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Comparison of Scramjet Engine Performance
in Mach 6 Vitiated and Storage-Heated Air
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To investigate the sensitivity of combustion to the test gas, an H-fueled scramjet engine was tested at
a Mach 6 flight condition with the air supplied by a combustion heater (V mode) and a storage heater
(S mode). The fuel self-ignited without the assistance of igniters in the V mode. However, self-ignition
was difficult in the S mode. The easier ignition with vitiated air was caused by radicals supplied from
the combustion heater. The combustion behavior was also affected by the test air, which suggests that
the combustion was not fully mixing-controlled. As the fuel flow rate increased, the combustion changed
from a weak mode, delivering a lower thrust, to an intensive mode, with a higher thrust. Gas sampling
showed that the weak combustion was caused by autoignition in the boundary layer on the engine walls.
In the intensive combustion mode, the flame was anchored near the backward-facing step on the sidewalls.
However, the flame partially detached from the step on the top wall in the combustor. The detached flame
may make the combustion kinetically controlled to produce the sensitivity to the test air.

I. Introduction

YPERSONIC wind tunnels require high-temperature test
air to simulate scramjet inlet or combustor inlet condi-
tions. Several different types of heaters, including arc heaters,
combustion heaters, thermal storage heaters, and shock tun-
nels, are used at various facilities to generate test gas. The test
gas generated in each of these facilities can be contaminated
with different species that may have effects on the resulting
combustion. Many numerical works have reported the effect
of vitiated air via H,O and radicals'~®% however, few experi-
mental works have reported on the sensitivity of scramjet per-
formance. Only one datum on air source is reported.” Guy et
al.” report that the thrust in the arc-heated air is significantly
higher than in the V mode. The program should progress to
determine the sensitivity of scramjet combustion to the test gas
source.”
The National Aerospace Laboratory of Japan has constructed
a RamJet Engine Test Facility (RJTF)," which can simulate
flight conditions of M4, M6, and MS8. Hydrogen-
fueled scramjet engines have been tested using RJTE."'~'° A
unique feature of the RJTF is that one may choose either a
storage air heater (SAH, S mode) or a vitiation air heater
(VAH, V mode) for the M6 condition, to raise the air temper-
ature to 1500 K. Comparison of test results using these two
heating sources can reveal the vitiation effect caused by VAH,
and provide a basis for the M8 testing, in which the VAH has
to be employed together with the SAH to produce the high-
temperature air of 2600 K. The study of the facility sensitivity
was initiated using the RJTF, and some of the comparative
study is presented here.
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II.

A. Combustion Heater and Test Air

The S-mode air is supplied by the SAH, which can deliver
up to 29.5 kg/s of heated air at pressures up to 12 MPa. A
concentric, cored brick design was adopted because this pro-
vides lower dust contamination to the test air and minimizes
bed flotation concerns. The bed of the SAH is 1124 mm in
diameter and 6096 mm high, and consists of five concentric
cylinders of high-density, high-purity aluminum oxide, cored
bricks. The pressure vessel is 1776 mm in diameter and 9905
mm high. A high-temperature valve is utilized at the outlet of
the SAH to control the hot and high-pressure airflow.

The V-mode air is provided by the H,-O,-air VAH, in-
stalled upstream of the M6 facility nozzle. The M6- VAH is
267 mm in diameter and 1960 mm in length. For testing, the
burner is controlled to supply oxygen-replenished combustion
products containing 21% O,. The test air is expanded through
a two-dimensional-contoured supersonic nozzle. Pitot pressure
surveys of the core flow in the calibration tests show M = 5.15
* 0.15 with T, = 1405 = 40 K for the V mode, and M = 5.30
* 0.1 with 7o = 1450 £ 50 K for the S mode at the nozzle
exit.'” The complete combustion of H, supplied to the VAH
was confirmed by gas sampling in the calibration testing.

