equivalence ratios (ER) between 1 and 1.6 were
considered. The other potential exhaust gas H2 source is
ejected, nonregenerative cooling flow. In cases where the
amount of cryogenic H2 required for cooling is larger than
needed in the combustor (regenerative amount), excess cooling
fuel is dumped overboard. Hydrogen coolant dumps are not
anticipated for the Mach 0 to 4 flight regime because airframe
and engine cooling requirements are relatively low.

Handling techniques must also be evaluated for abnormal
operations or system failures of either the facility or the en-
gine. For both hypersonics and rockets, one type of failure is a
fuel line leak or rupture. Another failure, which can occur
during the development and qualification testing of hyper-
sonic engines, is a combustor no-flame situation. In a no-
flame situation, fuel is added to the engine air stream, but
combustion either does not take place or the flame blows out.
These kinds of failures put very large amounts of unburned
fuel in the facility exhaust flow, and obviously, there is also a
large amount of O2 flowing through the system, in both free-
jet and direct-connect test modes. Diluent requirements for
engine combustor failures will be drastically different than for
cases of normal engine operation.

Combinations of the factors outlined above show that there
is wide variety in the types of problems that can be en-
countered in such testing. The utility and practicality of using
inerting to handle the exhaust hazard in such tests needed to be
examined and compared to other possible exhaust gas han-
dling techniques. The study was conducted for this purpose.

Study of Hazardous Exhaust Handling
The hazardous exhaust handling study was based on

assumed hypersonic propulsion system test requirements dis-

cussed in the previous section, which were ER up to 1.6, Mach
number from 0 to 4, and altitude from ground level to 70,000
ft. Furthermore, a generic flight trajectory was assumed for a
vehicle, which permitted the relative flow rates of fuel and air
to be defined. Several exhaust gas handling techniques were
then evaluated in terms of the propulsion system test require-
ments. All combinations of the aforementioned factors were
considered, except for the fuel line rupture. This failure situa-
tion was not included because of the difficulty in quantifying
the amount of fuel spilled. The no-flame combustion condi-
tion was considered. The conclusions that were obtained from
the study are presented below.

Inerting Techniques
The study first considered the application of inerting tech-

niques to various test scenarios. For the purpose of the study,
the fuel lean combustion limit (FLCL) for hydrogen mixtures
was considered to be 4% H2, by volume, under standard con-
ditions of temperature and pressure. The OLCL was taken as
4% O2, by volume, the minimum required to support combus-
tion, also at STP.

Direct-Connect Testing
First, for a direct-connect test of an engine operating nor-

mally, the study found that nitrogen inerting to the OLCL is
feasible for facilities with small air inleakage. The exhaust
flow from a direct-connect test during normal engine opera-
tion is inert (no oxidizer) until there is an air inflow produced
by an inleak or inbleed. Examples of air inbleed include test
cell cooling and turbomachinery surge control flows. Diluent
added to the exhaust need only account for the inbleed or leak-
age air inflow, which is normally small. However, the total
amount of diluent required (and thus the diluent costs) may
become significant for a long duration test. Further, some
facilities may use large quantities of air inbleed for surge con-
trol or test cell pressure control. This facility characteristic
defeats the technique of using nitrogen inerting to the OLCL
for hazardous exhaust handling.

To inert to the FLCL during normal engine operation re-
quires a larger amount of diluent. The amount in this case de-
pends upon the specific engine operating characteristics
(equivalence ratio and coolant dump). The value is also a
function of the amount of water vapor that is condensed out
of the exhaust flow by any exhaust dehumidification/cooling
processes. The total quantity of diluent required is large for a
long duration test. If nitrogen is used as the diluent, the costs
may become prohibitive. The diluent flow rate, along with the
required test flow, may exceed the exhaust plant capacity, de-
pending upon the test requirement (engine size, equivalence
ratio, etc.). Inerting to the FLCL, rather than the OLCL, has
the advantage that air can be used as the diluent. In this case
caution must be used because the flow will pass through an ox-
idizer lean state at the engine exit to a fuel lean state (inert)
somewhere downstream of the diluent addition point(s). The
composition of the flow will pass through a combustible mix-
ture. Combustion may occur in this transition zone, and thus
uncontrolled afterburning might occur.

As previously stated, carbon dioxide was used as a diluent
for handling hazardous exhaust in rocket testing. However,
for hypersonics testing, an analysis has shown that the exhaust
density may not be a critical issue for direct-connect testing, at
least for the lower Mach number regimes. Further, because the
hypersonic engines produce exhaust gases at lower total tem-
peratures than rocket exhaust, resulting in less CO2 dissocia-
tion, diluent mass flow rates for CO2 inerting are higher than
for N2 inerting. Therefore, there is no advantage to using CO2
inerting for hypersonic testing.

For a direct-connect test experiencing a failure mode, such
as a combustor no-flame situation, the amount of diluent re-
quired to inert the flow becomes very large. To inert to the
OLCL, diluent flows of 3-4 times the test cell inlet airflow are
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required based on hypothetical test requirements. To inert to
the FLCL, diluent requirements may be an order of magnitude
above the cell inlet airflow. For a full-scale test article, the
diluent flows could easily exceed plant pumping capabilities.
In the event of a no-flame condition, the test would have to be
shut down very quickly (response time on the order of millisec-
onds) and the system purged with large air or N2 flows
dumped into the exhaust flow. Thus, rapidly responding
hydrogen detectors and flame detectors will be necessary for
test control and monitoring.

Freejet Testing
In a freejet test, during normal operation, the situation is

different. The flow leaving the test cell will likely be fuel lean
overall because of the large airflow spilled around the test arti-
cle. Depending on engine equivalence ratio, freejet nozzle to
engine mass flow ratio, and exhaust dehumidification, the
overall exhaust flow could be below the FLCL. Mixing of an
engine exhaust containing free hydrogen and the freejet
bypass stream should cause localized combustible regions. If
the overall flow is not below the FLCL, then the flow can be
inerted to the FLCL with additional injected air. The amount
of air required is a function of the engine and facility charac-
teristics.

