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Combustion tests were conducted to provide a guideline for designing a supersonic combustor, and an engineering

model was established. In the model, particular attention was focused on the length of the constant cross-sectional

area combustor andflow conditions.A supersonic combustorwith a constant cross-sectional areawas employedwith

several combustor lengths, total temperatures, and equivalence ratios in a directly connected wind tunnel that

supplied vitiated airflowwith a total pressure of 1.0MPa, a total temperature of 1500 to 2400K, and aMach number

of 2.5. No flame holder (e.g., backward-facing step or cavity) and diverging sectionwere attached. Gaseous hydrogen

fuel was injected at an angle of 30 deg to the airflow. Four combustion modes were observed: nonignition, weak

combustion (with little pressure rise), supersonic combustion, and dual-mode combustion. These combustion modes

were organized in terms of combustor length and total temperature at equivalence ratios of 0.2 and 0.4. Although

oblique fuel injectionwas employed tomitigate fuel jet/airflow interaction, the interactionwas found to have a sizable

effect on the ignition limit. A simple model to predict the minimum combustor length needed to attain supersonic or

dual-mode combustion was suggested, and it agreed relatively well with the experimental results. The model was

applied to experimental results of a subscale scramjet engine tested under Mach 8 flight conditions at the Japan

Aerospace Exploration Agency, Kakuda Space Center, in order to predict the occurrence of combustion (large

pressure rise) within a constant area combustor in the engine, and it agreed well with the experimental results.

Nomenclature

A = cross-sectional area
Cb = mass ratio of burnt fuel
Cd = coefficient of discharge
Cf = mass ratio of total fuel
cp = specific heat at constant pressure
df = diameter of fuel injection hole
k = experimental constant, degree
Lcomb = combustor length
Ma = Mach number
m = mass flow rate
Nf = number of fuel injection holes
P = pressure
q = dynamic pressure
Runiv = universal gas constant
T = temperature

Tatws = airflow temperature at wall surface
V = velocity
W = molecular weight
X, Y, Z = streamwise, lateral, and spanwise locations from duct

center at fuel injection location
� = fuel injection angle
� = shock angle of oblique shock wave
� = specific heat ratio
� = mixing, combustion, and kinetic energy efficiency
� = turning angle of oblique shock wave
� = density
�i, �res = ignition and residence time
� = equivalence ratio

Subscripts

a = airflow
b = step base
c = combustion
f = fuel
KE = kinetic energy
L = local value
m = mixing
mix = mixture
s = behind oblique shock wave
t = stagnation condition
w = wall
0 = air heater condition

I. Introduction

A ROCKET–RAMJET combined-cycle engine (combination of
a scramjet flow pass with embedded rocket engines), which is

operated in the ejector-jet mode, ramjet mode, scramjet mode, and
rocket mode under a wide range of flight Mach numbers through
ascent trajectory, is expected to be the most effective propulsion
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system for the space plane [1]. The ramjet and scramjet mode
operations are vital parts of the engine operation, as a large part of the
acceleration necessary for the space plane is attained under these
operations.

As a part of the research efforts on the rocket–ramjet combined-
cycle engine, subscale pure scramjet engines were tested at the
Ramjet Engine Test Facility (RJTF) [2] under flight conditions of
Mach 4, 6, and 8 at the Japan Aerospace Exploration Agency,
Kakuda Space Center. The engine had a sidewall compression-type
inlet, a few different types of isolators and constant cross-sectional
area combustors, a diverging combustor, and an internal nozzle, and
some types of struts were installed in the isolator section. Two
different combustionmodeswere observed in the tests [3]. In the case
with a small fuel flow rate, the pressure rise due to combustionwas so
small that the engine hardly generated thrust. On the other hand,
combustion was active, and large thrust was produced when the fuel
flow rate exceeded a certain threshold. The former and the latter were
termed weak combustion and intensive combustion, respectively. As
the fuel flow rate was increased, sudden transition of the combustion
mode was observed.

In the weak combustion mode, the pressure rise within the
combustor was slight, but the level of heat fluxwas somewhat high in
the downstream portion of the combustor, which indicated occur-
rence of combustion [4,5]. The boundary layer in the combustor
remained almost completely attached to the combustor inner wall,
and the fuel was scattered within or near the boundary layer. On the
other hand, in the intensive combustion mode, the pressure rise
within the combustor due to combustion was high and penetrated up
to the isolator. The boundary layer in the combustor was largely
separated around the fuel injection holes, and almost all of the fuel
burned within the shear layer between the separation region and the
mainstream [6].

Sunami et al. [7] considered the mechanism of the mode transition
from theweak combustion to the intensive combustion as follows. In
theweak combustionmode, ignition and combustion of fuel occurred
within the boundary layer in the downstream region of the combustor
due to high temperature and low velocity. The pressure and
temperature increased with the increment of heat release as the fuel
flow rate was increased. When the pressure rise exceeded a certain
threshold, the reaction region propagated upstream through the
boundary layer or through its separation; finally, the intensive
combustion mode with separation of the boundary layer around the
fuel injector was attained. This mechanism was confirmed by three-
dimensional computational simulation [8].

