INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 45 (2020) 15683—-15696

Available online at www.sciencedirect.com nternational ;ou.E|Nof

. . HYDROG
ScienceDirect ENER

journal homepage: www.elsevier.com/locate/he

L))

Check for
updates

Study of shock train/flame interaction and skin-
friction reduction by hydrogen combustion in
compressible boundary layer

Rui Xui “"", Xing Zheng °, Lianjie Yue ", Shikong Zhang ¢, Chao Weng *

@ State Key Laboratory for Strength and Vibration of Mechanical Structures, Shaanxi Engineering Laboratory for
Vibration Control of Aerospace Structures, School of Aerospace, Xi’an Jiaotong University, 710049, Xi’an, People’s
Republic of China

® State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences,

100190, Beijing, China

¢ Xi’an Modern Control Technology Research Institute, 710065, Xi’an, People’s Republic of China
4 Tongji University, 200092, Shanghai, People’s Republic of China

HIGHLIGHTS

e Shock train/flame interaction and drag with boundary layer combustion are studied.
e Boundary layer separation is induced by the refracted shock waves from the flame.

¢ Both the skin friction and heat transfer increase with air/fuel temperature ratio.
o Skin friction is enhanced while heat transfer is unchanged as Cyyo increases.
e Changing air/fuel pressure ratio can affect both skin friction and heat transfer.
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ABSTRACT

A numerical study is carried out to investigate the shock train/flame interaction and skin
friction with boundary layer combustion in compressible boundary layer. The Transition
k — kl — w model is employed as the turbulence model and the finite-rate model is selected
as the combustion model. The results showed that the skin friction could be reduced by
50% through boundary layer combustion while the pure-mixing case can only bring about a
10% drag reduction. The ignition of hydrogen in the boundary layer leads to a rapid
reduction in skin friction. When a shock wave intersects with the flame surface, in addition
to the reflection, it is also refracted, which will cause the change of both skin friction and
heat transfer to the wall. Studies on the effects of air/fuel temperature ratio reveal that
both the skin friction and heat transfer increase with air/fuel temperature ratio. When the
concentration of H,0O increases in airflow, the skin friction is enhanced as the mixing and
combustion between oxygen and hydrogen is suppressed with H,0 addition. The results of
changing the air/fuel pressure ratios show that at high airflow pressure, the distance be-
tween the flame and the wall is reduced, leading to increase of heat transfer to the wall.
© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Scramjet engines have been considered as one of the most
appropriate propulsion systems for hypersonic air-breathing
vehicles, and hence the development of scramjet engines at-
tracts worldwide attention [1]. For hypersonic flight, the sur-
face friction drag is the main source of the resistance.
Investigations carried out by Anderson [2] showed that sur-
face frictional resistance accounted for more than 50% of the
high supersonic aircraft resistance. In addition, although the
flow path of a scramjet engine is short relative to the whole
hypersonic flight vehicle, experimental results carried out by
Paull et al. [3] showed that the internal friction resistance in
the engine including inlet, combustor and nozzle accounts for
as much as 60% of the total friction resistance of the hyper-
sonic vehicle. Therefore, it is of great significance to develop a
technology to reduce the frictional resistance of scramjet en-
gines, which can improve the whole hypersonic flight
performance.

Generally, there are two main methodologies of drag
reduction for an engine internal flow path, which are the
passive drag reduction technique and the active drag reduc-
tion technique. Passive drag reduction methods, such as ribs
[4], pits [5,6], convex hulls, etc. [7], which reduce the friction
resistance through modifying the configuration of the wall
surface, have been widely used in various fields. The disad-
vantage of this method is that the magnitude and the switch
cannot be controlled during real operation. Plasma injection,
wall film-injection, and boundary layer combustion, etc.
[8—11] are active drag reduction methodologies which can be
put into service as needed in flight. Previous studies have
shown that about 8% of the drag reduction could be achieved
through smooth internal flow surface design [3], and plasma
injection drag reduction technology could provide about 20%
of the average drag reduction rate [12]. However, Stalker’s
study [13] indicated that the surface friction resistance could
be reduced by more than 50% through boundary layer com-
bustion, which was 3 times the drag reduction rate of the wall
film-injection technique in which no combustion exists.
Moreover, relevant experiments were conducted in the T4
Stalker tube to study the effects of boundary layer combustion
in actual combustor at the university of Queensland. The skin
friction drag measured on the inner surface of the combustor
indicated a reduction in skin friction drag of 30% when
hydrogen burns in the boundary layer [14]. Therefore,
compared with other drag reduction technologies, boundary
layer combustion can achieve more reduction of skin friction
and is ideal for combination with main fuel injections in
scramjet engines.

