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Abstract: The solid scramjet has become one of the most promising engine types. In this paper, we
report the first direct-connect test of a solid scramjet with symmetrical structure, carried out using
boron-based fuel-rich solid propellant as fuel. During the test, which simulated a flight environment
at Mach 5.6 and 25 km, the performance of the solid scramjet was obtained by measuring the
pressure, thrust, and mass flow. The results show that, due to the change in the combustion area of
the propellant and the deposition of the throat in the gas generator during the test, the equivalence
ratio gradually increased from 0.54 to 0.63. In a solid scramjet, it is possible to obtain a symmetrical
distribution of the flow field within the combustor. Moreover, in a multi-cavity combustor, the
combustion state expands from the cavity to the center of the flow channel. The performance of
the solid scramjet increased during the test, reaching a combustion efficiency of about 42%, a total
pressure recovery coefficient of 0.35, and a thrust gain specific impulse of about 418 s. The solid
scramjet with symmetrical structure is feasible. The cavity configuration adopted in this paper can
reduce the ignition delay time of fuel-rich gas and improve the combustion efficiency of gas-phase
combustible components. The shock trains in the isolator are conducive to the recovery of the total
pressure. The performance of the solid scramjet is limited by the low combustion efficiency of
the particles.

Keywords: direct-connect test; solid scramjet; symmetrical structure; multi-cavity; boron-based pro-
pellant

1. Introduction

Powered hypersonic flight (Ma > 5) is currently a research hotspot in the field of
aerospace, with the scramjet being an ideal propulsion equipment for this purpose [1-4].
While most of the current research is based on liquid fuels, the scramjet that employs solid
fuel (SSR]) has many advantages, including simple structure, high energy density, low cost,
and safety [5-8]. Due to this, the SSR] has become one of the most promising engine types
for hypersonic future vehicles.

In 1989, Witt et al. [9] conducted a pioneering experiment of an SSR]. Their test showed
that, even though ignition and flame stability are difficult to achieve, solid fuel can burn in
a supersonic flow. In 1991, Angus et al. [10] achieved continuous and stable combustion
of solid propellant in a supersonic flow and proved for the first time that fuel-rich solid
propellants can be used in scramjets. It is worth mentioning that in the tests of both
groups, a hydrogen pilot flame was required to assist the solid fuel ignition and flame
stabilization. In 1994, Ben-Yakar et al. [11] successfully attained self-ignition and stable
combustion of solid propellant without external assistance. This was possible due to a
modified configuration of the combustor, as shown in Figure 1. The biggest feature of
this configuration is the use of a cavity as a flame stabilization device. A large number
of papers based on this configuration show that the cavity can, indeed, achieve solid fuel
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ignition and maintain flame stability. However, the cavity will gradually disappear as the
fuel burns, resulting in a sharp decline in the working performance, preventing the engine
to stably operate for extended periods of time [7,8,12,13].
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Figure 1. Schematic of a solid scramjet.

In 2016, Xia et al. [12] proposed a new type of combined hypersonic power system
based on SSR]J, see Figure 2. The SSR] is composed of a gas generator, an inlet, an isolator,
a combustor, and a nozzle. There is a self-sustaining combustion of the fuel-rich solid
propellant in the gas generator, and the generated fuel-rich gas is injected into the com-
bustor for mixing and combustion with the supersonic air to further release energy. They
accomplished a stable operation of the SSR] in supersonic air, showing a feasible SSR] [13].
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Figure 2. Schematic of the solid scramjet proposed by Xia et al.