In the series of the engine tests at RJTF, interesting results were
obtained. In the tests under Mach 6 flight conditions, shortening the
length of the constant cross-sectional area combustor from 160 to
60 mm resulted in the failure of attainment of the intensive combus-
tion, although the length of the diverging combustor (640 mm) was
much longer than that of the constant cross-sectional area combustor
in both cases [9]. Additionally, Takahashi et al. [10] reported that the
transition from self-ignition to flame-holding in a supersonic com-
bustor with a backward-facing step was dominated by the pressure
rise near the exit of the constant cross-sectional area combustor.
Therefore, the length of the constant cross-sectional area combustor
plays an important role in the attainment of the intensive combustion.
On the other hand, in the tests under Mach 8 flight conditions at
RJTF, an increment of the isolator length by a factor of about three
resulted in rather higher pressure within the constant cross-sectional
area combustor without fuel injection, so that amuch higher pressure
rise due to combustion was attained in the case of the longer isolator
than in the case of the shorter isolator with little pressure rise,
although the configuration of the combustor was the same in both
cases [11]. Thus, the flow condition in the constant cross-sectional
area combustor is also important for active combustion.

Concerning guidelines for design of the supersonic combustor,
what we could findwas only Billig’s paper [12], in which aminimum
combustor inlet pressurewas set at one-half atmosphere as amarginal
pressure for both ignition and combustion. When designing the
subscale scramjet engine tested at RJTF, the combustor geometry
was determined using the results of many component studies; the

combustor length was 40G with a strut and 10G without a strut to
ensure high combustion efficiency, whereGwas the throat gapwidth
[13]. However, the engine design based on the combustor length-to-
gap-width ratio alone was insufficient, and the failure to attain the
intensive combustion was observed as mentioned previously.

The purpose of the present studywas to develop a design guideline
for the supersonic combustor to attain the intensive combustion. We
focused attention on the length of the constant cross-sectional area
combustor and the flow conditions, because they played important
roles in the attainment of the intensive combustion, as mentioned
previously. The constant cross-sectional area combustor is essential
to attain the intensive combustion, but it generates no thrust and
causes drastic frictional drag. Thus, a model to predict a minimum
combustor length to attain the intensive combustion is required.
Many studies on models of mixing between fuel and supersonic
airflow have been conducted. On the other hand, there have been no
studies on the model to determine the combustor configuration
(combustor length) and the flow condition that will allow for large
thrust. Huber et al. [14] proposed simplified ignition-limit models
focused on velocity, temperature, and fuel concentration fields near
the fuel injector, and McClinton [15] evaluated the usefulness of the
models; with regard to the effect of the combustor length, however,
these models are not available. Therefore, a simple model to predict
the minimum combustor length was constructed.

In the present study, combustion tests were conducted using a
supersonic combustor with a constant cross-sectional area. To pick
out the effect of the combustor length on combustion mode, a flame
holder was not installed, and oblique fuel injection at an angle of
30 deg was employed. Many studies on supersonic combustors have
been conducted with the use of flame holders such as backward-
facing steps and cavities, but the amount of heat release (leading to
pressure rise) by the flame holder itself is much smaller than that
within the combustor, and the contribution of the flame holder to the
mode transition from the weak combustion to the intensive
combustion is much smaller than that of the combustor length.
Oblique fuel injection that would mitigate fuel jet/airflow interaction
but sustain smooth mixing of fuel and airflow was used.

In constructing amodel to predict theminimum combustor length,
there are a large number of parameters to be considered; for example,
total pressure (static pressure), total temperature (static temperature),
Mach number, isolator length, thickness of boundary layer, diverging
angle of combustor, fuel flow rate, etc. As parameters, total temper-
ature and fuelflow rate, aswell as combustor length, were chosen and
varied, as the former twowere also dominant in the attainment of the
intensive combustion. Note that, as total temperature was changed
with a constant nominal Mach number of 2.5, the main purpose of
changing total temperature was to vary static temperature (and
velocity) of the airflow entering the supersonic combustor. For
reduction of the parameters and simplification of the flowfield, a
diverging sectionwas not installed downstream of the constant cross-
sectional area combustor.

At the end of the present study, the producedmodel was applied to
the test result at RJTF. The result of a scramjet engine tested under
Mach 8 flight conditions was selected. The engine had a sidewall
compression-type inlet followed by an isolator, a constant cross-
sectional area combustor with fuel injectors, a diverging combustor,
and an internal nozzle, and a thick, short strut with a truncated tail
was installed in the isolator section and the cross-sectional area
combustor section. The engine had a sweptback angle of 45 deg, only
in the inlet section. See [11] for more details. Installation of the strut
with truncated tail resulted in a rapid expansion of the airflow at the
end of the strut and suppressed the upstream penetration of the
downstream reaction region into the constant area combustor
(around fuel injector), so that the flowfield within the constant area
combustor became similar to that within the supersonic combustor
tested in the present study. Consequently, themodel could predict the
occurrence of combustion (large pressure rise) within the constant
area combustor in the scramjet engine.