Theoretically, the flow could be inerted to the OLCL using
nitrogen. For the hypothetical test requirement, the N2 re-
quirement could vary from 1 to 4 times the cell inlet airflow,
depending on engine ER, freejet mass flow spill ratio, and de-
humidification. The diluent costs will therefore be prohibitive.
Thus, inerting to the OLCL for freejet testing is not as attrac-
tive as air inerting to the FLCL.

For a freejet test during a no-flame situation, the required
diluent flow rates are again very large. Given the assumed test
requirement, to inert to the OLCL using nitrogen, the diluent
requirement could be well over 4 times the cell inlet airflow.
To air inert to the FLCL, the diluent requirement is approx-
imately 3 times the cell inlet airflow. The total facility mass
flow (engine flow + bypass flow + diluent flow) would most
likely exceed the facility capability, except in tests of very low
flow rate engines. Again, in the event of a detected no-flame
situation, the test would have to be shut down quickly and the
exhaust system purged.

Alternative Handling Technique
Because of the limitations cited above, cost-effective alter-

native methods were sought to handle combustible exhaust
flows safely. One concept that has shown particular promise is
real-time afterburning. This approach has been used for some
rocket tests.1'2 Conceptually, the real-time afterburning tech-
nique is based on injection and mixing of an oxidizer with the

hydrogen-rich exhaust gas produced by the propulsion system,
so that the exhaust gas hydrogen and injected oxidizer react in
a controlled fashion, reducing the hydrogen concentration to
below the FLCL.

For a direct-connect test utilizing afterburning, the relative
amount of injected oxidizer required to burn the excess hydro-
gen is small. Air would be an ideal oxidizer for hypersonics
testing, because the cost savings over an oxygen injection
system would be significant. On the other hand, required ox-
idizer flow rates may be much higher for tests involving large
liquid rocket engines. For these tests, oxygen should be used as
the oxidizer to reduce the overall flow rate being pumped by
the exhaust plant. Afterburning has an advantage that the ox-
idizer flow rate required would not change in the event of a
flameout since the required oxygen would already be present
in the flow. For an air-breathing engine in a freejet test with a
typical value of freejet-to-engine mass flow ratio, it is likely
that all the oxygen required to afterburn would already be
available in the bypass stream. The major issues for freejet
testing would be how to mix the engine exhaust and bypass
streams and to initiate and sustain the combustion process.

The hydrogen afterburning technique was considered to
have valid potential because of its wide range of applicability
and low operational costs. However, there were some signifi-
cant uncertainties in the afterburning technology that required
examination. These include 1) determinating the best method
to inject and/or mix the oxidant with the exhaust; 2) ensuring
that autoignition and afterburning do occur for all conditions
of the engine and facility operational modes; and 3) obtaining
adequate system pressure control and pressure recovery. Of
special concern is the fact that the ignition and afterburning
would have to occur at low static pressures, less than half an
atmosphere. Flammability limits7'21 and ignition delay
times22'32 are both affected by low static pressures. Thus, the
afterburning technology will have to overcome both reaction-
limited and mixing-limited combustion processes.

Analytical Model of Afterburning
Definition of the Injection and Mixing Configuration

Analytical studies of real-time hydrogen afterburning were
initiated because of the potential benefits of this technique for
both air-breathing and rocket propulsion system testing. Pre-
vious feasibility studies conducted on rocket applications of
afterburning5'6 recognized that both analytical and subscale
experimental studies were required to address the safety and
practicality of the afterburning technique. The previous ana-
lytical studies were based on both equilibrium and finite rate
chemistry, in both one- and two-dimensional flow models.
The two-dimensional analytical studies were based on nearly
constant-pressure, parallel mixing conditions. It was recog-
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Fig. 1 Real-time H2 afterburning analytical model.
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nized that the parallel mixing case would not permit a practical
afterburning system because lengths required for complete
mixing were of the order of several hundred engine exhaust di-
ameters. Thus, it was recognized that transverse jet injection
of the oxidizer was required for adequate mixing with the ex-
haust stream.

Transverse injection, the injection of a fluid jet perpendicu-
lar to a moving stream, has been recognized for a long time as
a method to increase the mixing rate of the jet and the sur-
rounding flow, compared to coflowing or parallel injec-
tion.33'41 However, in the present afterburning application,
the situation is reversed, compared to previous studies,
because the injected jets are air or O2, and the main moving
stream is a fuel-rich exhaust flow.

It is also important to note that supersonic combustors may
require fuel injection from wall steps or into sudden-
expansion geometries for flameholding and steady combus-
tion processes.42'45 Thus, successful supersonic combustors
will probably require both transverse injection and parallel in-
jection, together with wall steps and/or sudden-expansion
geometries for adequate overall mixing, combustion, and
flameholding. Moreover, of key importance is the distance be-
tween the transverse injection jets and the wall steps or
sudden-expansion locations. Experiments have shown42'45 that
injection upstream of the steps or expansions resulted in best
combustor performance. Therefore, the supersonic diffuser-
burner design that was chosen for the present study incor-
porated both transverse and parallel jet injection, a wall step,
and a significant increase in cross-sectional area ratio, or sud-
den expansion. Figure 1 shows a schematic of the supersonic
diffuser-burner cross section with the afterburning oxidant jet
injection locations indicated.

To study analytically the mixing and flow in the ducting
system indicated schematically in Fig. 1, a Navier-Stokes-
based computational fluid dynamic scheme was required. In
particular, a fully elliptic, finite-rate chemistry, shock-
capturing, fully viscous (including turbulence model) code was
required, capable of predicting both transient and steady-
state, three-dimensional flow in ducts and diffusers. At the
time of the study, such a computer code was not available,46'47

although, recently, codes with the necessary capabilities have
been reported.48'49 Therefore, the approach taken by the
authors was to assemble a component-type, overall analytical
approach based on three available computer codes.