The basic idea of drag reduction through boundary layer
combustion is to inject fuel into boundary layer for ignition
and combustion. Thus, the heat release in boundary layer
would increase the temperature, which leads to a decrease in
both the density of fluid and the Reynolds shear stress near
the wall. Several studies have been carried out to investigate
the effect of combustion or heat release on boundary layer and
the underlying mechanism for skin-friction reduction. Larin
et al. [15] conducted two-dimensional numerical simulations
of turbulent boundary layer combustion, which proved that

increasing the heat release in the boundary layer was bene-
ficial to reduce the frictional resistance of the wall. Then Levin
et al. [16] studied the quantitative relationship between the
amount of heat input and the function of skin-friction
reduction in the boundary layer under Mach 3 inflow condi-
tion to find the optimal heat release amount in boundary
layer. Burtschell et al. [17] performed two-dimensional nu-
merical simulations of boundary layer combustion under the
influences of strong shock wave and found that the combus-
tion of hydrogen in boundary layer not only reduced the
frictional resistance of the wall, but also reduced the heat
transfer rate to the wall as well. However, this study did not
explain the reasons for the decrease in heat transfer rate.
Recently, Barth et al. [18] rederived the stalker’s theoretical
model and studied the skin-friction reduction mechanisms by
boundary layer combustion using this theoretical model, they
demonstrated that skin-friction reduction is accomplished
through several coupled mechanisms: a change in near-wall
viscosity, density changes and low-Reynolds stresses, and
the low-momentum fuel stream thickens the boundary layer
and changes the wall-normal velocity gradient. In 2014, Clark
etal. [19] carried out numerical simulation of the heating plate
under Mach 6 inflow condition by using SST k-w turbulence
model. They concluded that the main mechanism of drag
reduction with boundary layer combustion was the change of
the density distribution and the turbulent velocity fluctua-
tions in boundary layer, which reduces the turbulent mo-
mentum transport of the free airflow to the wall and then
leads to the surface friction resistance be decreased. The nu-
merical simulation carried out by Gao et al. [20] showed that
when the flame surface was near the edge of the boundary
layer, the turbulent kinetic energy would be inhibited by the
heat release, which causes both the heat transfer rate and the
frictional resistance decrease. When the flame approached
the wall, however, the heat transfer rate was sharply
increased while the frictional resistance changes were not
significant. In addition, based on their results and by inte-
grating the Kdrman momentum integral relation without local
similarity hypothesis or changing Prandtl number, they
improved the prediction theory for skin friction and heat
transfers with boundary layer combustion. Edwards et al. [21]
carried out Large-eddy/Reynolds-averaged Navier-Stokes
(LES/RANS) simulation of the Burrows-Kurkov [22,23] super-
sonic reacting wall-jet experiment. The results showed that a
lifted flame, which exhibited a transition from a partially-
premixed flame structure to a diffusion-flame structure, was
formed in boundary layer and the combustion-induced volu-
metric expansion lead to thicken of the shear layer. Through
Large Eddy Simulation (LES), Denman [24] investigated the
turbulent transport process in boundary layer by adding a
heat-release source. It was illustrated that the skin-friction
reduction by heat addition in boundary layer was not caused
only by the change of the density distribution within the
boundary layer. The heat addition would increase the size of
the near-wall vortex and decrease its frequency, which makes
the near wall streaks increase their coherence length. Liu et al.
[25] improved the skin-friction formula by directly integrating
the Ka'rma'n momentum integral relation. The skin friction
and heat transfer predicted by the improved theory were
found to be better consistent with the experimental or
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numerical experimental data than the original theory estab-
lished by Stalker. Recently, a numerical study conducted by
Zhang et al. [26] showed that large skin-friction reduction
could be obtained by boundary layer combustion, and further
reduction could be achieved with adverse pressure gradient.