Actually, the intensive combustion includes two combustion
modes; that is, supersonic combustion and dual-mode combustion.
In the present study, the latter two were used.
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II. Experimental Apparatus

A. Wind-Tunnel Facility and Test Apparatus

A supersonic combustor was directly connected to a blowdown-
type wind tunnel. A vitiated air heater (a hydrogen and air
combustion heater with oxygen replenishment) was used to generate
high-enthalpy airflow supplied to the combustor. The mole fraction
of oxygen was adjusted to be equal to that of standard air. The total
temperature of the test gas Tt;0 was 1500� 50 to 2400� 50 K, and
the total pressure Pt;0 was 1:0� 0:06 MPa. The test gas was
accelerated by a two-dimensional heat-sink nozzle to Mach 2.5. The
experimental condition was conformed within an error of�5%.

A schematic diagram of the rectangular supersonic combustor is
shown in Fig. 1 with the nozzle and an isolator, as well as the coordi-
nate system used in the present study. The test section consisted of a
constant area isolator, a constant area combustor, and an expansion
part. The reason for the utilization of the expansion part is described
later. The cross-sectional area was changed from 32 � 147:3 mm in
the isolator and the combustor to 62 � 147:3 mm in the expansion
part. The nominal Mach number of the core flow at the isolator inlet
was 2.5. The isolator length was 410 mm. Pitot pressure measure-
ments at the combustor inlet showed that Mach number and unit
Reynolds number of the core flow at Tt;0 � 2000 K were 2.2 and
7:5 � 106 m�1, respectively, and that Mach number, unit Reynolds
number, boundary-layer thickness, and displacement thickness of the
boundary layer at Tt;0 � 800 K were 2.2, 2:9 � 107 m�1, 15 mm,
and 3.5 mm, respectively. The combustor length Lcomb was changed
from 90 to 720 mm. There were three fuel injection holes (4 mm in
diameter and 32mm interval in spanwise direction) at the streamwise
location of X � 0 mm on one sidewall. The coefficient of discharge
was 0.79. In tests, room-temperature gaseous hydrogen was injected
at sonic speed at an angle of 30 deg to the airflow.

The test apparatus was open to the atmosphere, and back pressure
could not be controlled. As the static pressure at the combustor exit
was lower than the atmospheric pressure, the airflow may have been
affected by the atmospheric pressure. When the pressure at the
combustor exit was increased, the flow velocity decreased and the
temperature increased; thus, ignition of fuel could occur. Hence, the
expansion part was used to prevent the ignition of fuel by an
expansion fan and to eliminate the effect of atmospheric pressure on
the static pressure at the combustor exit. To confirm the formation of
the expansion fan with the recirculation region formed in the
upstream portion of the expansion part, static pressure in the recircu-
lation region was constantly monitored during the test.

B. Measurement and Data Reduction

Many pressure taps 1.0 mm in diameter were attached to the
sidewall. Wall pressure distribution was measured in the streamwise
direction in both sidewalls by two mechanical pressure scanners
(Scannivalve Company Model J; range: 0–700 kPa; error: �0:2%
full scale); pressure distributions shown in the present study reflect
the averaged pressures at each streamwise location. To mitigate the
run-to-run deviation of the test conditions, the measured pressure

was normalized with the averaged total pressure of the airflow. The
repeatability of the nondimensional pressure measurements was
within�3%. Furthermore, chromel–alumel thermocouples (0.5 mm
in diameter) were inserted into some of the pressure taps (1.0 mm in
diameter) with their junction point being flush with the inner wall
surface of the combustor, and the airflow temperature at wall surface
Tatws was constantly monitored. Note that there was a special gap
between the inner wall surface of the pressure tap and the junction
point of the thermocouple, and that the measured temperature was
not the wall temperature but the airflow temperature. Tatws was
drastically increased or decreased just after fuel injection. In the
present study, the variation in Tatws (�Tatws) due to fuel injection was
measured to detect variation in airflow temperature due to ignition.

Pitot pressure measurement and gas sampling were conducted at
the combustor exit with awater-cooled sampling rakewith 10 probes
to investigate the state of burnt gas. The interval of the probe was
10 mm to prevent aerodynamic interaction with the probes.
Experiments were repeated to measure local spanwise distributions
of gas compositions and pitot pressure, changing the spanwise
location of the rake. Reaction quenching during the sampling process
was ensured [16]. The sampled gases were analyzed with a gas
chromatography for composition of hydrogen, oxygen, and nitrogen
with an accuracy of �0:3 vol:%. With the composition of the
sampled gases and mass flow rates of hydrogen, oxygen, and air fed
into the vitiated air heater, the local equivalence ratio (including the
reduced reacted fuel) and combustion efficiency (defined as a ratio of
reacted fuel to total fuel for an equivalence ratio � 1 or the ratio of
reacted oxygen to total oxygen for an equivalence ratio > 1) were
calculated. In addition, flow states at the combustor exit were
calculated with chemical equilibrium calculation, assuming no heat
loss to the combustor wall. The repeatability was within�9% in the
local equivalence ratio, �11% in local combustion efficiency, and
�4% in local flow states, including the probe-setting error.

III. Results and Discussion

A. Categorization of Combustion Modes

In the present study, four combustion modes were observed:
nonignition, weak combustion, supersonic combustion, and dual-
mode combustion. Categorizationmethods of the combustionmodes
are described in this section.