Overall Analytical Model
Figure 1 depicts the overall analytical approach that was

adopted. Four independent computational steps were used to
investigate afterburning flowfields. The four steps used three
codes, CHONA, PARC, and GCKP-84. CHONA50 is a one-
dimensional, equilibrium chemistry code, which was used to
compute engine exhaust gas flow conditions at a given flight
condition, based upon specified engine operational fuel/air
ratio (or ER) and an assumed inlet performance. The PARC
code51'52 is a two-dimensional or three-dimensional, perfect
gas, fully elliptic, fully viscous, Navier-Stokes code with
shock-capturing capability. PARC was used to predict mixing
of the engine exhaust gas with the injected oxidizer within the
specified duct geometry (see Fig. 1). The resulting flowfields
obtained with PARC include temperature, but not gamma or
molecular weight effects. A subprogram called CROCCO was
written to concert the PARC code total temperature results
into local species concentrations, using predicted local total
temperature, referenced to the exhaust gas and injected air
total temperatures; that is, CROCCO was used to apply the
Crocco analogy. The Crocco analogy assumes that turbulent
diffusion of total temperature is the same as turbulent diffu-
sion of species, i.e., that unity turbulent Lewis number condi-
tions apply. Thus, total temperature distributions imply con-
served atomic mass fractions of the species from the exhaust
(or, alternately, the oxidant). Thus, the total temperature

values were used to specify local exhaust gas concentration.
The exhaust gas concentrations and the oxidant concentra-
tions were then input either to CHONA, to predict local equi-
librium chemistry, or they were input to GCKP-84. The
GCKP-84 code53 is a one-dimensional chemical kinetics code,
which was used to predict local ignition characteristics of
selected samples of the mixed flow, based upon the PARC and
CROCCO results.

In this overall analytical approach, mixing and combustion
processes were partially decoupled, because of the perfect gas
limitations of the (then current version of the) PARC Navier-
Stokes computer code.

To illustrate the application of the analytical models, con-
sider a case that represents the highest fuel flow rate for a hy-
pothetical hypersonic vehicle. For this case, the inputs to the
CHONA code were the combustor inlet conditions corre-
sponding to the highest mass flow ingested along a given flight
trajectory. The CHONA code computed the ideal, one-
dimensional exhaust gas conditions. The exhaust conditions
were then used to specify inlet conditions to the PARC Navier-
Stokes model of the supersonic diffuser-burner exhaust duct-
ing. The PARC code computed the mixing of the exhaust gas
and injected air for afterburning within the supersonic diffu-
ser and burner sections. The air was injected at two locations,
either from the transverse injection ports in the supersonic dif-
fuser, or as a parallel jet issuing from the wall-step location at
the sudden expansion. Except for total pressure and total tem-
perature, thermodynamic properties of the exhaust flow and
the injected air were identical in the PARC-based mixing anal-
ysis. This approach should result in an acceptably realistic
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Fig. 2 Injection configurations used in analytical study.
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computed mixing process, compared to actual behavior; how-
ever, gamma-dependent flow features, such as shock or ex-
pansion structures might be slightly less accurate.

Once the mixing flowfield was obtained by PARC, the spe-
cies concentrations at each grid point were obtained as fol-
lows. Local mixture composition was computed using the
CROCCO code that was based on the CROCCO relation

^exhaust = (Tt ~ /

where Cexhaust is the local exhaust gas mass fraction, Tt is the
local mixture total temperature from PARC, and ^exhaust and
Tt. are the specified engine exhaust and air-jet total tempera-
tures, respectively. Then, Cjet = 1 - Cexhaust, where Cjet is the
total air mass fraction. Local flow thermodynamic properties
could then be determined from Cjet and Cexhaust mass fractions
at each location in the mixing flowfield. Basically, these "local
flow" conditions (velocity, pressure, temperature, and species
composition) were used only by serving as input to the GCKP-
84 one-dimensional chemical kinetics model to investigate ig-
nition and flame processes.

Injection Configurations
For the real-time afterburning analysis, four basic air injec-

tion configurations were examined. All four configurations
modeled the flow through the same supersonic diffuser-burner
geometry. The modeled geometry and injection configurations
are shown in Fig. 2. The duct geometry begins at the exit plane
of a hypersonic engine with an axisymmetric supersonic diffu-
ser section. The modeled diffuser length is 5 diam. At the dif-
fuser exit, there is a sudden expansion to a constant area
burner section. The burner duct has a length of 10 diam. The
ratio of the diameters of the burner duct to diffuser duct is
2:1. This diameter ratio was chosen to avoid thermal choking
under conditions of maximum heat release where a no-flame
condition in the combustor leads to a requirement that all fuel
be burned in the diffuser-burner, and also, the 2:1 diam ratio
(4:1 area ratio) should provide for a satisfactory pressure
recovery.54'55

Parallel Injection from Stepped Wall
The first case simulated parallel injection of an annular jet

from the base of the sudden-expansion step, or stepped wall.
Thus this case is a two-dimensional axisymmetric flow with in-
jection through an annular ring. An axisymmetric version of
the PARC code was used for the computation.

Transverse Injection
The other three cases simulated transverse injection at the

midpoint of the diffuser duct. The first two of these cases used
perpendicular injection with either four or eight discrete jets
equally spaced around the duct circumference. The fourth
case was a four-jet swirl-injection case. Swirl injection added a
circumferential velocity component to the air jets. The injec-
tion angle was set at approximately 22 deg from the normal in
a cross-sectional plane. The three three-dimensional cases used
the same total mass flow for the injected air. The mass flow

was 110% of the airflow required to make an overall stoichio-
metric fuel-air ratio, i.e., when fully mixed with the exhaust
gas. The parallel injection case used somewhat higher mass
flow than other cases for computational convenience, because
of grid limitations in modeling the axisymmetric ring.

