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The flame-holding mechanism in hypersonic propulsion technology is the most important factor in prolonging the duration time
of hypersonic vehicles. The two-dimensional coupled implicit Reynolds-averaged Navier-Stokes equations, the shear-stress
transport k- turbulence model and the finite-rate/eddy-dissipation reaction models were used to simulate the combustion flow
field of a typical strut-based scramjet combustor. We investigated the effects of the hydrogen-air reaction mechanism and fuel
injection temperature and pressure on the parametric distributions in the combustor. The numerical results show qualitative
agreement with the experimental data. The hydrogen-air reaction mechanism makes only a slight difference in parametric distri-
butions along the walls of the combustor, and the expansion waves and shock waves exist in the combustor simultaneously. Fur-
thermore, the expansion wave is formed ahead of the shock wave. A transition occurs from the shock wave to the normal shock
wave when the injection pressure or temperature increases, and the reaction zone becomes broader. When the injection pressure
and temperature both increase, the waves are pushed out of the combustor with subsonic flows. When the waves are generated
ahead of the strut, the separation zone is formed in double near the walls of the combustor because of the interaction of the shock
wave and the boundary layer. The separation zone becomes smaller and disappears with the disappearance of the shock wave.
Because of the horizontal fuel injection, the vorticity is generated near the base face of the strut, and this region is the main origin
for turbulent combustion.
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With the success of the Hyper-X program [1] and the first
flight test of the X-51A on May 26, 2010 [2], hypersonic
propulsion technology has drawn increasing attention from
researchers. However, the flame-holding mechanism in the
scramjet combustor cannot satisfy the requirement for cruis-
ing a long time in near-space [3] because of the short resi-
dence time of the mixture remaining in the supersonic flow,
which is in the order of milliseconds [4]. This restricts im-
provement of the aerodynamic performance of hypersonic
vehicles. To solve this problem, some fuel injection tech-
niques have been proposed. The strut [5-14], the cavity
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[15—18], the cantilevered ramp [4], the backward facing step
[19-21] and the combination [22-25], whose principle is to
generate vorticity in the vicinity of the walls of the com-
bustor. The region forming the vorticity, namely the recir-
culation zone, has low flow velocity. In this region the fuel
mixes with the supersonic flow and the mixture can stay in
the scramjet combustor for a long time.

Zou et al. [6] have used a newly-proposed partially-
resolved numerical simulation procedure to investigate tur-
bulent combustion in a two-dimensional DLR scramjet en-
gine, and the large-scale turbulence was defined by the
temporal filtering. Oevermann [7] has used a two-equation
k-¢& turbulence model combined with a stretched laminar
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flamelet model to simulate the turbulent diffusion flames in
a strut-based scramjet combustor. The commercial software
Fluent has been applied to study the mixing and combustion
characteristics of kerosene in a strut-based full-scale super-
sonic combustor along with the single-step laminar finite-
rate kinetics, with calculations performed using the one-
equation Spalart-Allmaras model [8]. Furthermore, a large-
eddy simulation has been used to simulate the flow field
downstream of a three-dimensional strut-based injection
system in a scramjet combustor [9,10]. Three different hy-
drogen-air reaction mechanisms have been introduced to
perform the turbulent combustion simulation, namely the
one-, two- and seven-step mechanisms [11].

Recently, Luo et al. [12] investigated the influence of the
turbulence models on the flow field in a typical strut-based
scramjet combustor, and they found that the RNG &-& model
showed better agreement with the experimental data than
the realizable k-& model and SST k-@ model in the non-
reacting flow field. The numerical results obtained by the
three turbulence models all show reasonable agreement with
the experimental data.

However, the effects of the fuel injection temperature
and pressure on the combustion flow field and parametric
distributions in the strut-based scramjet combustor are rare-
ly investigated, and the turbulent combustion in the bound-
ary layer is not clear.