Figure 2a shows typical wall pressure distributions along the
combustor with Tt;0 � 2000 K and �� 0:2 for various combustor
lengths. The horizontal axis represents the streamwise distance from
fuel injection hole and the vertical axis represents wall pressure
normalized by the averaged total pressure. The pressure distribution
without fuel injection is also shown as a reference.

First, with Lcomb � 720 mm, a large increase in pressure due to
combustion was observed not only in the combustor but also in the
isolator. The boundary layer in the isolator was separated due to the
large pressure gradient and a pseudoshock wave was formed in the
isolator. The supersonic airflow was decelerated to subsonic speed
through the pseudoshockwave, and the flowwas thermally choked at
the combustor exit. This much higher pressure mode is generally
termed dual-mode combustion. Second, with Lcomb � 420 mm, the
pressure rise due to combustion was confined within the combustor
and the pressure gradually increased toward the combustor exit. This
combustion phenomenon could be interpreted to mean that the static
temperature, the equivalence ratio, and the combustor length were
sufficiently large enough to sustain active chemical reaction, but
therewas an insufficient increase in pressure to separate the boundary
layer in the isolator. This case is generally termed supersonic
combustion mode. In other conditions, the pressure rises were so
small that we could not confirm whether or not the ignition occurred
by the pressure distribution alone. Thus, the airflow temperature at
wall surface plays an important role.

Figure 2b shows the distribution of the airflow temperature at the
wall surface (Tatws) under the same conditions as in Fig. 2a, except for
the case with Lcomb � 720 mm. The vertical axis represents the
variation in the airflow temperature at the wall surface during 4.4 s
after fuel injection.Within the combustor, the increase inTatws was asFig. 1 Schematic diagram of the supersonic combustor.
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much as 550 K with Lcomb � 220 mm, while that with Lcomb �
90 mm was less than zero. In consequence, we identified that the
ignition occurred with Lcomb � 220 mm and did not occur with
Lcomb � 90 mm. The former, with little increase in pressure but with
ignition, was designated as the weak combustion mode, and the
latter, without ignition, was designated as nonignition.

B. Features of Each Combustion Mode

Figure 3 shows typical spanwise distributions of local equivalence
ratio �L and local combustion efficiency �c;L within the symmetry
plane (Y � 0) at the combustor exit with Tt;0 � 2000 K and �� 0:2,
with various combustor lengths in nonignition, theweak combustion
mode, and the supersonic combustion mode. The vertical axis
represents the spanwise distance Z from the center of the combustor,
whereas the upper and lower horizontal axes represent �c;L and �L,

respectively. In the case of nonignition, �c;L was not zero, which
indicated that chemical reaction practically occurred. At Z�
�2:5 mm, �c;L showed its maximum value; thus, the reaction was
active in the mixing layer between the airflow and the fuel jets. In the
case of theweak combustionmode, the penetration height of fuel was
high, and �c;L showed its maximum value atZ� 5 mm, which again
indicated active reaction in the mixing layer. In the case of the
supersonic combustion mode, fuel was scattered in the whole region
of the combustor, and �c;Lwas higher than 0.8,whichwas the same as
in the case of dual-mode combustion, although not shown.

In the case of nonignition, the combustion mode was judged as
nonignition by the decrease in the airflow temperature at the wall
surface, although the local combustion efficiency was not zero, as
shown in Fig. 3. These contradictory results were considered as
follows. Figure 4 shows distributions of local total temperature Tt;L
under the same conditions as in Fig. 3. Note that heat loss to the
combustor wall was not taken into account in the calculation; thus,
the decrease in total temperature is due to mixing of low-temperature
fuel, and the increase is due to heat release by combustion. The local
total temperature in the fuel-scattered region decreased only in the
case of Lcomb � 90 mm, although the local combustion efficiency
was not zero. Therefore, this case was judged as nonignition.

To evaluate the mixing and combustion performances, cross-
section averagedmixing and combustion efficiencies were estimated
by assuming that the distributions of local equivalence ratio and local
combustion efficiency at arbitrary Y were the same as those in the
symmetry plane (Y � 0), shown in Fig. 3. The mixing �m and
combustion �c efficiencies were calculated as

�m �
R
A��VCf=�0L� dAR
A �VCf dA=�

0 (1)

�c �
R
A �VCb dAR

A �VCf dA=�
0 (2)

�0L �
�
1 ��L � 1�
�L ��L > 1� (3)

�0 �
�
1 �� � 1�
� �� > 1� (4)

where, �, V, Cf, Cb, and Awere density, velocity, mass ratio of total
fuel, mass ratio of burnt fuel, and cross-sectional area, respectively.
Results were summarized in Table 1. In the weak combustion mode,
mixing efficiency was much higher than combustion efficiency,
while both efficiencies were very high in the supersonic combustion
mode. This result showed that the mode transition from weak
combustion to supersonic combustion was mainly dominated by
ignition delay of overall fuel, not by the mixing of fuel and airflow.
This mechanism leads to a concept of modeling, discussed later.

Fig. 2 Typical distributions of a) wall pressure and b) airflow

temperature at wall surface (Tt;0 � 2000 K, �� 0:2).

