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ABSTRACT

Theoretical analyses made recently have shown the advantages of
supersonic combustion for a hypersonic ramjet.. The present work
deals with experimental investigatioes of shock-induced H 2 -air combus-

tion in the constant pressure region aft of an oblique shock and with
kinetic calculations for the H 2 -air reaction. Quenched gaseous com-

ponents for the early parts of the chemical reaction were analyzed to
determine hydrogen molecule reaction rate, and a comparison was made,
of the experimental H 2 reaction rate with the current chemical kinetic
:computations. Agreement with one kinetic calculation for the H 2 -air

reaction at constant pressure was within the experimental error, indi-
cating the possible use of kinetics to predict hypersonic ramjet combus-

tion performance when shock-induced combustion. is used. The concept
of shock-induced combustion is defined, and compared with the usual
conditions where detonations are Observed, and it is concluded th-at
detonations are a special case of shock-induced combustion.
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NOMENCLATURE

a Velocity of sound

a 2  Test zone fuel excess over E. R. = 1. 0

Cp Specific heat at constant pressure

Cp Specific heat at constant pressure neglecting vibrational energy

Eveb Vibrational energy for a diatomic molecule

Fuel ConcentrationE. R. Equivalence Ratio = Cct i

Stoichiometric Fuel Concentration

g Dimensional constant, 32.2 ft-lbf,/lbm-sec 2

(H 2 ) Volume percent of H 2 in dry gas

M Mach number

(02) Volume percent of 02 in dry gas

p Static pressure

R Universal gas constant

t Relaxation time

To Static temperature at reaction time = 0

V Stream velocity

W Mass

X Mole fraction of a component

X1, o Mole fraction of component 1 at time = 0

x; y Coordinates for probe location

Yl Preheater equivalence ratio

Y2 Test zone fuel equivalence ratio

a Wedge shock angle

y Specific heat ratio

6 Wedge angle

E Hydrogen molecule percent reacted

4: Overall H2 reaction "efficiency"

0 Characteristic temperature for vibration hv/k where

h = Boltzmann constant
k = Planck constant

v = Frequency of vibration

ix
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Reaction time

SUBSCRIPTS

o Condition at time 0, or reaction starting time

1, 2 Condition 1, 2, etc.

a Air

f Fuel

-i Each component of the test gas mixture

j Each component of the preheater gas

p At constant pressure

ph Preheater

t Stagnation condition

tf Test fuel

x
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1.0 INTRODUCTION

Interest in hypersonic ramjets flying at altitudes higher than
200, 000 ft has been such that many calculations have been made and

designs proposed to convert this idea to reality (Refs. 1-6,). However,
a big stumbling block in achieving this reality has been the lack of ex-

perimental data on combustion in supersonic flow. The advantages of
supersonic combustion for a hypersonic air breathing engine are well

known, such as, low static temperature in the engine, reduction of
dissociation and recombinationt problems as the gases expand in the

engine exhaust, and reduced diffuser losses.

At present, experimental supersonic combustion is being investi-
gated from two points of view: one, from the standpoint of injecting

gaseous fuel into a supersonic flow where the air and fuel are at a

reacting temperature (diffusional burning), and second, by employing

shock waves to increase premixed fuel and' air temperature to a point

where chemical reaction will start (shock-induced combustion).

Shock-induced combustion differs from "detonation"' waves in that
"the chemical reaction behind the shock does not necessarily affect the

shock. The usual concept of detonations is exemplified by those ob-

served in constant area tubes, where the steady state condition is

known as the Chapman-Jouget detonation. Shock-induced combustion

implies that the fuel and air mixture is heated to a reacting tempera-
ture by shock compression, and thus applies to all conditions of shock

followed by chemical heat release. The chemical reaction could proceed
for conditions where constant static pressure, are~a, Mach number, or

static temperature were maintained. Therefore, the constant area

detonation observed in tubes is a special case of shock-induced combustion.

Previous work performed in the Rocket Test Facility (RTF), Arnold;
Engineering Development Center (AEDC), Air Force Systems Command
(AFSC), consisted of studies of the chemical and aerodynamics effects in
the region downstream of a normal shock formed by the intersection of

two oblique shocks (Ref. 7 and Fig. la). The present work has been pri-
marily concerned with chemical reactions at constant static pressure as

they occur when combustible mixtures are passed through oblique shock

waves (Fig. ib) and with a comparison of the experimental results with

available kinetic calculations.