The chemical equilibrium calculations show the condition
of test air supplied from the VAH and the SAH in Table 1, in
which the chemical compositions are assumed to freeze at the
nozzle throats in the frozen case. Table 1 shows that there are
no significant differences between two testing media, except
the specific heats. The vitiated air has a 9.5% larger specific
heat than the S-mode air because it contains 17.7% of H,0.
The other major difference is that the vitiated air contains rad-
icals. The radicals may freeze in the facility nozzle to be in-
gested by the engine. The 80 ppm of OH found in Table 1
does not reflect the actual reactive flow in the VAH as a dif-
fusion-type combustor. The real radical concentration is ex-
pected to be much higher than that found in Table 1. Chemical
kinetic calculations developed for a scramjet nozzle study'®
showed no significant amounts of nitric compounds, except for
NO in the test air prepared for engine testing.

RJTF, Engine, and Measurements

B. Scramjet Engine

The scramjet engine tested in the present study is a rectan-
gular engine with a length of 2.1 m, as shown in Fig. 1. Details
are found in Ref. 12. It consists of the cowl, the top wall, and
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Table 1 Comparison of the test air

M6 vitiation M6 storage

Equilibrium Frozen Equilibrium Frozen
To K 1581 1581 1612 1612
Po MPa 46.4 46.4 47.4 47.4
M g Kg/S 22.8 —_— 29.6 —_—
muy, kg/s 0.363 —_— 0 —_—
mao, kg/s 4.43 _— 0 _—

Conditions at facility nozzle exit (e = 37.04)

T, K 294 292 273 272
Ps, kPa 5.99 5.98 5.67 5.66
Mach no. 5.092 5.095 5.241 5.246
Velocity, m/s 1796 1793 1738 1735
H-0, mole 17.7 17.7 0 0
OH, ppm 0 80 0 0
NO., ppm 0 1675 0 2270
¢, 0.263 0.263 0.240 0.240
y 1.385 1.385 1.4 1.4

“=Paralsll injection
from Backward

Plasma igniter &% top

Fig. 1 H,-fueled scramjet engine used in this study (units in mil-
limeters).

two sidewalls. The entrance and the exit of the engine are 200
mm wide by 250 mm high (denoted by H). The engine is an
uncooled, heat-sink type made of copper. The leading edges,
which are exposed to severe heating, are made of nickel.

The inlet is a sidewall-compression-type with a 6-deg half-
angle. The leading edge is swept back by 45 deg to deflect the
airstream for spillage required in starting. The geometrical con-
traction ratio is 2.86 without struts. Two kinds of struts
are prepared: a 50-mm-high (1/5H) strut and a 250-mm-high
(5/5H) strut. In most of the present study, the 1/5H strut was
attached on the top wall of an engine isolator between the inlet
and the combustor. There was no fuel injection from the strut.

To reduce the inlet/combustor interaction, the constant area
isolator was placed between them. Performance of the engine
was examined using two kinds of isolators with lengths of 100
and 200 mm. The engine had two 2.5-kW plasma jet (PJ)
igniters. Backward-facing steps between the isolator and the
combustor were adopted for flameholding. Their heights were
4 mm on the sidewalls and 2 mm on the top wall.

The main H, was injected vertically from the sidewalls
through 24 holes, or tangentially to the sidewalls through 24
holes (1.5 mm in diameter) on the steps. Three fuel-control
systems, each consisting of three sets of solenoid valves and
orifices, were prepared in independent fuel supply lines to
change the H, flow rate during one experimental run. We pro-
grammed the fuel flow rates to eight preset values by changing
the combinations of the orifices during a typical testing dura-
tion of 15 s.

C. Measurements and Procedure

We measured thrust, lift, and pitching moment delivered by
the engine by a floating-frame force measuring system (FMS).
We conducted engine tests without clamping the FMS through-
out wind-tunnel operation. Therefore, the engine drag can be
measured with comparisons with/without the airflow. Then H»

fuel was injected in the engine. The difference between forces
with/without fuel corresponds to the thrust delivered with com-
bustion. The increment from the baseline with the airflow (the
engine drag) is defined as the net thrust.

We also measured the wall pressure at 150 stations to eval-
uate thrust obtained by the pressure integration. The pressure
thrust was compared with the thrust measured using the FMS
to estimate the friction drag on the engine. We found a good
correlation between the two thrusts. However, the accuracy of
lift and pitching moment evaluated by the pressure integration
was poor because the number of pressure sensors is limited on
the top and on the cowl walls." The friction drag was esti-
mated to occupy about one-half of the total engine drag in our
Mach 6 testing.