Therefore, though a large number of researches have been
carried out on enhancing the efficiency of the supersonic
combustion for elevating the thrust, available studies on the
drag reduction of scramjet engines are relatively scarce.
Therefore, in this study, the Transition k — kl — w model is
employed to investigate the shock/flame interaction and skin
friction reduction in compressible boundary layer. Firstly, the
numerical methods employed in this study are described and
validated. Then, a typical configuration for boundary layer
combustion flow is designed, and the shock train/flame
interaction and the mechanisms of skin-friction reduction are
analyzed. After that, the research on the effects of different
conditions on boundary layer combustion are carried out to
study the principal influencing factors for this promising drag-
reduction technology in scramjet engines.

Computation methods and numerical validation
Models and numerical method

The conservation form of the Reynolds-averaged Navier-
Stokes equations with chemical reactions is given as follows:

%fw’dmf(?—@)-d?:fﬁdg (1)
Q Q

0Q

where the conservative variable vector is defined as

—
W = (ppupvpwpepY;) 2

F is inviscid vector fluxes, and G represents the item
caused by the effects of viscosity, heat transport and compo-

nent diffusion. H represents the chemical reaction source
item. In Eq. (2), p is the density, u, v and w are the velocity
components in the x, y and z directions, respectively. e is the
total energy, and Y; is the mass fraction of species i.

In addition, for flow field of boundary layer, the phenom-
enon of boundary layer transition should be considered and
modeled in numerical simulation. Compared to other turbu-
lence models such as k— w, k — ¢ models which do not take
this phenomenon into account, Transition k — kl — w model is
a three-equation eddy-viscosity type, which includes trans-
port equations for turbulent kinetic energy (kr), laminar ki-
netic energy (k.), and the inverse turbulent timescale (w) for
simulating the boundary layer transition process. Therefore,
the Transition k — kI — w model is employed in this study.

Chemical source terms are calculated directly using finite-
rate chemistry model with a reduced chemistry mechanism.
As shown in Table 1, a nine-species (H, H O, O OH HO, H,0,
H,0 N,), twenty-seven-reaction model established by Marinov
[27] is adopted as the hydrogen/air reaction mechanism in the
following numerical simulations, which has been fairly well
established and is widely used for hydrogen-air combustion
investigation [28]. This reaction mechanism was adequately
compared with the detailed chemical kinetics. It showed that

it could accurately simulate the ignition delay time of
hydrogen combustion and effectively capture the effects of
changes in airflow components, which is quite important in
this study. The reaction rate constants are approximated by
the Arrhenius Equation (3):

k= ATPexp(—E /RT) (3)

where A is the pre-exponential collision frequency factor, T
represents the temperature and B means the temperature
exponent, E is the activation energy, and R represents the gas
constant.

For the numerical scheme, the Advection Upstream Split-
ting Method (AUSM) [29], which allows for exact resolution of
contact and shock discontinuities is employed for discretizing
the inviscid flux vectors. The Third-Oder Monotone
Upstream-Centered Scheme (MUSCL) [30] was used for spatial
discretization of the scalars. The MUSCL scheme blends a
central differencing scheme and a second-order upwind

Table 1 — Rate constants for 9 species 27-step chemical
kinetics of hydrogen [27].