Manuscript received April 1963.
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Thus, shock-heating was used as- a mechanism for achieving reac-
tion temperature of a fuel-air mixture, and the kinetics were then
assumed to proceed in the various stream tubes as the mixture pro-
ceeded on its way.

A possible application of this effort would be to determine if these
kinetics can be used to predict performance in a hypersonic ramjet using
shock-induced combustion. Preliminary work has included a model using
two oblique shocks with a constant area reaction zone as shown in Fig. Ic.
This model was used to measure pressure rise as an indicator- of tempera-
ture increase.

Because of the recent interest in supersonic combustion of hydrogen
and, air, several investigators have been concerned with the chemical
kinetics of this particular reaction. Among them are Libby, Pergament,
and Bloom (Ref. 8); Fowler (Ref. 9); and Momtchiloff, Taback, and
Buswell (Ref. 10). The kinetic models of the calculations made by Libby,
et al, and Momtchiloff, et al, assume that separate streams of hydrogen
and air at a reacting temperature are suddenly mixed and start to react.
This is very nearly what happens experimentally when pre-mixed fuel and
air is suddenly raised to a reacting temperature upon passing through a
shock wave. Since this similarity exists between experiment and kinetic
models, it was found that their differences could be reconciled so that
kinetic theory could be correlated with the experimental results.

The experimental program was limited to a determination of hydrogen
molecule reaction only, so that the comparisons of experiment with kinetic
calculation are also limited to that of the hydrogen reaction rate. Figure 2
is a combination spark schlieren and emission photograph of the experi-
ment showing the oblique shock wave followed by emission in the reacting
gas.

2.0 EXPERIMENTAL PROGRAM

2.1 TUNNEL

The experiments were carried out in a- water-cooled, Mach number 3
tunnel, which has been fully described in a previous report (Ref. 7). Air
was preheated to 15000 R, with an indirect fired heat exchanger and further
heated to a maximum of 38000 R with a hydrogen burning preheater, in
which a portion of the oxygen was consumed (Fig.. 3). The vitiated air
entered the tunnel throat, expanded into the supersonic section, mixed
with injected fuel, and then passed through an oblique shock wave formed

2
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by a 2,8-decg wedge. Fuel was injected from the trailing edge of a thin,
12-degdouble wedge strut (Figs. 3 and 4). Static pressures.were

measu-red on the Wedge surface, and stream pressures were measured
from a total pressure .probe. Figure 5 shows the 28-deg wedge andprobe;.

2.2 GAS SAMPLING

The total pressure probe was also used for gas sampling. Gas
entered a small orifice, was cooled by sudden expansion to 1/6 of its
original pressure, and then further cooled by contact with thecooled
walls (Fig. 6). An analysis of the quenching process indicates that the
gas will pass through the ,space between the normal shock and the probe
tip in less than one microsecond. The combination of sudden expansion
and wall cooling should render the gas substantially quenched in an addi-
tional one to three microseconds. Experiment does not refute this
analysis because, if quenching had not occurred, zero or partial reaction
completion would not have been measurable.

2.3 GAS ANALYSIS

The gas sample was dried and then analyzed in a continuous flow sys-
tem for oxygen, by means of a magnetic susceptibility analyzer, and for
hydrogen, with a thermal conductivity analyzer. Accuracy of analysis
was ±1/2 percent of total gas volume. The net, effect of this variation on
the final calculation of hydrogen molecule consumption if ±9 percent, where
100 percent represents all of the hydrogen reacted (Ref. 7).

2.4: CALCULATION OF REACTION TIME

Reaction time was calculated by measuring the distance from the
oblique shock wave to the probe and calculating velocity in the region down-
stream of the oblique shock; thus, time was determined from the shock to
the probe. Distance was measured directly from schlieren photographs
(assuming that the flow was parallel to the wedge surface). Velocity was
calculated from the Mach number and the speed of sound in the region aft of
the oblique shock. Mach number and the speed of sound were determined
from ,gas composition, temperature, and pressure.