Pitot pressure and gas sample measurements were made 5
mm downstream of the engine nozzle exit with three water-
cooled, 12-probe rakes. The design of the raked probes is sim-
ilar to those employed by Anderson et al.'” and Chinzei et al.'®
for supersonic combustor studies. We chose a tip passage di-
ameter of 0.6 mm following a sudden expansion to freeze
chemical reactions in the probes. Gas samples were collected
in 40-cc bottles for 1.4 s, and a gas chromatography was used
to measure the amount of H,, O,, and N». The local equiva-
lence ratio @ and the local combustion efficiency 7. are cal-
culated with Xo,/Xn,, Xu,/Xn, in the sampled gas, and
(Xo,/Xn,)o in the air supplied to the engine, where X; denotes
the mole fraction of species i. The equivalence ratio and the
combustion efficiency are given by the following equations'®:

- ) @)E), o
2 XN2 XN2 XO2 o
X\ [Xs
|:l—<—7><—7>:|/(l> for ® =1 2)
XN2 XO2 o

e = Xo\ [Xu,
1-({=)|— for & >1 3)
XNz XO2 o

Gas sampling is based on the assumption that gas compo-
sition is preserved in the sampling process. However, preser-
vation of major species becomes difficult under this scramjet
testing condition. The possibility of freezing the chemical re-
action in probes is still controversial."”"*~*' Criteria of chem-
ical quenching in gas sampling is discussed for methane-fueled
ramjet engines and H,-fueled scramjet engines.”

We repeated two experiments to obtain the distributions of
pitot pressure and gas compositions at 66 stations on the exit
plane of the engine. In addition to the measurement during
engine operation, we measured pitot pressures without fuel in-
jection to investigate the interaction of combustion to the flow-
field inside the engine.

III. Combustion in V and S Modes

A. Ignition and Flameholding

Because qualitative features of ignition and flameholding did
not change with any engine configurations, the results on the

Table 2 Comparison of combustion properties

Testing air modes Storage Vitiation
Autoignition without preheating Impossible Possible
Autoignition with preheating Marginal Possible
Flame holding without PJ ignitor Marginal Good
Without strut Poor Marginal
In weak comb. mode Marginal Fair
Combustion with parallel inj. Poor Good
Limit fuel rate for unstart 60 g/s 100 g/s
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engine performance in an engine configuration with the 100-
mm-long isolator and the 1/5H strut are compared in Table 2.
In Table 2 “with preheating” means the self-ignition tests after
engine combustion, therefore the engine has been heated by
the burning of main fuel. “Without preheating” implies the
engine condition when self-ignition was examined before the
engine combustion. The results on the ignitability shows that
the engine is near the self-ignition limit for both the S and V
modes. However, the engine was found to self-ignite more
easily in the V mode than in the S mode.

Flameholding characteristics also reflect the reactivity of the
testing media. We tested the flameholding performance by
turning off the PJ igniters after steady burning was attained.
When the H, flow rate was high, turning off the igniters did
not affect combustion in the S or V modes. However, when
the bulk equivalence ratio ® was low, turning off the igniters
caused flameout of the top-wall pilot flame, and the main com-
bustion sometimes decayed gradually in the S mode. Thus,
turning off the igniters did not affect the flameholding in the
V mode, but retarded it in the S mode.

In addition, the combustion with the normal injection was
not possible in the § mode without the 1/5H strut. In the V
mode, a modest thrust and combustion was observed in the
engine configuration, even without the strut. The higher reac-
tivity of the vitiated air is evident in these experiments.

B. Thrust and Combustion

The gross thrust in the S and V mode experiments are com-
pared in Fig. 2 as functions of ®, where corresponding fuel
rates with @ = 1 is a fuel-flow rate of 153 g/s for the S and
V modes. There are two combustion modes found in the figure:
1) the lower thrust mode up to about ® = 0.33 (weak com-
bustion) and 2) the higher thrust mode (intensive combustion)
from ® = 0.33 to the limit flow rate that caused engine un-
start.'> In the weak combustion mode, the engine exhausted a
faint plume from the nozzle, whereas a bright flame was ob-
served in the intensive combustion mode. These two modes
sometimes appeared for a given fuel flow rate, and hysteresis
was found in some experiments.

