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The shock-induced combustion ramjet engine is the most favorable air breathing propulsive system and
a suitable option for high-speed flight. In this paper, theoretical analysis and numerical simulations were
conducted to study the thrust performance of shock-induced combustion ramjet engines. Firstly, the
propulsive performance of supersonic combustion ramjet engines was theoretically analyzed by using
the Chapman-Jouguet detonation theory. Then, the aerodynamic principles of shock-induced combustion

ramjet engines were put forth on the basis of the theoretical analysis results. Finally, a full-scale
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aerodynamic principles.

shock-induced combustion ramjet engine was designed according to the aerodynamic principles. Two-
dimensional numerical simulations were conducted to simulate its combustion flow field and propulsive
performance. The numerical results demonstrate the correctness and application of the theoretical
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1. Introduction

The supersonic combustion ramjet (scramjet) engine has been
expected to be one of the most promising propulsion systems for
hypersonic air-breathing vehicles [1,2]. Scramjets have the poten-
tial to reduce the costs of accessing to space by taking air from
atmosphere as an oxidizer. However, although many countries have
investigated scramjets during the past 60 years, there is still a
long way to go [3-10]. There are many complex theoretical and
technical issues that still need to be explored and overcome to
make scramjets operable for hypersonic flight. The thrust and su-
personic combustion oscillation are two crucial aerodynamic issues
that need for further study [3].

The first aerodynamic issue is that scramjets do not have
enough thrust [3,4]. We do not know theoretically the method to
increase its thrust effectively and the crucial parameters influenc-
ing the thrust. For example, the studies on scramjets at the French
Aerospace Lab (ONERA) were stopped at 1972 due to the difficulty
of the propulsive balance of an air-breathing hypersonic vehicle.
For this reason, they made the decision to concentrate efforts on
rocket engines. Although the activities of scramjets at ONERA were
renewed in 1992, propulsive balance still remains to be a key issue
for the development of air-breathing hypersonic vehicles [7].
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The second issue is the supersonic combustion oscillation,
which can cause the engine unstart. Researchers usually think that
the engine unstart is mainly caused by shock-induced boundary
layer separation in the combustor. But Laurence et al. [11,12] and
Oh et al. [13] observed the shock waves propagating upstream
in the isolator in the experiments and numerical simulations, re-
spectively. Laurence et al. observed experimentally the shock wave
propagating upstream with an absolute velocity of about 1900 m/s,
which is very close to the Chapman-Jouguet (C-J) detonation ve-
locity of Hy/Air mixture. In this case, the turbulence, diffusion,
viscous, and heat conduction processes in ODEs are less impor-
tant than that of scramjets. Their experimental results demonstrate
that the engine unstart is caused by flow choking instead of the
boundary layer separation [10-12]. The sonic combustion in the
combustor of scramjet engines determines the upper limits of the
equivalence ratio and thrust.

To the best knowledge of the authors, the theoretical analysis
on propulsive performance of scramjet engines is difficult and rare
in publications. The theory of one-dimensional heat-addition flow
was first proposed by Tsien [14] in 1949 in order to study the
propulsive performance of scramjet engines. This is the only theory
that can be used to estimate the performance of scramjet engines
up to now [15-17]. However, this theory is based on a steady-state
reactive flow field and cannot predict the unsteady phenomena
in the combustor of scramjets [18-21]. If the heat release in the
combustor is violent, the pressure rise caused by combustion will
produce shock waves in the confined space. The shock-shock in-
teraction will enhance the strength of the leading shock wave [21].
The shock train propagates upstream to the inlet of aircraft. There-
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fore, this theory of steady combustion flow field cannot predict the
shock waves in the isolator.

In the present study, the propulsive performance of scramjet
engines is theoretically analyzed for the first time by the using
C-] detonation theory. It is known that the C-] detonation is the
strongest detonation wave produced by combustion. Therefore, the
upper limit, critical characteristics, and propulsive performance of
scramjets can be obtained [22]. Secondly, the aerodynamic design
principles of shock-induced combustion ramjet (shcramjet) engines
are put forth based on the theoretical analysis results. The shock-
induced combustion ramjet engine has its advantages compared
with the scramjet engine in high Mach number flight regimes
[23,24]. Finally, a full-scale shcramjet engine is designed accord-
ing to these principles. Two-dimensional numerical simulations are
conducted to simulate its propulsive performance. The numerical
simulation is not only the application but also a demonstration of
the theoretical analysis results.

