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Abstract:
To enable the scramjet operate in a wider flight Mach number, a staged-combustor with dual-strut

is introduced to hold more heat release at low flight Mach conditions. The behavior of mode transition
was examined using a direct-connect model scramjet experiment along with pressure measurements.
The typical operating modes of the staged-combustor are analyzed. Fuel injection scheme has a
significant effect on the combustor operating modes, particularly for the supersonic combustion mode.
Thrust performances of the combustor with different combustion modes and fuel distributions are
reported in this paper. The first-staged strut injection has a better engine performance in the operation
of subsonic combustion mode. On the contrast, the second-staged strut injection has a better engine
performance in the operation of supersonic combustion mode.

Key words: staged-combustor; injection scheme; combustion mode; thrust performance; dual-mode

scramjet.
Nomenclature
A area, m> T static temperature, K
M Mach number T, total temperature, K
p static pressure, Pa y ratio of specific heat, J/(kg.k)
J2) total pressure, Pa (0] fuel equivalence ratio
t
Subscript
0 freestream at the inlet entrance 2 Injection fuel of downstream strut
1 Injection fuel of upstream strut Reference point (isolator entrance)

stagnation conditions

I. Introduction

The supersonic combustion ramjet (scramjet) continues to be the most promising propulsive
option for hypersonic flight [1]. In the range of Mach 4 to 8, the scramjet would operate in different
combustion modes, including supersonic combustion mode, dual-mode subsonic combustion mode and

subsonic combustion mode [2-3]. Selection of combustion modes for different flight conditions has
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significant effects on the combustion stability, thrust performance, inlet unstart and flight control, etc.
Optimization selection of combustion modes could offer better performance [4].

In the open literatures, there are many researches have been carried out for the combustion modes
of the scramjet. Combustion transition phenomenon and mechanism with inlet Mach number and total
temperature, fuel equivalence ratio and wall temperature have been observed and analyzed. Billig [5]
firstly demonstrated mode transition in ground tests. By increasing the total temperature of inlet
airflow, Sullins [6] experimentally achieved the mode transition. Ryou et al. [7] investigated the effect
of combustor length and total temperature on combustion modes, and suggested the minimum
combustor length to attain the supersonic or dual-mode combustion. When the combustor side-wall
temperature is allowed to rise sufficiently, Matthew [8] experimentally observed the scram-ram mode
transition. Cui et al. [9-11] investigated the sudden change and hysteresis phenomenon by introducing
the topological rule. Riggins et al. [12] carried out a numerical study and reported that the transition
behavior is characterized by the decrease in entropy with an increment of heat release.

When the fuel flow rate is fixed, the fuel distribution may change the combustion mode. Besides,
the staged-combustor can effectively avoid the interaction between the inlet and the combustor. The
interaction may cause inlet unstart which is a very unstable condition, especially at the low flight Mach
number conditions. Sadatake Tomioka et al. [13-15] conduct a series of combustion tests in the staged-
combustor with a strut for the first-stage injection and second-stage wall injectors. Compared to the
first injection alone, the maximum thrust increment of the staged-combustor was augmented by 120%.
In addition, injection further downstream resulted in low thrust due to the low combustion efficiency.
Sirka et al.[16] carried out some experiments on multi-stage supersonic combustion. However, these
researches do not mention combustion modes.

Malsur Dharavath et al. [17] studied the fuel-air mixing and combustion in the
ethylene fueled scramjet combustor through numerical simulation. The combustor
performance is evaluated with a series of struts. But the combustion only occurs in the
supersonic combustion mode, it did not report the combustor performance in the subsonic
combustion mode. Zhang yan et al.[18] experimentally research the influencing factors on the
mode transition in the dual-mode scramjet. Fuel equivalence ratio and fuel and fuel type can
change the combustion mode. In Ref[19], the combustion oscillation was investigated

experimentally for a cavity combustor. This research divides the flame and combustion into



three different stages and reports the large-amplitude oscillation with different stages. Wei
Huang et al. [20] systematically review the mode transition technique for the combined cycle
propulsion engine. It reported that the subsonic/supersonic mode transition can be obtained by
varying the fuel equivalence ratio, the wall-heating temperature and so on. Ref [21] reports
the experimental results about the detection of different combustion modes. The pressure-
magnitude-based detection technique is effective for the scramjet engine