The solid symbols show the thrust measured with a main-
vertical (MV) injection in the S-mode air and in the V-mode
air. Slightly higher thrust was observed in the S mode than in
the V mode, from ® = 0.26 to 0.4. The change in burning
behavior in the two airflows becomes apparent when we com-
pare the limit fuel flow rates for the engine unstart. The engine
easily fell to the unstart condition in the S mode. The maxi-
mum P for engine start in the S mode was found to be about
® = 0.45. On the other hand, the engine worked with a higher
® of 0.65 and overcame the engine drag in the V mode (Fig.
2). The engine drag was measured to be 1060 N in the S mode
air and 1120 N in the V mode airflow.

In Fig. 2, the open symbols represent the effect of the main-
parallel (MP) injection, added to the MV injection. The effects
of addition of MP in the V mode, shown by the open squares,
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Fig. 2 Gross thrust against F in an engine configuration with
the 100-mme-isolator and the 1/5-height strut: A fuel rate giving F
=1 is a fuel flow rate of 153 g/s for the S and V modes.

were examined with the MV rate kept constant (& = 0.44).
The data of MP addition are aligned on the extended line from
that of the pure MV injection. Hence, the MP injection in the
V mode assisted combustion by the MV injection. The open
circles in Fig. 2 illustrate effects of the MP injection added to
a fixed MV (® = 0.31) in the S mode. Figure 2 shows that the
MYV injection did not produce the intensive combustion, and
the MP injection caused the blow-off of the flame accompanied
with the weak combustion in the S mode.

IV. Discussion

A. Premature Ignition with Radicals

The engine always autoignited without any ignition source
in the V mode, which suggests promoted ignition by the resid-
ual radicals from the VAH. The shortened ignition delay time
has been investigated by using the chemical kinetic code, des-
ignated as the one-dimensional kinetic (ODK) code.'”” Sato et
al.” experimentally showed that the O, plasma- jet was most
effective in igniting H,/air mixtures in supersonic combustors.
Mitani’ explained why and how effective the O atom was in
the H,- O, system analytically.

Because the numerical calculations are not convenient to
overview the fundamentals of phenomena, let us consider the
ignition problem with a simplified analytical model consisting
of a chain-initiation reaction: H, + O, — 20H(Ry), and a
branching reaction: H + O, - OH + O(R)). Their character-
istic times are f5 = [2ks(0,)] " and t, = [k,(0,)] ', respectively,
where k¢ and k, are the rate constants of the two reactions.

The radical concentration is represented by X and the con-
centration of hydrogen is specified by Xu,. Then the governing
equation for X and the solution are given by

dX X X
— ==+ = X(0) =X, )
dr te

X = Xo-exp (f) + Xy, (?) . [exp (f) - l} (5)

With the assumption that the critical radical concentration
for ignition is X*, the ignition delay can be calculated. The
ignition delay, with an initial condition of X, = 0, is expressed
as f,. Normalization by the branching reaction time #,, yields

t, X* ls
el @] o

Next, we define the ignition time with the radical addition
(X, # 0) as t,. The effect of the initial concentration of radicals
is examined with the ratio #,/t,, as follows:

el @] o
t, t, Xu) \t,

Equation (7) indicates that the ignition delay time is strongly
dependent on X,, even for a small X,, because of the large ratio
of the two characteristic times, t¢/t;. The effect of initial radical
concentration becomes eminent as the inherent ignition delay
time 7, becomes shorter in Eq. (7).