2. Theoretical analysis of propulsive performance
2.1. Theoretical model of C-] detonation engine

The schematic of scramjets is shown in the upper half of Fig. 1.
It consists of six main parts: the forebody, internal inlet, isolator,
combustor, internal nozzle, and aftbody. The supersonic combus-
tion in the combustor produces pressure rise related to combustion
in the confined space. The pressure rise in the combustor produces
a series of shock waves, which oscillates in the isolator. The shock-
shock interaction enhances the strength of the leading shock wave
[21]. If the velocity of the leading shock wave is faster than the
incoming flow, it will move upstream out of the inlet. Thus, the
unstart of scramjets occurs.

In order to study the characteristics of the shock waves and
the propulsive performance of scramjets, we put forth a one-
dimensional physical model, as is shown in the lower half of Fig. 1.
The flow field of scramjets can be simplified as two shock waves
and one flame front. The flow direction is from left to right. The
primary shock wave SW corresponds to the shock wave at the in-
let. It can be an oblique shock wave or a normal shock wave. The
secondary shock wave SW’ represents the shock waves in the isola-
tor. The flame front is considered to be the supersonic combustion
flame in the combustor. Therefore, this simplified model can an-
alyze the key mechanisms of scramjets. However, how to analyze
the strength of the shock wave SW’ quantitatively is a very diffi-
cult problem up to date. In this study, the classical C-] detonation
theory is used to analyze the shock wave SW'. The shock wave
SW’ can be considered as a C-] detonation under thermal choking
conditions, which is one of the critical conditions of the scramjets.

In this study, only the heat addition of scramjets is analyzed,
while the geometry variation and boundary layer separation are
not considered. The reason is that the combustion in the combus-
tor of scramjets can be considered as constant-volume combustion
and C-J detonation theory can be applied to predict the flow field
quantitatively. As a result, the supersonic combustion flow field of
scramjets can be controlled according to the theoretical analysis.
However, there is no theory to quantitatively predict the influence
of the geometry variation and boundary layer separation. There-
fore, we cannot control them and have to eliminate and avoid
them in operations.

The theoretical physical model of C-] detonation engine is
shown in Fig. 2. It consists of three parts: the straight isola-
tor, straight combustor and divergent nozzle. The premixed com-
bustible mixture in the isolator moves from left to right. Its static
pressure, static temperature, velocity, and Mach number are P,
Ty, Uy, and M1, respectively. A C-] detonation wave forms in the
combustor and propagates from right to left. The velocity and
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Fig. 1. The schematic of scramjets and the physical model.
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Fig. 2. Theoretical model of C-] detonation engine.

Mach number of the C-J detonation wave are D¢ and Mc, re-
spectively. The pressure and temperature of detonation products
are Pcj and Tc, respectively. The detonation products expand in
the divergent nozzle and produce thrust. In this study, only the
thrust produced by pressure is considered, while the frictional re-
sistance is not considered.

The C-] detonation engine can operate steadily when the det-
onation velocity equals to the velocity of incoming flow in the
isolator (Dcj = Uy). If the detonation velocity is faster than the in-
coming flow, it will propagate upstream out of the inlet of aircraft
and cause the engine unstart. Otherwise, the flame will be blown
out. The gas in the C-] detonation engine is combustible mixture.
But the gas in the isolator of scramjets is air. It will mix with fuel
and become premixed combustible mixture at the entrance of the
combustor. The mixing process of the fuel and air in the isolator
is ignored in the C-J detonation engine. For scramjets, the forma-
tion of C-]J detonation in the combustor will decay in the isolator.
However, in reality, the length of the isolator is so short that this
process can be ignored.

The C-] detonation is the strongest combustion wave caused
only by combustion. The Mach number of detonation products
relative to the detonation front is unity. This means that the C-J
detonation is a thermal choking flow. Therefore, the pressure of
detonation products is the most important parameter for thrust of
scramjet engines. And the C-] detonation velocity is the most im-
portant parameter for the steadiness of the supersonic flow field.
In the following part, the crucial parameters influencing the C-J
detonation pressure and velocity are studied theoretically and the
aerodynamic design principles of shock-induced combustion ram-
jet engines are deduced according to the analytical results.