3.0 RESULTS AND DISCUSSION

3.1 APPLICATION OF A KINETIC MODEL TO THE EXPERIMENT

If it is assumed that the shock does act as a short duration compressor

and if the gas temperature. is increased, by this compression to the point

3
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where chemical reactions are imminent, the region downstream of the
shock may then be considered as a group of one-dimensional stream tubes
in which the chemistry is proceeding. With steady flow aerodynamic condi-
tions, such as constant pressure, the chemical reactions may then be fol-

lowed as a function of distance traveled, 'or time elapsed. The chemical
kinetics can then be evaluated independently of the flow.

The conversion of hydrogen molecule to H20, OH, and H is one of
the first reactions in the kinetics of H2 and air (Refs. 8, 9, 10), but
appreciable temperature rise is not present for some time in the pro-
gression of the kinetic itinerary (Fig. 7). The process of the H2-air
reaction has been suggested by Schott and Kinsey (Ref. 11) and Duff

(Ref. 12) to depend on the rates of the following reactions:

H, + OH = H20 + H (1)

H2 + 0 = OH + H (2)

02 + H = OH + 0 (3)

0 + H20 = 20H (4)

H20 + M = H + O'H + M (5)'

H2 -+ M = 2H + M (6)

OH + M = 0 + H + M (7)

02 + M = 20 + M (8)

where M is any third body.

Several investigators have arrived at calculation procedures for
analyzing the reaction kinetic processes of the H 2 -air reaction using
kinetic rate constants which are currently accepted. Among them are
Libby (Ref. 8), who developed the calculation for a constant pressure
process; Fowler (Ref. 9), for a constant density process; and Momtchiloff
(Ref. 10), for a constant area process.

Libby's model for a constant pressure process fits our experimental
conditions most nearly because the region downstream of an oblique shock

is experimentally one of constant static pressure for small quantities of
heat release. However, there are significant differences which must be
accounted for in order to make a valid comparison. Libby's model assumes
that two flowing streams of hydrogen and air, both in chemical equilibrium
at a pre-set temperature, are instantaneously mixed and proceed to react.

In the experiment, fuel is injected into preheated vitiated air, which flows
it a static temperature less than ignition temperature, and the mixture is
then passed through a shock wave Where the temperature is suddenly

4
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raised to a, value higher than necessary for chemical reactions to occur
(Fig. 8).

The conditions which must be known to allow a comparison between.
Libby's kinetics and the shock-induced combustion experiment are:

1. The free radical content of the tunnel gas at the shock wave,

2. The degree of agreement between experimental pre-mixed shock-
induced heating and the theoretical preheated, then mixed,
chemical reaction,

3. The amount and duration of translational and rotational tempera-
ture "overshoot, " and

4. The justification for the assumption of once-dimensional flow with
kinetic reaction.

These conditions are discussed as follows:

3.1.1 Effect of Free Radicals

Free radical concentrations were calculated for the experiment by
assuming gas composition and temperature at the preheater discharge at
equilibrium, equilibrium flow to the throat, and frozen flow from the
tunnel throat to the test section. The free radical concentrations were
used as input data in the computer program developed by Libby, et al.

3.1.2 Effect of Pre-Mixed Shock Heating vs Mixing of Pre-Heated Gas

It is assumed that mixed fuel and air, suddenly heated, reacts the
same as heated, un-mixed fuel and air, which are suddenly, mixed. The
mixed fuel and air, suddenly heated, is an experimentally realizable con-
dition, whereas the theoretically suddenly mixed reacting mixture is not.

3.1.3 Shock Wave Translational and Rotational Temperature Overshoot

The static temperature overshoot caused by vibrational non-equilibrium
downstream of the shock wave and the vibrational relaxation time were cal-
culated for a typical test condition in order to evaluate this effect on the
chemistry downstream of the shock.

Vibrational relaxation time is an exponential function (Ref. 13) and is
defined as the time when the temperature reaches (1 - l/e) of the difference
between the initial and equilibrium value. For temperatures of 4000°R or
less in air, the vibrational relaxation time of the oxygen molecule is pre-
dominant. A typical value for test conditions at 0. 35 atm pressure is about
45 microseconds.
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Translational and rotational temperature overshoot in a shock wave

caused by non-equilibrium of vibrational energy was; calculated from the
following relationship (Ref. 14):

Evib = RT O/T (9)
exp (6/T) - 1

where 0 = characteristic temperature for vibration = hv/k.