Reaction A B E
OH + H,=H + H,0 2.14E+08  1.52 3449
O + OH=0,+H 2.02E+14 -0.4 0

O + H,=OH + H 5.06E+04 2.67 6290
H + O5(+M) = HO»(+M) 452E+13 0 0
LOW/1.05E+19—1.257 0.0/

H,0/0.0/H,/0.0/N,/0.0/

H + O,(+N5) = HO,(+Ny) 452E+13 O 0
LOWY/2.03E+20—1.59 0.0/

H + Oy(+H,) = HOy(+H,) 452E+13 0 0
LOW/1.52E+19—-1.133 0.0/

H + O5(+H20) = HO,(+H20) 4.52E+13 0 0
LOW/2.10E+23—2.437 0.0/

OH + HO,=H,0 + 0O, 2.13E+28 —4.827 3500
OH + HO,=H,0 + 0, 9.10E+14 O 10964
DUP

H + HO,=OH + OH 1.50E+14 0 1000
DUP

H + HO,=H,+0, 8.45E+11  0.65 1241
H + HO,=0 + H20 3.01E+13 0 1721
O + HO,=0,+0H 3.25E+13 0 0

OH + OH=0 + H,0 3.57E+04 2.4 —2112
H + H + M=H,+M 1.00E+18 -1 0
H,0/0.0/H,/0.0/

H + H + H,=H,+H, 9.20E+16 —0.6 0

H + H + H,O=H,+H,0 6.00E+19 -1.25 0

H + OH + M=H,0 + M 2.21E+22 -2 0
H,0/6.4/

H+ O + M=OH + M 4.71E+18 -1 0
H,0/6.4/

O + O + M=0,+M 1.89E+13 0 —1788
HO,+HO,=H,0,+0, 420E+14 O 11982
DUP

HO,+HO,=H,0,+0, 1.30E+11 0 —1629
DUP

OH + OH(+M) = H,0,(+M) 1.24E+14  -0.37 0
LOWY/3.04E+30—4.63 2049.0/

TROE/0.470 100.0 2000.0 1.0E+15/

H,0,+H=HO,+H, 1.98E+06 2 2435
H,0,+H=0H + H,0 3.07E+13 0 4217
H,0,+0=0H + HO, 9.55E+06 2 3970

H,0,+0H=H,0 + HO, 240E+00  4.042 —2162
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scheme, providing the potential to improve spatial accuracy
and reduce numerical diffusion. The least squares cell based
method was selected to compute the gradients because it is
the least computationally expensive method offered.

Validation of the numerical simulation method

As the configuration of the wall-jet combustion experiment
conducted by Burrows and Kurkov [23,24] is quite similar to
the form which is required for boundary layer combustion, it
is chosen to validate the adopted simulation method. This
experimental database is quite extensive, which includes the
data of Pitot pressure and stagnation temperature, gas-
sampling mole fraction measurements, and ignition onset
locations (obtained from ultraviolet imaging) [31—35]. Thus, it
is a good choice for the validation of numerical methods in
this study.

The scheme of the experimental configuration is shown in
Fig. 1. The height of the airstream entrance is 89 mm.
Hydrogen is injected parallel to the airstream from a slot
installed after the backward step with a height of 4 mm [23,24].
After that, the wall at the hydrogen injecting side expands,
making the whole height of the section increase linearly from
93.8 mm to 104.8 mm.

The two-dimensional computational structured mesh is
shown in Fig. 2. Meshes in domains around the wall and near
the mixing layer are refined. The height of the first row of cells
is set ata distance of 10> m for the walls and the total number
of cells is 128 520. As the geometry of the wind tunnel of
Burrows-Kurkov experiments that provides the air to the
combustor section is not given in public domains, in order to
satisfy the requirement of boundary layer thickness of
airstream, the computation domain was extended about 7
times of the entrance height upstream of the entrance to let
the airflow boundary layer grow. Thus, an appropriate thick-
ness of boundary layer could be formed to simulate the airflow
entrance condition in experiments. The airstream and fuel
injection conditions for both the pure-mixing and the com-
bustion cases are illustrated in Table 2. It is noted that no
oxygen exists in the airstream for the pure-mixing case to
guarantee no combustion take place.

