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ABSTRACT

Bryce, Charles Alexander, Pn.D., Purdue University, January 1969.
An Investigation of Nonequilibrium Effects on Combustion in Super-
sonic Streams, Major Professor: Bruce A. Reese.

The mixing and subsequent coxmbustion of two high temperature
gas streams flowing at supersonic velocities is of interest because
of its application to SCRAMJET develcopment. In most of the ground
facilities employed in the development of SCRAMJET components and
engines, the flowing gas stream is not in complete thermal and
chemical equilibrium. Therefore, the flow does not completely
simulate the actual flight conditions experienced by the SCRAMJET
engine. Comprehensive theoretical and experimental research results
are needed so that the performance characteristics of full-scale
vehicles may be predicted from the results of model tests obtained
in a nonequilibrium environment.

This research program is a theoretical and experimental in-
vestigation of the effect of nonequilibrium conditions upon the
performance of combustors employing supersonic flows. Calculations:
and experiments are made regarding the effects on the combustion
of hydrogen of the nonequilibrium species obtained experimentally
using vitiated air. The objective of the program is to determine

the difference in combustion performance between vitiated air and

heated air under identical operating cc.ditions.
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in the experimental phese o the research, a gas gernerator
burning nitrogen tetroxide and hydrezine plus nitrogen diluent is
exployed to produce the vitiated air, The vitiated air has approxi=-
rately 19 percent by weight of water, replacing an qual volume
of nitrogen in real air, 26 percent oxygen and 55 percent nitrogen.
The stagnation temperature (2200°K) and the stagnation pressure
(1000 psia) of the experimental conditions simulate a flight Mach
number of ¥, = 6.5 at an altitude of approximately 80,000 feet.

The gas gererator products expend through & converging-diverging
nozzle to a supersonic combustor where heated hydrogen is introduced
and supersonic burning occurs. Hydrogen is introduced into the
combustor through an annulus at a velocity corresponding to sonic
conditions. Injection is parallel to the mainstream gases to
minimize shock interactions, thereby simplifying the analysis of
both the theoretical and experimental results.

Analysis of the inlet conditions and subsequent combustion
process necessitates the use of finite-rate chemistry calculations
to determine (1) the composition of the entering streams and (2)
the composi.ion va#?tion with time during ignition. A finite-
rate, reacting gas program is used to determine the nonequilibrium
inlet conditions to the combustor. Ignition delays are then calcu=-
lated using a one~dimensional, reacting ges program which assumes
constant temperature during the deley period. Results of this

program are verified extensively against existing data for ignition

delays in real air and hydrogen. The analysis for vitiated air at




the specific experimental conditions investigated showed the
nydrogen would ignite approximately l.5 inches downstream of the
injection station. It also showed that if both streams were in
chexical equilibrium prior to mixing, the ignition would take

place epproximately twelve inches downstream of the injector. Thus
the nonequilibrium free-radical content of the incoming streams
tends to accelerate the combustion process to a significant degree.

In the experimental progrem, the ignition lag length was
determined visually from photographs of the exhaust flow. These
pictures showed the hydrogen ignition took place about five inches
downstream from tixe injection station. This length is reasonably
close to that predicted by the analytical program for the case of
nonequilibrium inlet conditions.

Results of this program show that the nonequilibrium free-
radical content from a vitiated air source will cause early hydrogen
ignition in a supersonic combustion mode. An analysis of heated air
expanded from a high temperature source to test section conditions
also indicates there is sufficient free-radical content iz the ine-
coming flow to ceause early ignition. Therefore, neither vitiated

air or heated air will simulate free-ﬁ,ight supersonic combustion

performance in the regime where imiti&i delay times are rate-con~
trolling.




INTRODUCTION

Until recently the flight regime of approximately a Mach
number of five and above was considered to be the exclusive pro-
vince of rocket jet propulsion (1).*® Exploratory experiments,
however, have demonstrated that the air-breathing ramjet engine
utilizing supersonic combustion offers the potential of conducte
ing flights in the hypersonic regice, from a Mach number of
seven to abcve twelve at a fuel-specific irpulse which is approxi-
mately five times that obtainable from a rocket engine b\u'ning
liquid hydrogen and oxygen. To exploit the attractive potenti-
alities of hypersonic flight with ramjet engine propulsion, it
is essential that the technology associated with the supersonic
combustion ramjet be advanced from its present status by a broad
expanzion of the research and development pertinent to that tech-
nology.

Research pertinent to the supersonic combustion process has
been conducted for approximately ten years (2). In general, the
research has been of an "exploratory" nature, and the principal
effort, in several instances, has been directed to the single
objective of achieving the combustion of a fuel in supersonic
airstream (3, 4). Some research has been conducted to obtain an

insight into the flow and fuel-air mixing problems (5). Other

* Number in parentheses indicate references in thfm'iiopqhy




investigators have been concerned with thg theoretical analysis
of the reaction kinetics of the hydrogen-air system and the cor-
relation of the calculated results with exéerimental data (6).
}JTest facilities for investigating the supersonic combus.-
tion process normally employ ceramic heaters to heat the air prior
to entering the combustion zone. These heaters are expensive to
construct and operate., Another means of obtaining high tempera-
ture air for this type of testing is to use 'vitiated ‘air. The term
"vitiated air" as employed here really implies a synthetic mixtire
of gases having the same percent oXxygen as real air. If vitiated
alr can simulate completely the combustion environment of heated
air or if its effects are predictable, then & considerable amount
of combustion development could be conducted very inexpensively;
This research progream is a theoretical and experimental in-
vestigation of the effects of nonequilibrium conditions . « . ther-
mal and chemical . . . upon the performance of combustors employ=-
ing supersonic flows. ©Specifically, the effects of ionized spe-
cies, free radicals, atoms, etc., upon the combustion process are
determined. Calculations and experiments are made regarding the
effects on the combustion of hydrogen of the nonequilibrium spe-
cies obtained experimentally using vitiated air. The obJjective
of the program is to determine th; difference between the com-
bustor performance with vitiated air and that which would oceur if

the combustor were operated at the same flowrate, stagnation tempera-

ture and pressure with heated air.




Scope of Present Investigation

In the supersonic dburning of hydrogen there is a finitg
distance required for mixing and subsequent combustion of the two
gas streams. If the combustor is operated at a high static tem=
perature (T > 1200°K) the reaction times for combustion are
sufficiently fast that mixing becomes the rate controlling factor
in determining the duct length.(2). At low static temperatures,
corresponding to low flight Mach numbers, reaction times are
s;ow and the reaction rate determines the duct length. The present
investigation is in the latter regime where reaction times are
significantly longer than mixing times. Therefore, the primary

emphasis is on defining the effect of vitiated air on the igni=

- tion delay characteristics with supersonic combustion. In the

experimental phase of the research, a gas generator burning
nitrogen tetroxide and hydrazine plus nitrogen diluent is employed
to produce the vitiated air, The vitiated air has approximately
19 percent by weight water, replacing e corresponding volume of
nitrogen in real air, 26 percent oxygen and 55 percent nitrogen.
The stagnation temperature (2200°K) and the stegnation pressure
(1000 psia) of the experimental conditions simulate a flight

Mach number of M, = 6.5 at an altitude of approximately 80,000
feet. The gas generator products expand through a converging-
diverging nozzle to & supersonic combustor where heated hydrogen

is introduced and supersonic burning occurs. Hydrogen is intro-

duced into the combustor through en annulus surrounding the air




stream at a velocity corresponding to soni¢ conditions. In-
jection is parallel to the mainstream gases to minimize shock
interactions, thereby simplifying the analysis of both the

theoretical and experimental results.

The purpose of the program is to investigate both analyt-
ically and experimentally the effects of vitiated air upon the
performance of a combustor employing supersconic flows. Analysis
of the inlet conditions and subsequent combustion process neces-
sj.tates the use of finite-rate chemistry calculations to determine
(1) the composition of the entering streams and (2) the composition
variation with time during the ignition and combustion process.

A comparison of the analysis and experiments with vitiated air
against analytical results for real air is used 1o illustrate the
degree of simulation that can be achieved.

This program represents the initial phase of a much broader
investigation of the effects of vitiated air on supersonic come -
bustor performance. An additional analytical and experimental
program is now under way to examine the effect of vitiated air
on ovexfa.ll combustion efficiency as influenced by the mixing and
heat release within the combustor. The follow-on effort will
employ the hardware ead instrumentation developed in this phese
of the program to perform a series of sophisticated experiments
to determine the distribution of temperature, pressure, and

gas composition at the exit plane of the supersonic combustor.
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Review of Pertinent Literature

The majority of the literature published concerning supersonic
conbustion has been classified for security purposes. The classie
fied literature has been reviewed, but only the unclassified re-
ports will be considered herein. Of the unclassified information
available, the author was unable to find any reports which dealt
specifically with the effect of vitiation on supersonic combuse
tion. However, there are several articles concerning ignition
delay in supersonic flows for hydrogen and real eir. The wnclassi-
fied articles considered most significant for comparison with the
results of present programs are discussed in the following para-

graphs.

Ferri (Ref. 2)

This is a review paper which summarizes primarily the work
conducted by the General ~Applied Science Laboratories on supersonic
burning prior to 1964. In examining ignition delay, GASL develop=-
ed a computer program to solve the conservation equations for a
reacting flow system. Species considered in this program were
H, 82, 0, 02, OH, 320 and M, where M represents a third body. The
assumption is made that the forward and backward rate constants

are related by the equilibrium constant. Eight reactions, four

bimolecular and four recombination (third body), were considered

pertinent to hydrogen-air combusticn. Starting conditions required

for the analysis included the initial chemical composition of the




mixture and static temperature, pressure and velocity. To simplify
the analysis the static pressure was assumed constant throughou#
the combustion process although the program was capable of handle
ing a prescribed variation in static pressure.

Results of the analysis showed the bimolecular reactions
dominate the ignition delay region and that these reactions take
place at essentially constant temperature. In the ignition delay
region free radicals increase to their pesk concentrations. Ferri
defines the ignition delay period as the time required to reach
pesak céncentration for the hydrogen radical., During the latter
portion of the induction period the free radicals begin to dis-
appear. The heat release associated with the disappearance of
the free radicals produces a rapid temperature rise to the final
combustion temperature. The latter period is designated the re-
action time.

From the analysis and a correlation of data from references
7 and 8, Ferri suggests the following simplified expression for
calculating the ignition delay time., ¥

-3 9600/T
T =
ID P ;
Based on the results of the numerical analysis, the followin

empirical expression was formed to define the reaction time.

¥ The symbols are defined in the Nomenclature.




-1,12T/1000

One may observe from the above equation that the tctal re-
action time is inversely proportional to temperature and pres-
sure with temperature having the more significant effect. Thus,
with high initial static temperatures (T > 1200°K), reaction
tines are almost negligible and mixing becoxes the rate control=-
ling mechanism in supersonic combustion. But in the low texpera~
ture regime (T < 1100°K) the overall reaction time is rate con-

trolling and the mixing times can be neglected.

Nicholls, Adamson, and Morrison (Ref., 9)

Previous experiments by the first author showed a distinct
separation between the flame front and shock fromnt for standing
detonation waves with hydrogen-air mixtures. The distance be-
tween the flame front and shock front is said to represent the
ignition lag length. In the referenced article the authors
developed a simplified relation for the time delay based on solv=
ing the differential equations for the kinetics (assuming the
hydrodynamic varisbles constant).

Nine reactions, five bimolecular and four third body, are

considered pertinent to the delay zone and these only pro-

ceed in the forward direction. OSpecies considered were H, Hz, 0,

02. OH, 820, and M. The rate equations were written and terms




were eliminated which were considered_ sufficiently small., This
resulted in three linesr equetions written in terms of 0, OH, and

H and these equations could be solved explicitly after the introdu~
ction of a linear transformation. The solutions were expressions
which described the free radical concentrations as a function of
time. Selecting as their crit'eria for ignition delay the inflec~
tion point in the atomic hydrogen versus time curve, the follow=-

ing expression was obtained for the induction period.

Z6/rr | n X =
Yo IRt - %. ... 6.
2 nozPA6 nnz k2 + nH no ks
-E . g 3
PA e 6/RT
where: k6 = Rg is the forward 1x"ea.cf.:t.t::z:x rate equa~
6

tion of the rate controlling reaction (Q2 + H+OH + 0)., The
authors conclusions regarding the ignition delay time for this
system are:
(1) <t decreases with increasing pressure and increasing
temperature because of the exponential term.
(2) + is primarily dependent on reaction (6), a chain
branching reaction usually consider controlling in the
Ez - 02 system., \
(3) 7 decreases slightly with initial oxygen content, the log

ternm being small,

(k) 1 is weakly dependent on the initial H, concentration.