SSR] has also the advantages of various mixing enhancement methods, controllable
oxygen-fuel ratio, is less affected by incoming air, and has a flexible gas generator layout.
However, the poor combustion efficiency of the fuel-rich gas and incoming air has become
a key factor limiting the performance of SSR] [14-17]. The latter is mainly manifested by
SSR] long ignition time (~1 s) and low combustion efficiency (<50%) [18]. The efficiency of
organizing combustion is important to realize the best performance of SSR]. The combustion
enhancement devices currently used for supersonic air include a ramp, strut, and cavity,
among others. Compared with a ramp and strut, the cavity has a simpler structure,
higher mixing combustion efficiency, smaller total pressure loss, and has been widely
studied and applied [19-22]. Li et al. [23] explored the influence of the cavity on the SSR]
using numerical simulations, and showed that the cavity can improve the combustion
performance. Liu et al. [24] compared the effects of injecting the fuel-rich gas from different
positions of the cavity on the performance of the SSR], and hypothesized that the low-speed
area near the cavity can enhance the SSR] performance. Ma et al. [25] also carried out
experimental research on an SSR] with a cavity. Their results further demonstrate that
the cavity has the ability to increase the combustion efficiency of the fuel-rich gas. At the
same time, research has also been carried out regarding the usage of multiple combustion
organization devices, to achieve enhanced mixing and combustion. Gao et al. [26,27] used
a device combining a cavity and a ramp to enhance mixing and combustion. In addition,
Li et al. [28] have experimentally studied the effect of the combination of a cavity and strut
on SSR] performance. They propose that the ramp/strut can play the role of ignition and
flame stabilization; however, the ablation and total pressure loss caused by it are large.
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Yang et al. [29] compared the effects of different injection configurations on performance of
SSRJ through a direct connection test, and the results showed that, compared to a round
nozzle, an elliptical nozzle is more conducive to the mixed combustion of fuel-rich gas and
air. Zhao et al. [30] summarized the research progress of SSR], and put forward suggestions
and ideas for the next research.

The above-described works show that the cavity has the ability to promote the mixing
and combustion of the fuel-rich gas and is generally used as a combustion enhancement de-
vice in SSR]s. Moreover, research results for liquid scramjets show that using a multi-cavity
can improve the scramjet performance [31-33]. However, to the best of our knowledge, the
use of a multi-cavity as an SSR] combustion enhancement device has not been reported. In
addition, the reported SSRJs only use a single gas generator, and the working characteristics
of the SSR] with multiple gas generators have not yet been analyzed.

In this paper, a multi-cavity SSR] combustor, and a symmetrical SSR] configuration
with two gas generators are designed. Using the direct-connect test, the pressure, thrust,
and mass flow of our designs are measured. This allows us to analyze the influence of the
multi-cavity combustor on the mixing and combustion, and to explore the effects of using
two gas generators. The working characteristics and performance are expected to provide
design and engineering guidelines for the application of SSR].

2. Experimental Setup and Procedure
2.1. Experiment Platform

The direct-connect test platform of the National University of Defense Technology
was used to carry out the test, see Figure 3. The experiment platform is composed of four
parts: the air heater, the measurement and control system, the thrust bench, and the SSR]
under test. The air heater is a three-element (alcohol, oxygen, and air) combustion heater.
The simulated flight condition is 5.6 Ma at 25 km.
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Figure 3. Schematic of the direct-connect test experiment platform.

Computer

During the test, three types of parameters were collected: pressure, thrust, and mass
flow. The thrust is measured by a thrust sensor (range 0~3 KN, error +0.1%). The pressures
at the heater and gas generator are measured by high-pressure sensors (range 0~6 MPa,
error +0.5%). Due to the low pressure of the scramjet combustor, a low-pressure sensor
(range 0~1 MPa, error +0.5%) is used there. The mass flow rate of each component of the
air heater is measured by turbine flowmeters with different ranges and an error of 4-0.2%.
To ensure the safety of the test, the test process is controlled by the time sequence set in
advance, as shown in Table 1.
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Table 1. Time sequence of the experiment.

Time/s Instruction
0.00 Start
7.50 Air heater ignition
11.10 Gas generator ignition
43.05 Air valve off
50.00 End

2.2. Solid Scramjet under Test

In order to investigate the working characteristics of an SSRJ with a multi-cavity
and multiple gas generators, we designed a symmetrical rectangular configuration. The
specific structure and dimensions are shown in Figure 4. The SSR] is manufactured with
304 stainless steels as the material. In order to facilitate installation and disassembly;,
the combustor is divided into three parts. The parts are processed by welding and are
connected by flanges to form the SSR] as a whole.
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Figure 4. Schematic of the solid scramjet structure, including dimensions.