2.2. Theoretical results

In the theoretical analysis, the combustible mixture is chosen
to be Hy/air mixture with different equivalent ratio (¢). The Hy/air
mixture is usually used in flight experiments such as X-43A and
HyShot II. Hydrogen is the most favorable fuel for scramjets be-
cause its ignition delay time is very short. The short ignition delay
time is very important for oblique detonation initiation. The static
pressure of mixture in the isolator is assumed to be 101,325 Pa
(1 atm). The static temperature in the isolator is varied from
300 K to 1500 K to simulate different compression conditions of
the inlet. The parameters of stoichiometric Hy/air C-] detonation
under different initial temperature are calculated by using classi-
cal C-] detonation theory. The parameters include C-J detonation
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Fig. 3. Variation of pressure ratio with initial temperature under different conditions.
(a) Stoichiometric Hy/air C-] detonation and nonreactive shock wave ¢ = 1.0. (b)
Different equivalence ratios ¢ = 1.0 and 0.5.

Mach number Mc, C-J detonation velocity Dc, and pressure ra-
tio Pcj/P1.

The combustion pressure is a crucial parameter to predict the
propulsive performance of scramjets. The pressure ratio Pc/Pq of
C-J] detonation at different initial static temperature and different
equivalent ratio are plotted in Fig. 3. From Fig. 3a, it can be found
that the pressure ratio Pc.j/P1 of C-] detonation decreases expo-
nentially with the increase of the initial static temperature. The
pressure ratio is very sensitive to the initial static temperature. The
main reason is that C-J detonation can be considered as constant-
volume combustion. The pressure ratio is Pcj/P1 = 15.08 at initial
static temperature of 300 K; the pressure ratio is Pcj/P1 =4.46 at
1000 K; and the pressure ratio is only Pcj/Pq =2.93 at 1500 K.
This is the upper limit of pressure ratio obtained by supersonic
combustion. This means that the propulsive performance of scram-
jet engines becomes worse with the increase of the air temper-
ature at the entrance of the combustor. Therefore, in order to
achieve a better performance, the intake flow static temperature
in the isolator should be kept lower.

The pressure ratios at different equivalence ratios are plotted
and compared in Fig. 3b. The equivalence ratios are ¢ = 1.0 and
0.5, respectively. The surprising result is that the equivalence ra-
tio has a small effect on the pressure ratio for Hy/air combustible
mixture, especially at high initial temperature. For example, at
T1 = 1000K, the pressure ratio Pcj/P; = 4.46 for ¢ = 1.0 and
Pcj/P1 =3.89 for ¢ = 0.5, respectively. At initial static temper-
ature of Ty = 1500K, the pressure ratio Pc.j/P1=2.93 for ¢ =1.0
and Pcj/P1 =2.67 for ¢ = 0.5, respectively. This means that we
can save the fuel consumption of scramjets by reducing the equiv-
alence ratio while keeping its pressure ratio almost unchanged.

The pressure ratio of C-] detonation waves and nonreactive
shock waves at the same Mach number are also compared in
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Fig. 4. Detonation velocity of stoichiometric H/air C-] detonation under different
initial temperature and different equivalence ratio.

Fig. 3a. The Mach number is the C-] detonation Mach number at
different initial static temperature. The equations are given as

Pc. 12

H_ M, (1)
Pq Y2+ 1

p 2

2__n M% (2)
P1 y+1

where, the terms P and P, are the initial static pressure and pres-
sure behind the normal shock wave, respectively. Pcj is the C-]
detonation pressure. The terms y; and ), are the specific heat ra-
tio of reactants and detonation products, respectively. We can also
find from Fig. 3a that at the same Mach number, the pressure ra-
tio across a normal shock wave is about two times of that of C-J
detonation. This means that for a dual-mode scramjet engine, if it
operates at the ramjet mode, a shock wave is produced and kept
in the isolator. This shock wave increases the pressure of air in the
isolator to a high value, but is also increases the static temperature
at the entrance of the combustor. The equation is given as

Ty  7(M3 —1)(Mj+5)

2 3
T 36M2 ®

where, the terms T; and T, are the initial static temperature and
temperature behind the normal shock wave, respectively. As a re-
sult, the pressure ratio after combustion is decreased because of
the higher initial static temperature. This means that the scram-
jets will produce almost the same thrust no matter it operates at
scramjet mode or ramjet mode.