Fig. 3 Spanwise distributions of local equivalence ratio and local combustion efficiency (Tt;0 � 2000 K, �� 0:2).
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Here, note that the previous assumption led to a larger fuel flow rate
than the measured one with a short combustor length, as the local
equivalence ratiowas much higher than unity. Hence, a fuel flow rate
over the cross-sectional area was calculated [integral term of
denominator on right-hand side in Eqs. (1) and (2)], and the obtained
fuelflow ratewas used instead of themeasured one in the calculation;
the estimated mixing and combustion efficiencies were not actual,
but they were valuable as indexes.

C. Effect of Fuel Jet/Airflow Interaction on Combustion Mode

Figure 5 showswall pressure distributionswithTt;0 � 1500 K and
Lcomb � 620 mm, with several equivalence ratios. The combustion
mode was transited from nonignition to dual-mode combustion with
increasing equivalence ratio. Simply considering the one-dimen-
sional complete mixing of fuel and airflow, the mixture would
become less combustible, because of cold fuel, as the equivalence
ratiowas increased.However, quite the contrary occurred. The height
of the Mach disk formed around the fuel injection hole became
higher as the equivalence ratiowas increased, which resulted inmore
intensive fuel jet/airflow interaction and the formation of a stronger
bow shock wave and led to the recovery of pressure and temperature
of the airflow. Consequently, ignition was more likely to occur
with increasing equivalence ratio because of the fuel jet/airflow
interaction.

D. Variation of Combustion Modes with Combustor Length

The variations of combustion modes with operating conditions
were investigated in terms of the total temperature and the combustor
length at two equivalence ratios. Figures 6a and 6b show the results at
�� 0:2 and �� 0:4, respectively. In the figures, some points show
results that the combustion mode changed from the former to the
latter during the measurements at 2.4 s, which were critical
conditions observed occasionally in the tests.

In both figures, the combustion mode was transited from non-
ignition to weak, supersonic, or dual-mode combustion as the total
temperature and/or the combustor length were increased. In the case
of �� 0:2, the combustion mode was strongly affected by the
combustor length, especially at a total temperature of 1500 to
2000 K. In the case of �� 0:4, once the ignition occurred, almost all
of the combustion modes became dual mode due to a larger amount

of heat release. Comparing the two cases, therewas little difference in
the transition condition from nonignition or weak combustion to
supersonic combustion or dual-mode combustion (shown by
dashed–dotted lines in the figures), as the ignition promotion by the
fuel jet/airflow interaction compensated the temperature reduction of
the mixture with a larger fuel flow rate.

IV. Simple Model

In this section, a simple model that predicts the minimum
combustor length needed to attain the supersonic or dual-mode com-
bustion is established. In the experiment, local ignition in the mixing
layer between the airflow and the fuel jet, or within the boundary
layer, did not result in mode transition (a large pressure rise), and the
mixing and combustion efficiencies after the transition were rather
high (Fig. 3 and Table 1). Thus, the condition in which all of the fuel
burned was defined as the threshold of the mode transition. As
discussed in Sec. III.B, what dominated the mode transition was not
mixing of fuel and airflowbut rather ignition delay of the overall fuel.
Hence, perfect mixing in an infinitely short distance (the mixing
efficiency being unity at the fuel injection location) was assumed. In
the modeling, the residence time and the ignition time of the mixture
were compared; considering the combustible mixture with a static
temperature, a static pressure, and a velocity in flowfield, the mixture
ignites when the residence time of the mixture �res becomes equal to
the ignition time (ignition delay time) of the mixture �i,

�res � �i (5)

The flowfield was assumed to be one-dimensional and the gases to be
calorically perfect.

A fundamental, simplified model can be made based on one-
dimensional mass, momentum, and energy conservation equations
about airflow, fuel, andmixture; it was designated as amodel without
fuel jet/airflow interaction. The meaning of the term of without fuel
jet/airflow interaction will be revealed later. Figure 7a shows an
illustration of the model without fuel jet/airflow interaction. The
symbols 0 anda denote the stagnant state in the vitiated air heater and
state of the airflow just upstream of the fuel injector. The airflow at
state a and the fuel injected at the sonic speed at state f are
completelymixed in an infinitely short distance, and they become the
state mix. This mixture flows downstream and ignites at the
combustor exit when the residence time of the mixture becomes
equal to the ignition time of themixture; Eq. (5). The relations of each
state are as follows:

1) The isentropic relation,

Tt;a
Ta
� 1� �a � 1

2
Ma2a (6)

where Tt;a, Ta, �a, andMa are total temperature, static temperature,
specific heat ratio, and Mach number of the airflow at state a,
respectively.

Fig. 4 Spanwise distributions of local total temperature (Tt;0�
2000 K, �� 0:2).

Table 1 Mixing and combustion efficiencies

(Tt;0 � 2000 K, �� 0:2)

Combustion mode Lcomb, mm �m �c

Nonignition 90 0.37 0.05
Weak 220 0.77 0.28
Supersonic 320 0.99 0.87

Fig. 5 Wall pressure distributions with Tt;0 � 1500 K and

Lcomb � 620 mm, with several equivalence ratios.
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2) The mass flow rates of airflow ma, oxygen in airflow mO2, and
fuel mf are given as

ma �
Pt;0A

	������������������������������
�Runiv=Wa�Tt;0

p
������������������������������������������������
�a

�
2

�a � 1

���a�1�=��a�1�s
(7)

mO2
� 0:2314ma (8)

mf � 2�
WH2

WO2

mO2
(9)

wherem, A	, Runiv, andW are mass flow rate, cross-sectional area of
nozzle throat, universal gas constant, and molecular weight,
respectively.