For oxygen, e = 40001R. For nitrogen, 0 is 60000 R, but for mix-
tures at the lower temperatures, the gas behaves as if the effect of
nitrogen is negligible. In order to ascertain the quantity of energy in the
gas from vibrational non- equilibrium that will be transferred to the
translational and rotational modes, the difference between the two vibra-
tional energy levels before and after the shock may be expressed:

(C= O/T, -. T, O/T, (10)

Evib2  Eib1 =R [T exp (O/T,) 1 exp (-IT,)

Also, where C' = 7/2 R for the case where vibrational energy is neglected:p
dEvib = Cvib dTvib = -C;" dT (11)

Therefore, the temperature overshoot (AT) may be written:

AT = - Evib. (12)
Cp

If it is assumed that the reaction rate in a gas not in thermal equili-
brium depends on the translational temperature (that is, the energy with
which the molecules collide), the cumulative effect of translational tem-
perature overshoot is to increase the rate of reaction for all the com-
ponents. The input to the reaction kinetics computer program can be
modified so that a step function is used to simulate the overshoot. Free
radical concentrations recalculated at the end of the step may then be
used as a starting point for a second computation and continued to the point
of complete reaction.

For a typical tunnel condition, the calculated temperature overshoot
is 1509R. Also, the relaxation time includes the major portion of the H 2
reaction. In Fig. 9 the typical condition in the tunnel for H 2 reaction is

compared with the effect of a step function temperature overshoot of

150°R. The step change is shown in the schematic diagram on the follow-
ing page.

6
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3.1.4 Assumption of One-Dimensional Flow

Since the assumption of one-dimensional flow greatly simplifies the
analysis of the experimental data, this question was examined further.
The kinetics are considered to occur in a one-dimensional stream tube.
Since the initial kinetic reactions are relatively insensitive to fuel con-
centration variations which may have been caused by turbulent mixing
(Refs. 7, 8, 10), the one-dimensional flow model with superimposed ki-
netic reactions may be used with a reasonable degree of confidence.

3.2 COMPARISON OF KINETIC MODELS

The three kinetic calculations of Libby at constant pressure, Fowler
at constant density, and Momtchiloff at constant area have been compared
for the early portion of the kinetic processes, since at this point, there is
little or no temperature rise: hence all three can be considered to be at
constant pressure momentarily (Fig. 10). It is found that,, for the H2 re-
action, the rates predicted by Fowler and Libby agree reasonably well,
whereas that of Momtchiloff is slower by nearly a factor of 10. Momtchiloff
used the kinetic rate constants from Bilay (Ref. 15), Duff (Ref. 12), and
other investigators; Fowler used kinetic rates from Schott and Kinsey
(Refs. 11 and 16) and Duff' (Ref. 12); and Libby employed the rates suggested
by Schott (Ref. 16).

7
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Figure 10 is a comparison of the three calculations for the initial
reactions of hydrogen molecule. The relatively small disagreement
between the Libby and Fowler calculations could be the result of dif-
ferent assumptions as to free radical concentrations at the start of the
reactions, and partly in the use of somewhat different kinetic rate con-
stants. The nearly order-of-magnitude difference of the Momtchiloff
curve is probably the result of using different kinetic rate constants.

The model assumed by Libby has been discussed. That of Momt-
chiloff is similar, consisting of two streams flowing at a fixed tempera-
ture, suddenly mixed, and then reacting at ,constant area. Fowler's
constant density model assumes pre-mixed gaseous hydrogen and air.

3.3 EFFECT OF VARIATION IN FREE RADICAL CONCENTRATION

To determine the effect of inexact evaluation of the free radical con-
centrations entering the reaction, the computer program was re-run with
varying, amounts of free radicals at the reaction starting time. Figures 11
through 13 show the effect of varying the total concentration of.radicals
from 0. 10 to 10 times that calculated for a typical tunnel condition.