However, there are few researches about combustion modes of a staged supersonic
combustor with fuel distributed injection in the scramjet engine. The change of mode
transition with the fuel distribution requires further research. The well designed experiments
of this paper systematically study the combustion modes and thrust performance in the dual-
strut scramjet combustor. The present paper shows that the fuel distribution demonstrates
distinctly different influence on the performance under different combustion modes. The first-
staged strut injection has a better engine performance in the operation of subsonic combustion
mode. However, the second-staged strut injection shows a better performance for supersonic
combustion mode. It is great of significance to understand the relations between the
combustion modes, thrust performance and the injection distribution for the staged-

combustor.

II. Experimental apparatus and data reduction

The current set of results was obtained in the supersonic research facility at the Harbin Institute of
Technology, China. A schematic of the experiment can be found in Fig.1. The inlet airflow can be
heated to a total temperature of 1250K through the alcohol-air combustion. Static pressure of the test
inlet air is 158 kPa. Additional oxygen is injected to maintain a 0.210, mole fraction in the heated
products. The heated air enters the isolator section of the experiment at a Mach number of 2. This
enables the engine to operate under both supersonic and subsonic combustion modes.

As shown in Fig.1, the staged-combustor includes four segments. The constant area isolator has a
40mmx100mm cross section. Upstream strut locates in the rear of the isolator. The first-staged
combustor includes a divergent section to accommodate the back pressure, and a constant area
combustion zone. Geometry of the second-staged combustor is similar to the former. Downstream strut
locates in the divergent section of the second-staged combustor. A central strut injector has been

employed, which also improve fuel mixing in the supersonic core stream and combustion performance



in supersonic combustor [22]. Kerosene fuel at room temperature is injected from the strut in the
direction normal to the airflow direction. In order to solve the issues associated with thermal protection
of the strut, the kerosene injectant serves as active cooling agent and effectively relieves the

aerodynamic heating on the thin strut.
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Fig. 1 Schematic diagram of the staged-combustor with dual-strut
To measure the static pressure, pressure-tap ports are distributed on the center line of one side of

the combustor wall. Each port is instrumented with a pressure transducer, which are used to measure
pressure histories of engine wall pressure. The pressure transducers range 0-1MPa and error 0.2% in
full scale. The measured results were normalized using the pressure at the entrance of the isolator. The
thrust is measured directly. A force measure system (FMS) with single degree of freedom is used to get
the joint thrust of the air heater and the scramjet combustor in the direct-connected experiment. A strain
gauge force transducer provided by China Academy of Aerospace Aerodynamics is employed in the
system. According to the measured pressures, the axial Mach number distribution can be calculated
based on one-dimensional model, which has been reported in detail in our previous research [23]. The

axial Ma distribution can be used to classify different combustion modes.

III. Combustion mode definitions in the staged-combustor

Fig.2 indicates that the Hugoniot curve can be classified as four possible combustion
conditions: strong detonation, weak detonation, weak deflagration and strong deflagration
[24,25]. Within the strong-detonation region, the flow velocity relative to the wave front
decreases from supersonic (M>1) to subsonic (M<1). Simultaneously, the pressure and
density obviously rise. Within the weak-detonation region, the flow velocity is also decreased

through a weak-detonation wave. But the burned flow is still supersonic (M>1). Therefore,



the supersonic combustion mode and subsonic combustion mode may correspond to the
weak-detonation and strong-detonation mode, respectively. Fig.3 shows the flow sketch in the

dual mode scramjet engine correspond to different combustion modes.

A
4

\\ strong detonation

\
pr F————-

0

Fig.2 Classification of the Hugoniot curve with different combustion modes
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Fig.3 Flow Sketch of the dual-mode scramjet engine
Considering that there will always be a thermal throat at the second stage of combustor with flight

Mach number Mao=5, the definitions of combustion modes for the staged-combustor may depend on
the flow characteristics at the first-staged combustor. Fig.4 shows three typical pressure and Mach
number distributions correspond to three different combustion modes, i.e., supersonic combustion
mode, dual-mode subsonic combustion mode and subsonic combustion mode.