3) For the complete mixing of airflow and fuel, the variables of the
state mixwere calculated by one-dimensional mass, momentum, and
energy conservation equations about the control surface, surrounded
by states a, f, and the mix in Fig. 7a. The three conservation
equations are

ma �mf �mmix (10)

mmixVmix � �maVa �mfVf cos�� � PaAa � PmixAmix (11)

ma�cp;aTa � 1
2
V2
a� �mf�cp;fTf � 1

2
V2
f�

�mmix�cp;mixTmix � 1
2
V2
mix� (12)

where

cp �
�

� � 1

Runiv

W
(13)

Wmix �
�mf=Wf�Wf � �ma=Wa�Wa

mf=Wf �ma=Wa

(14)

4) The sonic injection of fuel,

Vf �
����������������������
�f
Runiv

Wf

Tf

s
�

���������������������������������
2�f
�f � 1

Runiv

Wf

Tt;f

s �
∵
Tt;f
Tf
�
�f � 1

2

�

(15)

5) For the ignition and residence time, in [14,17], the ignition time
was defined as the time it takes for the temperature to increase 5% of
the final temperature rise, during which sufficient free radicals or
chain carriers are formed to initiate the reaction system, but no
appreciable heat is released:

�i �
8 � 10�9 exp
9600=Tmix�

Pmix

(16)

The residence time of the mixture is defined as

�res �
Lcomb

Vmix

(17)

Fig. 6 Variation of combustion modes with combustor length and total temperature. (△: nonignition or weak, ▽: weak or dual mode).

Fig. 7 Illustration of a simple model.
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6) For the integration of equations, from measurements, we
obtained Maa � 2:2, and Tt;a � 0:95 Tt;0 due to heat loss. In addi-
tion, it was assumed that �a � �f � �mix � 1:4, Wa � 0:029, and
Wf � 0:002. Finally, substituting these values and Eqs. (6–17) into
Eq. (5), a relation between Tt;0, Lcomb, and � is obtained.

In Figs. 6a and 6b, broken lines obtained by themodelwithout fuel
jet/airflow interaction and dashed–dotted lines indicating the
experimental results are shown. The combustion modes should be
supersonic or dual mode in the upper side of the broken lines.
However, there were large discrepancies between the model without
fuel jet/airflow interaction and the experimental results. In addition,
the model without fuel jet/airflow interaction predicted a longer
combustor with increasing equivalence ratio, since the static
temperature of the mixture became lower due to the cold fuel as the
equivalence ratiowas increased. Thus, thismodel could not duplicate
the experimental result that ignitionwasmore likely to occurwith the
increasing equivalence ratio, the reason of which was the fuel jet/
airflow interaction (and the recovery of pressure and temperature of
the airflow by a bow shock wave). Therefore, the effect of fuel jet/
airflow interaction has to be taken into account in the model, so that
the increase in the equivalence ratio can promote the ignition. For this
purpose, the effect of fuel jet/airflow interaction was modeled by
compression of the airflow by an oblique shockwave associated with
fuel injection, and the shock angle of the oblique shock wave was
given as a function of the equivalence ratio, i.e., fuel injection
pressure; this was designated as a model with fuel jet/airflow
interaction.

Figure 7b shows an illustration of the model with fuel jet/airflow
interaction. The airflow at state a (which is under the same condition
of state a in the model without fuel jet/airflow interaction) is
compressed by an oblique shockwave into state s, with a shock angle
of� and a turning angle of �. The airflow at state s and the fuel at state
f are completely mixed in an infinitely short distance and become
state mix. Details are as follows.

1) For the shock and turning angles of the oblique shock wave, the
turning angle of the oblique shock wave � was assumed to be
proportional to the height of the Mach disk formed around fuel
injector estimated by Cohen et al.’s equation [18]. Thus, the turning
angle was given as a function of dynamic pressure,

�� k

1� cos�

�
qf
qa

�
0:5

(18)

where k is an experimental constant and � is the fuel injection angle.
The dynamic pressure of airflow qa and the fuel jet qf are given by
Eqs. (19) and (20), respectively:

qa � �aV2
a=2� �aPaMa2a=2 (19)

qf � �fV2
f=2� 
2�mf=Nf��2�fRunivTt;f

=��f � 1�Wf�1=2�=�Cd	d2f� (20)

Here, Nf, df , and Cd are the number, diameter, and coefficient of
discharge of the fuel injection hole, respectively. Substituting
Eqs. (7–9), (19), and (20) into Eq. (18), the turning angle is a function
of the equivalence ratio.