TR GO

Brokaw (Ref. 10)
In this article, the differential equations governing the rate
of change of free-radical concentration during the induction period
wvere solved explicitly assuming constant temperature and negligible

depletion of reactants. The reaﬁtions considered were as follows:

1 :
OH-o-H2 - H20+H
k
H+ 0, 2 0E +0
k
3
0+32 - 0H + H
k6
H+02+M + Hoz-o-M

k
HO, + H, *113202 + H

The first three are the standard bimolecular reactions considered

with the Hz - O2

ficant at low temperatures., Employing only the forward reaction

system while the latter two were felt to be signi=-

rates and eliminating the initiation rates, Brokew solved, simulta~

neously, the equations for the growth of free radicals with time.

Ll i< o e b it L b e L bt e Sl el L

Three types of solutions were obtained and these tended to
correspond qualitatively to the three explosion limits of the Hz -
02 system. The region of short ignition delays is of interest 4'
for application to supersonic combustion. Here Brokaw cbtained ]
an approximate analytical solution for the ignition delesy in

hydrogen-air flow systems. This soluticn assumes the induction

period ends when the concentration of the OH radical reaches

10°6 moles/liter (suggested in Reference 11). The results of this
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rethod ere shown to compare favorably with the more sophisticated
numerical methods of Momtchiloff, et al. (7) and Belles and
Lauver (12).

Brokaw indicated the importance of considering the HO, species

2
for finding ignition delays at low temperatures. The three bimole~
cular reactions produce free radicals while the third~body reactions
inhibit the build up of atomic hydrogen. is effect results in an
increase in ignition delay period over that predicted by neglecting
the latter two reactions, Of particular significance to applica-
tions with vitiated air and hydrogen combustion is the fact that
water vapor is an effective third body. This is illustrated by

the reaction rate expression given for k6.

k6 3.27 x 10 (xaa + o.35xQ + o.hsxhI2 + o.zxm +

2

1.3 o )T-1.92 (liters)2
x5'2° 2

(mole) sec

wvhere: X represents the mole fraction of the various third bodies.
Since water vapor is an effective third body and tends to promote

reaction 6, the cverall effect should be to increase th; ignition

delay for hydrogen burning in vitiated air as compared to hydrogen
burning in real air,

Momtchiloff, Taback, and Buswell (Ref. T)

This article describes the development of a computer program

for calculating ignition delsays in hypersonic ramjets. The
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program combines the reaction rate equations with the one-
dimensional gas dynamics equations to form a series of simulta~
neous non-linear differential equations. Numerical methods were
employed to obtain solutions for hydrogen-air flowing in an
adiabatic, frictionless duct.

Starting conditions for the analysis were: (a) each stream
is defined by its equilibrium composition at the local static
temperature and pressure, and (b) instantaneocus mixing is assumed
to occur at the duct entrance. The assurption of instantaneocus
mixing is Justified by their results which show that equiva-
lance ratio has a very small effect on ignition delay in the range,
0.25 < ¢ < 2.5, A total of ten reactions are included in their
program, six bimolecular and four third body. Species considered

are 0, 02, K, Hz, OH, Hao, N, N, and NO, This was the first

2
attexpt to include the effect of nitrogen reactions on the com=
bustion process. However, their conclusion was that the nitrogen
reactions are relatively unimportant at reactant temperature be-
low 4000°R.

Several ignition criteria were examined by Momchiloff, et.
al., to show their effect on the theoretical delay time. The
criteria comsidered were: (1) time for OH radical to reach 10"'6
moles/liter, (2) time at the intersection of the slopes for the

initial and maximum temperature rise, (3) time for the tempera~

ture to reach 5% above the initial temperature, and (L) when the

slope of the temperature versus time curve reaches 106 degrees




R/second. Results of this corparison showed the relative magni-
tudes of the delay times for different ignition criteria were withe
in a factor of two over a wide range of initial temperatures. The
first criterion for hydroxyl concentration was somewhat arbitrarily
selected for defining the ignition period.

In order to substantiate their analytical technique, a com-
parison was made with experimental delay time data. This comparison
is shown as Figure 1. The authors rationalize that the large dif-
ference shown for Das Gupta's (13) data is partly due to mixing
tine being included in the delay period and they also question the
experimental accuracy of Nicholls' (8) data. In general, the compari-
son tends to substantiate the validity of the analytical procedure.
As a final comment, the authors note that by a simple adjustment to
the initial concentrations, one could predict the effect of simulated

air on ignition delay.

Rhodes (Ref. 17)

This is the first author to suggest that nonequilibrium, free-
radical concentration may have a significant effect on ignition de-
lay with supersonic combustion. Examining the four bimolecular re-
actions which govern the rate of growth of free-radicals, the author
shows the ignition delay was primarily controlled by the reaction
rate for:

02 + H+Q0HE + 0

After several simplicatiors, an expression was derived for the
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initial rate of reaction in terms of the rate controlling reaction
and the free-radical concentration. Rhodes then correlates the de~
lay time (from the complete kinetics program of GASL) against the
initial rate of reaction expression and found it conveniently plot-
ted as a straight line on log-log coordinates. From this plot, the
following expression was obtained for the ignition delay in terms of

the initial free radical concentration:

1/3 3020/T |

= k2L X 1073 [ - See o
N Yop | TR
here: el = (1 + .1 +RE)
b XFR o & (@) o o xo o

From the above expression it may be noted that an order of
magnitude increase in free-radical content for the incoming stream
will reduce the delsy time by a factor of two. There are two condi-
tions in this equation which are somewhat inconsistent with other
ignition lag correlations; one is the pressure dependence to
the four-thirds power and the other is the rather significant
effect of initial oxygen content. Since the author claims this
method will only predict times within a factor of two, these anoma~
lies are not sufficient to invalidate the overall correlation.

The most significant conclusion that can be drawn from this
article is that nonequilibrium, free-radical species can affeet

induction time in supersonic combustion. In ground test facilities
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heated air is expanded from a high temperature to a supersonic test

section where hydrogen is added and combustion takes place. During
the expansion process some recombination freezing will occur and the
excess free radicals in the incoming air will cause ignition to
take place sooner than expected. The same effect will be seen in
ground testing with vitiated or synthetic air as the primary fluid.
However, a free-flight system may incur an increased ignition delay
because the free-radical concentrations produced by the inlet com~

pression may be less than the corresponding equilibrium values,

Snyder, Robertson, Zanders, and Skinner (Ref. 16)

This report contains the results of an extensive experimental
investigation of ignition delay for hydrogen-air mixtures, . The work
was conducted using shock tube techniques. Induction times were
found by taking the difference between the time to peak pressure for
the reflected shock and the time of sharp rise in ultravioclet emis-—
sion at & specific axial location. Experimental conditions were
varied over the following ranges: equivalence ratio (0.5 < ¢ <
1.0), test section pressure (1.5 < P < 130 psia), and temperature
(800 < T < 1100°K). The effect of several contaminants on the ine
duction characteristic of hydrogen-air were also studied., Addi-
tives investigated experimentally included water vapor, nitric
oxide, nitrogen dioxide and ammonia.

Experimental results for the undiluted mixtures were utilized

as an input to & nonlinear regression program and the following
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equation is presented as a best fit to-the data.

15.950/T

Limits for application of this expression are fuel concentrations
less than stoichiometric and temperatures between 800 and 1100°K,
Scme interesting results were obtained from the experiments
investigating the effect of contaminants on the ignition reaction.
Water vapor, nitric oxide, and nitrogen dioxide were found to reduce
the ignition delay, while ammonia had essentially no effect. Water
vapor was added in concentrations of 10, 15, and 20 mole percent

in experiments at equivalence ratios.of 0.5 and 1.0. At the lower

equivalence ratio, the induction time was reduced by almost an
= ¢ order of magnitude. A plot of the experimental data illustrating
‘ the reduction in delay time with 15 mole percent water vapor is
shown as Figure 2, which presents delay time as a function tempera~
’f ture. A similar effect was shown at higher temperature (v 1000°K)

"  for the equivalence ratio of 1.0 experiments but & slight inhibite

S -

ing effect was found in the low temperature region.

Results from the nitric oxide experiments (also shown on
Figure 2) were much more dramatic. The addition of cnly 0.5 mole
percent NO resulted in & reduction in induction time of approxima-

tely two orders of magnitude, Nitrogen dioxide exhibited essenti-

Y g Y s

ally the same magnitude rodnntioﬁ. Several different concentrations

“
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were examined in the nitric oxide experiments ranging from 0.1 to
8.0 mole percent. Significant reductions (at least ome order of
magnitude) were found in each case with the peak reduction occur-
ring in the neighborhood of 0.5 mole percent. This indicates that
nitric oxide catalyzes the hydrogen-air reaction., Ground test
facilities using heated air or synthetic air can have an ap-
preciable quantity of NO entering the supersonic test sectiom.
Therefore induction times for ground testing may be considerably
shorter than that experienced under the corresponding free-flight

conditidns.
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ANALYTICAL PROGRAM

Most of the theoretical and experimental work concerning the com~
bustion of hydrogen and air is based on the assumption that complete
thermal and chemical equilibrium exists at the combustor inlet., In
the shock tube work of Schott and Kinsey (11) and the standing dete-
onation wave work of Nichols (8), the combined streams are assumed in
equilibrium immediately downstream of the shock front. With this type
of expériments, the ‘assumption of equilibrium starting conditions
may be Justified on the basis that the agreement between analysis and
experiments is reasonably good.

For certein cases of shock induced combustion, Rubins (18) has
shown the possible existence of deviations from thermal equilibrium,
In these cases, the different modes of energy storage are not in
equilibrium, resulting in a translational temperature overshoot. By
accounting for the overshoot in the reaction rate expression, they
are still able to predict ignition delays for shock-induced combus-
tion of hydrogen-air using the assumption of chemical equilibrium as
a starting condition for finite-rate calculation. Therefore, most
ignition delay data for hydrogen-air can be described theoretically
by assuming (1) that the premixed gases are in chemi::a.l equilibrium -
Just prior to ignition or (2) that each stream exists at its corre-
sponding od,uilibrium state prior to mixing. The latter assumption
applies to combustion without shocks where the two gases are initially
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mixed at the combustor entrance.

An ideal supersonic combustion (ISSC) program was employed to
determine the operating conditions of the gas generator and to size
the gas generator, test section, and combustor exit. This program
combines the one-dimensiocnal gas dynamic equations with the equili-
brium thermochemical relations to: (1) determine the products of
combustion in the gas generator, (2) isemtropically expand the
products (shifting equilibrium) to the test section entrance, (3)
calculate the properties of hydrogen at the injection station, and
(4) caleulate the results of mixing and burning the two streams at
constant pressure. .

A finite rate reacting gas (FRRG) program was used to de-
termine the nonequilibrium free-radical concentrations in the viti-
ated air as it enters the combustor. This program integrates the
cne-dimensional gas dynamic relations for a chemically reacting
flow system throughout the expansion process. Reaction rates used
with the FRRG program were identical to those used in the ipni-
tion lag program (discussed below) for situations where the sare
reactions were found to be applicable.

Induction times were determined by a simplified ignition lag
(SIL) program. This program solves the species reaction rate rela-
tions, assuming constant pressure and temperature, using a matrix
technique. The validity of this program is esteblished by & com=

parison of the program results against existing experimental in-

duction date for heated air. This comparison requires that the SIL
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program be run with initial species concentration data from the ISSC
program because of the nature of the expex;imental results.

There is an abundance of reaction rate data for the hydrogen—oxy=-
gen system. A fairly up-to-date source of reaction rate information
is provided in a study conducted by TRW (Ref. 19). This study attem=
pts to identify the significant reactions which affect the kinetic
performance of typical liquid propellant systems, After identifica~
tion of important reections, & summary was made of existing rate d&t&\
and the degree of uncertainty was established. In general, the bimo-
lecular reaction rates seemed reasonable, and, the third-body
reaction rates do not include an activation energy term. This
omission would not significantly affect rocket performance predic-
tions based on kinetics calculations; however, it could make a'om
difference in the species concentration determinations when attempt-
ing to establish the free-radical content. After initially beginning
the analysis utilizing the TRW reaction rates, it was decided to
change to a more consistent set of rate expressions. The rates
selected for the final analysis were supplied by E. A. Lezberg of
NASA Lewis Research Center. The general agreement of these rates
with those employed by other authors (Refs. 2, 7, and 19) is cone
sidered acceptable, since uncertainties of at least one order of

magnitude are quite common with reaction rate data.