1) Supersonic combustion mode. When the first-staged and second-staged fuel equivalence ratios
(ER) are 0.15 and 0.3 respectively, the engine operates in the scramjet mode. Because the flow Ma of
the first-staged combustor is greater than unity, the back pressure induced by second-staged
combustion does not change the upstream combustion mode. Fig.4 indicates that there is a reflection of
wall pressure for the scramjet mode. The pressures show an adverse gradient in the first-staged

combustor.



2) Dual-mode subsonic combustion mode. In the case of ¢;=0.4 and ¢.=0.2, the pressure
distribution becomes smoother and A favorable pressure gradient is formed in the last part of the
constant area combustion zone. Part of combustion zone Ma at the first-staged combustor is smaller
than unity. These characteristics demonstrate that the combustor is in the dual-mode subsonic
combustion mode.

3) Subsonic combustion mode. As the first-staged fuel ER further increases to 0.5, an intensive
combustion takes place in the upstream injector region. The flow of isolator will be disturbed. The back
pressure will propagate upstream into isolator. It results in flow separation and wall pressure rise for
large parts of the isolator. The whole combustion region Ma is blow unity. There are two thermal throat
locates at the exit of the first-staged combustor and the second-staged combustor, respectively. The
wall pressure appears a favorable gradient and smoother distribution which are the typical
characteristics of subsonic combustion mode.
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Fig.4 Typical flow parameters axial distribution of the staged-combustor for different

combustion modes

IV.  Effect of injection scheme on the combustion modes

Three typical injection schemes will be reported in this paper, corresponding to three different
combustion modes. As the first-staged fuel flow rate increases, the engine will transfer from scramjet
mode to dual-mode ramjet mode in flight Ma=5 situations. The transition process is similar to our
previous research in flight Ma=6 situations. So, in this section, effects of the second-staged fuel on the
combustion modes will be experimentally investigated.

As show in Fig.5, the engine will operate in the supersonic combustion mode when the first-staged
fuel ER is fixed at ¢,=0.15. While the second-staged fuel ER increases from 0 to 0.7, the pressure rises
at the downstream strut location due to combustion. The back pressure induced by combustion will
propagate upstream of the combustor. The lower the first-staged fuel ER is, the greater the impact
becomes. As the second-staged ER increases to ¢:=0.5, the engine transfers from scramjet mode to
dual-mode scramjet mode. The Mach number at the exit of the first-staged combustor is smaller than
unity. However, the pressure in the isolator is not disturbed, avoiding the inlet-isolator interaction.
It also indicates that the engine will not operate in the dual-mode ramjet mode even the total ER

more than unity.



P/Per

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
x(mm) x(mm)

Fig.5 Effect of the second-staged fuel ER on the Fig.6 Effect of the second-staged fuel ER on

supersonic combustion modes for ¢,=0.15 the dual-mode subsonic combustion for ¢,=0.3

Fig.6 shows the engine operates in the dual-mode subsonic combustion mode when the first-staged
fuel ER is fixed at ¢;=0.3. Although the ER increases from 0.2 to 1.0, the engine still operates in the
dual-mode scramjet mode. The pressure gradient of the first-staged combustor does not change. Fig.6
also demonstrates that the second-staged fuel cannot change the operation mode of the engine. When
the second-staged fuel further increases, Fig.7 indicates that there is little change in the first-staged
pressure for subsonic combustion mode. Because the second-staged back pressure is significantly lower
than the first-staged, it cannot propagate upstream. Correspondingly, the engine still operates in the

subsonic combustion mode.
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Fig.7 Effect of the second-staged fuel ER on the subsonic combustion modes for (¢,=0.6)



V. Thrust performance of the staged-combustor with different combustion mode

To study the thrust performance with different combustion mode, the total fuel ER keep constant
for a single test. But the distribution of fuel between the first-staged injector and second-staged injector
is varied. The total ER ranges 0.6~1.2. As the total ER is fixed, Fig.8 shows relations between the
engine thrust and the fuel distribution. Due to the limitation of inlet-combustor interaction, the first-
staged fuel ER is less than 0.6. However, the second-staged ER is unrestricted, considering that it does
not disturb the pressure of isolator.