The test SSR] consists of four parts:

(a) Gas generator: Two gas generators are arranged symmetrically, using boron-based
fuel-rich solid propellant. The propellant is self-sustained and burned in the gas generator
to produce the fuel-rich gas. The thermodynamic calculation [34] results of the main energy-
containing components and energy proportions in the propellant combustion products, are
shown in Figure 5. It can be seen that the energy release ratio of the gas components in
the fuel-rich gas only accounts for about 25% of the total energy, and the remaining 75% is
stored in carbon and mostly boron particles. This shows that the overall performance of
the SSR] strongly depends on the particle combustion efficiency.
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[P 21.49%
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6.67%
18.5% 20.06%
54.77%
@) (b)

Figure 5. (a) Main energy-containing components in the fuel-rich gas; (b) main energy proportions in the fuel-rich gas.
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(b) Isolator: It adopts a uniform cross-section configuration; the entrance width and
height are 50 and 40 mm, respectively. It can prevent the pressure of the supersonic
combustor from affecting the working state of the air heater outlet.

(c) Injector: It has a uniform cross-section configuration and is connected to the
isolator by a step. This setting can effectively resist the back pressure of the combustor from
moving upstream. The fuel-rich gas produced by part (a) is injected into the combustor at
supersonic speed. It is worth mentioning that the incident direction of the fuel-rich gas is
at an angle of 60° with respect to the supersonic air.

(d) Supersonic combustor: In order to adapt to the obstruction of supersonic airflow
caused by the combustion heat release, the internal dimensions of this configuration keep
expanding along the flow direction. It is used to organize the second combustion of the
fuel-rich gas. Four cavities are arranged as devices to enhance the mixing and combustion.

3. Results and Analysis
3.1. Working Characteristics of the Air Heater

Whether the air heater can work stably is very important to the test. Figure 6 presents
the mass flow of each component and the pressure in the air heater measured during the
test. It can be seen that the air heater was stable, i.e., its parameters remained basically
unchanged during the test, indicating that it can provide stable flight conditions. One point
that needs to be explained is that the ethanol is used for combustion to achieve the purpose
of heating the air, so that the temperature of the air is the same as the total temperature
of the airflow under simulated flight conditions. In addition, the oxygen content of the
heated air is consistent with the ambient air.
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Figure 6. Schemes follow the same formatting.

3.2. Working Characteristics of the Gas Generator

Figure 7 shows the pressure-time curve of the two gas generators during the test.
It can be seen that the working conditions of the two gas generators were basically the
same during the test, namely the total working time was about 12.5 s and the pressure
curves are very similar. In addition, after successful ignition, the pressure of both gas
generators showed a continuous rise, with a gradually decreasing rising speed. During the
rising pressure stage, small fluctuations also appeared. In this test, the gas generator throat
remained choked, so there are two possible reasons for this phenomenon: the propellant
combustion area at different times is inconsistent or the fuel-rich gas deposition causes the
throat area to change.
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Figure 7. Evolution of pressure of in the gas generator during the test.

Figures 8 and 9 show the schematic diagrams of the propellant burning surface retreat
during the test, and the throat changes before and after the test, respectively. After the
test, the area of the throat is reduced by about 4% compared to the initial area. Possibly,
the rapid changes of pressure at the igniting/trailing of the test is caused by the change
of the burning surface. This can happen because a pit is formed on the burning surface
due to ignition, which causes the propellant combustion area to show a climbing-stable-
trailing change. During the test, the pressure fluctuates is mainly caused by the continuous
deposition and shedding of the fuel-rich gas in the throat.

Burning
surface

er
I gmtmg
Cllmbmg
Stable
Trailing, . ‘

Figure 8. Schematic diagram of the propellant burning surface retreat during the test.