The shock wave velocity is a crucial parameter to predict the
steadiness of the combustion flow field of scramjets. Fig. 4 shows
the detonation velocity at different initial temperature and equiv-
alence ratio. The shock wave velocity of air with the same Mach
number as C-J detonation is also plotted in this figure. From Fig. 4
we can find that the detonation velocity decreases slowly as the
initial temperature increases. The detonation velocity is 1979 m/s
at initial temperature of 300 K and 1830 my/s at 1500 K, respec-
tively. This result shows that the detonation velocity is insensitive
to the initial temperature. The velocity of shock wave in the air
with the same Mach number is about 300 m/s slower than that of
C-] detonation. The reason is that the sound speed of air is lower
than that of the H;/air mixture.

These results indicate that if the detonation wave propagates
upstream into the air in the isolator, it will propagate rapidly to
the inlet of scramjets and cause the engine unstart because its
velocity is about 300 m/s faster than the velocity of the incom-
ing flow. Suppose the length of the isolator is 1 m, it takes about
3.3 ms for the shock wave to travel to the inlet and the oscilla-
tion frequency is about 300 Hz. If the shock wave attenuates and
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Fig. 5. Detonation pressure ratio and velocity of stoichiometric hydrocarbon fuels
under different initial temperature (a) pressure ratio (b) detonation velocity.

stays steadily in the isolator, the engine will operate in the ramjet
mode. In the ramjet mode, the leading shock wave in the isola-
tor further increases the pressure and temperature at the entrance
of combustor. As a result, the pressure ratio after combustion will
decrease because of the higher initial temperature and the flow
field becomes more unsteady because the velocity in the isolator
decreases.

In order to make the flow field of scramjet engines steady, the
velocity of C-J detonation should be decreased. There are some ef-
fective ways to decrease the velocity of C-] detonation, for example,
(1) to reduce the equivalence ratio, (2) to use a divergent combus-
tor, (3) to use a distributed heat release configuration. The velocity
of Hy/air C-] detonation at the equivalence ratio ¢ = 0.5 at differ-
ent initial temperature is plotted in Fig. 4 for comparison. From
Fig. 4, it can be seen that the detonation velocity at ¢ = 0.5 is al-
most the same as that of air in the isolator. As a result, the flow
field of scramjets becomes steady for this case of ¢ = 0.5 but be-
comes unsteady for this case of ¢ = 1.0. The essence of reducing
equivalence ratio, using divergent combustor and using distributed
heat release configuration is to reduce the strength of the shock
wave produced by supersonic combustion.

The type of fuel is another important issue for scramjets. The
propulsive performance of hydrocarbon fuels is shown in Fig. 5.
The hydrocarbon fuels are CHg4, C3Hg and CgHjyg, respectively. The
results of Hp/air are also plotted for comparison. From Fig. 5a, it
can be found that the pressure ratio of stoichiometric hydrocar-
bon/air C-J detonation is higher than that of Hjy/air, which means
that hydrocarbon can produce more thrust than hydrogen. In addi-
tion, the C-J detonation velocity is about 200 m/s slower than that
of hydrogen/air (see Fig. 5b), which means that the flow field of
hydrocarbon/air is more stable than Hj/air. These results indicate

that hydrocarbon is better than hydrogen for scramjets, in cases
where pressure ratio and detonation velocity are the only consid-
eration. However, the ignition delay time of hydrocarbon/air is one
or two orders longer than that of Hy/air, which means that hydro-
carbon is very difficult to ignite. Therefore, the hydrogen is better
than hydrocarbon from this perspective. This is beyond the scope
of this paper.

2.3. Aerodynamic design principles of shock-induced combustion
ramjet engines

Based on the above theoretical analysis results and some pre-
vious researches [11,12], five aerodynamic design principles for
scramjets and shock-induced combustion ramjet engines are put
forth as follows.