Figure 3 shows the promoted ignition by radicals, in which
X* = 1077 is assumed. The critical value of X* = 107> was
chosen as follows. The first reason is that the total radical
fraction approximately corresponds to the critical OH concen-
tration of 5 X 10~° mol/cc adopted in Ref. 2. The second
reason is that the result on the promoted ignition is weakly
dependent on the choice of X*. The shortened ignition times
are plotted against X* with various temperatures. The broken
line is a result obtained from the ODK calculation, where the
O atom is introduced as a radical” The agreement of the an-
alytical result with the numerical result shows how well the



638 MITANI ET AL.

a

hay

‘_‘.Q

x

£

>

o

[3}

o

C

]

S 00
2 Tos 105 104

initial radical concentration (XO)

Fig. 3 Ignition promoted with radical addition. The critical rad-
ical concentration for ignition is assumed to be X* = 10>
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Fig. 4 H,O inhibition effects to ignition delay time (¢s,) and com-
bustion time (fos;,). The mole fractions of H,O in the S- and
V-modes air are indicated by the arrow and the shading.

simplified model approximates the full kinetics of H./air re-
actions.

For instance, the ignition time at 1500 K decreases by one-
half with a radical mole fraction of 10™* The ignition accel-
erated by radicals can be expressed quantitatively as an equiv-
alent temperature rise in test media. The ignition delay is
governed by the R, with the activation temperature of 8200 K.
To shorten the ignition delay time by one-half at 1500 K is
equivalent to a temperature rise of 320 K. Namely, the testing
with the vitiated air with T, = 1500 K is equivalent to the §
mode with T, = 1820 K, if the vitiated air contains an initial
radical concentration of 10™* (100 ppm) from the VAH.

B. Inhibition Effect by HO

We evaluated the ignition and reaction times by using the
ODK program. Figure 4 illustrates the ignition and reaction
times as functions of the H-O mole fraction. The definitions
for these times are as in Ref. 3, namely, the ignition time is
defined as the time taken to reach an ignition temperature (7’,)
from the initial temperature (7)), that is, Ti, = 0.05(Tq — T
+ T, and denoted by fs¢ in Fig. 4. The equilibrium temperature
is denoted as T, The total reaction time (fos4,) is defined as
the time it takes to reach a temperature 7, = 0.95(T, — T,) +
T (which is expressed by the broken lines in Fig. 4). In Fig.
4, the H,O range in the M6V and M8 modes in RJTF is in-
dicated by shading. Because the air used is defrosted up to the
dew point of 220 K, the H,O concentration in the S mode is
negligible, as shown by the arrow in Fig. 4.

The radical recombination process is affected by the reaction
path: H + HO, + M — H, + O, + M in the ignition, where
the third body is represented by M. The HO, reaction is greatly
accelerated if the third body is H,O because the third-body
efficiency of H,O is about 30 times greater than that of N,.
Therefore, the effect of vitiated air containing H-O on engine
testing has been investigated.

However, the reaction retarding effect does not appear in the
low-pressure region, since the chain-breaking reaction is a ter-
molecular reaction and the static pressure in the combustor of

the engine is typically 25 kPa in the ignition stage. Hence, the
retarding effect by H,O is not important in the engine ignition.
Only the premature ignition promoted by radicals appears in
the ignition of the engine.

C. Autoignition and the Weak Combustion

The ignition time was calculated using the ODK code and
compared with the flammable limit (the explosion peninsula™)
of the stoichiometric H»/air premixture in Fig. 5. The pressure
range experienced in our scramjet engine is between 25 kPa
(ignition) and 300 kPa (the intensive combustion). The static
temperature is estimated to vary from 300 K in the core flow
to 1450 K at the adiabatic wall. The possible reaction region,
indicated by arrows in Fig. 5, is located to the right of the
second explosion limit governed by the competition between
the chain-branching reaction (R,) and the HO, reaction dis-
cussed earlier. The opposite pressure dependence of ignition
delay time, dfs./dP > 0 in Fig. 4, is attributed to HO» recom-
bination. The ignition time depends strongly on temperature,
but it depends weakly on pressure near the flammability limit.

The flow velocity at the sonic point in the adiabatic bound-
ary layer was evaluated to be 690 m/s, and the static temper-
ature was 1260 K. Pitot pressure showed that the core flow
speed was 1560 m/s, and the static temperature was 300 K in
the engine exit without H, injection. The residence time of
reactants in the engine becomes typically 1 ms in the core
region of the engine. Decreasing the reaction temperature be-
low 1000 K may make autoignition impossible in the engine,
even under this infinitely fast mixing case. Comparison of the
residence time with the ignition time shown in Fig. 5 indicates
that the autoignition is possible only in the boundary layer
developed on the engine wall.