For the wall, the no-slip conditions are assumed and the
wall temperature is kept at Ty, = 300 K. At the outflow, all the
physical variables are extrapolated from the internal cells due
to the flow being supersonic. Various key parameters were
monitored to determine the convergence, namely: 1) The
steady-state residual error should be 3 to 4 orders of magni-
tude smaller than the initial value. 2) The time history of water

Fig. 1 — Schematic of Burrows and Kurkov combustor [36].

Fig. 2 — The computational grids of the configuration.

mass flux at the exit plane should remain unchanged. 3) The
relative mass flow rate error, |Mout — Myy|/My,, Was on the order
of 1077,

Fig. 3 shows the comparison of the computational mole
fraction distributions for different species at the exit with the
experimental data for pure-mixing case, in which the coor-
dinate y represents the distance away from the wall. It can be
seen that the computational results for mole fraction distri-
butions of H,, H,0, and N, agree fairly well with the experi-
mental data. Therefore, the mixing between fuel and airflow,
and the boundary layer development process could be accu-
rately captured by the Transition k — kl — w model employed
in this study.

For the combustion case, the hydrogen injection condition
is kept the same while the airstream temperature is increased
and oxygen is added. The total temperature distribution at
x = 0 m, which could be used to indicate the boundary layer
thickness for airflow inlet, is shown in Fig. 4. The reference
temperature (Tref) in Fig. 4 is 2830K. Also, good agreement is
achieved between the computational results and experi-
mental data, and the growth of boundary layer upstream is
appropriate to simulate the thickness of boundary layer at the
entrance (x = 0 m).

Figs. 5 and 6 show the temperature and the distribution of
species mole fraction at the exit respectively. From Fig. 5, it
could be seen that compared to results obtained by Gao et al.
[20] with k-w SST model, both the thickness and the position
of the flame are more accurate in this simulation. However,
the maximum temperature is slightly lower than the experi-
mental data. Furthermore, the temperature and OH mass
fraction contours are illustrated in Fig. 7 and Fig. 8. It can be
seen that the self-ignition position is near x = 0.12 m, which is
quite close to the experimental results. Therefore, the com-
parisons between the computational and experimental re-
sults above illustrate that the numerical simulations can well
reproduce the boundary layer mixing and combustion
revealed by the experimental data. Consequently, the nu-
merical simulation approach adopted in this paper is reliable
and can be adequate enough to investigate the boundary layer
combustion flows.

Analysis and discussion

In order to investigate the effect of different airflow factors on
boundary layer combustion, a configuration which is similar
to the flow model proposed by Stalker [13] is designed for
numerical experiments. As shown in Fig. 9, hydrogen is
injected parallel to the airstream from a slot installed after the
backward step at the height h = 4 mm. Then a flat-plate


https://doi.org/10.1016/j.ijhydene.2020.04.027
https://doi.org/10.1016/j.ijhydene.2020.04.027

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 45 (2020) 15683—-15696 15687

Table 2 — Inflow conditions for the airstream and injected fuel [23,24].

Parameter Ma T/K P/kPa Yo» Yuo Yo Yu,0
Pure-mixing
Air 2.44 1150 96 0 0 0.768 0.232
Hydrogen Injection 1.0 254 100 0 1 0 0
Combustion
Air 2.44 1270 96 0.258 0 0.486 0.256
Hydrogen Injection 1.0 254 100 0 1 0 0
1.0 2500
B Exp H, e===Comput_H,
A Exp_H,0 +++++= Comput _H,0 ® Experiment
0.8 ® Exp N, ===Comput_N, 2000 Computation
------- Gao's result [Ref.20]
I [\ @fbeteg-®eroncesen Vs i
£ 1500
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P S
=
= 1000
'y
500
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0 0.02 0.04 0.06 0.08 0.1

0.06 0.08
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X . . . Fig. 5 — Combustion case: temperature distribution at the
Fig. 3 — Pure-mixing case: distribution of species mole

) . exit.
fraction at exit.
1.0
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Fig. 6 — Combustion case: distribution of species mole

Fig. 4 — Combustion case: total temperature distribution at . .
fraction at exit.

x=0m.