(1) The incoming flow velocity at the entrance of combustor
should be faster than the C-J detonation velocity of the mixture
to avoid the shock wave propagating upstream in the isolator. In
other words, the C-] detonation velocity of the mixture in the com-
bustor should be slower than the incoming flow velocity.

(2) The temperature behind the main oblique shock wave
should be considered together with its ignition delay time to make
sure that the oblique detonation initiation occurs. The static pres-
sure, static temperature and equivalence ratio are three main pa-
rameters influencing the ignition delay time. And the ignition delay
time is very sensitive to static temperature. In this paper, the igni-
tion temperature of Hy/air mixture at 0.5 MPa is considered to be
1400 K.

(3) The static temperature in the isolator should be as low as
possible to increase the pressure ratio of combustion in order to
increase its thrust. This means that the active cooling of the in-
coming flow in the isolator can increase the thrust of scramjets.

(4) The method of boundary layer bleeding should be taken to
avoid boundary layer separation. Once boundary layer separates,
new oblique shock waves will appear in front of the separation
bubbles. The shock-shock interaction and shock-boundary layer in-
teraction will increase the strength of the shock wave in the isola-
tor and make the flow field unsteady and oscillate.

(5) Thermal choking should be avoided. On the one hand, ther-
mal choking will produce a C-] detonation. On the other hand, the
scramjet engines usually have divergent combustors and nozzles.
If thermal choking occurs, the divergent combustor and nozzle be-
come a diffuser. The velocity of the subsonic flow decreases and
the pressure increases, which will enhance the strength of the
shock wave.

In the next section, a two-dimensional numerical simulation of
a shcramjet is conducted to verify the previous analysis results.
The geometry of the shcramjet is designed according to the prin-
ciples. There are theoretical solutions for one-dimensional thermal
choking and C-J detonation. However, there is no theoretical so-
lution to analyze the influence of boundary layer separation or
geometry variation. Therefore, the C-] detonation is considered as
a design baseline. The two-dimensional simulation is adequate for
verifying the principles.

3. Numerical simulation of shock-induced combustion ramjet
engines

3.1. Geometry of shock-induced combustion ramjet engines

The shock-induced combustion ramjet (shcramjet) engines or
oblique detonation engines (ODEs) are more potential for hyper-
sonic flight (Mach number above nine) because the total enthalpy
of the hypersonic flow is high enough to initiate the oblique deto-
nation [23]. The key combustion mechanism is the auto-ignition of
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the reactants heated by oblique shock waves. In this case, the tur-
bulence, diffusion, viscous, and heat conduction processes in ODEs
are less important than that of scramjets. This is the main differ-
ence between shcramjets and scramjets.

Fig. 6 shows the schematic of Shcramjets. It consists of four
parts: the inlet, the mixing duct, the combustor and thrust noz-
zle. The hydrogen fuel is injected at the entrance of the mixing
duct and mixes with the supersonic airflow compressed by the in-
let. In the combustor, a wedge generates an oblique shock wave,
which ignites the combustible gases and induces an oblique deto-
nation wave. This combustion process is also called shock-induced
combustion [23,24].

Based on the above aerodynamic design principles, a simpli-
fied oblique detonation engine was designed and two-dimensional
numerical simulations were conducted. The aim of the numerical
simulations is to study the combustion flow field of Shcramjets.
The configuration and computational domain of the Shcramjets
is shown in Fig. 7. The total length of the full-scale aircraft is
5023 mm. The intake ramp has a length (L;) of 2524 mm and an
angle of 13°. A boundary layer bleeding channel is added at the
end of the intake ramp to reduce shock-boundary layer interac-
tion. The mixing duct has a height (h) of 60 mm and an expanded
angle of 5°. Two triangle injectors are located in the mixing duct
and either of them has a height of 3 mm and an angle of 5°. The
wedge in the combustor has an angle of 20°. The thrust nozzle has
a length (L3) of 1597 mm and an expanded angle of 20°.