In this paper, we use the two-dimensional coupled im-
plicit Reynolds-averaged Navier-Stokes (RANS) equations,
the shear-stress transport (SST) k- turbulence model and
the finite-rate/eddy-dissipation reaction models to investi-
gate the combustion flow field in the strut-based scramjet
combustor. The effects of the injection pressure and tem-
perature on shock wave structure are primarily discussed.
At the same time, we introduce two different hydrogen-air
reaction mechanisms, namely the one- and two-step mecha-
nisms, to analyze the combustion flow field of the combus-
tor under the reference boundary condition.

1 Physical model and numerical method

The geometric model used in this paper is based on a typical
strut-based scramjet combustor, which was tested at the
German Aerospace Center, Stuttgart [5,7,9,10,12] (Figure
1). Preheated air is expanded through a Laval nozzle and
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enters the combustor at Mach 2.0 [10]. The combustor has a
length of 340 mm and a height of 50 mm at the entrance.
From X=-9 mm on, the upper wall of the combustor di-
verges with a constant angle of 3° to compensate for the
boundary layer growth. A strut is placed at the centerline,
namely Y'=25 mm. The length of the strut is 32 mm, and its
half-angle is 6°. Hydrogen is injected horizontally from the
center of the strut base with local sonic velocity. The strut
base is located at X=0, and the width of the injection slot is
1 mm.

The static pressure and temperature of the supersonic in-
flow are 100000 Pa and 340 K. The boundary conditions of
the hydrogen tested in our study are illustrated in Table 1.
Case I is the reference, and cases II, III and IV are used to
discuss the effects of the injection pressure and temperature
on the combustion flow field of the typical strut-based
scramjet combustor.

To investigate the combustion flow field of this model,
the two-dimensional coupled implicit RANS equations, the
SST k- turbulence model and the finite-rate/eddy-dissipa-
tion reaction model are used to numerically simulate the
strut-based scramjet combustor. The RANS equations are
selected because they can solve on coarser meshes and per-
mit the simplification of steady flow when compared with
other numerical methods, namely detached eddy simulation,
large eddy simulation and direct numerical simulation [26].
In the investigation, the separated flows are of primary in-
terest. The Menter SST model is preferred because it is sub-
stantially more accurate than the k-@ model for the separat-
ed flow case [26]. Furthermore, because of the intense tur-
bulent combustion effect, the finite-rate/eddy-dissipation
reaction model is adopted, which can be used to capture the
wave behavior and predict the location of the wave system
in the combustion flow field [15]. The chemical rate equa-
tions are used to model any number reaction occurring in
the system. The reaction rates are calculated using the Ar-
rhenius equation [14],

k=AT ™), (1)

where k is the reaction rate coefficient, A, is the pre-expo-
nential factor, T, is the activation temperature and N is the
temperature exponent.

A,, T, and N are determined experimentally for a particular
reaction. Two different hydrogen-air reaction mechanisms

Ma=2 " Ma=1
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Figure 1 A schematic of a typical strut-based scramjet combustor.
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Table 1 Boundary conditions employed in the model

Parameters . Sup e.rsonic Injection
incoming flow | I I v
Ma 2.0 1.0 1.0 1.0 1.0
T. (K) 340 250 1000 250 1000
P. (Pa) 100,000 100000 100000 506625 506625
Yo, 0.232 0 0 0 0
Iy, 0.736 0 0 0 0
Yo 0.032 0 0 0 0
Yu, 0 1.0 1.0 1.0 1.0

are used in this paper, namely the one- and the two-step
mechanisms of Rogers and Chinitz [27], with rate parame-
ters according to Table 2. While a no-slip condition is ap-
plied along the wall surface, at the outflow all the physical
variables are extrapolated from the internal cells because the
flow is supersonic [28].

The computational grids are structured and generated by
the commercial software Gambit, and the total number of
cells is about 42000. The grids are distributed more densely
near the walls to resolve the boundary layer [29].