We measured @ and 7. distributions at the cross section of
the engine exit with/without fuel injection to investigate the
interaction between flowfield and combustion inside the en-
gine. Detailed studies on the flowfield without fuel injection
are found in Ref. 25, and the effects of struts attached in the
combustor to mixing and combustion are reported in Ref. 26.

A typical ®(z, y) distribution measured in the weak com-
bustion is illustrated in Fig. 6a, when a low thrust of 129 N
was measured with a total fuel of ® = 0.30. Although the fuel
is supplied from uniformly distributed injection holes on the
sidewalls, H, is concentrated near the top wall. No fuel exists
near the cowl, and the Hs-lean region (¥ < 0.1) covers almost
all regions of the engine cross section. Because such a strong
distortion is not found in a supersonic combustor with swept-
back struts,” this may be because of the distorted airflow sup-
plied from the swept-back inlet of the engine.

In addition to the vertical distribution, the mixing of H, in
the spanwise direction is also limited in Fig. 6a. Hydrogen is
confined to a narrow region near the sidewalls, especially
around the corners with the top wall. Thus, mixing in the su-
personic flow is so limited that H» injected in the combustor
is trapped in the boundary layer on the walls.

10
16 \ 0.01 ms
10 ms 0.1ms

O1S1ms u
2

pressure [kPa]

1 : . : :
900 1000 1100 1200 1300 1400 1500
temperature [K]

Fig. 5 Temperature and pressure dependence of ignition delay
time (fs,). Reaction region in the scramjet engine is compared
with the explosion peninsula of H,/air mixture.
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Fig. 6 a) Local equivalence ratio of H, and b) local combustion
efficiency in the weak combustion mode (the S-mode experiment).

Figure 6b illustrates the local combustion efficiency in the
weak combustion. Confined combustion regions were found
near the sidewalls. Comparison with Fig. 6a indicates that the
combustion takes place in the region with 0.5 < ® < 1.5, and
that the location of the highest combustion efficiency coincides
in the region with ® = 1 in the boundary layer on the engine
walls.

In the V-mode experiments, the engine could self-ignite
without the igniters, and the weak combustion develop from
it. In addition to the V mode, the weak combustion initiated
downstream of the engine in the S mode. Thus, the weak com-
bustion is the autoignition of the H., premixture trapped in the
boundary layer. This kind of combustion has been observed
by planar laser-induced fluorescence imaging of a transverse
jet in a supersonic crossflow.”

Autoignition is achieved at a narrow margin, where the re-
action time and the residence time are comparable, and it is
only possible in the boundary layer. This is the reason why
the ignitability was so strongly dependent on the test air and
the engine temperature. The PJ igniters may assist ignition if
the engine wall is cold, but it is not essential in a preheated
engine condition. The weak combustion in the engine is not
in the flameholding mode in which the flame propagation ve-
locity and the flow velocity balance, but it results from flame-
holding by autoignition as observed in the flow reactor exper-
iments.

D. Development to the Intensive Combustion Mode

The weak combustion mode switched to the intensive com-
bustion as the fuel flow rate increased. Figure 7a is the ®
distribution in the intensive combustion, when the engine de-
livered an overall thrust of 1052 N with a total ® = 0.42.

Although the distortion of H» in the vertical direction still re-
mains, the distribution is flattened and the region with ® < 0.2
almost disappears in Fig. 7a.

In addition, the spanwise distribution is also improved with
the intensive combustion. The fuel jet can penetrate deeper into
the main flow in the intensive combustion because the higher
the back pressure, the lower the pressure loss because of the
overexpansion of the fuel jet. However, the increased penetra-
tion depth of the jet is not sufficient to explain the improved
spanwise mixing. The mixing efficiency found in this engine
testing is much higher than those in the experiments on wall
injection by Chinzei et al.,'" Murakami et al.,”” and in the ex-
periments on strut injection by Masuya et al.*® This means that
the distorted airflow from the inlet may interact with the com-
bustion and produce separation bubbles on the sidewalls of the
engine. Because the combustion fell in the weak mode without
the struts, the attachment of the struts also accelerated the mix-
ing of H, in the combustor. The dependence of flowfield on
combustion is reported by Abbitt et al.”’