Description of Computer Prog:‘ ams
The cdmtcr programs used in the analytical effort are dis-

cussed in the following paragraphs. The discussion includes (1)
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basic assumptions, (2) program description, (3) inmput requirements,

(4) output results, and (5) limitations.

Ideal Supersonic Cormbustion (ISSC) Program

Ideal performence calculations are useful, in many instances,
for determining the maximum theoretical performance that can be de-
rived for different propellant combinations. This program performs
the basic thermochemical calculations necessary tc desigs the gas
generator assexbly as well as the supersonic combustion test sec-
tion. When making thermochemical calculations assuming shifting
equilibrium conditions the following assumptions are made:

(1) Chemical equilibrium is maivtained both in the combustor

and during the expansion process.

(2) The combustion products behave as an ideal gas mixture.

(3) The expansion processe¢s are adisbatic and reversible

(isentropiec).

(k) The reactants dburn to completion at a specified pressure.

(5) Supersonic combustion takes place adisbatically and at

constant pressure.

The program combines the one.dimensional conservation equations
for an ideal gas with the equilibrium thermochemical relations to
compute the combustion and expansion processes. Specifically, the
program first computes conditions in the primary combustor and then
expands these gases (shifting equilibrium) to various area ratios
which may ‘o.o chosen as inputs to the program. The secondary stream

L
<
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is heated hydrogen with a texperature which corresponds to the
input enthalpy of the reactants. Equilibriﬁm dissociation is
maintained as this stream is expanded to & pressure correspond-
ing to that at which mixing takes place. Then both streams are
mixed and burned at constant pressure. The latter step represents
the supersonic combustion process. Provision is made for addi=-
ticnal isentropic expansions and for calculation of the equili-
brium stagnation pressure and temperature of the combined strean.
In the calculations for the production of vitiated air for
these experiments, the required flow rates of ngfiogen tetroxide,
hydrazine, and nitrogen are a function of the desired chamber
temperature. The flows are proportioned such that the vitiated
air has the same volume percent'oxygeh as real air. Calculations
of the flow rate requirements for setting the operational condi-
tions of experimental hardware were made utilizing the equili-
brium themochemical program. Typical results ;re shdwn on Figure
3 which presents gas generator operating conditions as a function
of chamber temperature. The final selection of a design operat-
ing condition is discussed in the section titled Experimental
Progranm.
| The ISSC program can also be operated with the characteristics
of heated air serving :as input to the program as the primary gas
stream, It is then possible to compare the ideal supersonic com=

bustion performance of vitiated air and heated air. The equili=-

brium species concentrations for the test section entrance as
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determined by this program are used as input to the ignition leg
progrem. Jt is thus possible tc determire ignition lag for equili-
brium inlet conditicns for ccmparison with the nonequilibrium condi-

tions generated YLy the following computer program.

Firite Rate Reacting Gas (FRRG) Program
‘“his computer program was developed by TRW Systems for NASA
(MSC) under Coutract NAS-L358. Inputs to the program included re-

actior rate information, nozzle geometry, propellant data (i.e.,

moles of fuel and ox’dizer plus their heats of formation). The program
solves the equations for inviscid, one-dimensional flow of a reacting
gas mizgtuz:'e. The'following assumptions are made when deriving the
;:onservition equatidn;'a;
(1) Tre expansion process is sdiabatic.
(2) A1l species behave as ideal gases..
(3) Viscous effects are neglected.
(k) ALl internal modes of energy storage ere in equilibrium.
The reaction rate parameters employed in the FRRC program are
3 listed in Teble 1. Only the constants for the forward rate expres~
sion are used as input to the program. The reverse reaction rates
‘are computed internally from the forward rate and equilibrium
coustant (based on moler concentrations) by the following relation:
kb(J) = ko (§) / Kc(d) ‘
f There is some question a&s to the applications of this relation to

i three-body reections, but it is known to be a good assumption for .
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TABLE 1
REACTION RATES FOR FRRG PROGRAM
= Y T R T T
1 HO+MSOH+H+N L 108 1909 -1.278
2 H, +M= H+H+ N 3.2 x10% 102.9 i 5
3 ° Ny +NSNeNeN © 2.0x1008 - . a0
d b NO + M =N+0+M 6.0 x 106 e -0.5
a4 s O +M =0+ H+N 2.0 x 10%° | " ' -1.0
6 0, +M=0+0+N 3.59 x 107 118.0 -2.5
. B0 + H =M+ OH . .43 x 202" 20.9L -
8 H0 + 0 = Ol + Ol 2.9 x 0™ 18.7 -
9 H, +0 00+ ko x 1083 ~10.2 -
10 H, +0,¥0N + oi Y e 38.9 -
n N, +0 N0+ o N - -
12 '12 + 0,2 N0 + NO ' 28 x a0 9.5 2.5
1 W N o0ms N s.3x 0t 5.62 0.5
1k | yeee o ¥ 2.8 x 108 6.0 L5
15 0, +H=20H+0 . 2w x a0t 16.0 -

Where: ko(a) = A@) MUY BOMEY gy (5) < x () (0)

92
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bimolecular reactions. near equilibrium,

Numerical integration of the governing equations is accomplished
using an implicit integration scheme. The advantage of this method
is that it permits stable integration for step sizes of the same
order of magnitude as the physical dimensions (nozzle throat size)
for any flow condition (either near equilibrium or frozen). A
similar program was developed earlier by Zupink, et. al. (20) of
United Aircraft. However, this program employs explicit intergra~
tion methods which are unstable unless the step size is of order
of thé characteristic relaxation distance. For near equilibrium
flows the relaxation distance becomes very small and explicit in-

tegration methods require excessive computer time. In addition a

first guess as to the initial step size to be utilized in the com~
bustion cherber is required as input to the United Aircraft pro-
gram. Because of these limitations it was decided to conduct all
further analysis of norequilibrium flows using the TRW program.

The FRRG prosrah calculates the nonequilibrium species con-
centrations at specified area ratios in the nozzle. Since the one-
dimensionel flow equations are used in this program, the concen-

t£rations are assumed uniform et each axial location. A check was

LS e TR

made as to the validity of the one~dimensionnl flow assuxptions

for the nozzle configuration employed in the experimental program.
Results from a two-dimensional, axisymmetric flow program (also
devaloped by TRW Systems), which employs the method of character-

: istics for chemically reacting gases, were used for this comparison.
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The species concentrations at the nozzle exit were essentially iden-
tical for the two programs. Since the one~dimensionel program uses
about one-third less computer time than the two-dimensional program,
additional scophistication of the latter program was not deemed neces-
sary.

Results from the FRRG program are shown in Figure 4 which pres-
ents species concentrations as a function of temperature. As can be
seen from the figure there is a significant difference in free-
radical concentrations at the nozzle exit when finite rate chemistry
is coﬁsidered. For equilibrium flows the free-radical concentra~
tions at the nozzle exit are quite small. However, the FRRG program
predicts these concentrations are from two to ten orders of magnitude
greater than their corresponding equilibrium values. These differ-
ences can be explained as follows. Free-radical recombination
requires a third body to absorb the heat released by the reaction.
The probability for three body collisions is quite small, so that
termolecular reaction times become greater than the gas residence
times. This effect is termed "recombination freezing", a subject
which has received considerable attention :I.n. the past several years
(Ref. 21). In general, the concentration changes within regions of
rapid acceleration of the gas stream are governed by the bimole~
cular reaction rates which are several orders of magnitude faster

than the termolecular rates.
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Simplified Igrnition Lag (S1L) Program

The comxplete combustion prccess is assﬁmed to occur in two steps
as illustrated on Figure 5, which descridbes schematically the igni-
tion model. During the induction period free-radicals are exponen-
tially produced by: (1) the initial chain iniating steps and (2) tke
chain-branching mechanisms of the bimolecular reactions. Throughout
this period the temperature remains essentially constant because
certain reactions are slightly exothermic and others endothermic.
Towards the end of the induction period the free radicals begin to
recombine exothermically and the temperature starts t¢ rise exponen~
tially. The period of rapid temperature increase is termed the
reaction time. In the temperature regime of interest in this inves«
tigation, the reaction times are much shorter than the induction
period. Therefore, the analytical effort is directed toward eval-
uating the effect of vitiation on the induction period.

The ignition model employed assumes the temperature is con-
stant throuéhout the induction period. This simplification along
with the assumption of constant pressure makes it possible to
neglect the hydrodyneamic equations and to solve the differential
equations describing the reaction kinetics. The epproach is to
write the equations governing the rate of growth of free-radicals
and to solve these for species concentrations as a function of time
using standard matrix techniques. The computer program is a simpli-

fication of a more general program developed by GASL. A source

S
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Lewis Research Ceater. The Lewis modifications to the program in-
' cluded the constant tempercture sixplification aend the inclusion
of several additional hydrogen and oxygen reactions which may be
important to the ignition Xkinetics at temperatures below 1000°K.
A list of reaction rate expressions and rate constants employed
in the program is presented in Teble 2.
| A total of nine species are considered by the program. These
are: H, 0, K0, K,, Op, OH, Np, HO,, and Hy0p. The latter two
species enter into a chain-breaking step which tends to lengthen
the induction period. Inclusion of these species in the induction
analysis should result in a more favorable comparison of experi-
mental and theoretical ignition delays at low temperatures.
Fifteen reactions are included in tﬁe SIL program. One of the
advantages of this program is that a large number of reactions can
be considered without signiricantly increasing the computing time.
One limitation of this program is that it fails to include any NO
or NO, reactions. The e.na.ljrsis of Momtchiloff indicated these re-
actions were comparatively unimportant below L4000° Rankine., EHowever,
the experimental results of Skinner indicated that ‘noth KO and noz
have a catalytic effect on the induction process. This effect tends

to reduce delsy times by an order of magnitude. Since the mechanism

which accelerates the reaction is not understood at this time, it is

S R IR0 0 BN P R s 400 ook

not possible to include uw'uo or N02 reactions in a manner that

would be meaningful.




33
TABLE 2
REACTION RATES FOR SIL PROGRAM -
J Reaction A(J) 8T. Cm. B(J) kcal N
— - ~ IZ, units oolo
1 . ‘ 1.0x10™" 16.0 2 -
-1 E+0,s20E+0 4.16x10 -1.22 .41
13
2 . 4.0x10 10.2 -
» -2 U% Hy = R+ OR 1.85x103 8.39 -
| (13
3 . 2.3x10 5.2 -
-3 By +OR3% %+ R0 1.43x10M 20.94 -
14
4 . 2.9x10 18.7 -
-4 0% Bl =+ 2.03x10%3 ‘113 0.26.
16
5 - 3.16x10 102.9 -1.5
-5 . T eI 9.18x10%° -0.97 -1.5
18
6 - 1.86x:0 119.9 -1.278
) H)0 + M 32 OH + K + X 3ok 116 > i
7 o 5 R X 3.59x101715 118.0 -2.5
-7 YU T ! 8.94x10° -1.57 -2.074
8 0 s O 4.3x10% -1.28 -
9 B ik A oo 2.0x10™ 23.72 -
-9 gt W, R0, *E, 1.0x10 9.82 -
10 O . 2.5x10°2 38.95 -
-10 g Yo, Mw 4.77x10 19.87 -
17
11 o 3.95x10 46.3 -
™ H,0, + M 32 20H + X e 4 =
12 il 1.6x10 - -
o B+W,3e08+08 0% | i £
: 13
13 il : 104x10 - --:
. Wmr*EEERTS et =
14 P 1.0x10% 7.01 - - |
-14 2RI L 0.0 - - |
i o + 1,0, 38 10 + 10, - Bo0x10™ 384 = «
-15 % @ 5 2 0.0 - - :

where: k({J) = AQJ) TX\'(J) .'B(J)/RT
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Results from the SIL program are the species concertrations as
e function of time. Ignition lag is determined from the sexilog
plot of the hydroxyl radical concentration agoinst time. The induct-
ion period is characterized by the region of essentially constant
exponential growth of free-radical concentrationi. The end of the
induction period is considered to be the time when the hydroxyl cone-
centration deviates ' from constant exponent growth., This defini-
tion for the end of induction is recommended by Hersch (22). Other
methods for defining the end of the induction period were considered
in this study. The following comparison illustrates the variation
in ignition delay periods for different methods of defining the end

of induction.