The normal injection cases used numerical mesh models
that were wedge-shaped, three-dimensional geometries.
"Periodic" and symmetry boundaries were defined and used
to reduce the extent of the computational grid required in the
circumferential direction. The four-jet normal injection model
required a 45-deg symmetry segment, while the eight-jet nor-
mal injection model required a 22.5-deg symmetry segment.
The four-jet swirl model was based on a 90-deg segment with
periodic boundary conditions. About 22,000 grid nodes were
used for the parallel injection computational model, while the
three three-dimensional models used approximately 240,000
grid nodes each.

Results and Discussion of Mixing Analysis
Results from the four cases are given in Figs. 3-6. These

figures show computed concentration contours. Concentra-
tion contours are shown in the longitudinal plane and, for the
three-dimensional cases, in cross-sectional planes. A contour
level of 1 represents species concentrations identical to the en-
gine exhaust flow, while a contour level of 0.838, indicated by
a dashed line in the figures, represents a stoichiometric
hydrogen-air mixture based upon the specified exhaust and jet
total temperatures and mass flows. This contour represents
the desired mixture (the overall ER was slightly less than one
based on exhaust gas-to-injected-air mass flow rates).

Parallel Injection
Results from the parallel injection case are given in Fig 3.

The concentration contours show that there is little mixing
taking place within the first 2.5 diam of the sudden-expansion
burner duct inlet. From 2.5 to 10 diam (not shown), there is
negligible change in the concentration profiles. After 10 diam
there is still almost no oxygen present within the inner half
radius. Conversely, almost no hydrogen has reached the duct
wall. There is only a narrow ring where sufficient mixing has
occurred to support combustion. Thus, for the case in-
vestigated, the parallel injection and mixing was inadequate.

Four-Jet Normal Injection
Representative results from the four-jet normal injection

mixing model are given in Fig. 4. Concentration contours are
shown in four different planes. Figures 4a and 4b show the
contours at different duct cross sections. Figure 4a shows the
contours in the plane of injection in the supersonic diffuser,
while Fig. 4b shows the contours near the plane of the sudden
expansion (burner inlet). Figures 4c and 4d show the contours
in longitudinal planes of the supersonic diffuser. The contours
of Fig. 4c are in the jet symmetry plane, the midplane of the
injection ports, while Fig. 4d shows the contours in a plane
located halfway between the jets, i.e., between injection ports.

The mixing performance of the four-jet normal injection
was much superior to the parallel injection scheme. The in-

0.5 1 1.5
AXIAL DISTANCE, BURNER DUCT DIAMETERS

Fig. 3 Concentration contours for parallel injection case.
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a) Injection plane cross section b) Diffuser exit cross section
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Fig. 4 Concentration contours for four-jet normal injection case.

fluence of the normal jet is clearly evident in Fig. 4a. From the
cross-sectional contours, it can be seen that the engine exhaust
(contour levels near 1.0) has moved toward the duct wall with
the injection flow (contour near zero) nearer the centerline. In
the longitudinal plane of injection, the flow is fairly well
mixed. However, as Fig. 4d shows in the plane halfway be-
tween the jets, little mixing has occurred. Thus, it was
assumed that better overall mixing could be obtained from us-
ing more jets around the circumference. An eight-jet case was
therefore defined, modeled with a new mesh, and computed.

Eight-Jet Normal Injection
The eight-jet configuration is similar to that of the four-jet

case with the major differences being that the mass flow per
injection port was halved, as was the circumferential distance

between injection port centerlines. The total mass flow rate
was the same as the four-jet case. Representative results from
the eight-jet normal injection mixing model are shown in Fig.
5. The results show that mixing in the regions between the jets
was improved over the four-jet case. This improvement came
at a sacrifice of radial penetration, however, since the same
total pressure was used in each case, whereas the jet diameters
were reduced by a factor of 1/V2.

The normal injection results can be understood in terms of
aerodynamic blockage. In the four-jet case, the blockage of
the injection jets caused the exhaust flow to move radially out-
ward in the midjet plane to the duct wall. In the eight-jet case,
the blockage has increased circumferentially while weakening
in strength (penetration to the centerline). As a result, the flow
is well mixed out near the walls, but relatively unmixed near
the centerline of the supersonic diffuser.



202 STEPHENS, JORDAN, AND SCHULZ J. PROPULSION

a) Injection plane cross section b) Diffuser exit cross section

§ 4.0 5.0 6.0 7.0 8.0
AXIAL DISTANCE FROM INLET, DIAMETERS

c) Injection plane longitudinal

10.0

4.0 5.0 6.0 7.0 8.0
AXIAL DISTANCE FROM INLET, DIAMETERS

9.0 10.0

d) Midplane longitudinal

Fig. 5 Concentration contours for eight-jet normal injection case.

Four-Jet Swirl Injection
To again try to improve the overall mixing of the exhaust

gas with the injected air, a four-jet transverse injection scheme
was defined using angled jets that would induce a swirl or cir-
cumferential flow component.

Representative results from the four-jet swirl injection mix-
ing model are shown in Fig. 6. The cross-sectional contours of
Figs. 6a and 6b show that the radial penetration of the swirl
case is superior to the eight-jet normal injection case, but that
the injected air from the four-jet swirl case does not penetrate
as deeply into the exhaust stream as the normal injection case.
However, the longitudinal plots of Figs. 6c and 6d illustrate
the mixing in the bet ween-jet planes is greater for the four-jet

swirl case compared to the four-jet normal injection case.
When compared to the eight-jet normal injection case, the
swirl case is more nonuniform out near the walls, implying
poorer circumferential mixing, than the eight-jet case. Addi-
tional study is required in order to establish the number of
jets, their mass flows, injection velocities, jet diameters, and
angles, for the optimum air injection technique in the super-
sonic burner. However, a result of this part of the study was
the observation that, if satisfactory mixing occurred in the
supersonic diffuser, it was enhanced in the burner section of
the ducting. Thus, the quality of satisfactory mixing was es-
tablished by the performance of the jet mixing process in the
supersonic diffuser.
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Fig. 6 Concentration contours for four-jet swirl injection case.