The shock angle of the oblique shock wave � is obtained as a
solution to Eq. (21),

tan �� 2 cot��Ma2asin2� � 1�
Ma2a��a � cos 2�� � 2

(21)

There are two solutions to Eq. (21): one corresponds to the strong
oblique shockwave and the other to theweak one. The strong oblique
shock wave resulted in reduction of the airflow speed from
supersonic to subsonic, which meant that the supersonic airflow was
decelerated to subsonic speed through only one oblique shock wave.
This was very unlikely because, actually, within the supersonic
combustor, the supersonic airflowwas decelerated to subsonic speed
through a pseudoshock wave. Therefore, the solution of the weak

oblique shock wave (the airflow remained supersonic behind the
oblique shock wave) was chosen in the present model. Finally, the
shock angle is a function of the equivalence ratio and becomes larger
as the equivalence ratio is increased.

2) For the compression by oblique shock wave, the pressure rise
ratio by the oblique shockwavewas given by the equation of the two-
dimensional oblique shock wave:

Ps
Pa
� 2�aMa

2
asin

2� � ��a � 1�
�a � 1

(22)

In the calculation between states a and s, mass and energy
conservation were applied, but momentum conservation was
violated as the pressure was given in Eq. (22); the error of the
momentum conservation was within 7%.

3) For the complete mixing of airflow and fuel, Eqs. (10–12) and
(14) are rewritten as (23–26), respectively:

ms �mf �mmix (23)

mmixVmix � �msVs �mfVf cos�� � PsAs � PmixAmix (24)

ms�cp;sTs � 1
2
V2
s � �mf�cp;fTf � 1

2
V2
f� �mmix�cp;mixTmix � 1

2
V2
mix�
(25)

Wmix �
�mf=Wf�Wf � �ms=Ws�Ws

mf=Wf �ms=Ws

(26)

where ms �ma and Ws �Wa. Note that, in the case of the model
without fuel jet/airflow interaction, the variables at state s are
identical to those at state a.

4) For the determination of the experimental constant, the value of
the experimental constant k in Eq. (18) was specified as follows.
Figure 8 shows a typical wall pressure distribution in the case of
nonignition. A rather high pressure was observed at X� 50 mm
(circled in Fig. 8), which would be due to impingement of the bow
shock wave formed ahead of the fuel injection hole. Hence, from the
wall pressure distribution in the case of nonignition, the pressure rise
ratio was calculated based on the difference between the wall
pressure with fuel injection and that without fuel injection at
X � 50 mm. Figure 9 shows the experimentally obtained pressure
rise ratio against the dynamic pressure ratio. In the figure, pressure
ratios of state s to state a obtained by the model are also shown for
several values of k. Avalue of k� 6was selected as the experimental
constant.

A. Comparison with Experimental Results

In Figs. 6a and 6b, solid lines obtained by the model with fuel jet/
airflow interaction are shown. The large discrepancies between the

Fig. 8 Typical wall pressure distribution in case of nonignition.
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model without fuel jet/airflow interaction and experimental results
were reduced with the model with fuel jet/airflow interaction by
modeling the fuel jet/airflow interaction by the oblique shock wave.
Especially in the total temperature range of 1700 to 1800 K, the
model with fuel jet/airflow interaction agreed relatively well with the
experimental results in spite of such simplification of the modeling.
This result indicates that this conceptual model of mode transition
phenomena makes sense. In the case of �� 0:4, the model with fuel
jet/airflow interaction overestimated the combustor length in the
region with low total temperature because, actually, the increment of
the combustor length enhanced the development of the boundary
layer, which resulted in the recovery of static temperature and the
reduction of velocity and enhanced the ignition. In both cases of
�� 0:2 and 0.4, the model with fuel jet/airflow interaction
underestimated the combustor length in the region with high total
temperature, because, in practice, there was some distance necessary
formixing of fuel and airflow, although perfectmixing in an infinitely
short distance was assumed in the model.

Application of this model to a supersonic combustor with a
diverging section as well as a constant cross-sectional area section
must result in underestimation of the total combustor length, because
the static temperature and pressure within the diverging section
decrease and the velocity increases, which suppresses the mode
transition. The decreasing/increasing rate depends on the diverging
angle. Thus, the diverging angle has to be included in the model; this
will be studied in the future.

B. Application of the Model to Test Result at Ramjet Engine

Test Facility

The produced model was applied to the test result of a scramjet
engine tested at RJTF under Mach 8 flight conditions, as the
flowfield within the constant cross-sectional area combustor was
similar to that within the supersonic combustor tested in the present
study. The reasons of selection of the scramjet engine test were
already described in detail at the end of Sec. I. For application of the
model to the test result at RJTF, the flow state at the inlet of the
constant area combustor (corresponding to the state a in Fig. 7b)
had to be obtained in a one-dimensional sense, and a quasi one-
dimensional chemical equilibrium calculation [19] was carried out
for this purpose. The calculation was based on a mass capture ratio
of 0.74 [20].

First, the flow state at the exit of the isolator was calculated based
on kinetic energy efficiency �KE with two methods:

1) The value �KE � 0:98was selected so that the resulting pressure
level (0:0023 � Pt;0) was in good agreement with themeasured value
(0:0022 � Pt;0).