Figure 7b shows the combustion efficiency measured in the
intensive combustion mode, in which the engine exit is oc-
cupied by a region with a combustion efficiency higher than
80%, and the combustion is essentially complete. These im-
proved mixing and combustion efficiencies produced the
higher thrust performance in the intensive combustion mode.

To estimate the local heat flux to the engine, we monitored
the engine wall temperature using thermocouples, embedded 1
mm deep from the inner surface at 40 stations. The develop-
ment from the weak combustion mode to the intensive com-
bustion mode can be observed from the variation of heat flux
distribution in the engine measured in the S-mode air. The heat
flux distributions along the centerline of the sidewall of the
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Fig. 7 a) Local equivalence ratio of H, and b) local combustion
efficiency in the intensive combustion mode (the S-mode experi-
ment).
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engine, with the 200-mm-long isolator, is shown in Fig. 8a. In
Fig. 8, the triangles represent the heat flux distribution before
fuel injection. The first exothermic reaction, with a fuel flow
rate of 30 g/s, appeared at the downstream part of the com-
bustor (x = 1400 mm), where the shock wave from the cowl
impinges. Note that there was no heating rate increase behind
the step in the combustor from 800 to 900 mm. As the fuel
flow rate increased from 30 to 48 g/s, the heating rate increased
and the maximum point moved upstream. When the intensive
combustion was attained at 70 g/s, the combustion was held
at the step on the sidewall. Thus, the combustion is initiated
downstream of the combustor rather than the vicinity of the
step, as designed.

The heat flux distribution on the top wall (Fig. 8b) revealed
another interesting variation with the fuel flow rate. The heat-
ing rate without H, injection (triangles) was low at about 0.2
MW/m” When a small amount of H, (21 g/s) was injected,
the heat flux behind the step (x = 800 mm) increased four
times. However, the heating rate at the nozzle exit was not
affected so strongly. The heating rate on the top wall is lower
and uniform, and it is insensitive to the fuel flow rate. These
experimental facts imply that the exothermic reaction taking
place on the top wall is weak and that the major exothermic
reaction occurs on the sidewall in the divergent part of the
engine.

However, the heating rate behind the top wall step suddenly
decreased, when the intensive combustion was attained at 70
g/s. The flame on the top wall seemed to be blown off from
the step, and stabilized downstream near x = 1500 mm. De-
tailed heat flux study in the engine clearly showed that the
flame was anchored at the step on the sidewall, but near the
cowl."”” Thus, major heat release disappeared near the step on
the top wall in the intensive combustion mode. Because the
jet flame near the step suffers from insufficient mixing time®'
and strong turbulent strain,” it tends to blow off from the step.
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Fig. 8 Local heating rate on the a) sidewall and b) top wall found
in an engine configuration with the 200-mm isolator with the 5/5-
height strut.

The transition from the weak combustion mode to the in-
tensive combustion mode occurred gradually as the fuel flow
rate increased. We can elucidate the development in the wall
pressure distributions in Fig. 9, which illustrates the pressure
distributions measured on the top wall. In Fig. 9, the locations
of isolator, combustion chamber, and the diverging combustor
section are respectively denoted by Is., C.C., and D.C. on the
x axis. The wall pressure is normalized by the total pressure
in the facility nozzle reservoir. The bottom line denotes the
pressure distribution in the engine without the fuel injection.
The wall pressure increases in the inlet section up to 600 mm
and decreases in the combustor and the divergence section.
The maximum pressure is located at the exit of the inlet at
x = 600 mm.

With the fuel flow rate of 45 g/s, a high-pressure region
appeared downstream of the combustor at x = 1300 mm. It
moved upstream as the fuel flow rate increased. However, the
pressure rise caused by combustion is not experienced behind
the step at MV = 45 g/s. The pressure pattern suggests that the
principal exothermic region was stationed farther downstream
of the step in the combustor. As the fuel flow rate increased,
the precombustion shock wave reached the step, and it was
trapped there up to the limit value at which the engine fell to
the unstart.