Results and Discussion of Ignition and Burning Study
A limited theoretical study was conducted to investigate

whether exhaust-air mixtures would autoignite at the pressures
and temperatures expected in the mixing zones. Ignition and
flammability of the mixtures at low pressures is a major con-
cern with the afterburning test technique. The literature on the
ignition and combustion of hydrogen fuel injected into an air-
stream, the situation in scramjet combustors, has been studied
in depth.22~32'36>56~58 These kinds of studies were typically of
the autoignition of hydrogen, at various temperatures, being
injected into relatively low static temperature, supersonic air-
streams. As pointed out earlier, the situation in the afterburn-
ing exhaust case is reversed. Here, cold air or O2 is injected
into a hot, supersonic exhaust stream containing excess (un-
burnt) hydrogen. The significant advantage for autoignition in
this case is the relatively hot, approximately 3700°R, exhaust
gas static temperature.59 The disadvantage is that the static

pressures in the ducting will be of the order of 1-1.5 psia
( — 0.1 atm), whereas in a scramjet combustor, the static
pressures are expected to be of the order of 5-8 psia ( — 0.5
atm). Thus, a numerical study of the autoignition properties
of selected "samples" of the mixed exhaust-airflows, which
were computed using the PARC analysis, was conducted to
see if any unusual or unexpected behavior (failure to autoig-
nite) would be predicted for mixtures expected to autoignite.
We clearly recognize, and have stated earlier, that the only ac-
ceptable verification of the afterburning technique would be
by experiment. Further, for fail-safe operation of full-scale
facilities, for under both normal and no-flame engine
operating conditions, pilot torches and other active ignition
sources would be required.

To conduct the analytical study of autoignition, the GCKP-
8453 was used to examine autoignition, ignition delay, and the
combustion efficiency (in terms of free hydrogen consumption
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Fig. 7 GCKP-84 ignition investigation results.

by afterburning). GCKP-84 was used instead of the various
formulas for ignition reported in the literature (e.g., Refs. 22,
24, 25, and 36) because this program allowed the study to be
based on detailed chemical kinetic reaction mechanisms, and,
further, it would permit various computational options to be
exercised such as including heat loss from the mixture, or
treating the reaction process as either a plug-flow or a stirred-
reactor model of the localized combustion. And, as stated, the
program permitted the degree of completeness of the H2 com-
bustion to be obtained, which the ignition formulas would not
provide.

To perform the study, three sets of reaction steps were used,
having 17, 49, and 60 individual reactions, respectively. The
reason for conducting the investigation with three sets is that it
has been found60'61 that inclusion of some of the trace radical
species, such as H2O2, and HO2 provide for better predictions
of ignition delay times and flame propagation for both fuel-
lean and fuel-rich combustion zones. Further, species such as
CO, CO2, and NO^. also play a role at higher temperatures.
Therefore, the three reaction sets were constructed to test the
sensitivity of the predicted autoignition to the presence or
absence of the given species.

The 17-step reaction mechanism included only reactions be-
tween H2 and O2 and is shown in Table 1. Species such as CO2
and N2 are present only as chemically inert third-body species,
denoted by the M in the reaction mechanism. The 49- and 60-
step reaction mechanisms are not shown. The 49-step reaction
mechanism includes the nitrogen-oxygen-hydrogen reactions
with CO and CO2 present only as chemically inert third-body
species. The 60-step reaction C-H-O-N system included the C,
CO, and CO2 species in the ignition sensitivity study.

Figure 7 shows a typical result of the GCKP-84 code igni-
tion calculations. Results from the 17-step reaction
mechanism are shown. The 49- and 60-step reaction
mechanism results are very similar, with slightly reduced igni-
tion delay times. A plug flow analysis based on finite rate
chemistry was applied to an initial mixture of exhaust gas and
air having a Mach number (1.06), temperature (3363°R),
pressure (1.87 psia), and hydrogen mole fraction (0.05) ob-
tained from the PARC and CROCCO codes at a point in the
mixing zone flowfield near a jet injector, a region where after-
burning should initiate,56-58 at least in the scramjet combustor
process. For the afterburning flow, these regions were hot and
contained unburned hydrogen at the inner edges of the mixing
zones. The one-dimensional finite rate chemical process was

computed under constant pressure, and the results are pre-
sented in terms of spatial distance from the start of the pro-
cess.

All three reaction mechanisms (17, 49, and 60 reactions) in-
dicated that afterburning was initiated and that about 65% of
the free hydrogen in the initial mixture burned off within a few
feet downstream of ignition. This leaves the resulting after-
burned mixture well below the fuel-lean combustion limit.
Equilibrium calculations indicate that the maximum expected
temperature rise of the mixtures resulting from the afterburn-
ing process would be on the order of 500°R. Thus, the addi-
tional burden placed on the facility spray cooling system
would be small for implementation of the afterburning
method in existing test cells. The temperature rise in the diffu-
ser burner will be much higher when the total hydrogen pro-
pellant flow must be afterburned there in the event of an en-
gine no-flame condition, and the facilities must be designed
for this thermal loading. For the no-flame case, the static tem-
perature of the exhaust flow will be low, implying that the
facility cannot depend on autoignition, as stated previously.
Thus, as a recommendation, the operational facility should
have torches or other pilot flame ignition sources in operation
at all times.

Conclusions
Exhaust Handling Study

The major conclusions obtained from the hydrogen hazard
handling study are as follows.

1) For direct-connect testing of a hypersonic engine during
normal operation, nitrogen inerting to the oxidizer lean com-
bustion limit is feasible in facilities with low air inleakage or
inbleed. Long duration test costs may be high, however.