Definition of End of Induction Peference Deley Time
(1) End of exponential growth of (CH) 2 - 39 wusec
(2) OE concentration of 10~9 gram-moles/cm3 il 30 wusec
(3) Eydrogen concentration = 1/2 (I—I2)° 17 LT wusec
(4) End of exponential growth of (H) 9 L0 wusec

This comparison for heated air and hydrogen at 1200°K and one
atmosphare pressure is shown on Figure 6, which presents the OE and
H radical concentrations plus the hydrogen weight fraction as a

function of time. Starting conditions assume each stream is in

chemical equilibrium prior to mixing and an equivalence ratio of one

for the combined streams. The comparative times indicate the method

of defining the end of induction has some effect on the calculated

delay times. However, Hersch (22) is eble to show that method (2) is
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only a reasonable approximation of the delay period for temperatures
greater then 15C0°XK. At the same time, method (3) is simply an ap-
proximation suggested by Rhodes (17). Methods (1) and (L) yield
essentially identical delay time so that both methods appear eppli-
ceble. Hersch was able to compare method (1) with a detailed analyte
ical model which included the temperature variations during the
postinduction period. Conclusions from this comparison were ' that
method (1) was a reasonsbly good approximation to the induction limit
over a wide range of initial tomperatures (1200 < T, < 2500°K).
Therefore, this method was tinally selected as most appropriate for
application to the SIL program results.

" When examining the results from the Lewis version of the SIL

program, one modificatién was incorporated into the program. This
i modification is a revision of the method of defining the effective
| concentration of third-body species thét enter into the three~body
ra2action rates, Brokaw (10) suggests that the third body expres—
sion in reaction 8 on Table 2 is a strong function of water vapor
content of the reacting species. He showed the relative third body

| efficiencies are given by the following expression:
:; (M] = + 0,35X + 0,43X + 0,2X + 1k,
' xﬂz 0 N Ay 3"520

2 2 3

where: X is the mole fractiocn of each third body. In the Lewis

version of the SIL program, the relative efficiency of water vapor

was reduced from 14.3 to 6.0, When the Lewis version of the SIL

e

A —————————
-

program was utilized to calculate the effect of 10 percent water

B ]
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vapor content in the eir on ignition delays at 1000°K an anomalous
result was obtained; the ignition delay for hydrogen and air plus
10 percent water was six times longer than the corresponding dry eir
case. The magnitude of this difference is shown on Figure T which
again presents OH concentration as a function of time., £A..so shown
ocn this figure is the effect of further reducing the third body
contribution of water veapor. The third body expression used in this
comparison is as follows:

(M] = X; + 0.35X

+ 0.43 + 0.,2X

r +.f§ggw
When this expression for the third-body terms was employed in the
SIL program the difference in delay times of hydrogen-air ‘and
hydrogen-air plus 10 percent water vapor is reduced to 15 micro-
seconds.

The results on Figure T show that the third-body term may
have & significant effect on delay times. This effect is quite
pronounced under the following circumstances.

(1) wvhen relatively large concentrations of water vapor are

present in the initial reactants;

(2) when the initial temperature of reactanfs is low

(T < 1100°K).
Further examination of the effect of the third body term revealed
that it had.dbsolutely no effect when applied to dry air over a
temperature range of 950 to 1200°¢. One rea;:hughy this term has
no effect for dry ai: is that the third-body term acts to reduce the
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build up of free radicals during the early. part of the induction
reriod. Water vapor does not appear in significant concentrations
until the latter part of the induction period where the bimolecular
reactions predominate the induction process. Thus the overall in-
fluence of the contribution of the effective water vapor concentra~
tion in the third-body expression is insignificant when applied to
an initiel mixture of hydrogern and uncont air.

When this same type of corparison was xade at lgOOOK, the

following results were obtained:

Initial Composition Third-Body Delay Time
(1) Hydrogen/Heated Air M or My 39 usec
(2) Hydrogen/Air + 10% H,0 My 36 usec
(3) Hydrogen/Air + 10% E,0 M, 34 usec

Where: My = Xy, + 0.35Xg, + O.L3XN2 + 6XH2°

Mp = Xg, + 0.35%, + 0.43%y, + Xy 0
These results indicate the effective water vapor concentratio. in
the third-body term ylelds an almost negligible difference in delay
times et temperatures of 1200°K or higher.

Experimental data of Snyder, et. al. (16) showed that water
vapor in the initial air resulted in a slight reduction in delsy
times over the corresponding case for hydrogen and uncontaminated
air. When the SIL program was modified to employ [Mé] as the third
body term, the agreement with Snyder's experimental results, while

not entirely satisfactory, is considerably better than that shown

by the Lewis version of the program. Obviously better agreement
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between theoretical and experireantal induction times could be
obtained by further reducing the effective concentration of water
vapor in the third-bcdy term. Eowever, there is no theoretical and
very little experimental Justification for making the effective con-
centration less than unity. Consequently the third-body term de-
fined by [Mé] was exployed for all subsequent calculations using the
SIL progran.

Typical results from the SIL progran are shown on Figures 8
through 13 which present OH radicel concentration as a function of
time, The results presented on these figures are discussed in the
next section which is an extensive verification of the simplified

induction model employed in the computer analysis.

Verification of the Simplified Ignition Lag Program

Before applying the SIL program to the analysis of ignition lag
with vitiated air, it is first necessary to establish the validity
of the program results. Since most of the theoretical and analyt-
ical work on ignition lag is concerned with real air and h&drogen,
the verification is made for these gases. Initially, a base case
was selected for meking this comparison. Temperature for the basQ
case is 1200°K, pressure is one atmosphere, and equivalence ratio
is one. As a starting condition, both streans ar; assumed to be in
chemical equilibrium at the assigned temperature and pressure prior
to mixing. The combined stream is no longer in chemical equili-

brium.
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Fesults from the SIL program for the base case species are
shown on Figure 8, which presents the OH radical concentration as
a function of time. The induction period is defined by the end of
the constant expcnential growth for the OH radical. An induction
time of 39 microseconds is obtained for the base case conditions,
Several approximate relations for determining ignition delays are
discussed in the review of literature. A summary of the equations
presented by the different authors is given in Table 3 along with
the range of temperatures over which they apply. These approximate
relations are used to calculate the ignition lag for the base case
conditions and the delay times are also shown on Figure 8. (Note
that the empirical expression of Skinner does not apply sbove
1100°%K). The relation of Ferri predicts much shorter delay times
than the SIL program, while Rhodes predicts a considerably longer
induction period. There is a relatively close agréement between
Nicholls' result and that of the SIL program.

The effect of peripheral reactions and different reaction
rate data are illustrated on Figure 9, which presents OH concentra~
tion as a function of time. Here the same starting conditions are
applied to each case, but only the first nine reactions shown in
Table 1 are considered. The latter six reactions on this table
were expected to show minor effect on the induction time for the
base case conditions., The difference between nine and fifteen re=-

actions (using identical rate data for corresponding reactions)

only emounts to eight microseconds veriation in delay time.
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TABLE 3
APPROXIMATE LAG THEORIES
Ferri:
. = §X 1070 9600/T
R
Nicholls: (1100°< T¢ 2000°K)
-7 ne K
tp = _4:1X io T 8.05/T l. 0, %6
0 N, R ¢ Ao K. X
2 LHZ 2 * Mo,","s
Skinner: (800< T< 1100°K)
T, = 7.92 X 107> 15.950/T
iD 04 ¢
p0-4,
Rhodes: (800< T< 1800°K)
= 1/3
e ¢ _Litdin L
pa/3 [onlo (Xerlo
Xeplo = Xylo * Xoplo * 2[X0],
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Eowever, this represents a 20 percent variation in induction period
so that the latter six reactions are more important than originally
anticipated. When the reaction rates of Ferri were used in the nine
reaction system a considerable decrease in delay time is evidenced
(47 u sec + 28 u sec). In general, the forward reaction rates
exployed by.Ferri ere faster than those shown on Teble 2, so that

a reduction in delay tize is not swrprising. Eowever, the magni-
tude of the difference shown here is hardly significant in terms of
induction lengths for supersonic combustion. Even with gas velocie
ties of 10,000 feet per second, the difference in induction dis-
tances is still less than 3 inches.

The effect of temperature on induction times is shown on
Figure 10, in which hydroxyl radical concentrations as a function
of time are shown at three separate temperature levels. Starting
conditions for each case assume the heated air and hydrogen streams
are in chemical qu}librium.prior to mixing at constant tempera~
ture and pressure, The results show that a hundred degrees re-—
duction in temperature over the base case, just about doubles the
induction time. However, a further reduction of the same magnie
tude, results in a factor of six difference in induction time over
the base case. The effect of initial temperature is best illustra-
ted by prlotting the induction times against the reciprocal of tem~
perature on semi-log coordinates. This type of informaticu is

presented and discussed later in this section.
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Figure 1l illustrates the effect of equivalence ratio on induc~
tion times for the base case species concentration. Three values
for equivalence ratio are presented on this figure. The results
show that equivelence ratioc has a very small effect on induction
times in the renge (0.2 < $ < 1,0). Momtchiloff obtained similar
results in & theoretical and experimental comparison of the effect
of equivalence ratio on delay times. The &enalytical model of the
induction process assumes instantanecus mixing for the two streams,
This assumption is Justified on the basis that loucal mixture ratio
veriations during the actual mixing process have essentially no
effecf on induction time.

The effect of pressure on ignition delay is illustrated on
Figure 12, which again presents OH concentrations as a function of
time., Higher pressure in the combustor tends to decrease ignition
delays; the delay time being inversely proportional to the pressure,
In this constant temperature comparison, two combustor pressures
are examined with the starting condition for each case being the
equilibrium speciés concentrations prior to mixing. At two ate
mospheres pressure the delay time is 21 microseconds compared
with 39 microseconds at one atmosphere pressure. Relating the
delay time to the inverse of pressure yields an exponent of 0.9
on pressure. The theoretical work of Momtchiloff report this ex-
ponent is 1.09 axvthe same temperature conditions. Experimental
data from Schott and Kinsey indicates this exponent is 1.0, while

Das Gupta ieports an average value of 0.9. The agreement of the
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chemical equilibrium prior to mixing. The ¢orrelations shown here
are terminated at their respective temperature range of applica~
tion. Note that most of the correlation presented are plotted as

& straight line on this figure. Even the sophisticated analytical
model employed by Momtchiloff (7) ylelds a straight line in these
coordinates. However, the SIL program results deviate consider-
ebly from straight line behavior, especially at low temperatures.
The reason . is ' that the SIL program includes the effect of the
Hoa,species on the ignition times. This species has cften been
observéd in hydrogen-oxygen flames as an intermediate product

that disa@pears rapidly as the reaction progresses. Brokaw (10) is
the only other author to include this species and the point shown
on Figure 1k includes his postulated mechanism by which the HO,
species influences the delay time.

In the high temperature range (T + 1000°K) the SIL progrem re-
sults agree reasonably well with the approximate lag calculations
of Nicholls (9) and Ferri (2). It agrees even better with the more
detailed theoretical analysis of Momtchiloff (7). At 950°K .
the simplified model agrees with the empirical relations of Sayder
(16) and Rhodes (17). Momtchiloff's analysis does not include the
effect of H02 on induction times. This may explain the large dif=-
ferences between Momtchiloff's results and those.of the SIL program
in the low temperature . nge.

A comparison of the SIL program results with experimental data

for ignition delay at low temperatures is made on Figure 15. Above
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1000°K the SIL progran predicis daleys close to those ol Momtchiloff
(7), who was able to Justify his theoretical mcdel with experiment-
el results as shown rreviously on Figure 1. The low texperature ex-
reripental results of Snyder (1€) shew very poor egreement witk
Momtchiloff's cnalysis. However, the SIL program results follow the
tasic trend of Snyder's shock tube data even though the agreement

is not entirely satisfactory. The fact is that the SIL program
consistently predicts longer delesys than were found experimextally
for “he test corditions indicated om Figure 15. (Snyder's empirie
cal rélaticn useé on the previous figure represents a correlation
of all his datu by a nonlinesr regression program). However, the |
general agreement of the SIL progran with experimental data tends to
support the arguement that ignition deluys increase signilicantly

at low temperatures due to the self-inhibiticn of the reactions by
302 formation.