E. Kinetically Controlled Combustion

The detached flame in the combustor is the key to under-
standing the sensitivity to the test air in the intensive combus-
tion mode. The combustion region detached from the step was
found in the V mode experiments. Figure 10 compares the wall
pressure distributions measured on the top wall in the § and V
modes with the same fuel flow rate (MV = 40 g/s). In Fig. 10,
the pressure rise is found in the middle of the divergent part
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Fig. 9 Pressure distribution on the top wall of an engine with
the 100-mm isolator with the 1/5-height strut.
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Fig. 10 Comparison of wall pressure between the V and the S
modes (an engine with the 100-mm isolator with the 1/5-height
strut).
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of the combustor in the V mode, whereas it is at the entrance
of the divergent part of the combustor in the S mode. Thus,
the main combustion region shifts downstream in the V mode,
and this shift explains the lower thrust performance found in
the V-mode air between ® = 0.26-0.4 in Fig. 2.

Then, the next question is the mechanism of how the vitiated
air decelerates combustion in the intensive combustion mode.
The effect of H,O appears as shown in Fig. 4 if the reaction
pressure exceeds 100 kPa. In the intensive combustion mode,
the combustor maintains a high pressure from 100 to 300 kPa.
Therefore, the effect of H>O can appear in the intensive com-
bustion mode, but only if the combustion is kinetically con-
trolled.

In addition, if the flame is held with recirculation-containing
combustion products, the excess amounts of H,O are supplied
from the burnt region and the effect of the H,O in the test air
is hidden. The kinetically controlled combustion is possible,
only if the flame is isolated from the separation bubbles. Thus,
the kinetically controlled combustion is attributed to the de-
tached flame developing from the autoignition.

The weak combustion mode near the top wall coexists with
the intensive combustion mode. Increased pressure retards the
combustion, and the main combustion region on the top wall
shifts downstream in the V mode. Because H, mass flux is
concentrated in the vicinity of the top wall, the incomplete
combustion there drops the bulk combustion efficiency of the
engine. This is the reason why the engine operated to ® = 0.65
in the V mode; in spite of that, the engine fell to unstart at
® = 0.4 in the S mode.

An example of strong interaction between the fluid dynam-
ics and chemical kinetics is found in a numerical study,” where
the HO, reaction governs thermal choking of a Mach 2 com-
bustor. Although the high sensitivity of flowfield to kinetics
might be originated from the numeric, the possibility of the
kinetically controlled combustion should be investigated. The
comparative studies of scramjet performance conducted in the
NASA Langley Research Center’s test complex raise the is-
sues, namely, where the flame is held and whether the com-
bustion is mixing controlled.” The presence of the combustion
detached from the step found here seems to be responsible for
the kinetically controlled phenomenon and answers the ques-
tions.

V. Conclusions

To investigate the sensitivity of scramjet engine performance
to test air, an H.-fueled engine was tested in the S- and V-
mode air in the Mach 6 flight condition. The comparative study
leads to the following conclusions:

1) Vitiated air showed artificially higher ignition perfor-
mance in the scramjet engine. The engine could operate with
@ = 0.65 in the V mode, but fell to the engine unstart condition
above ® = 0.4 in the S mode.

2) The easier ignition in the vitiated air is caused by radicals
supplied from the VAH. The premature ignition effect caused
by the residual radical was expressed by an equivalent tem-
perature increase of test air.

3) Distributions of heat flux and wall pressure showed that
the weak combustion mode is a phenomenon resulting from
autoignition. The distributions of H, and combustion efficiency
in the weak combustion mode also suggested the autoignition
in the boundary layer developed on the engine wall.

4) In the intensive combustion mode, a flame was held at
the backward-facing step in the combustor. The gas sampling
showed that the flowfield in the engine was drastically changed
and mixing in the engine was greatly improved by combustion.

5) The detached flame coexists with the anchored flame in
the intensive combustion mode. The inhibition by H,O can
affect the detached flame to deteriorate the combustion per-
formance of a scramjet. The detached flames may produce the
kinetically controlled combustion and the sensitivity of thrust
performance to the test air.
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