It is interesting to note that a large change in initial free radical con-
centration entering the reaction makes very little change in the overall
reaction. For example, Figures 11 and 12 show that, in the region of
rapid reaction, a reduction by a factor of 10 in initial free radicals slows
the H2 and H reaction by about. 10 microseconds, and in the later part of
the reactions also by 10 microseconds. If the initial free radicals are in-
creased by a factor of 1D, H 2 and H reaction is. speeded up by 10 micro-
seconds at first, and somewhat m~ore as the reaction progresses. The
temperature history (Fig. 13) is similar, being shifted by a few percent in
time.

A second computer calculation was made using input data for a typical
tunnel condition but eliminating all the free radicals at the reaction, start-
ing point except one. The purpose of this computation was to compare the
relative effects of the initial OH, H, and 0 radicals on the reaction prog -

ress. Figures 14 through 16 show these effects as compared to the radical
concentrations for a typical tunnel condition and for the hypothetical case
where no radicals are present. It may be observed from the figures that
the OH radical is the most effective, as might be expected from the kinetic
relations, and also the one present in the greatest quantity. The initial
OH radical, when .present singly, has nearly the same effect on the reaction
rate as the sum, of OH, H, and 0 components.
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Complete elimination of initial radicals at, the reaction start creates
a lag of 80 to 90 microseconds in the rate at 'Which the free radicals
forrm'a'nd recombine. This lag, continues for the duration of the reaction
time that Was, calculated,, approximately 1000 microseconds.

This type analysis may make practical the use of high Mach number
wind tunnels for testing air breathing engines where part of the air heat-
ing is, by'-necess-ity, secured from burning, a portion of the, available
oxygen, and: the effect of the products entering the engine on its: perform-
ance must therefore be known.

3.41 FACTORS USED IN CORRELATING EXPERIMENTAL DATA WITH KINETICS

Since the experimental data were recorded at various inlet tempera-
tures and pressures, a means of adjusting the results to a common
reference level was needed. J. A. Nicholls's equation (Ref. 17) for
ignitioni delay time as modified by Libby (Ref. 8) contains initial tempera,-
turej, pressure, and :concentrations:

rd = 1exp 0 n + n + 7,41 (13)
6X ,o]p x 0To Xo To I .

Since the third bracketed term is roughly constant, the equation may
be written:

To exp 15,86

d 1 0 [ P To ] (14)

If it is assumed that the time (r) for the hydrogen molecule to reach
a specific concentration, in the initial portion of- the chemical reacition, is
the same function of the reaction initiating temperature and pressure as
defined by Nicholls's derivation of the "ignition delay" (rd) equation, then
the following equation may be written by taking a ratio at two conditions:-

r o [15,860 1.5,860

[ep [1 5.](15)2 T 02 PL1. To, To2

This equation is an approximation but was found to be useful in ad-
justing experimental data for comparison with the kinetic calculations at
a common starting temperature and pressure. It was used exclusively
for the early parts of the reaction before significant change in temperature
had occurred.

9
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Figure 17 is a plot of kinetic calculated reaction time for 50 per-
cent of the hydrogen molecule reacted compared to corrected values
using Eq. (15). The deviations of equation values from kinetic calcula-
tion values are small.

3.5 COMPARISON OF EXPERIMENTAL OBLIQUE SHOCK DATA WITH THE
KINETIC CALCULATION

After considering all of the foregoing implications of theory and
experiment, the data were adjusted to a common reference inlet tem-
perature and pressure; computer program results were obtained using
inlet conditions typical of the tunnel operating condition; and both were
plotted in Fig. 18. The kinetic calculation was for an equivalence ratio
0, 4 but it was found, as previously noted, that the reaction is relatively
insensitive to fuel concentration. In fact, it is apparent that fuel con-
centrations below the usually accepted combustible limit will react when
the initial temperature is higher than reaction temperature.

The data agree with the Libby and Fowler kinetics within the experi-
mental error and much closer than the agreement of all three kinetic
calculations with each other. Curve "A" was calculated with Libby's
method for no H radical recombination in the probe, and curve "B" repre-
sents the same calculation with complete recombination of H radicals after
entering the probe to form H2 only. The actual gas composition will likely
lie between these extremes.