2 Results and discussion

Figure 2 shows the comparison between the numerical re-
sults and the experimental data. The numerical results are
obtained using the one-step hydrogen-air reaction mecha-
nism. An expansion wave fan is generated at the transitional
point between the upper wall and the base face of the strut,
and another one is formed at the transitional point between
the lower wall and the base face of the strut. They are nearly
symmetric according to the center line of the strut, although
the geometric configuration of the combustor is not sym-
metric because of the small divergent angle on its upper
wall. Because of the wave reflection between the upper and
lower walls, several diamond waves are formed after the
base face of the strut (Figure 2(a)). At the same time, two
obvious shear layers are generated between the supersonic
incoming flow and the fuel injection because of the hori-
zontal fuel injection at the center of the base face of the strut
(Figure 2(b)—(d)). The combustion occurs intensively in the
vicinity of the base face of the strut because of the double
vorticity generated near the base face (Figure 2(e)). The

Table 2 Rate parameters for the different H,-air mechanisms

Mechanism  No. Reaction A, (m/kmols) N  T,(K)

One-step 1 Hy+1/20-H,0 9.87x10° 0 3.1x10’

Two-step [27] 1  Hy+O,~OH+OH 2.30x10' 0 5134
2 20H+H,-2H,0 1.83x10' 0 11067
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Figure 2 Comparison between the numerical results and the experimental
data. (a) Static pressure; (b) Mach number; (c) density; (d) HO mass frac-
tion; (e) local streamline path; (f) experimental shadowgraph.



3874 Huang W, et al.

reaction zone of the numerical results is narrower than that
of the experimental data because of the difference in injec-
tion pressure between the numerical simulation and the ex-
periment, and the inaccuracy of the turbulence model or the
two-dimensional assumption (Figure 2(f)). Therefore, the
results show reasonable qualitative agreement with the ex-
perimental data, and the numerical method employed in this
paper can be reasonably used to capture the wave system in
the combustor.

Figure 3 shows the comparisons of the parametric distri-
butions along the upper and lower walls of the combustor
with the two hydrogen-air reaction mechanisms. The hy-
drogen-air reaction mechanism makes only a slight differ-
ence to the static pressure and Mach number distributions
along the upper and lower walls of the combustor except in
the region of the first pressure drop. We also observe that
the expansion waves and the shock waves exist simultane-
ously in the flow field of the combustor. The expansion
wave is generated just ahead of the shock wave in each cir-
cular, and the intensities of the expansion wave and the

06

(a)

----- Upper wall_one-step
—— Lower wall_one-step
-—o—- Upper wall_two-step
Lower wall_two-step

0.4

03}

P (MPa)

0.2

0.1}

-0.1 0 0.1 0.2

1.1

1.0

0.9

----- Upper wall_one-step
Lower wall_one-step
----- Upper wall_two-step
—— Lower wall_two-step

030 L | - 1 - 1
-0.1 0 0.1 0.2

x (m)

Figure 3 Comparisons of the parametric distributions along the walls of
the combustor with different hydrogen-air reaction mechanisms under the
boundary condition I. (a) Static pressure; (b) Mach number.
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shock wave decrease gradually (Figure 3(a),(b)). There are
three shock waves and four expansion waves formed in the
combustor. Because there is a small divergent angle on the
upper wall of the combustor, a weak expansion wave is
generated in this region. A pressure drop and Mach number
rise occur at X =-9 mm on the parametric distribution along
the upper wall (Figure 3(a),(b)). This is the main origin for
the wave system variance in the combustor.

Figures 4 and 5 show the comparisons of the static pres-
sure and Mach number distributions along the walls of the
combustor under the different fuel injection conditions. We
observe that the static pressure and Mach number distribu-
tions along the upper and lower walls are almost the same
under the same fuel injection conditions. When the injection
pressure or temperature increases, it seems that a back
pressure is located at the end of the channels generated be-
tween the walls of the strut and the combustor. The waves
have been pushed forward, and the diamond wave systems
disappear (Figure 6). Figure 6 shows the static pressure
contours of the scramjet combustor under the different fuel

P (MPa)

P (MPa)

x (m)