Figure 9. Topography of the throat changes before and after the test.

The mass flow of the fuel-rich gas can be calculated by the following Formula:

1"ngas = apgastAp (1)

where a and n are the burning rate coefficient and the pressure exponent, respectively; p,
and A, are the density and burning area of the solid propellant, respectively; and p,, is
the pressure in the gas generator. When the propellant is made, these parameters of a, n,
Pp- and Ap have also been determined.
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Equation (1) shows that the pressure is positively correlated with the mass flow of the
fuel-rich gas. Due to this, the mass flow gradually increases during the test. It should be
pointed out that, although the working conditions of both gas generators in this experiment
are basically the same, the burning area and throat deposition are not controlled after the
gas generators start to operate. This may produce inconsistent working conditions of the
gas generators. How to control the burning area and throat deposition within an acceptable
range requires further in-depth research.

3.3. Working Characteristics of the SSR]

The equivalence ratio can be calculated using:

(&)
Myyel / stoic

= @)

()

where m,;, and myg, are the air and the fuel-rich gas mass flow rates, respectively; and the
underscore stoic denotes the stoichiometric state. Figure 10 presents the bench thrust and
equivalence ratio vs. time curves registered during the test. The equivalence is less than 1,
indicating that the combustion was in an oxygen-rich state (the closer to 0, the more air it
contains). Figure 10 also shows that thrust and equivalent ratio changed synchronously,
i.e., both present an initial sudden and then gradual increase, indicating that there is almost
no ignition delay when the fuel-rich gas is injected into the combustor and is mixed with
supersonic air. In addition, the equivalence ratio gradually increased from 0.56 to 0.63, and

the thrust gradually increased with the mass flow of fuel-rich gas, indicating that the test
SSR] configuration has the potential for a wide operating range.
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Figure 10. Evolution of the equivalence ratio and thrust during the test.

Figure 11 shows the distribution and pressure taps naming for the tested SSR].
Figure 12 shows the wall pressure curve on the center of the flow channel at different
times during the test. It can be seen that, from the moment the air heater starts operating
(~7.50 s), shock trains are established in the isolator to match the back pressure generated
by the combustion in the combustor. After the gas generator is successfully ignited, the
overall pressure distribution along the wall gradually increases with time. This is due
to the slow increase of the fuel-rich gas mass flow and the combustion efficiency during
the test, which leads to an increase in heat release along the combustor and in turn its
wall pressure.
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Figure 11. Distribution and naming of pressure taps along the tested SSR].
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Figure 12. Pressure distribution along the wall surface of the SSR] at different times.

Note that the pressure of the combustor did not affect the pressure of the isolator,
indicating that adding a step before the fuel-rich gas inlet is indeed beneficial to prevent the
back pressure of the combustor from entering the inlet. This is because the steps provide
extra space for heat-releasing and for adding mass to the fuel-rich gas. The highest pressure
was always registered near the inlet of the fuel-rich gas, which is mainly caused by the
shock wave produced by the fuel-rich gas jet entering the combustor. At the same time, it
can also be caused by the high temperature gas of the fuel-rich gas entering the combustor,
which quickly combusts with the air. In addition, note that the pressure in the area where
the cavity is located remains high during the test, indicating that the cavity can form a
certain high-pressure zone and play a role in stabilizing combustion.

Figure 13 shows the internal pressure of the cavity symmetrically arranged in the
combustor, where (a) is the cavity at the first position along the flow direction and (b) is the
cavity at the second position. It can be seen that the internal pressure of the symmetrically
arranged cavity is basically the same, indicating that the flow field in the combustor
achieves a symmetrical distribution. The change trend of the pressure curve at each
position is consistent with the change of the thrust and gas generator curves, also showing
that the test SSR] can adapt to the changes of the fuel-rich gas mass flow.