2) For freejet testing of a hypersonic engine during normal
operation, air inerting to the fuel-lean combustion limit is
feasible for facilities with adequate flow capacity. Mixing of
the exhaust flow and the bypass air and/or diluent air is an
unresolved issue, and some afterburning should be expected in
the exhaust duct.

3) For either direct-connect or freejet testing of a hyper-
sonic engine during a no-flame condition, no inerting tech-
nique will allow continued operation of the system.

4) The real-time afterburning technique has the potential to
handle both normal and no-flame test conditions and is ap-
plicable to a wide range of test requirements and facilities,
because of the low injected airflow requirement. Mixing and
low pressure ignition and combustion are major issues. A
supersonic diffuser-burner design, such as shown in Fig. 1,
based on transverse jet injection is recommended for the
direct-connect test mode. This same design may also apply to
the freejet test mode, but adequate mixing must be assured.

Table 1 GCKP-84 17-step reaction mechanism ignition model
Reaction no. 1
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Analytical Study
Major conclusions of the present analytical study of the

hydrogen afterburning exhaust gas handling concept are as
follows.

1) Process validation is needed; specifically, this means the
analytical model must be validated by experiment, for both
the direct-connect test mode (transverse injection scheme) and
for the freejet test mode.

2) Parallel oxidizer injection in the burner section resulted
in inadequate mixing.

3) Four-jet normal injection in the supersonic diffuser pro-
vided improved mixing over the parallel injection configura-
tion. Mixing performance in the longitudinal midplane, be-
tween jets, is low.

4) The eight-jet injection in the supersonic diffuser pro-
duces improved mixing circumferentially, but inferior radial
penetration as compared to the four-jet case due to the in-
creased blockage. Increasing air-jet injection pressure may
help radial penetration, but this should be studied carefully to
avoid too much blockage in the supersonic diffuser.

5) Mixing can be enhanced by adding a swirl velocity com-
ponent to the injection in the four-jet case. This configuration
achieves good circumferential mixing with moderate sacrifice
in radial penetration.

6) Comparison of the injection configurations suggests that
a configuration can be found that will provide adequate mix-
ing, radially and circumferentially, within the supersonic dif-
fuser. Further, if acceptable mixedness can be achieved in the
supersonic diffuser, it will be enhanced by the sudden-
expansion burner section downstream.

7) Ignition and afterburning are predicted to occur at the
expected conditions if the flows are sufficiently mixed. The
distances required for combustion to less than the fuel-lean
combustion limit of the mixtures are short, of the order of a
few feet at worst.

8) The exhaust gas temperature rise due to afterburning will
be relatively low ( + 500°R maximum) under normal engine
operating conditions. For afterburning in a no-flame condi-
tion, the temperature rise in the burner will be high but will
not exceed the maximum anticipated for configurations that
must handle the possible modes of operation.

9) As a recommendation, provisions should be made to en-
sure ignition and afterburning for all conditions since an en-
gine no-flame condition will produce an exhaust flow that may
not autoignite. Therefore, the operational facility will require
pilot flames, torches, and perhaps physical flameholders in
related locations of the burner, even though the burner itself is
a sudden-expansion-type design.

References
Bloomer, H. E., Renas, P. E., and And, R. J., "Experimental In-

vestigation in an Altitude Test Facility of Burning of Excess Combus-
tibles in a Rocket Engine Exhaust," NASA Lewis Research Center,
Cleveland, OH, NASA TN-D-200, Jan. 1960.

2Wanhainen, J. P., Antl, R. J., Hannum, N. P., and Mansour,
A. H., "Throttling Characteristics of a Hydrogen-Oxygen, Regenera-
tively Cooled, Pump-Fed Rocket Engine," NASA Lewis Research
Center, Cleveland, OH, NASA TM-X-1043, Dec. 1964 (declassified
1973).

3Breit, T. J., and Elliott, G., "Hydrogen Disposal Investigation for
the Space Shuttle Launch Complex at Vandenberg Air Force Base,"
Proceedings of the Tenth Aerospace Testing Seminar, Institute of En-
vironmental Sciences, Los Angeles, CA, March 1987.

4Belknap, S. P., "A Steam Inerting System for Hydrogen Disposal
for the Vandenberg Shuttle," Proceedings of the Fifteenth Space Sim-
ulation Conference: Support the Highway to Space through Testing,
edited by Joseph Stecher, NASA CP-3015, 1988.

5Erdos, J., Joseph, S., and Chinitz, W., "Evaluation of Afterburn-
ing Concepts for a Large Rocket Engine Test Facility," General Ap-
plied Science Laboratory, Rept. TR-278, May 1986.

6Schulz, R. J., "Propulsion System Development Research: After-
burning Rocket Exhaust in Ground Test Facilities, and Ramjet and

Scramjet Combustion Research," University of Tennessee Science In-
stitute, Tullahoma, TN, UTSI-86-10, Aug. 1986.

7Coward, H. F., and Brinsley, F., "The Dilution Limits of Inflam-
mability of Gaseous Mixtures," Journal of the Chemical Society, Vol.
105, 1914, pp. 1855-1885.

8 Jones, G. W., "Inflammability of Mixed Gases," U.S. Bureau of
Mines, Washington, DC, TP 450, 1928.

9Payman, W., and Titman, H., "Limits of Inflammability of
Hydrogen and Deuterium in Oxygen and Air," Nature, Vol. 137, No.
3457, 1936, p. 190.

10Coward, H. F., and Jones, G. W., "Limits of Flammability of
Gases and Vapors," U.S. Bureau of Mines, Washington, DC, Bulletin
503, 1952.

HShapiro, Z. M., and Moffette, T. R., "Hydrogen Flammability
Data and Applications to PWR Loss-of-Coolant Accident," Bettis
Plant, West Mifflin, PA, WAPD-SC-545, Sept. 1957.

12Drell, I. L., and Belles, F. E., "Survey of Hydrogen Combustion
Properties," NASA Lewis Flight Propulsion Lab., Cleveland, OH,
NACA Rept. R-1383, 1958.