-n summary, examination of the ignition model employed in the
SIL program has shown that most of the relevant parameters influ-
encing induction times are predicted with a reasonsble degree of
accuracy. The assumption of starting conditicns where both streams
are in chemical equilibrium is on essential part of this effort
because:

(1) The experimental dste used for comparison with the pro-

grem results were obtained under conditions where equili-
brium species concentrstions at the combustor inlet is a

reasonadble approximetion.
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(2) Mcst of the theoretical epproaches for calculating igni-
tioa delays emxploy the assuxption of chemical equili-
brium as a starting coxndition.

In the next section, the effect of nonequilibrium starting cone

ditions is examined using the SIL prograx, ard an analysis is made
to show the effect of vitiated air on ignition delays in super-

sonic combustion.

Ana;ysis for Vitiated Air

The vitiated air composition is made up of the products of com-
bustion in the gas generator. A combination of nitrogen tetrox-
ide, hydrazine and nitrogen serve as reactants for the gas generator.
In the ignition lag experiments described in the' Experimental Pro-
gram Section, the design mixture ratio of reactants is such that the
theoretical flame temperature is 2200°K at a chamber pressure of 600
psia. The products of combustion are expanded to atmospheric pres-
sure (14.7 psia) where hydrogen is injected parallel to the main-
stream gases. Injection velocity for the hydrogen corresponds to
sonic condition and mixing and combustion tekes place at comstant
pressure. A complete analytical description of this system has not
been made in the present program. A model has been made which incore-
porated the following simplifying assumptions’ into the analysis in
order to obtain a qualitative answer to the effect of vitiation on

ignition lags.

(1) A1l viscous effects are nuglected.
(2) Instantaneous mixing of the mainstream gases and hydrogen

B R R P R AT P PPy S
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at the point of injecticn.

(3) Constant temperature and pressure are assumed to exist

throughout the induction pericd.

Of these three assumptions only the second is believed to be of
significance. In the follow-on phase of the program it is antici-
pated that the model will be modified to include the effects of
mixing.

The nonequilibrium composition of the vitiated air at the en~
trance to the supersonic test section is calculated utilizing the
finite-rate reacting gas (FRRG) program. Computed composition
changes during the expansion were shown previcusly on Figure L.

The hydrogen stream at the test section entrance is assumed to have
a free-radicel composition corresponding to stagnation conditions

in the hydrogen manifold. The recombination of atomic hydrogen is

a relatively slow three-body reaction and the assumption of frozen
flow is quite reasonable for the temperatures and pressures employed
in the experimental program. The vitiated air and hydrogen streams
are mixed at constant pressure and the resulting species concentra~
tions are input as initial conditions into the simplified ignition
lag (SIL) program. |

The SIL program results for vitiated air and hydrogen are shown
on Figure 16, which present the OH radical concentration as & funce
tion of time. These results indicate the induction period for viti-
ated air and hydrogen may be as short as 20 microseconds. Under the

experimental conditions of this program, ignition should occur less
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than 1.5 inches downstream of the test section entrance. However,
mixing times are neglected in this analysis, so that the actual
distance to the ignition front may be located somewhat further down-
stream than predicted by the SIL program.

Figure 16 also includes thé delay time calculated assuming chem-
ical equilibrium for both the vitiated air and hydrogen stream prior
to mixing. Notice the test section temperature is 1030°K for that
case compared to 1000%K for the previous calculation assuming finite
rate chemistry. Both the finite rate and equilibriuﬁ calculations
are started at the same temperature and pressure in the gas gener-
ator. The heat release associated with additional recombination of
free-radicals when assuming chemical equilibrium results in higher
temperatures throughout the expansion process. An induction time
of 158 microseconds was determined for vitiated air and hydrogen
utilizing the assumption of equilibrium initial conditions. This
delay correséonds to a distance of approximately 11.5 inches down-
stream of the test section entrance for the ignition front.

A comparison was also made to show the effect of employing
heated air to perform the same type experiments. Conditions at
the inlet to the supersonic test section (i.e., temperature, pres-
sure and equivalence ratio) are identical to those employed in the
vitiated air analysis.

The SIL program results for heated air and hydrogen are shown
on Figure 17, which again presents OH radical concentration as a

function of time. An induction time of 30 microseconds was obtained
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for nonequilibrium inlet conditions to the supersonic test section.
This delsy time corresponds to a flame front locetion of 2.2 inches
downstream of the test section inlet. When equilibrium initial cordi-
tions were assumed for the heated air and hydrogen the delay time in-
creased to 150 microseconds. This induction time corresponds to a
lag length of 10.8 inches.

A comparison of the vitiated air and heated air analytical rew-
sults indicates that vitiated air does, to some extent, simulate
hgated air from the standpoint that the ignition lag lengths are al-
most equal. For nonequilibrium inlet conditions, the free-radical
content of the vitiated air and hydrogen is present in sufficient
quantity to cause the ignition to be almost spontaneocus. Heated
air contains no hydroxyl radical at the test section inlet, but the
nonequilibrium concentrations of atomic hydrogen and oxygen are
sufficient to cause rapid build-up of hydroxyl radical through the
bimolecular reactions., Again the ignition is almost spontaneous.
Another factor which has not been included in this analysis is the
effect of NO and/or NO, content on the ignition delay. These spe-
cies have been shown to have a catalytic effect on the ignition
process. Nonequilibrium inlet conditions for both the vitiated
air and heated air have enough NO present to catalyze the induc-
tion process. This further tends to substantiate the argument
that the use of heated air or vitiated air for ground testing of
supersonic combustion with hydrogen will yield extremely short

ignition delays under the conditions investigated. This may mean
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that mixing will be rate-controlled such that the distance between

the test section entrance and the flame fropt may represent for the

most part the mixing length.

Supersonic combustion under free-flight conditions may correspond
more closely to equilibrium initial conditions. In that event neither
heated air nor vitiated air can be used to simulate supersonic com-

bustion performance under free-flight conditions in the regime where

reaction times are rate-controlling.
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EXPERIMIUTAL PROGRAM

The experimental program discussed in this report was concerned
with the ignition lag effects with vitiated air., A follow=on effort
is now underway in which the effects of vitiated air on overall com=
bustion efficiency will be investigated. Most of the hardware for
both programs was designed and febricated in this phase of ﬁhe Pro=-
gram. Therefore, some of the hardware described herein is not actual-
1y . utilized for the purpose of obtaining ignition lag information,
but will be employed in the follow-on program.

Sizing of the experimental apparatus was based on the criteria
that the supersonic test section should be large enough to mini-
mize scale effects and small encugh so that test costs were not
prohibitive. It was also desirable that the design conditions
simulate a flight regime in which the SCRAMJET vehicle might be
expected to operate ; however, this regime should be chosen so that
ignition delay times could be readily measured.

Design conditions selected for the gas generator were: chame

ber pressure = 1000 psia, chamber temperature = 2200°K and flow

rate = 15 pounds/second. The design operating conditions for the
gas generator and supersonic combustor are shown schematically on

Figure 18. These conditions approximately simulate a flight Mach

% number of 6.5 at an altitude of 80,000 feet, & regime that should
f be of interest for SCRAMJET application. The equipment size and
- § ‘
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propellant flow rates were well within the limits of the existing
research facilities at the Jet Propulsion.Center, Purdue University.

In the ignition lag experiments, the gas generator gases and
hydrogen stream were expanded to atmospheric pressure. The com-
bined streams were permitted to mix and burn in an unconfined man-
ner as a free Jet. The absence of a confining wall made it pos-
sible to visually observe the flame front and determine the induc-
tion distance. A solid wall near the reaction zone often catalyzes
the combustion process by either surface reactions or through a
temperature increase due to viscous dissipation (23). In addi-
tion the flow pattern (recirculation) becomes more complex. By
examining ignition in a free-jet, the ignition lag effects should
be theoretically prediceble providing the reaction mechanism is
selected properly.

Design pressure for the supersonic test section is 25 psia.
Since the ignition lag study was conducted with the test section
at 14.T psia, the gas generator was operated at less than design
chamber pressure for these experiments. Chamber pressure in the
gas generator was set at 600 psia for the ignition lag experiments,
while the basic hardware remained unchanged except that the super-
sonic test section was removed.

The experimental data reported here is divided intc two parts.
The tirat'part discusses the gas generator experiments made for the
.purpose of balancing propellant flo# rates, establishing combustion

efficiency in the gas generator, and verifying the performance of




the optical systex, A limiteéd number of e:_cperiments are reported in -
the second part where the full supersonic combustion system was oper-
ated to détermine ignition lag lengths with vitiated air. The follow-
cn program will first extend the experimental results for ignition
delay times and then examine combustion efficiencies for vitiated

air and hydrogen.

Description of Hardware

In this section, the main elements of the experimental hardware

are discussed briefly under separate headings.

Gas Generator

The components of the gas generator include an injector, two
chambers, a turbulence ring and a nozzle. An assenmbly drawing of
the gas generator components is presented as Figure 19. The
chamber temperature in the gas generator is 2200°K and the walls
of the nozzle and chambers are uncooled. However, the hot surfaces
are coated with a high temperature ceramic material (zirconium
oxide) which forms a thermal barrier between the stainless steel
wall and the chamber gases., The coating material is flame-sprayed
on the wall in four separate layers. The bottom layer is a bond=-
ing coat of nickel-aluminide., Each succeeding layer contains a
larger amount of zirconium oxide (mixed with nickel-aluminide) un=
til the top coat which is pure zirconium oxide. Some problems
were experienced in attempting to coat the throat of the nozzle.
After roughening the inner surface with a coarse file and hand

manipulating the flame spray rig, it was possible to obtain a




IH
|

TR RN

FIGURE 19 GAS GENERATOR ASSEMBLY

7,
m
O
e
O
7,
C.
O
o
=
-l
O
N
_{
L
m‘
O
A
@
Z
>
>
Q)
m
n
5§
O
O
T




s

;
:

68

reasonably good coating in the nozzle throat region.

The components of the gas generator as:sembly wvere made from
type 347, stainlcss steel. This material has relatively good
heat resisting qualities and is compatible with both nitrogen
tetroxide and hydrazine. The chaxbers were flanged on both ends
with "O" ring grooves on the sealing surfaces. Material for the
"O" rings was Viton A manufactured by Parker Seel Company. The
seals were replaced each time the engine was disassembled; they did
not show any signs of a leakage.

The two chanber sections were separated by a turbulence ring.
The purpose of the turbulence ring was to promote mixing in the
hot gases to insure a relatively uniform exhaust stream. It also
was coated with zirconium oxide on the inner surface as a thermal
barrier against the combustion gases.

The gas generator injector has three separate elements, two of
which are shown as Figure 20. The upper half of this figure shows
the oxidizer inlet housing with a pintle retainer along the center-
line. The lower portiop of Figure 20 shows the nitrogen inlet which
has a porous metal face in the area exposed to the combustion gases.
The diluent nitrogen is introduced into the combustion chamber
through a porous metal surface and thus serves to cool the entire
injector face. The injector pintle serves to introduce the hydra-
zine into a combustion chamber and together with the nitrogen in-
let housing forms an annulus for injecting the oxidizer. A close-

up photograph of the injector face and pintle is presented in
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Figure 21. The pintle contains ten hydrazine injection plrts of
1/16 in. dismeter. The width of the annular passage for the oxi-
dizer can be varied by turning the pintle assembly in or out.
This feature permits some adjustment of the injector pressure drop
to help avoid low frequency combustion instability problems.

The gas generator nozzle was designed for uniform, parallel
flow across the exit plane. Design of the exit contour was ac-
complished by utilizing & computer program which solves the two-
dimensional, axisymmetric flow relations by the method of char-
acteristics. This program requires as input: (1) the gas pro-
perties, (2) the upstream and downstream blend radii, (3) the
throat radius and (4) the design Mach number, A start line is
calculated in the nozzle throat region using Sauer's method. A
solution to the flow in the kermal is run out to the point where
the Mach number on the axis corresponds to the design value.

Then the exit characteristic is generated assuming the flow angle
is zero. The exit characteristic is terminated when the mass flow
equals that computed for the start line. A complete wall contour
is calculated by solving the characteristic relations in the pre-
vious'y undefined region. A plot showing the complete charac-
teristic network for the parallel flow nozzle is presented in
Figure 22, This is a cross-sectional view of the nozzle exit
section divided at the centerline., The computer program assumes

constant values for the ratio of specific heats and for the

molecular weight of the mixture. This assumption, while
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esthetically displeasing, yields a good approximation to the con=-
tour coordinates calculated for real gas conditions. The parallel
flow nozzle had a throat diameter of 1.596 in. and an overall area

ratio of 5.38.