Energies 2021, 14, 5589

9o0f 16

500

500

P27 ——P28 ——P29 ——P30 —— P31
—sP34 —e=P35 —+=P36 —+=P37 —s—P38

e RARARERSam,

. 30 40 50 0 10 20 . 30 40 50
Time/s Time/s

(a) (b)

Figure 13. (a) Internal pressure of the cavity at the first position symmetrically arranged in the combustor; (b) internal

pressure of the cavity at the second position symmetrically arranged in the combustor.

The internal pressure of the cavity at the first position is significantly higher than that
of the second position, while the former is basically the same, and the latter is significantly
different. The above indicates that after the fuel-rich gas enters the combustor, it rapidly
mixes and violently combusts with the supersonic air, near the cavity at the first position.
On the other hand, the pressure in the cavity at the second position shows that the pressure
in the middle of the cavity (P30/P37) is the highest, the pressure at the rear edge of the
cavity (P31/P38) is the lowest, and the pressure at the front edge of the cavity (P29/P36)
is in between these two. Our analysis suggests that the high pressure at the front edge of
the cavity is caused by the low-velocity recirculation zone formed there. The entrainment
effect of the recirculation zone promotes the combustion of the fuel-rich gas and completes
the mixing and combustion with air in the cavity. As a result, the pressure is highest in the
middle of the cavity (P30/P37). Although the trailing edge of the cavity has a blocking and
pressurizing effect, these are reduced by ablation (see analysis below). In addition, the flow
channel area increases, lowering the pressure in the cavity.

To further illustrate the role of the cavity, Figure 14 shows the variation of its internal
pressure and the pressure of the mainstream at the same flow direction. It can be seen
that the pressure change mechanism at each point is consistent with the evolution of the
pressure in the gas generator. This indicates that the increase in pressure at each point is
mainly caused by the increase in the mass flow of the fuel-rich gas, which also evidences
that the fuel-rich gas that enters the cavity is effectively burned. At the same time, it can
be seen that in the early stage of the test, the pressure inside the cavity was significantly
higher than the mainstream pressure. As the test progressed, this pressure gap gradually
decreased. In particular, during the last stage of the test, the internal pressure of the
cavity at the second position was basically the same as the mainstream pressure. This
demonstrates that the internal combustion state of the cavity is better than that at the center
of the combustor during the beginning of the test, and that the cavity promotes the ignition
of fuel-rich gas and air. In the last stage of the test, the mainstream of the combustor also
establishes a stable combustion. At this point, the cavity promotes mixing and combustion
and, at the same time, assumes the role of stable combustion. The above analysis shows
that our cavity design is indeed helpful in reducing the ignition delay time of the fuel-rich
gas, and improves combustion efficiency.
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Figure 14. Internal pressure of the cavity and pressure of the mainstream at the same flow direction
vs. time.

Figure 15 shows the structure of the cavity before and after the test. It can be seen
that the bottom wall of the first cavity is ablated, while the bottom wall of the second
cavity is complete. While the back edge of both cavities is ablated, the first cavity is more
serious. This suggests that the heat release is concentrated around the first cavity, which
is consistent with the analysis presented above. It should be emphasized that the heat
generated at the first cavity is mainly produced by the combustion of the gas components
in the fuel-rich gas. On the other hand, a larger number of particles are deposited in the
second cavity compared to the first cavity. We speculate that this may be due to the large
particles” inertia and penetration depth, which causes them to collide in the flow channel,
bounce back and then move to the wall before flowing into the second cavity.

Figure 15. Comparison of the cavity before and after the test.

Figure 16 shows the pressure changes of the five pressure measuring points arranged
at the outlet of the combustor. It can be seen that the outlet pressure distribution during
SSR] operation is not uniform. In particular, there is low pressure at the wall and the
center of the flow channel, and high-pressure in the area between these two. This is most
obvious in the later stage of the test. Figure 16 also evidences that the combustor achieves
symmetrical combustion of the fuel-rich gas, and that the combustion area is not close to
the wall or in the center of the combustor. On the one hand, it can be seen that the thermal
load on the wall of our combustor is relatively light, which is favorable to the long-term
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operation of the SSR]. Moreover, Figure 16 shows that the fuel-rich gas in the combustor
cannot diffuse to the center of the flow channel, and that the mixing between the fuel-rich
gas and supersonic air needs to be enhanced.