13Burgoyne, J. H., "The Flammability of Mists and Sprays," Insti-
tute of Chemical Engineers Symposium Series 15, Proceedings of the
Second Symposium on Chemical Process Hazards, Special Reference
on Plant Design, 1963, pp. 1-5; see also Burgoyne, J. H., "Mist and
Spray Explosions," Chemical Engineering Progress, Vol. 53, No. 3,
1957, pp. 121M-124M.

14Zabetakis, M. G., "Flammability Characteristics of Combustible
Gases and Vapors," U.S. Bureau of Mines, Washington, DC, Bulletin
627, 1965.

15Louachev, L. A., Babkin, V. S., Bunev, V. A., V'Yun, A. V.,
Krivulin, V. N., and Saratov, A. N., "Flammability Limits: An In-
vited Review," Combustion and Flame, Vol. 20, No. 2, 1973, pp.
259-289.

16Mills, J. C., Linley, J. L., and Pippen, D. L., "Lower Flamma-
bility Limits of Hydrogen in Air at Reduced Pressures," Lyndon B.
Johnson Space Center, White Sands Test Facility, Las Cruces, NM,
NASA TR-205-001, April 1977.

17Brown, N. J., Eberius, K. H., Fristorm, R. M., and Hoyermann,
K. H., "Low Pressure Hydrogen/Oxygen Flame Studies," Combus-
tion and Flame, Vol. 33, 1978, pp. 151-160.

18Liu, D. D. S., Harrison, W. C., Tamm, H., McFarlane, R., and
Clegg, L. J., "Canadian Hydrogen-Combustion Studies Related to
Nuclear Reactor-Safety Assessment," Atomic Energy of Canada
Research Co., Manitoba, Canada, Rept. AECL-6994, 1980.

19Lowry, W. E., Bowman, B. R., and Davis, B. W., "Final Results
of the Hydrogen Igniter Experimental Program," Lawrence Liver-
more National Lab., Livermore, CA, UCRL-53036/R-4, 1981.

20Berman, M., Sherman, M. P., Cummings, J. C., Baer, M. R.,
and Griffiths, S. K., "Analysis of Hydrogen Mitigation for Degraded
Core Accidents in the Sequoyah Nuclear Power Plant," Sandia Na-
tional Lab., Albuquerque, NM, Sand 80-2714, March 1981.

21Benz, F. J., and Boucher, P. L., "Flammability Characteristics
of Hydrogen/Oxygen/Nitrogen Mixtures at Reduced Pressures,"
Proceedings of the Workshop on the Impact of Hydrogen on Water
Reactor Safety, Vol. Ill, Sandia National Lab., Albuquerque, NM,
Sand 81-0661, 1981.

22Schott, G. L., and Kinsey, J. L., "Kinetic Studies of Hydroxyl
Radicals in Shock Waves.II. Induction Times in Hydrogen-Oxygen
Reaction," Journal of Chemical Physics, Vol. 29, No. 5, Nov. 1958,
pp. 1177-1182.

23Rose, H. E., and Priede, T., "Ignition Phenomena in Hydrogen-
Air Mixtures," Seventh Symposium (International) on Combustion,
Butterworths Scientific Press, London, 1959, pp. 436-445.

24Pergament, H. S., "A Theoretical Analysis of Non-Equilibrium
Hydrogen-Air Reactions in Flow Systems," AIAA Paper 63-113,
April 1963.

25Momtchiloff, I. N., Taback, E. D., and Buswell, R. F., "Kinetics
in Hydrogen-Air Flow Systems.I. Calculation of Ignition Delays for
Hypersonic Ramjets," Ninth Symposium (International) on Com-
bustion, Williams and Wilkins, Academic Press, New York, 1963, pp.
220-230.

26Stull, F. D., "Scramjet Combustion Prospects," Astronautics
and Aeronautics, Vol. 3, No. 12, 1965, pp. 48-52.

27Bascombe, K. N., "Calculation of Ignition Delays in the
Hydrogen-Air System," Combustion and Flame, Vol. 11, No. 1, Feb.
1967, pp. 2-10.

28Jilly, L. F. (ed.), "Hypersonic Research Engine Project-Phase II,
Combustor Program," Garrett Airesearch Manufacturing Co., Los
Angeles, CA, Final Tech. Data Rept., AP-70-6054, March 1970; also
NASA CR-66932, pp. 9-27-9-34 (declassified 1974).



206 STEPHENS, JORDAN, AND SCHULZ J. PROPULSION

29Erickson, W. D., and Klich, G. F., "Analytical Chemical Kinetic
Study of the Effects of Carbon Dioxide and Water Vapor on
Hydrogen-Air Constant Pressure Combustion," NASA TN-D-5768,
1970.

30Bahn, G. S., "Calculations on the Autoignition of Mixtures of
Hydrogen and Air," NASA CR-112067, April 1972.

31 Evans, J. S., and Schexnayder, C. J., "Critical Influence of
Finite Rate Chemistry and Unmixedness Ignition, and Combustion of
Supersonic H2-Air Streams," AIAA Paper 79-0355, Jan. 1979.

32Rogers, R. C., and Schexnayder, C. J., Jr., "Chemical Kinetic
Analysis of Hydrogen-Air Ignition and Reaction Times," NASA
Langley Research Center, Langley, VA, NASA TP-1856, 1981.

33Schetz, J. A., and Billig, F. S., "Penetration of Gaseous Jets In-
jected into Supersonic Stream," AIAA Journal of Spacecrafts and
Rockets, Vol. 3, No. 11, 1966, pp. 1658-1664.

34Cohen, L. S., Coulter, L. J., and Egan, W. J., "Measurements of
the Penetration and Mixing of Gases Injected into Subsonic and
Supersonic Air Streams," AIAA Paper 70-714, June 1970.

35Rogers, R. C., "Mixing of Hydrogen Injected from Multiple In-
jectors Normal to a Supersonic Airstream," NASA Langley Research
Center, Langley, VA, NASA TN-D-6476, 1971.