3.6 RESULTS OF CONSTANT AREA DUCT EXPERIMENTS

Static pressure measurements were made in the two-dimensional
flow model (Fig. Ic) in an effort to detect temperature rise. From the
one-dimensional flow theory, Rayleigh line heating in a supersonic flow
should be approximated. The model was operated in a Mach number 3. 0
stream and the flow diffused down to Mach number 1. 5, at which point
static pressure was 0. 7 atmospheres. Some pressure rise was recorded
within the 45 microseconds residence time in the model, indicating heat
release. Further work is needed to explore the problems of shock-induced
combustion within the confines of a controlled area duct.

4.0 CONCLUSIONS

Some conclusions may be drawn from an analysis of the foregoing:

1. The chemical kinetics of shock-induced combustion at constant
static; pressure, as measured thus far for the H2 molecule reaction,,,
agree with the constant pressure. kinetic calculation method of Libby,
where the kinetic rate constants of Schott and Duff were used, withbibi
experimental error.

10
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2., Based on this agreement, it appears reasonable that the com-
plete chemistry, including heat release,, s hould be predictable.
Further work should 'be done to verify the. later chemical reac-
tions, in which heat release occurs.

&. Changing free radical concentration by a factor of '10 in the in-
coming gas, before the reaction starts,, afiýects the reaction time
,and temperature history by only a few pertent. This knowledge
is significant in that small changes in free radical, content from
combustion heating of the gas may be ignored.

4. The effect of free radicals from a combusti:oh-type preheater in
a supersonic tunnel on a chemical reaction in an air breathing
engine being tested should be predictable wt.th the available
kinetics, if hydrogen kinetics only are used,.

5. The experiments .have demonstrated that shock-induced reaction
can be experimentally produced. in a constaxnt pressure field. By
analyzing the flow conditions for detonation waves, it is found that,
the usual detonation wave observed occurs in, a constant, area
duct. Since shock-induced combustion can iheoretically occur for
constant area, static temperature, static pressure, or Mach
number, the constant area detonation may be regarded as a special
case of shock-induced combustion.

6. The experiments indicate that the standing oblique shock wave is
a means by which kinetics of chemical react.ions may be examined
with relatively inelaborate instrumentation.

It has been clearly demonstrated 'that 'the initiati~n of chemical reactions
can be controlled by means of shock waves. This knowledge, plus additional
information on the final stages of the reaction, 'should serve to promote the
development of a hypersonic ramjet. Potentially,, shock-induced combustion
employed in a hypersonic ramjet offers control. of the combustion processes
over a wide range of flight and diffuser Mach number's. Predictable kinetics
will also aid in designing optimum nozzle lengths and contours.

Since shock-induced, combustion pre-supposes the presence of fuel, the
fuel must be injected' at a point somewhere upstream .of the reaction zone-
It was not the. intention of this work to develop fuel injectors for hypersonic
ramjets, but the thin wedge used may serve as a basis for further study into
,this. problem. Fuel distribution from the wedge can be studied both experi-
ninmally and theoretically,, wedge pressure losses frc'm shocks can. be cal-
culat,ýd.. and, as suggested by' M. Roy (Ref. 3), the wedge could possibly be
inco,•rated as a part of the inlet diffuser of a hypersonic ramjet. Also,
the .rue, it:self acts as a coolant for the metal injector !•Jedge,

11/
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It is obvious that any complex reaction in aerothermochemistry can
be more easily predicted if broken down into physically separable pro-
cesses. Thus far, investigations at the AEDC indicate that this separa-
tion of injection, mixing, and combustion is feasible in supersonic flow.
Sufficient measurements have been obtained in the initial stages of the
H2-air reaction to compare favorably with calculations based on reaction
kinetics for similar conditions. On the basis of these initial results, it
should be possible to proceed toward a more realistic prediction of the
conditions necessary for heat release in shock-induced supersonic 'com-
bustion, for the H2 -air system, that will generate thrust in a hypersonic
air-breathing engine.
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APPENDIX I

CALCULATIONS BASED ON GAS ANALYSIS AND
PROBE LOCATION DATA

GAS ANALYSIS

Reference 7 details the following equation to describe the chemical
reaction in the preheater at 100 percent combustion efficiency, followed
by partial reaction in the region aft of the shock wave:

2(yý + Y2 + a2 )H2 + 02 + 3.77N2 [1 -(n + Y2)7 0, + 2 (yI + Y2 )tqH 20

+ 2(y, + Y2)( 1  
- ?)H 2 + 2a 2H2 + 3.77N2  (I-l)

Fuel-air ratio and temperature from the preheater were calculated
from gas samples in the tunnel test section, in which oxygen content was
determined from dried gas. Assuming no test fuel (Y2 and a2 = 0) and
complete combustion of preheater fuel, preheater equivalence ratio
may be derived from Equation (I-i):

1 4.77(02) (I-2)Yl = 1 -(02)

The H2-Enthalpy chart of Powell and Browne (Ref. 18) was used to
find temperature. It was assumed. that mixing of preheater gases With
unburned air diluted the combustion products and the temperature pro-
portional to the dilution.

With yl known, a second sample with test fuel injected into the
stream was analyzed for content of H 2 and 02, again on a dry basis. From

Equation (I- I), fuel concentration may be calculated:

(y1 + Y2 + a2 ) 1 - 4.77(02) + 0.88(H 2 ) (1-3)
1 -F(H 2 ) + (02)]

and percent of H 2 that has reacted:

77(y1  + y2) - Y1 (1-4)
Y2

Since fuel injected into the supersonic. stream was at a lower tempera-
ture than the stream, the fuel-air mixture temperature entering the shock
wave was calculated from a heat balance:

Ttl + Tf ( 'W f I. )
kCpaTts (Tt1 corrected = 1 __ +(4) C T ) (1-5)

(_ý CP.

Fuel temperature was estimated to be 12000R.
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CALCULATIONS OF REACTION TIME

From a measurement of shock angle (a) and wedge angle (6) from
schlieren photos and using (Ttl) corrected, an iteration procedure was
used which established Mach number, y, and static temperature T 6 aft
of the shock wave.

PROBE
TIP

-,• POSITIONNOZZLE/
THROAT)> ,/,/" /•,

FLOW a __ _.. __ /

SY 
WEDGE

' FUEL
I NJECTOR

Equations and tables for compressible flow were used from Refs. 19
and 20.

For the first estimated M 6 :

T,_ (I + Y, -1 M' 2 
'~(1-6)

Tt2 /

using an approximate Y6.

A revised T 6 and Y6 were then calculated. A. similar process was
used for M 5 , T 5 , and Y5, and an average Y5, 6 calculated from, Y5 + 26

2
This "5, 6 was used in calculating values associated with the oblique
shock, starting with M 5 , and calculating M 6 . Using the ratio,

Y6

(YY6( + Y 21 M -1 (7)ý

and the experimentally measured value of static pressure on the wedge

(P6), the total pressure (Pt 6 ) in' the region of the wedge surface can be
calculated.,

16
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To determine velocity of the gas from the shock wave aft, in the
region of constant pressure, the defining relationship of Mach. number
was used:

, 'v( (1-8)
a6

andr

V= M M6ai, M6 Y6 gRT,, (T-9)

Velocity was assumed constant in this region, since theoretically the
flow is at constant pressure and experimentally it is also at constant
pressure. The gas constant, R 6 , was calculated from gas composition
determinations (Fig. 13 of Ref. 7) for mean composition.

To determine the time from the shock wave to the probe position,
the flow was assumed to be one-dimensional, so that streamlines at a
distance y from the wedge surface at the point of entry into the oblique
shock would also be at y distance at the probe position downstream. The
distances, xI were measured from schlieren photographs, so that time
( = x'/V 6 .

The assumption of one-dimensional flow and negligible diffusion of
fuel is. not exact, but considered sufficiently accurate for the data.

Calculations correcting r for effects of temperature and pressure
are discussed in the text of this report.

17
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APPENDIX II

PROCEDURE FOR CALCULATING THE GAS FREE RADICAL
COMPOSITION AT THE SHOCK WAVE

ASSUMPTIONS

The partly vitiated air coming from the preheater will be referred
to as the preheater gas and the subscript (ph) will be used to identify
the properties of this gas. The mixture of preheater gas and hydrogen
will be: referred to as the gas mixture with subscript (tf+ ph) to identify
it.