140 e
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Figure 16. Pressure distribution at the outlet of the combustor.

Figure 17 depicts the flame at the outlet of the combustor. It can be seen that the
flame is distributed symmetrically, which is consistent with our analysis of the pressure
distribution at the outlet of the combustor. The outlet flame is mainly yellow, which
indicates that the carbon particles at the outlet burn well, and the boron particles have
no obvious combustion characteristics. In addition, a large number of luminous solid
particles can be clearly observed in the outlet flame, indicating that the solid particles are
not completely burned, and thus, the combustion efficiency of the particles is not very high.

Figure 17. Flame at the outlet of the combustor.

Figure 18 shows a photo of the inner wall surface at the outlet of the combustor after
the test. It can be clearly observed that a large number of condensed phase product are
deposited on the inner wall surface. The deposition is evenly distributed on the wall surface,
indicating that the particles have a greater penetration depth compared to the gaseous
components in the fuel-rich gas, that they can collide and rebound within the combustor,
and that are evenly distributed throughout the combustor. The particles deposition also
shows that the particles combustion efficiency in the fuel-rich gas is indeed not high.
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Figure 18. Inner wall surface at the outlet of the combustor after the test.

3.4. Performance of the Tested Solid Scramjet

The performance of the tested SSR] is evaluated by the equivalent ratio, combustion
efficiency, thrust gain specific impulse, total pressure recovery coefficient, and Mach
number of combustor outlet. The combustion efficiency in a scramjet combustor is defined

as [35]:
Nap = (Cth,exp)e - (CPTtIeXP)in (3)
(Cth,the)e - (Cth,eXp)m
where the underscores e and in represent the inlet parameters of the isolator and the
combustor outlet, respectively. The theoretical total outlet temperature and Cp, are obtained
from the thermal calculation software CEA [34].
The velocity (ve) and Mae of the combustor outlet are calculated from [35]:

F =meve + (pe - pa)Ae )
1/2
F— — A
1\/[2.:1e — < (pe pa) e) (5)
YePcMae

where m, is the mass flow rate at the combustor outlet, p, is the environment pressure, F
is the bench thrust, p, is the pressure at the combustor outlet measured by the pressure
scanning valve, A, is the outlet area of the combustor, and vy is the specific heat ratio
calculated by CEA.

The total pressure recovery coefficient & is defined as [35]:

Pie

pt,in

5 (6)

where p, , and p, ;, are the total pressure at the combustor outlet and the inlet of the isolator,
respectively.
The total pressure p, ;. at the combustor outlet is derived from [35]:

Ye
Ye — 1 Ye—1
Pre = Pe (H 2 Ma%) )

where Ptin 1S estimated based on the method given in [35].

Using the above-described analysis method, we calculated the performance curve of
the SSR] during the test, see Figure 19. It can be seen that during the test, the change trend
of each parameter is basically the same, and the performance of the SSR] continuously
increases up to the last stage, where it stabilizes. The Mach number at the outlet of the
combustor decreased during the test from 1.76 to 1.20, indicating that the outlet was in
a supersonic state. Due to the deposition of the gas generator throat and the change of
the propellant combustion area, the equivalence ratio increased from 0.54 to 0.63. At the
beginning of the test, the combustion efficiency was only 0.03, indicating the existence of
an ignition delay of the fuel-rich gas. However, the fuel-rich gas and supersonic air quickly
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established combustion in a short time. The combustion efficiency gradually increased
during the test, reaching a maximum of 0.42. We conclude that this is caused by the
expansion of the combustion area from the cavity to the center of the combustor, which is
also consistent with the operating characteristics of multi-cavity liquid scramjets.