Hydrogen Heater

The hydrogen heater was designed and febricated by Thermal
Transfer Corporation of Monroeville, Pennsylvania, This unit con-
sists of a large stainless steel coil which is heated by convec-
tion and radiation from the combustion products of three propane
burners. A photograph of the installation of the hydrogen heater
is presented in Figure 23. The heater is located outside the
test cell perimeter as a safety precaution. Design specifica~-

tions on the hydrogen heater are presented in the following tabulae

tion:
Hydrogen Heater Specifications
Total Heat Input . .BIU/ER ’ 20.0 X 10°
Design Operating Pressure PSIG 325
Excess Combustion Air % 50
Weste Gas Volume S.C.F.M. 3,190
W. G. Temp.—entry °F 2,700
exit > 1,400
Thermal Efficiency % 30
Hydrogen Flow #/sec 0.5
Eydrogen Temp.-entry p 70
~exit ' °F 1040
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The combustion system for the-heater consists of a main shut-
off valve, which can be operated either manually or automatically,
and & multiple National Airoil burner arrangement equipped with
spark ignited pilots. A flame safety system shuts off fuel to the
burners in the event of excessive temperatures measured on the tube
wall or in the exhaust stack gases. The heater is relatively si-
mple to operate and performed quite well in the limited number of

experiments conducted to date.

Supersonic Test Section

Three separate components make up the supersonic test sec-
tion. These are (1) a hydrogen manifold, (2) a constant area mix-
ing section, and (3) a divergent supersonic combustor. The latter
two components are not employed in the experiments reported here.

Design details of the hydrogen manifold are presented on
Figure 24, which is a photoreduction of the fabrication drawing.
The manifold was machined from a single billet of type 34T, staine
less steel. After careful alignment, the manifold was welded to
the exit section of the parallel flow nozzle. The mating of the
hydrogen manifold and nozzle exit section is such that an annulus
is formed between them. The hydrogen is expanded to sonic condi-
tions as it passes through the annulus. A photograph showing an
aft view of the hydrogen manifold is presented as Figure 25. The
exit lip of the parallel flow nozzle is approximately & tenth of

an inch width. This dimension was made as small as possible to

LS 2




I | it 9
i
1]
1]
.
H BT L)
H
P HRSHESCEIEPEAL ) ) M.
1
L
|
i
| .
st A N
[ ) S o | l
....... i e
N | @
a— BN
2 \
\

1
1

Ly
po—e LTS —
of DRWL THRY-2 KoukS
1B TAP DRUL

2_sear oy e
K-n an :'&u?m\o

SECTION A-A

ARUNC B ROLSG

1§ ceoe

MATERIAL  ©5 247

SOVALL  SPALEID (4%

- 00 A

Al

BO WY RCALE FRT
neswe ;It
R ettt
- 00w * B0k ]

Bymca | iy

s,

FIGURE 24 HYDROGEN MANIFOLD

oL



HYDROGEN INJECTION
ANNULUS

FIGURE 25 AFT VIEW

PARALLEL
FLOW NOZZLE

OF HYDROGEN MANIFOLD

LL



SR ORI B TR (ST T T Tt

78

ninimize flow recirculation problexs ip th;s area but large enough
t0 maintain some structual streagth.

The constant area mixing section has an inside diameter of
L.,25 inches and is 5.0 inches long. Type 34T, stainless steel, is
the material from which mixing section and combustor section are
fabricated, and the inner walls are coated with zirconium oxide to
protect the metal from the hot gases. The combustor section has a
conical shaped wall which diverges at a 5 degree half angle. Over-
all length of the combustor is 12.75 inches and the exit diameter
is 6.37 inches. An aft view of the entire supersonic test sec~-

tion assenbly is presented in Figure 26.

Description of Instrumentatiocn
The basic instrumentation employed in the experimental pro-

gram is summarized in Table 4. This tabulation includes all the
pressure transducers, flow meters, and thermocouples'utilized in
the ignition lag experiments. A photocon transducer was employed
in a few of the gas generator performance evaluations to determine
whether the system exhibited any high frequency pressure oscil-
lations. During these experiments the photocon data indicated
there were no stability problems with the system. In an attempt
to extend the run durations from three seconds to six seconds, the
photocon transducer burned up and all later testing was conducted
without ot_»ta:!.ning any high frequency data. A photograph show=
ing the photocon installation after the mishap is presented &s
Figure 27. Most of the damage occurred within the parallel flow
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1.
2.
3.
L,
5.
6.
7.
8.

Perameter to be Measured

G.G. Chavber Pressure

l2 Line Pressure

l2 Orifice Diff. Pressure
Fuel Tenk Pressure
Oxidizer Tenk Pressure
32 Manifcld Pressure

82 Line Pressure

32 Orifice Liff. Pressure
G.G. Chanmber Pressure
Fuel Flow

Oxidizer Flow

Gas Temperatures for N

Meni fold 2

TABLE 4

INSTEUMENTATICH SUMMARY

Instrument Menufacturers
and Model Number

Tebor, 206-DB

Tabor, 206

Tabor, 2102

Tebor, 2301

Tekor, 250

Tebor, 254

Tebor, 217

Tabor, 2102
Protocon, 352A
Potterreter,3/4-5550
Pottermeter, 2-1/2=59T1

Iron-Constantan
Thermocouples

Cperating
Range

0-1500 psig
0-2000 psig
#150 psid
0-2000 psig
0-5000 psig
0-50 psia
0-200 psig
+100 psid
0-5000 psig
0-30 gpm
0-400 gpm

0-1500°F

Recording4'
Instrument

Strip Chart &
Oscillogreaph
Strip Chart
Strip Chart
Strip Chert
Strip Chert
Oscillograpyh
Oscillograph
Oscillograph
Oscillograph &
Digit«l Tape
Strip Cheart
Strip Chart

Strip Chart &
Oscillograph
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nozzle a.li';hough the inner wall of the combustor showed signs of
local melting and erosion.

In the combustion efﬁciency experiments, which will be con=-
ducted in a later program, the static temperature profile across
the supersonic combustor exit will be measured optically utilize
ing an intensity comparison scheme. The apparatus for making
these measurements was developed in the present program. Several
preliminary experiments were run to evaluate the basic concept
and to prove the system would operate in the test environment. In
these experiments, the optical system was operated in conjunction
with the gas generator and employed to measure the static tempera-
ture of the vitiated air exha.u.s;bing from the parallel flow nozzle.
A photograph showing the placement of the optical system for the
check-ocut experiments is presented on Figure 28.

The optical system consists of a modified sodium line, re-
versal pyrometer mounted on & base which moved verticelly to per-
mit the pyrometer to scan the hot gases across the plane of the
combustor exit. Light from a tungsten strip lamp is focused on
the center of the exhaust stream. The light beam is mechanically
clopped at & rate of 120 times per minute by a four blade ele-
ment driven by synchronous motor. The chopper is located be-
tween the strip lamp and first condensing lens. The resultant
light beam is then focused by a second condensing lens on the
entrance slit of & ‘monochromator where the intensity of the Sodium

D-line is measured by & photomultiplier tube. Two intensity levels

WL TR T
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are observed, one with flame plus strip lamp and the other with the ,
flame alone. Since thé tungsten strip 1a.m'p has ‘been calibrated such
that its temperature as & function of voltage supplied (at the wave-
length of the Sodium~-D line) is known, the different intemsity
levels will permit a calculation of the line of sight average tem-
perature of the flaxe.

The entire lamp-lens-monochromator assexbly is roved verti-
cally utilizing a d.c. motor and worm screw combination to 14 scan-
ning stations during a single test firing. These 14 line of sight
intensity measurements are then converted mathematically to a |
radial intensity-to-temperature profile using the Abel integral
transform technique. Additional details concerning the mathe-
matical procedure used to calculate the temperature profile can be
found in reference 24 along with a comprehensive description of
the optical system designed for this program.

To more completely describe combustor performance from ex-
perimental results, a thorough knowledge of the spatial distri-
bution of pressure and specie concentration in the combustor exit
plane is required. From these properties and the temperature
profile, certain performance parameters can be defined by com-

parison with the parameters that would result from ideal process.

The technique involves measuring as many properties as possible
and determining the others through iteration of the integral
equations of flow,

The instrumentation to be used in the combustor exit plane
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is shown in Figure 29 and is a modified version of a prove assexbly
used at the Applied Physics Laboratory of John Hopkins University.
Six pitot total pressure probes and six gas sampling probes are
made from concentric pairs of tubes in which water in the annulus
is discharged overboard approximately 3/32" downstream of the probe
tip. The inner tube of the gas sampling probe has a sharp lip and
a 12:1 internal area expansion which has the purpose of partially
quenching any chemical reactions inside the tube. Due 'to the low
pressure at which the manifold will be maintained, the external
shock will be swallowed by the sampling probe. The gas samples
will then pass to a set of six valved storage bottles. The samples
will be analyzed by means of a BendiX Time of Flight'Mul Spectro-
meter.

The complete probe assembly and associated collection equip=-
ment were fabricated in the present program. Experimental evalua~
tions of the probe assembly will be accomplished in the overall

combustion efficiency program.

erimental Results
The experimental program is broken down into two phases.

In the first phase, the gas generator was developed to & point
vhere it could be operated with a high. degree of reliability. It
was also necessary to demonstrate that the gas generator would
operate at high combustion efficiencies (ﬂc 2 96%) in order

that the gas composition and state properties can be calculated
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by theoretical techniques. For this reason, the gas generator
had a large characteristic length (L¥ ~ 120) and a turbulence
ring to promote mixing and complete combustion of the exhaust
products. After the gas generator was operating satisfactorily,
the supersonic combustion experiments were undertaken. This
constituted the second phase of the experimental program. Re-

sults from each phase of the experimental program are discussed

separately in the following sectiouns.

Gas Generator Experinzents
'The purpose of the initiel experiments was to balance the
propellant flows by establishing line and injector resistances.
This information is employed to set the propellant tank pres-
sures for the desired flow rates of each propellant.' The fuel
employed for the first eight gas generator experiments was a
50/50 blend of hydrazine and unsymmetrical dimethylhydrazine.

As a propellant, the 50/50 blend is much easier and safer to

handle than pure hydrazine. It also has better thermal stabili-

ty and shock sensitivity characteristics than hydrazine. These

factors were demonstrated quite vividly during the first series

of experiments that employed pure hydrazine as a fuel. Just

how this was demonstrated is discussed later.

A summary of the performance results from the first eight

gas generator experiments is presented in Table 5. This tebula-

tion includes propellant tank pressures and flow rates, chaxber
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TABLE 5
GAS GENERATOR EXPERIMENTS (A)
- Propellents: N0, /50% NoH) - 50;'UDMH/N2
Pasls. 2 2 6 T 8

, .3 kb 5
Pate 12/14/67 Y2/Ah/67 12/14/67 1/26/68 1/26/68 1/26/68 1/30/68 1/30/68
Oxidizer System :

1 & - - Tank Pressure (psig) 1513 1340 1313 1565 1820 1870 2150 2370
. A Flow Rate (1b/sec) 9.16*  B.h¥ 8.21 6.8 7.33 T1.33 8.90  -10.0
: l'\\él System - |
i 8 Tank Pressure (psig) 1750 1610 1620 1460 1k90 1760 2090 21%0
Flow Rate (1b/sec) 3.31 3.56 - 1.83% 1,86 2.2k 2.53 2.62
Nitrogen System
ILine Pressure (psig) 1516 1640 1620 1580 1546 1760 1620 1624
Differentail Pressure 170.5 111.0 112,0 - 82.5 100.5 103.0 96.0
Flow Rate (1b/sec) 3.1k 3.h2 3.k2 2.8k 2,80 3.35 3.27 3.18
f ; Chamber Conditions | |
": Chanber Pressure(psia) 915 925 905 . 795 805 908 990 1035
Flow Rate(1lb/sec) 15.61 15.39 - 10,85 11.99 12,93 1k, 7 15.8
C* (measured) 3770 — - - - - - -
C* (theoretical) L6Lo k680 — 4210 4130 k260 k330 L300
C* Efficiency . 0.812  0.827 -~ 2,20 1,047 1,062 1,00 = 0.979
Purpose gl Balance System Balance System and Check Out Optical

Instrumentation
Oxidizer Recording Fuel flow Fuel Tlow
flometer pen dry went off recorder

did not on oxide. scale spanned
function flow incorrectly
record

Fuel swirler worked Nitrogen
‘ <«—— out of position in —» differential
' these expirements pressure
: i hed wrong
bl *Flow rates calculated from line resistances. polarity
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pressure, a measured characteristic velocity (C*%), and a C*
efficiency. The theoretical characteristic velocity employed
to determine the C¥ efficiency was calculated from an equili-
brium thermochemistry computer program. Performance for the
first three tests was quite low, indicating problems with the
gas generator injector. The gas generator was disassembled
and the problem was found to be the fuel swirler in the in-
Jector pintle. The initial design of the fuel injection system
had a single port with a twisted ribbén of stainless steel in
the iﬁJector pintle. This swirler was press fit in place before
installation. During the first three tests, the swirler
worked loose and had actually moved sbout one-helf inch away
from the port exit. Prior to reassembling the gas generator, the
swirler was again wedged in place and & retaining washer added
to ensure the swirler would remain in place.