3.2. Operating conditions and numerical methods

The freestream conditions duplicate the flight conditions at an
altitude of 40 km with a static pressure of 250 Pa and a static
temperature of 287 K. The flight Mach number is M9 and the an-
gle of attack is zero degree. The gaseous hydrogen with a total
temperature of 900 K is injected from two sonic fuel injectors. The
fuel equivalence ratio is controlled by adjusting the hydrogen static
pressure. All wall boundaries are assumed to be no-slip, noncat-
alytic and isothermal at 300 K.

The numerical simulation has been performed using unsteady
compressible form of RANS equations closed by the shear-stress
transport (SST) k-w turbulence model. The governing equations are
shown as followed in Cartesian tensor notation.

Continuity:

P+ e (ou) =0 4)
Momentum:

a a ap a

&(Pui) + E(Puiu]’) =" + a—xi(fij) (5)
Energy:

a( E)+ i (ui(PE+p)) = ? (06+01)8T+u'(f“) (6)
ot PE T o MPET R =0 Oox
where, p is the density, p is the static pressure, u; is the veloc-
ity components, « is the thermal conductivity, o is the turbulent
conductivity, E and T are the mass-averaged energy and static

temperature. The term t;; is the stress tensor and it is defined as
followed.

ou; du; 2 8uk> 7)

i “eff<axj ox 3 0 x,
where, p.fr is effective viscosity and §;; is the Kronecker symbol.
The state equation of ideal gas is shown as followed.

p=pR:T (8)

where, R. is the gas constant.

The SST k-w turbulence model has been used in the calcula-
tion. The transport equations of turbulence kinetic energy (k) and
specific dissipation rate (w) have been defined as followed.

0 0 d ok
— (pk —(pkuj) = — | T'y— Gy —Y 9
8t(p<)+ i (pku;) 3Xj< k8Xj> + Gg k (9)

9 9 O (1022 46— Vo+Do  (10)
at(,Oa)) + o (pou;) = axj( “’axj> +Go—Yo+ Dy
where G, and G, represent the generation of k and w due to
mean velocity gradients. I'y and T'y, represent the effective diffu-
sivity of k and w, respectively. Y, and Y, represent the dissipation
of k and w owing to turbulence. D, is the cross-diffusion term.

The convective terms were solved by using a second-order
upwind scheme. The transient formulation was solved by the
semi-implicit method. The H/air combustion mechanism is the
9-species and 19-reactions detailed chemical kinetics of Gerlinger
[25]. It is a nine-species (N3, Oz, Hy, HyO, OH, O, H, HO,, and
H,0,), 19-reactions modified reaction scheme based on the chem-
ical kinetics models of Jachimowski [26].

Three grid densities were investigated for grid convergence
study. Temperature along the same streamline of three grid den-
sities are displayed in Fig. 8. The standard grid has 7.7 million cells
with a y* of about 1.0. The fine grid and course grid have 4.1
million cells and 13.4 million cells, respectively. The difference be-
tween the fine grid and standard grid was quite small and both
grid densities have similar trends. The standard grid is chosen for
simulation. For the transient formulation, a time step of 5x 1078 s
has been performed in the calculation.

Before the numerical simulations, the numerical methods were
validated through the ground-based testing of HyShot II scram-
jet in the High Enthalpy Shock Tunnel Gottingen (HEG) of the
German Aerospace Center (DLR) [27] (Details of HyShot II and
the freestream conditions of HEG can be found in Ref. [27] and
Ref. [28]). Fig. 9 shows our CFD results, experimental data and
computational results of DLR, where p and q are surface pressure
and wall heat flux. Our CFD results are in good agreement with
the experimental data although there is a little difference between
measured and computed wall heat flux distributions. Therefore,
this numerical scheme is capable for numerical simulations of su-
personic combustion flow.

3.3. Results and discussion

The pressure contours of the full-scale shcramjets at ¢ = 0.57
are shown in Fig. 10. Fig. 10b clearly shows the shock trains caused
by injectors and expanded mixing duct. The steady flow field at
¢ = 0.57 is obtained. The incoming flow comes into the mixing
duct through two oblique shock waves. Positions of the compres-
sion shock waves are close to the inviscid design. The theoretical
values have a pressure of 11,456 Pa, a temperature of 976 K and
a velocity of 2576 m/s. The Mach number of theoretical values is
4.11. The boundary layer spills out from the boundary bleed chan-
nel and this measure can effectively eliminate the influence of
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shock wave-boundary layer interaction. It ensures that the main-
stream in the mixing duct has uniform velocity and temperature.
The x-velocity component at the mixing duct entrance is faster
than the C-J detonation velocity of stoichiometric Hy/air mixture
which is 1950 m/s. According to the above principles, the oblique
shock wave stands in front of the wedge and the flow field keeps
steady.