069 0.8 ~ 475 - 2.0
—— @ — M § ——Isp——Ma,
425 - 1.8
0.4 -
=375 - 1.6
-~ @ CQ’J
< L
= (_9; =
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Figure 19. Evolution of the solid scramjet performance parameters during the test.

Both the combustion efficiency and the total pressure recovery coefficient increased,
the latter from 0.25 to 0.35. This is contrary to the results of previous studies, which suggest
that the higher the combustion efficiency, the smaller the total pressure recovery coefficient.
Through the analysis of Figure 12, it can be postulated that under the action of the shock
trains in the isolator, the Mach number at the inlet of the combustor gradually decreases,
thereby reducing the total pressure loss in the combustor. This is further supported by the
gradual decrease of the Mach number at the outlet of the combustor during the test. The
thrust augmentation specific impulse is determined by the combustion efficiency and the
total pressure recovery coefficient, which rose from 252 to 418 s during the test.

The SSR] configuration adopted in this work accomplished symmetrical combustion
in the combustor, the fuel-rich gas mixed with supersonic air burned rapidly, and there
was almost no ignition delay time. However, the maximum test combustion efficiency
was only 0.42, which is far from meeting the needs of real engineering applications. Our
analysis shows that in this test, the combustion efficiency of the gas phase components
in the fuel-rich gas was close to 100%, while the combustion efficiency of the condensed
phase particles was only about 20%. We showed that the cavity layout used in this work
had a significant effect on the combustion efficiency of gas-phase combustibles, but it did
not have a significant effect on condensed phase particles.

The performance of the SSR] is limited by the low combustion efficiency of the particles
in the fuel-rich gas. Further research is required to optimize the size, position, number, and
other parameters of the cavity according to the different characteristics of the gas phase
components and condensed phase particles in the fuel-rich mixture, to further improve the
working performance of the SSR]. In addition, there is current research about the formation
enthalpy and dissociation characteristics of boron and related fuels [36,37]. These studies
will help understand the combustion mechanism of boron and related compounds. How
to promote the combustion of boron by influencing the combustion mechanism of boron
will also be carried out in the following research.

4. Conclusions

In this paper, we used boron-based fuel-rich solid propellant as fuel to carry out
the first ever direct-connect test of a solid scramjet with symmetrical structure. The test
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simulated a flight environment at Mach 5.6 and 25 km. After measuring pressure, thrust,
mass flow, and other parameters, and analyzing the test results, we conclude:

1.  The solid scramjet with symmetrical structure used in the test can achieve a sym-
metrical distribution of the flow field in the combustor. The adopted supersonic,
multi-cavity combustor enables the process that shifts the combustion state from the
cavity to the center of the flow channel.

2. The fuel-rich gas mass flow continued to increase during the test due to the change
of the propellant combustion area in the gas generator, and the deposition of the
condensed phase products in the fuel-rich gas at the throat. The equivalence ratio
gradually increased from 0.54 to 0.63.

3. The cavity is helpful to reduce the ignition delay time of fuel-rich gas and improve
the combustion efficiency; however, it mainly acts on the gas-phase combustible com-
ponents. Particle deposition shows that the cavity configuration presented here does
not have a significant promotion on the improvement of the combustion efficiency of
condensed phase particles.

4. The maximum total combustion efficiency of the engine under test conditions was
about 0.42. In this state, the combustor total pressure recovery coefficient and thrust
gain specific impulse were 0.35 and 418 s, respectively. The shock trains in the isolator
are beneficial to the recovery of the combustor total pressure.

Although the solid scramjet configuration adopted in this paper achieves stable op-
eration, the maximum tested combustion efficiency is only 0.42, and the low particle
combustion efficiency has become a key factor limiting engine performance. Our future
work will combine engineering problems and use the different characteristics (motion, com-
bustion, etc.) of the condensed phase particles and gas phase components in the supersonic
combustor to optimize the structural parameters of the solid scramjet. At the same time,
starting from the combustion mechanism of condensed phase particles, the particles are
provided with an environment that is easy to react, so as to achieve the purpose of further
improving the performance of the solid scramjet.
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