The initial assumptions are:

1. The preheater gas composition is in equilibrium at the throat of
the nozzle and frozen from the nozzle downstream.

2. The static temperature of the preheater gas at the throat is
0. 875 times the total temperature of the preheater gas in the
test section. This number was based on an assumed Yph of
1. 34 and a. further temperature drop of 2 percent from mixing

in the nozzle.

3. Dilution of free radicals by mixing in the nozzle was neglected.

4. The static to total temperature ratio on the downstream side of
the shock was 0. 75 based on a Y = 1. 34 and an average value of
the measured shock strength.

5. The combustion products leaving the preheater were- in equilibrium,
*with all hydrogen fuel completely reacted.

6. The mass concentrations of the free radicals H, OH, and 0 were
insignificant compared to the mass concentrations of the stable
species H 2 0, 02, and N 2 in the preheater gas. Temperature
also was independent of the free radical concentrations.

7. No reactions occurred between the- wedge injected hydrogen and
the preheater gas between injection and entry into the shock wave.

CALCULATION PROCEDURE

1. For preheater equivalence ratios of 0. 2, 0, 4, and 0. 6, air inlet
temperatures of 15000 R, and H 2 'temperature of 600°R, (Tt)ph$
XH 2 0, and XN 2 were calculated, assuming no free radicals were
present.
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2. At a temperature of 0. 75 Tt and a pressure of 1. 35 atmospheres

(throat conditions), X 0 , XH, and XOH were calculated using
tabulated equilibrium constants from Penner (Ref.- 21), using
Assumption No. 6" so that each species was calculated separately
as a perturbation on the composition.

3. The composition of the preheater gas was plotted as a function of
(Tt)ph.

4. It was desired to operate the computer with input gas composition
at the gas mixture reaction zone static temperatures of 1111, 1389,
and 1667°K (2000, 2200, and 30000R). The preheater gas total
temperature necessary to produce these, mixture temperatures was
calculated as follows:

(T)ph + tf (Assumption No. 4) (II-!)
(Tt')ph + tf 0.75

From the total enthalpy balance:

(Tt)ph + tf Y (moles i) Cpi + Wtf (moles H,) (Cp:)H 2  (II-2•)
(Tt)ph = Y, (moles j) Cp .

Cp values were those used in Ref. 8. A value of (Tt) ph was ob,-

tained for each (T)ph+tf and test fuel equivalence ratio desired.

5. From the calculated (Tt)ph. the preheater gas composition was
obtained from the plot of composition vs (Tt)ph (Item 3).

6. The final composition for the computer input was obtained by- add-

ing the corresponding quantity of test fuel to the preheater gas
and computing the resultant composition on a weight basis.

7. In addition, as required by the computer program, the stagnation

enthalpy of each mixture was computed. The static enthalpy at
(T)tf+ph behind the shock was also computed and the burner veloc-
ity calculated from the difference between the total and. static

enthalpy.
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NORMAL SHOCK.

FUEL INJECTOR /

A. NORMAL SHOCK

B. OBLIQUE SHOCK (CONSTANT PRESSURE)

NX/

>'. -REACTION ZONE

C. CONSTANT AREA, TWO-SHOCK MODEL

Fig. 1 Configurations for Supersonic Combustion Experiment
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M IXED FUELUNMIXED FUEL AND ANDMAIR REACTION -%

AN AIR._ TEMPERATURE
,, AIR AT To RISE ..

I--

U.1

:CL

TIME

LIBBY-MOMTCHILOFF KINETIC MODEL

TRANSLATIONAL - ROTATIONAL

~TTEMPERATURE 
OVERSHOOT,"
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REACTION TEMPERATURE RISE
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a_
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Fig. 8 Temperature-Time Curves Comparing Shock-Induced Combustion Model with
Kinetic Models of Libby and Momtchiloff
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- KINETIC CALCULATION

0 SELECTED REFERENCE TEMPERATURE

-4 * CALCULATED FROMREFERENCE
10"4 'TEMPERATURE USING EQUATION:

T2AT

S•E. R. -0.4
P ,,

. 1-5
j 10~

0.6 0.5 0.4 0.3

1000 OR-1
To'

Fig. 17 Comparison of 50-percent H2 Reaction Point for Kinetic Calculations and

Correction Equation
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