Performance for the latter five experiments, shown in
é : Table 5, was quite go;d, approaching 100 percent C¥ efficiency

in all cases., The fact that some of the values reported are

T o

greater than 100 percent C¥* efficiency may be due to (1) an
error in the theoretical C* calculation, (2) discrepancies in
the flow rate messurements, and/or (3) an error in the chamber

pressure reading. Since the primary purpose of these experiments

RO R u o e o et
.

vas to balance the propellant flow system employing the 50/50

; 3 fuel blend, a detailed analysis of the performance discrepancies

was not undertaken. Zowever, every attempt was made to keep




RBn No.

TiEE 6

CaS GEEFRAT(R ELFERDLNTS (b)

Propellants: lzo'/lzl/\ 2

1t

1!

1 10N

-
1

W

)

~

10 11 12 13 pre 15 16 17 18 19 20 21 2 23
Tate  2/22/68 3/5/58 3/i9/68 3/26[68 3I/26/58 3/26/68 W/u/8 u/29/68 WNOJ68 WJ29/68 s/2/te  S[:2f68 s/[ee  S[/n[8  5/:3[=3
Ocicizer Systea
Tank pressure (psiz) 20 2050 2050 1930 1775 110 1600 1500 1450 1420 800 760 760 e70 ™
Flow rate (I1v/sec) 1.57 9.58 3.09 15.25 12,06 aQ.L5 10.82 8.50 - 8.8¢ 5.35- .57 3.55 6.69 3.5%
Puel System
Tank pressure (rsiz) 1905 1230 1480 1235 13.0 1350 1320 1.40 130 1300 785 79% ex 760 e.s
Flow rate (1b/sec) — — 3.57 2.30 2.1 -— 2.2 2.61 3.61 2.2, 1.73 1.82 1.95 1..2 z.C
Mtrogen Systenm
Line pressure (osiz) 15650 15640 1050 166 1670 1560 16560 1660 1630 1610 $85 $70 568 957 %7
[Afferential pressure 133.3 135.0 102,0 102.0 %0.0 1L7.0 112,5 7.5 120,0 104,3 64,5 55.5 1.0 5,0 5c.2
M rate ub/ne) ’o’s ,.” ’l’ ’0)7 z.“ ’o” ,o" ,025 ’-,2 ,.a 2.08 1.95 1086 1.99 1.21
Charder Conaitions
Chamter pressure (psia) 170 17 il 9% 1105 =5 I 1090 615 %2 625 630 620 g5 432
Flow rate (1o/sec) -_ —_ 9.9 20,92 17.13 — 16,49 1L.36 — 1o 9.16 8.49 7.36 1c.XC Te3$
C* (measurea) —_ — 5150 2670 3510 - 3320 4L2%0 — 2700 850 «13C 210 20 S
C* (theoretical) - - 4581 3>% L030 - 387 192 - 39%4 4320 w610 <52C 8 57
C* efficiency — — 1.12 0.7% C.872 - c.87 1.2 — c.933 c.89 C.9CS ) A C.*9 1.C47
Purpose - Balance System for Hydrezine and Optical Instrumentation Checkert -
kemarks Puel line Puel line Cxid, line Cxic. line Puel farec
rurtured ruptured resistances rurtured tank - 1
at ignition at ignition indicate on rreflire ran dry ccrrle
error in purge
Changed flow reading
fuel
pintle for
pext test

o

L6
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level of almost 200 psia to the fuel valve opening. Since the
nitrogen purge pressure to the fuzl line was less than 150 psia,
the purge system may not have been completely effective in elimi-
nating oxidizer blow back into the fuel line. A high pressure
nitrogen purge system was installed for the next run and this
eliminated any further fuel line mishaps.

The second fuel line explosion with hydrazine destroyéd the
swirler in the injector pintle. It was decided to redesign the
pintle and eliminate the swirler in light of earlier problems.
The new design incorporated ten small drilled ports in the pintle
for fuel injection. This design is described in the previous
section (Description of Hardware). The remaining gas generator
experiments employed the multiport pintle design for the fuel
injection system.

An oxidizer line ruptured during Run No, 1k, The mishap
occurred during the prefire purge before any of the main ccntrol
valves had opened. A brief report was heard during the prefire
purge, but it appeared to come from the gas generator chasber.
However, when the main control valves opened, the chamber pres-
sure failed to rise as expected, causing an asutomatic shutdown.
Post fire inspection showed two of the four oxidizer inlet lines
and check valves had blown apart. These two lines has low spots
in them which were difficult to purge completely. New lines
were added with the low spots eliminated to permit a complete

flushing of the oxidizer inlet lines. No further propellant

“ITRTRET & S




line problems were encountered in the experiments.

The gas generator experiments up to and including Run No, 18
were operated at a chamber pressure of approximately 1000 psia.
This corresponds to the design condition for the combustion
efficiency experiments to be conducted in the follow-on program.
A sufficient nunber of experiments were conducted to assure that
the gas generator could be operated under design conditions and
at a high performance level. Runs 16 and 18, shown in Table 6,
correspond closely to the design operating condition. The aver-
age ﬁrfomnce in these two experiments was sufficiently high
to proceed to the next program objective.

The chanmber pressure for the gas generator in the ignition
lag experiments is 600 psia., This pressure level permits the
gas generator exhaust prbducts to expand to a@ient pressure at
the exit of the parallel flow nozzle. Runs 19 through 23 were
conducted to balance the propellant flows and demonstrate com=
bustor performance at the pressure level of the ignition lag
experiments. After the first three runs in this series (19
through 21), the performance potential had been established and
it was decided to attempt to extend the firing duration of the
gas generator. Prior to Run 22, the firing durations were
limited to approximately one second of steady-state operation.
This was sufficient to obtain the necessary performance data.
However, the optical system traversal mechanism requires about

five seconds of steady-state operation for one complete
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traversal of the exhaust stream. Therefore, a decision was made
to progressively extend the firing durations for the next few
experiments.

In Run No, 22, the steady-state firing duration was extended
to three seconds. Then with Run No. 23, an attempt was made to
extend the firing duration to six seconds. The firing was manually
shut down in four seconds when problems were observed on the monitor
from the remote TV camera. Postfire inspection revealed that the
nozzle, chamber, and turbulence ring had sustained extensive
da.ma.ge. The damage consisted of severe burning and/or erosion of
the hot-side walls, particularly in the nozzle throat region. These
components had to be replaced prior to the next series of experi-
ments. Two factors most likely contributed to this ' mishap. The
first problem was that the gas generator operated off mixture ratio.
The oxidizer-to-fuel ratio was much closer to stoichiometric than
at design conditions resulting in a higher combustion temperature
than anticipated. The uncooled hardware was designed to operate
for approximately ten seconds at 2200°K chamber temperature. At
the conditions encountered in Run 23, the chamber temperature was
estimated to be sbout 230°K hotter than design conditions. Thus,
the off-mixture ratio condition was certainly a factor contribu-
ting to the hardware damage. The other possible problem area
that may have contributed to the mishap is related to the nozzle
hardware. . In one of the early gas zono:éator tests, the nozzle

throat started to ;rodo. The eroded area was machined out with

. -
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& lathe and an insert fabricated to match the throat contour. The
insert was coated with zirconium oxide and potted in place with a
high temperature sealant. This insert had sustained several firings
prior to Run 23. Postfire evidence indicates the hot gas worked
its way behind the nozzle insert, thus causing rapid destruction
of the nozzle hardwere. The combined effects of these two factors
was probably sufficient to cause the failure in this experiment.
During the time required to fabricate new gas generator hardware,
the hydrogen system was installed and preparations made for the
supersbnic combustion experiments to follow,

Seversl attempts were made to check out the optical system
in the gas generator experiments. The thought behind the system
checkout was that the relatively uniform temperature of the gas
generator exhaust stream could be employed to establish the in-
strument precision of the optical pyrometer. Then using an
optical system traversal of the exhaust stream to obtain a
radiancy profile, a check could be made on the accuracy of the
integral inversion technique for finding the temperature profile.
These experiments met with limited success because the static
temperature (v~ 1000°K) at the nozzle exit was too low to pro—
duce a usable signal with the instrumentation availsble.

The optical l;rstem employs & modified sodium line revere-
sal technique to measure the gas temperature. Thermochemical
ca.lcnla.t:l.éu indicate the exhaust gas temperature of the gas

generator is 1015°K. Under these conditions the dissociation
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of sodium hydroxide is very small, but there still should be #
measurable emission and adsorption in this range. During the
majority of the experiments, the emission detected was obscured
by the noise level of the recording instruments. The signal~to-
noise ratio was continually improved as the experiments progressed
and sufficient data was recorded in Run 22 for a temperature
calculation. The calculated temperature from the radiation
measurements was 1180°K (see Ref. 24 for details). This tempera~
ture was somewhat higher than predicted by equilibrium thermo-
chemic;l calculations. The error was traced tc an instability

in the lamp power supply. At the current setting employed in
this experiment, the lamp brightness temperature fluctuated as
much as 190K, based on observations made after the firing. This
can be corrected by increasing the power to the comparison lamp
until it reaches a stable operating level and then using filters
to reduce the brightness temperature.

In summary, the optical system was used with limited suc-
cess to measure the static temperature of the gas generator ex—
haust stream. The experiments proved the pyrometer could operate
in the test environment and produce a usable signal at low gas

radiancies.

Supersonic Combustion Experiments

The supersonic combustion experiments were directed toward

determining the effect of vitiated air on the ignition lag times
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when burning hydrogen. Mixing and subsequent combustion of the hydro-
~gen took place with the gases flowing as a free-jet without any confin-
ing walls, The static pressure for both stfeams at the injection
station was 14.7 psia in an attempt to minimize shock interactions in
the exhaust gases due to the surrounding atmospheric conditions. By
permitting the gases to mix and burn in an unconfined exhaust stream,
the flame front could be visually observed and recorded photographically..
A solid wall in the vicinity of the flame front can often have a cat-
alytic effect of the ignition process. This effect of the wall would
be a function of scale size of the experimental equipment. The 349
sence of a confining duct should permit the experimentally determined
flame front to be a function of the true chemical kinetics of the re-
acting system of gases. There is a possibility of induction of ambient
air into the'mixing region of the hydrogen and vitiated air which would
reduce the effective temperature of the mixture (longer delay time).
The magnitude of this effect will be established by two experiments:
(a) the oxygen in the vitiated air will be eliminated and (b) partial
confinement of the ignition region with a plexiglas duct.

The vitiated air enters the supersonic test section at Mach 2.9
with a static temperature of 1000°K and a static pressure of 14.7 psia.
The hydrogen stream is heated to 840°K in a stored energy heater, which
burns propane to heat a large stainless steel coil. Injection condi-
tions for the hydrogen are Mach 1.0 with a static temperature of 700°%k
and a static pressure of 14.7 psia. The relative velcoity ratic for
the two streams at injection conditions was 1.08 (hydrogen/vitiated air).

These experiments had relatively large difference in static temp-
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eratures for the hydrogen (700°K) and vitiated air system (1000°K)
at test section conditions. The relative temperature difference for
these two streams makes it difficult to est;blish a mean temperature
of the gases prior to ignition. Injection of both streams at essen-
tially the same temperature would eliminate this problem. If the
hydrogen system was designed for a static temperature at injection
equivalent to the vitiated air temperature, the heater would have to
be designed to operate at 1200°K. The 840°K limit on the total
temperature for the hydrogen was selected as a compromise to allow
the use of relatively inexpensive materials in the construction of
the hydrogen heater ard the downstream hardware.