As shown in Fig.8, the engine thrust significantly increases with an increase in the first-staged fuel
for the subsonic combustion mode. For comparison, the engine thrust, for supersonic combustion
mode, decreases with the increase of the first-staged fuel flow rate. While the first-staged fuel ER
increases from 0.3 to 0.35, the engine transfers from supersonic combustion mode to dual-mode
subsonic combustion mode. Therefore, as the total fuel ER is fixed at ¢=0.6, the thrust will reach a
turning-point with the critical point of mode transition. It should be noted that the experimental data for
the scramjet mode is relatively few, because the scope of scramjet mode is very narrow with flight
Mach number Ma,=5. Not only the first-staged fuel, but also the second-staged fuel will also affect the
supersonic combustion mode.

a) Dual-mode subsonic combustion mode/subsonic combustion mode
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Fig. 8 Variation of the engine thrust with the first-staged fuel equivalence ratio under the

condition of the same total ER
In order to explain the experimental results in Fig.8, Fig.9 shows the comparisons of wall pressure

distribution for ¢=0.6. Under the dual-mode subsonic combustion mode, it may be observed that wall
pressures of the first divergent section significantly rise while the first-staged ER increases from 0.3 to
0.4, correspondingly the second-staged ER decreases from 0.3 to 0.2. An intensive combustion forms at
further upstream location. A large pressure rise with combustion causes the flow separation near the
first strut and the second-staged pressures almost keep constant. So, it results in larger flow Ma

decrease.
As a result of energy release, the decrease of total pressure is usually referred to as
“Rayleigh heating loss”. It should be noted that the energy release occurs in the constant-area

combustor, i.e.

dA=0 €]

Then, the one-dimensional flow equations for the conservation of mass, momentum and

energy can be assembled blow for the constant area combustor without frictionless.

(2)
p VvV
<d_P+}/M2d_V:0
p \%4
dT dT dv
L (y-1)M2=—=—=0
T T =D \%

The relationship between the total pressure P, and the static pressure P is defined as

3)
N
P= P(1+—)/2_1M2)7‘1

11



It can be stated in differential form,

dp, _dP yMdM “)

Finally, through substituting equation (2) and equation (4), the total pressure loss due to heat
addition can be obtained as shown below.

P 2 T

t t

The total pressure loss is an important performance parameter for the design of combustor. In
general, the loss in total pressure should be less than 60 percent in the practical scramjet

combustor.

Eq. (5) means that the total pressure always decreases with increased heating (or total
temperature), and more rapidly as the Mach number of the combustion increases. Therefore, the
decrease of flow Ma reduces the total pressure loss. Correspondingly, it will improve the engine
performance. As shown in Fig.9b, when the second-staged fuel ER increases from 0.3 to 0.5 with
scramjet mode, a larger pressure rise takes place near the downstream strut. So, it results in a larger
total pressure recovery coefficient. In conclusion, the concentration of heat release can effectively
increase the engine performance.

a) Dual-mode subsonic combustion mode
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Fig.9 Effect of fuel distributions on the wall pressures for different combustion modes

6. Conclusion

Combustion experiments of the staged-combustor were conducted under the incoming Ma 2
airflow conditions with a total temperature of 1250K and a static pressure 158 kPa. The upstream strut
locates at the rear of isolator and that of downstream locates at the second-staged combustor. The
following results are forthcoming:

1) According to the flow characteristics of the first-staged combustor, the staged-combustor can be
divided into three different combustion modes. Combustion of the second-staged combustor is
always subsonic.

2) The second-staged combustion could affect the first-staged combustion mode. When the engine

operates in the supersonic combustion mode, the second-staged fuel can lead to mode transition.
But, it cannot change the dual-mode subsonic combustion mode, only raise the wall pressures
slightly. For the subsonic combustion mode, the first-staged wall pressures almost keep constant
with the increase of the second-staged fuel.

3) The thrust performance of combustor depends on the combustion mode. Under the supersonic

combustion mode, the increase of the second-staged fuel flow rate can offer better performance.
In contrary, the increase of the first-staged fuel can offer better performance in the operation of

subsonic combustion mode.
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1. The staged-combustor with dual-strut is introduced to avoid inlet-combustor interaction.
2. Fuel injection scheme has a significant effect on the staged-combustor operating modes

3. Thrust with different combustion mode is reported through staged-combustor experiments.