Figure 4 Comparisons of the static pressure distributions along the walls
of the combustor under the different boundary conditions. (a) Upper wall;
(b) lower wall.
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Figure 5 Comparisons of the Mach number distributions along the walls
of the combustor under the different boundary conditions. (a) Upper wall;
(b) lower wall.
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Figure 6 Static pressure contours of the scramjet combustor under dif-
ferent fuel injection conditions. (a) Case II; (b) case III; (c) case IV.
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injection conditions. Furthermore, the separation zone oc-
curs in double when the injection temperature or pressure
varies (Figure 7), and the separation zone of case II is larger
than that of case III. The separation zone is formed because
of the interaction between the shock wave and the boundary
layer, and the interaction is weaker and the separation
smaller after the wave transition. Figure 7 shows the Mach
number contours of the scramjet combustor under the dif-
ferent fuel injection conditions.

When the injection temperature increases, namely case II,
the shock waves are generated in the vicinity of the walls of
the combustor. A normal shock wave is formed ahead of the
strut (Figure 6(a)), and a pressure rise occurs in front of the
strut (Figure 4). In case III, when the injection pressure in-
creases, the shock waves evolve into the normal shock wave
and the wave system is pushed further forward (Figure 6(b)).
This means that the injection pressure is more important
than the injection temperature for wave transition. The ex-
pansion waves are much weaker, leading to the larger static
pressure and Mach number distributions after the base face
of the strut (Figures 4-7). At the same time, when the injec-
tion pressure increases, there is a disturbance on the static
pressure distribution along the walls (Figure 4). When the
injection temperature and pressure both increase, namely
case IV, the disturbance is pushed forward just in the vicin-
ity of the base face of the strut.

Increasing the injection temperature and pressure makes
the reaction zone broader than with the initial injection con-
dition (Figure 7), namely case I. The expansion waves gen-
erated at the transitional point of the strut disappear gradu-
ally because of the wave transition in the combustor (Figure
6). When the injection temperature and pressure both in-
crease, the waves are pushed out of the combustor, and the
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Figure 7 Mach number contours of the scramjet combustor under differ-
ent fuel injection conditions. (a) Case II; (b) case III; (c) case IV.
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air flows into the combustor with subsonic velocity (Figure
7(c)). The reaction zone at the exit of the combustor is
nearly half of the area. From this trend, we observe that the
fuel injection temperature and pressure are the main origin
for the wave transition in the scramjet combustor, and they
affect the parametric distributions in the boundary layer.

3 Conclusion

We have used the two-dimensional coupled implicit RANS
equations, the SST k- turbulent model and the finite-rate/
eddy-dissipation reaction models to investigate the paramet-
ric effects on the combustion flow field of a typical strut-
based scramjet combustor, namely the injection pressure
and temperature. The one- and two-step hydrogen-air reac-
tion mechanisms were both introduced to simulate the
combustion flow field. We conclude the following:

(1) The numerical methods employed in this paper can be
used to capture the wave systems in the typical strut-based
scramjet combustor, and the results show good qualitative
agreement with the experimental data. The major cause of
the discrepancy may be the slight difference in fuel injec-
tion pressure between the numerical simulation and the ex-
periment or the inaccuracy of the turbulence model.

(2) The hydrogen-air reaction mechanism used in this
paper makes only a slight difference to the parametric dis-
tributions along the walls of the combustor, and the com-
plex reaction mechanism can provide more information on
the flow field in the combustor.

(3) A disturbance occurs in the combustor as the injec-
tion pressure increases. When the injection pressure and
temperature both increase, the disturbance location moves
forward in the vicinity of the base face of the strut. This can
strengthen the combustion in the scramjet combustor.

(4) Under the initial injection conditions, diamond waves
are generated in the combustor, and the expansion waves
and the shock waves exist simultaneously. Furthermore, the
expansion waves are formed ahead of the shock waves.
When the injection conditions vary, a transition occurs from
the shock wave to the normal shock wave, and the separa-
tion zone is generated in double near the walls of the com-
bustor. When the injection temperature and pressure both
increase, the waves are pushed out of the combustor, and
the flows in the combustor are with subsonic velocity.
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