2)An empirical equation about�KE and theMach number [21]was
solved by iterative calculation. In method 1, note that pressure at the

midheight line on the sidewall in the scramjet enginewas used for the
validation of the quasi-one-dimensional calculation. Pressure distri-
bution had a large gradient in the height direction of the engine, and
the pressure was low near the top wall and extremely high near the
cowl due to the deflection of the airflow and the impingement of
shock wave [11]. Although the pressure was low near the top wall,
the temperature must have been high and the velocity low, because
the engine ingested a thick boundary layerwith a height of about 40%
of the engine on the top wall, so that the ignition could easily occur
near the top wall, even with such a low fuel flow rate that results in
ignition failure around the midheight line on the side wall. Thus, the
pressure at the midheight line on the sidewall was used as the
representative pressure. In method 2, �KE � 0:996 and the static
pressure of 0:0019 � Pt;0 were obtained. Utilization of only
method 1 was insufficient for our purpose of providing a design
guideline for a supersonic combustor, because it meant that we could
not estimate the combustor length without actual experiments
(without actuallymeasured pressure). Thus, method 2,which needed
only a contraction ratio and amass capture ratio in the inlet, was used;
the mass capture ratio could be estimated with an empirical equation
(e.g., see [20]).

Second, the flow state at the entrance of the constant cross-
sectional area combustor was calculated. Backward-facing steps
were installed between the isolator and the combustor, and their
projected area was rather large (60% of the projected area of the
constant area combustor). Thus, base pressure Pb on the step was
estimated by two methods:

1) The airflow was assumed to expand with filling the entire cross
section of the constant area combustor.

2)Pb was estimated by an empirical equation [22] as a function of
the Mach number. The two methods resulted in deviations of the
calculated flow states by about 5%.

Once the flow state at the entrance of the constant area combustor
was obtained, the model was directly applied; the overall airflow
was compressed by an oblique shock wave and mixed with overall
fuel, so that the combustor length to attain a pressure rise due to
combustion was estimated as a function of the equivalence
ratio. The coefficient of discharge of the fuel injection hole was
0.74.

In Fig. 10, variations of the combustor length with the equivalence
ratio estimated by the model are shown for each calculation method
of the flow state at the exit of the isolator. The pressure rise due to
combustion should be attained in the upper right region of the lines.
In the figure, experimental results are also shown. The length of the
constant area combustor was 160 mm. As the equivalence ratio was
increased from 0.19, the pressure rise due to combustion within the
constant area combustor was attained with �� 0:36 and more. The
equivalence ratios estimated by the model agreed well with the
experimental ones within the estimated uncertainty.

Fig. 9 Relation between pressure rise ratio and dynamic pressure
ratio.

Fig. 10 Variation of combustor length with equivalence ratio in a

scramjet engine.

MASUMOTO ETAL. 353



V. Conclusions

To provide a design guideline for a supersonic combustor
concerning the combustor length and flow condition, combustion
tests of a supersonic combustor were conducted with several com-
bustor lengths, total temperatures, and equivalence ratios in a directly
connected wind tunnel that supplied vitiated airflow with a total
pressure of 1.0 MPa, a total temperature of 1500 to 2400 K, and a
Mach number of 2.5. The supersonic combustor had a constant cross-
sectional area and did not have a flame holder (e.g., backward-facing
step or cavity) nor a diverging section. In the tests, room-temperature
gaseous hydrogen was injected at an angle of 30 deg to the airflow.
The following results were obtained:

1) Four combustion modes were observed: nonignition, weak
combustion (with little pressure rise), supersonic combustion, and
dual-mode combustion.

2) In theweak combustionmode, reactionwas active in themixing
layer between the airflow and fuel jet.

3) Although oblique fuel injection was employed, the fuel jet/
airflow interaction enhanced the ignition and reaction.

4) The combustion modes were organized in terms of the
combustor length and the total temperature at equivalence ratios of
0.2 and 0.4. Comparing the two cases, there was little difference in
the transition condition from nonignition or weak combustion to
supersonic combustion or dual-mode combustion, as the ignition
promotion by the fuel jet/airflow interaction compensated the
temperature reduction of the mixture with the larger fuel flow rate.

5) A simple model to predict the minimum combustor length to
attain the supersonic or dual-mode combustion was suggested,
assuming the compression of airflow by an oblique shock wave and
complete mixing of airflow and fuel in an infinitely short distance. In
the total temperature range of 1700 to 1800 K, the model agreed
relatively well with the experimental results.

6) The model was applied to the experimental results of a subscale
scramjet engine tested under Mach 8 flight conditions at RJTF in
order to predict the occurrence of the combustion (large pressure rise)
within the constant area combustor in the engine. The model agreed
well with the experimental results.

Appendix: Flow States at Inlet of Isolator

In the present study, changing the total temperature in a vitiated air
heater with a constant Mach number led to variation of the static
temperature and velocity of the supersonic airflow. The static
temperature and velocity, as well as the Mach number and specific
heat ratio at the inlet of isolator (exit of facility nozzle), were
calculated with a quasi-one-dimensional chemical equilibrium
analysis [23]. Skin friction and heat transfer to the wall were
estimated by the van Driest method [24] and the Reynolds analogy.

Variation of the static temperature and velocity with the total
temperature and that of Mach number and specific heat ratio are

shown in Figs. A1 and A2, respectively. The static temperature and
velocity were increased linearly with the total temperature, as the
nominal Mach number was constant at 2.5. The Mach number was
decreased a little, because a higher total temperature led to a lower
Reynolds number and then to a larger skin friction. The specific heat
ratio also decreased with the total temperature.
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