Operation of the full supersonic combustion experiments was

considerably more. complex than the gas generator alone. Safety is
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a primary concern when handling hydrogen. Precautions had to be taken

to assure the gas generator products did not enter the hydrogen

‘manifold at any time. A nitrogen purge system was employed to keep

the hydrogen lines, heater, and manifold full of inert gas when the
main hydrogen valve was shut off. This was accomplished by operating
the main fuel valve for the hydrogen and the nitrogen purge valve
off of the same pilot valve. Then when the main hydrogen valve is
in the off-position, the nitrogen purge valve is open and when the
hydrogen valve opens, the nitrogen purge valve closes. A separate
valve located further upstream in the nitrogen purge line provides
shut-off capability when the purge is not required.

Proper valve timing was essential for the supersonic combus-

tion experiments. The main control valve for the hydrogen
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system is a Jamesbury ball velve which is pneumatically actuated.
This valve opens relatively slowly and is the last valve to open in
the start sequence. The hydrogen valve is signaled to open by a
pressure switch which indicates the gas generator has reached a
satisfactory operating pressure level. Opening time for the main
hydrogen valve is approximately one second., The time required to
fill the heater, lines and manifold is also about one. second, so
that two seconds of steady state gas generator operation are neces-
sary before the hydrogen reaches the supersonic test section. Thus
for two seconds of steady-state operation of the supersonic come=
bustor, the gas generator must be operated for at least four
seconds. Previous experience with the uncooled gas generator had
indicated that the structural capability of the hardware was margie
nal for four seconds of firing duration. If the coating matéria.l
in the nozzle throat is adequately bonded to the steel wall, a
firing duration of four seconds is not at all unreasonable.
There was approximately three months delay between the gas

e generator and the supersonic combustor experimente., This time was
used to complete the installation and checkout of the hydrogen
system and to refurbish the gas generator hardware. The delay

between experiments, plus the fact that the gas generator had been

completely disassembled, made it necessary to operate the gas
generator alone prior to full supersonic combustion runs.
Several checkout runs were made with Just the gas generator opera~

ting. One or two runs would normally have been sufficient, but
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& pressure switch caused several malfunction shutdowns and a
solution to the problem was not readily epparent. It was finally
resolved that the normally closed contacts of the pressure switch,
which shuts down the gas generator when the chamber pressure is
too high, were being opened by the test stand vibration during
the start transient. The pressure switch was then isclated from
the test stand vibrations and no further problems of this nature
were experienced.

The nozzle was inspected after the gas generator checkout
tests'. There were several areas in the throat region where the
coating had spalled away. A decision was made to proceed with
the supersonic combustion experiments in spite of the obvious
risk, In the first supersonic combustion experiment, the gas
generator nozzle. started to erode after a little more than
three seconds of steady-state operation., The firing was shut-
down normally by the sequencer after four seconds duration., Poste
fire inspection revealed the gas generator nozzle has sustained
severe erosion in the throat region. This brevanted immediate
resumption of the supersonic combustion experiments. However,
there was sufficient worthwhile information obtained during the

iﬁiti&l portion of the first experiment to draw some qualitative

‘conclusim as to the effect of vitiation on supersonic combus-

tion.
Because of the damage to the hardware in the first full

supersonic combustion firing, it was decided to end this phase
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of the program. A new nozzle had to be fabricated prior to the next
firing. The revised program plans called for a redesign of the uncool-
ed gas generator hardware and conducting tﬁis phase of the effort in
the follow-on program. The new hardware will be fabricated out of
copper with a heat sink design. This should provide sufficient wall
cooling to allow longer firing durations.

In the one experimental firing that was conducted in this program,
photographs were taken of the flame front location with supersonic
burning. The photographs were obtained with a 16 mm motion picture
camera using colored film. These pictures and the chamber pressure
data indicated that the gas generator nozzle remained intact for about
three seconds. During this time, the hydrogen system was in steady- .
state operation for about one second. A review of the motion picture
frames taken during this operating period showed the hydrogen flame
front had stabilized at about five inches downstream of the injector.
An enlarged print of one of these frames is presented in Figure 30.

In this figure the vitiated air stream and hydrogen are flowing from
left-to-right. The hydrogen stream surrounds the primary flow in a
symmetric pattern. The lower half of the flow is obscured by a part
of the test stand so that the flame front can only be seen in the
upper half of the photograph. The flame front is indicated by the
spreading of the white portion of the photograph which is an indication
of flame. A line is drawn on Figure 30 to indicate the beginning of
the flame front in relation to the nozzle exit. The distaqce from the
injection station to the flame front is approximately five inches.

Thus the oxperinehtal ignition lag length for this experiment was five




102

(a) PRIOR TO HYDROGEN FLOW

NOZZLE
EXIT

(b) WITH HYDROGEN FLOW

INJECTION
STATION

FIGURE 30 COMBUSTION OF HYDROGEN IN VITIATED AIR
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inches, which corresponds to a delay time of almost 70 microseconds.
This information constitutes the major results of the experimental
supersonic combustion program. The follow-on effort will first extend

the ignition lag results and then investigate the effect of vitiation

of overall combustion efficiency.
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DISCUSSION OF ANALYTICAL AND EXPERIMENTAL RESULTS

The ignition time for a reacting gas mixture is primarily
determined by the number of free radicals present. At no time dur-
ing the ignition and subsequent combustion process does the free-
radical content become a large fraction of the total gas mixture.
In the region of relatively long ignition delays, the ignition
process. can be accelerated significantly by small amounts of free
radicals. An extensive analysis was undertaken to determine the
effect of vitiation on the ignition delay characteristics of hydro-
gen. The analysis showed that the nonmequilibrium free~radical con=-
tent of the vitiated air system as it enters the supersonic com-
bustor would result in very short ignition delay times. This effect
is not entirely a function of the vitiated air composition but
was shown to be related to the expansion process by which the gas
is accelerated to test section conditions. In that sense, r_ea.l
air exhibits the similar effect on the ignition delay characterie
stics with hydrogen when the air is expanded to the supersonic
test section Mach number from & high temperature source.

The results of the analytical program included a calculated
ignition lag length of 1.5 inches for the vitiated air e:peri_menta.
This cn.lcuhtion of the ignition delay assumes the hydrogen and

vitiated air were instantaneocusly mixed at a constant temperature
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of 1000°K and at an equivalence ratic of one. It also assumes
nonequilibrium gas compositions for beth streams prior to mixe
ing. When equilibrium compositions were employed in these
calculations, the ignition lag length was computed to be 1ll.5
inches, Therefore should the experirentally observed lag length
be significantly less than l1ll.5 inches, the effects of the non-
equilibrium inlet conditions will have been demonstrated.

In the experimental program, the hydrogen was heated to
830°K prior to injection and mixing with the vitiated air.
Vitiafed air conditions at the supersonic combustor inlet were a
static tempersture of 1000°K and & Mach number of 2.9. The two

streams were introduced at a constant pressure of one atmo-

. sphere and permitted to mix as an unconfined flow system. The

ignition lag length was determined visually from photographs of
the exhaust flow. These pictures showed the hydrogen ignition
took place approximately five inches downstream of the injection
station., The measured lag length was reasonably close to that
- predicted by the analytical program assuming nonequilibrium inlet
‘conditions to the combustor. This relative comparison of analyt-
ical and experimental results would seem to confirm the effects
of nonequilibrium free-radical content on the ignition delsy with
supersonic combustion.

An additionel analysis was undertaken to show even better
agreement between the experimental and analytical program results.
In the experimental program, the hydrogen and vitiated air entered




106

the supersonic combustor at different temperatures., This further
complicates the analysis of the delay time, since a mean tempera~
ture for the reacting mixture must be defined before calculating
the ignition lag. Mixing takes place continually as the two
streams move downstream from the injection station., A combined
mixing and reaction kinetics analysis is teyond the scope of the
present program. However, by oxnploying the gross oversimplifica~
 tion that the mean temperature is defined by average heat content
of the combined streams, the ignitfion delsy can be calculated
with the SIL program. The initial heat content prior to mixing
was determined using the actual static temperatures for the non-
equilibrium inlet conditions. An equivalence ratio of one was
employed for these calculations. The average temperature for the
mixture was 9%0°K and the calculated lag length wes 3.2 inches, |
This result does show better agreement with the experimental
value of 5 inches than the previous analytical calculations. This
comparison would seem to indicate that the effect of different
static temperatures for the hydrogen and vitiated air streams

should be accounted for in the analysis.
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CONCLUSION

In the low temperature supersonic combdstion regime, where the
chemical reaction rates are slow, the use of vitiated air to simulate
combustion phenomena for a SCRAMJET system will lead to erroneous
results if the air entering the SCRAMJET combustor is near equilibrium
conditions. When the vitiated air is expanded to the inlet conditions
of the supersonic combustor, the nonequilibrium free-radical content
of the incoming stream accelerates the reaction process. This causes
ignition to occur much sooner than would be expected if the air
entering the combustor of a free-flight SCRAMJET system were near
equilibrium as far as free radical concentrations are concerned.

While the vitiated air employed in this program was produced synthe-
tically in a liquid rocket engine, similar effects would occur with

any type vitiated air system. In fact real air, which is heated and
subsequently expanded to the inlet condition of a supersonic combustor,
will also undergo early ignition as compared to the equilibrium situa-
tion. Therefore direct ground simulation of supersonic combustion in
the regime where reaction times are rate-controlling is difficult
without a knowledge of the equilibrium conditions leaving the diffuse.//
and may be impossible to achieve experimentally.

It must be pointed out that these conclusions only apply in the
low temperature supersonic regime. Some SCRAMJET systems, which are
designed to operate in the low Mach number regime, are designed with

pilot flames or an hypergolic ignition source. The application of
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vitiated air to simulate the supersonic combustion characteristics
for these systems may not be a problem. Then in the higher tempera-
ture region, corresponding to high flight Mach numbers, mixing is

rate-controlling and here it may be possible to employ vitiated air

for ground simulation.
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"APPENDIX A

FACILITY DESCRIPTION

The experimental research program discussed herein wvas
conducted in the Combustion Research Laboratory at the Jet Pro-
pulsion Center_ of Purdue University. This facility was designed
for .the-purpose of investigating problems related to storable
liquid rocket systems, The storable propellant capability made
this facility readily adaptable to the requirements of the
present progran.

The Combustion Research Laboratory also has an extensive
control room for remote operation of combustion experiments.

The control room contains instruments for data recording (i.e.,
strip charts, oscillograph, and a 60 channel magnetic tape unit)
and a flow system control panel with an automatic sequencer for
the main propellant valves., A photograph of the main control
panel is presented in Figure A-l., Any pneumatically operated
valve in the facility can be operated off the main contrecl
panel. The sequencing unit is sct-up to automatically open
each valve at the proper time and to check for operating mal-
functions.  Since the comntrol room services two test cells and

four separate experiments, the instrumentation hed to be shared.
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Each researcher was provided with a prewired instrumentation
patch panel to provide rapid change over between different ex-
periments.

The hydrogen heater was an addition made to the Combuse
tion Research Facility specifically for this program. A sepa~
rate control panel was also added for operating the hydrogen
heater. A photograph showing the hydrogen control panel is
presented as Figure A-2. The hydrogen heater is operated
separately from the main flow control system. The heater is
1nitiélly brought up to operating temperature prior to starting
- preparations for firing the gas generator. Flow of propane
to the burners is controlled manually at the control panel.
Two temperature controllers are provided for operating the
hydrogen heater., One monitors tube wall temperature and the
other the exhaust gas stack temperature., If either of these
controls' reaches & preset limit, the hydrogen heater is auto-
matically shut down.

The propellant system in use at the Corbustion Research
Laboratory at the time of these experiments were nitrogen
tetroxide and a 50/50 blend of hydrazine and unsymmetrical
dimethylhydrazine. Since nitrogen tetroxide was employed in
the present program, the existing oxidizer system was directly
connected to the gas generator. A separate propellant supply
system was added to handle the hydrazine fuel to avoid inter-

ference with other programs., High pressure nitrogen was

114
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HYDROGEN EXHAUST
TEMPERATURE CONTROLLER

MANUAL -AUTOMATIC
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available at the test cell. Piping, valves and a regulator

were added to provide the nitrogen diluent supply system. The
hydrogen system was & new addition to this facility sc that a
complete system had to be installed for these experiments, A
flow schematic of the propellant supply system for the supersonic
combustion experiments is presented as Figure A-3. The dotted
lines on this figure represent the facility fuel supply system

which was not anploynd in this program.
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