36Ferri, A., "Mixing-Controlled Supersonic Combustion," Annual
Reviews of Fluid Mechanics, Vol. 5, 1973, pp. 301-338.

37Rogers, R. C., and Eggers, J. M., "Supersonic Combustion of
Hydrogen in Injected Perpendicular to a Ducted Vitiated Air
Stream," AIAA Paper 73-1322, Nov. 1973.

38Rogers, R. C., and Eggers, J. M., "Supersonic Combustion of
Hydrogen Injected Perpendicular to a Ducted Vitiated Air Stream,"
AIAA Journal Vol. 12, No. 12, 1974, pp. 1621-1622.

39Rogers, R. C., "A Model of Transverse Fuel Injection Applied to
the Computation of Supersonic Combustion Flow," AIAA Paper
798-0359, Jan. 1979.

40Drummond, J. P., "Numerical Solution for Perpendicular Sonic
Hydrogen Injection into a Ducted Supersonic Airstream," AIAA
Journal, Vol. 17, No. 5, 1979, pp. 531-533.

41Bussing, T. R. A., and Lidstone, G. L., "A Model for 3-D
Sonic/Supersonic Transverse Fuel Injection into a Supersonic Air
Stream," AIAA Paper 89-0460, Jan. 1989.

42Colley, W. C., and Harsha, P. T., "Performance Tests of a
Supersonic Combustor having a Wall-Step Flameholder," General
Electric Co. Rept. R65FPD18, Evendale, OH, April 1965 (declassified
1967).

43Waltrup, P. J., Dugger, G. L., Billig, F. S., and Orth, R. C.,
"Direct-Connect Tests of Hydrogen-Fueled Supersonic Com-
bustors," Sixteenth Symposium (International) on Combustion,
Combustion Inst., Pittsburgh, PA, 1976, pp. 1619-1630.

44Burrows, M. C., and Kurkov, A. P., "Supersonic Combustion of
Hydrogen in Vitiated Air Stream using Stepped-Wall Injection,"
NASA Lewis Research Center, Cleveland, OH, NASA TM-X-67840,
1971.

45Beech, H. L., Jr., "Hypersonic Propulsion," NASA TM-85188,
May 1970.

46Lewis, C. H., "Current Status of Computational Aerothermo-
dynamics," AIAA Paper 86-0229, Jan. 1986.

47White, M. E., Drummond, J. P., and Kumar, A., "Evolution
and Status of CFD Techniques for Scramjet Applications," AIAA
Paper 86-0160, Jan. 1986.

48York, B. J., Sinha, N., and Dash, S. M., "Computational
Models for Chemically-Reacting Hypersonic Flow," AIAA Paper 88-
0509, Jan. 1988.

49Long, L. N. (ed.), "Open Forum: Computational Fluid
Dynamics for Hypersonic Flows," AIAA Paper 87-0644, Jan. 1987.

50Osgerby, I. T., and Rhodes, R. P., "An Efficient Numerical
Method for the Calculation of Chemical Equilibrium in the
H/C/O/N/A System," Arnold Engineering Development Center, Ar-
nold AFB, TN, AEDC-TR-71-256, April 1972.

51Phares, W. J., Cooper, G. K., and Swafford, T. W., "Applica-
tion of Computational Fluid Dynamics to Test Facility and Experi-
ment Design," AIAA Paper 86-1733, June 1986.

52Cooper, G. K., "Toward a General Purpose Navier-Stokes
Code," Abstracts, First World Congress on Computational
Mechanics, Vol. I, Texas Institute for Computational Mechanics,
Austin, TX, Sept. 1986.

53Bittker, D. A., and Scullin, V. G., "GCKP-84-General Chemical
Kinetics Code for Gas-Phase FLow and Batch Processes Including
Heat Transfer Effects," NASA Lewis Research Center, Cleveland,
OH, NASA TP-2320, Sept. 1984.

54Peters, C. E., and Wehofer, S., "A General Investigation of
Two-Stream Supersonic Diffusers," Arnold Engineering Develop-
ment Center, Arnold AFB, TN, AEDC-TDR-62-22, March 1962.

55Peters, C. E., Phares, W. J., and Cunningham, T. H. M., "The-
oretical and Experimental Studies of Ducted Mixing and Burning of
Coaxial Streams," AIAA Journal of Spacecraft and Rockets, Vol. 6,
No. 12, 1969, pp. 1435-1441.

56Rogers, R. C., "Effects of Fuel Temperature on Supersonic Mix-
ing and Combustion of Hydrogen," AIAA Paper 77-17, Jan. 1977.

57Huber, P. W., Schexnayder, C. J., Jr., and McClinton, C. R.,
"Criteria for Self-Ignition of Supersonic Hydrogen-Air Mixtures,"
NASA Langley Research Center, Langley, VA, NASA TP-1457,
1979.

58McClinton, C. R., "Autoignition of Hydrogen Injected Trans-
verse to Supersonic Airstream," AIAA Paper 79-1239, June 1979.

59Cubbage, J. M., Talcott, N. A., Jr., and Hunt, J. L., "Scramjet
Exhaust Simulation Technique for Hypersonic Aircraft Nozzle Design
and Aerodynamic Tests," AIAA Paper 77-82, Jan. 1977.

60Oyegbesan, A. O., and Algermissen, J., "Numerical Analysis of
a Non-Equilibrium Turbulent Free Jet Diffusion Flame," Acta
Astronautica, Vol. 3, Pergamon, Oxford, England, UK, 1976, pp.
281-292.

61Heinemann, R. F., Overholser, K. A., and Reddien, G. W.,
"Multiplicity and Stability of the Hydrogen-Oxygen-Nitrogen Flame:
The Influence of Chemical Pathways and Kinetics on Transition Be-
tween Steady States," AIChE Journal, Vol. 26, No. 5, Sept. 1980, pp.
725-733.