The detailed flow field of the combustor is shown in Fig. 11.
From Fig. 11, it can be found that shock-induced boundary layer
separates at the upper wall of the combustor and a small sepa-
ration bubble is produced. A new oblique shock wave appears in
front of the separation bubble and leads to a shock-shock interac-
tion. However, the whole flow field does not be influenced by the
boundary layer separation because of the divergent nozzle, which
expands the combustion products to lower pressure.

The parameters along the streamline in Fig. 11a are extracted
for a further study. The parameters include pressure (P), tempera-
ture (T), mass fraction of Hy ([H3]), mass fraction of HO ([H20])
and mass fraction of OH ([OH]). Fig. 12 shows the profiles of dif-
ferent normalized parameters, where P* = 60 kPa, T* = 1600 K,
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[Ho]* = 0.12, [H,0]* = 0.2 and [OH]* = 0.012. Fig. 13 shows the
ignition delay time of the detailed chemical kinetics. The curve of
ignition delay time at P = 0.2 MPa agrees well with the experi-
mental data. The static temperature and pressure behind the main
oblique shock wave is about 1500 K and 50 kPa, respectively. The
ignition delay time under this condition is Tjg = 20 ps, which can
be found in Fig. 13. The flow velocity is u = 1800m/s behind the
oblique shock wave. Meanwhile, the induction distance between
the shock wave and the flame front is Ax = 0.036 m (see Fig. 12).
The induction distance equals to the product of the ignition delay
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Fig. 13. The ignition delay time of chemical kinetics of Gerlinger [25].

2000 F———————T———— ]

1500

T
-
1

1000

500 f

Cumulative pressure force[N]

500 _ The upper wall

- The lower wall
PP RPN B [P | PP BT
-1000 -2 -1 0 1 2
X[m]
(a)

700 T T T T T T
—. 600F The upper wall 5
% F —————— The lower wall ]
S 500F e ]
L = r
c L !

S 400f / :
S - /
& r /
o 300F / 3
2 r /
s : /
2 200f f .
8 [ /
100 F / 3
L ’I
v L 1 /.". 1 1 PR
S A 0 1 2
X[m]
(b)
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time and flow velocity. The numerical results agree very well with
the analytical results.

Meanwhile, the curves of the cumulative pressure and frictional
forces (exclude the boundary bleeding channel) in the x-direction
of the internal walls (include the upper side and lower side) are
presented in Fig. 14. The cumulative forces are defined as an inte-
gral of the local surface pressure and the local wall angle, where
the length in the z-direction is set to be 1.0 m. The results indicate
that the combustion-inducing wedge generates 52.0% of pressure
drag, 6.0% of friction drag and 39.5% of total drag although its



8 K. Ma et al. / Aerospace Science and Technology 103 (2020) 105901

length is only 2.15% of total length. The shock-induced combustion
finally generates a net thrust of 791N during the whole process.
These are the primary results of this simplified configuration. The
configuration and thrust performance need further optimization
because the main purpose of this paper is to study the combus-
tion flow fields of scramjets and Shcramjets.

4. Conclusions

In this paper, the C-] detonation theory is firstly used to analyze
the flow field of scramjets. This theory can predict the pressure in
the combustor of scramjets and the shock wave propagating up-
stream in the isolator when the combustion flow field is thermal
choking. Some useful and general conclusions are obtained by the
theoretical analysis. On the basis of theoretical analysis, aerody-
namic design principles for scramjets and shock-induced combus-
tion ramjet engines are put forth. A full-scale shock-induced com-
bustion ramjet engine is designed according to these principles.
Two-dimensional numerical simulations are conducted to study
the flow field of this engine at M9, 40 km altitude and equivalence
ratio of unity. Steady flow field is obtained which demonstrate the
correctness of the aerodynamic design principles.
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