0.15
boundary layer flow forms and the non-premixed combustion
occurs at some distance downstream. The wall at the
hydrogen injecting side is straight and extends to 1500 mm
from the fuel injection. Notably, not like injection fuel mixing
and combustion to produce thrust in scramjet combustor, the
slot in this situation is established to inject fuel into boundary 005 e )
layer, soitis not like the traditional injector. In actual scramjet x/m
engine, the H, fuel injected from a slot is not the main fuel, but
is intended to reduce the skin friction on purpose.

0.1 Temperature (K): 400 700 1000 1300 1600 1900 2200

y/m

e

x
T

Fig. 7 — Combustion case: temperature contour.
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Fig. 9 — Configuration of numerical experiment.

As shown in Table 3, the cases that will be presented and
discussed are constituted of a variation of the air inlet con-
ditions such as static temperature, Ty, inlet H,O mole frac-
tion, Cyo, and static pressure, Pa;,.

Three different grids are selected for grid independent
verification. The grid information is shown in Table 4. N and y;
in the table represents the number of grid cells and the height
of the first layer grid, respectively.

The temperature distribution at exit and the mass fraction
of H, along the down wall are shown in Fig. 10. It can be seen
that the temperature distribution at the exit does not exhibit
any major difference by employing these three mesh scales.
For the results of species distribution like H,, compared to
medium and fine scale, there is a large difference at x = 0.45 m
(nearly 13%). However, there is good agreement between the
medium and fine grids. It is clear that the variation of grid
scale has great influence on results in the region near the wall.
Hence, a medium grid is adopted in the subsequent numerical
analysis, the final mesh contains 306453 structured grid.

Influence of boundary-layer combustion on skin friction and
heat transfer

For the compressible turbulent boundary layer, Van Driest
proposed a correlation for predicting skin friction with widely
varying boundary-layer density distributions as the following
[12]:

4.1510g,0 (RexCrtt / #5) +1.7 = Fo[Cy(Taw — To)/Te] )

The subscript e and w represents the mainstream and
surface, respectively, R, represents the Reynolds number

Table 4 — Meshes used to verify the grid independence.

Name Coarse Medium Fine
N 45023 306453 403123
v+ 3 1 1

V1 10°° 10°° 10°°

along the flow path, . is the mainstream molecular viscosity,
us is the wall molecular viscosity and Ty, is the wall adiabatic
temperature. F, is expressed as

Fo=sin'[(2a’-b) /Q] +sin”! (g) (5)
The expressions of a and b are
2_ W
“=oH, ©
b:(He_Hw)/Hw (7)
Q= (bz + 4a2)% 8)

In order to verify the accuracy of the adopted turbulence
model for skin-friction prediction, a case without hydrogen
injection under the conditions given in Table 1 is first simu-
lated, and the obtained distributions of skin-friction coeffi-
cient is depicted in Fig. 11, together with the Van Driest II
correlation results. Good agreement can be seen regarding the
skin-friction coefficient, which further indicates that the nu-
merical model employed in this study is reliable and hence
can be used for further research.

Fig. 12 shows the influences of the boundary layer mixing
and combustion on the skin-friction coefficient with respect
to the no-injection value at baseline condition (BSL), where
Cf.mixs Cf,com and Cfno-injection T€Present the skin friction coef-
ficient at the pure-mixing, combustion and no fuel injecting
conditions. In the near field directly behind the injector, the
injection of hydrogen into boundary layer made the wall
friction rapidly reduce. This is due to the fact that both the
density and the velocity of hydrogen are less than that of the
air inflow, thus, the injection of hydrogen in boundary layer
will lead to the density gradient and the corresponding wall
shear force largely decrease.

In the vicinity of x = 0.12 m, the skin-friction for the
combustion case decreases rapidly in Fig. 12 to reach the value
of near zero, which means almost no skin friction exist at this
position. Actually, in Fig. 17(a), it is known that this position is
the self-ignition position for combustion case. After that, as
turbulent mixing occur between the airflow and boundary
layer, the skin friction increases for both pure-mixing and
combustion cases. Consequently, the skin-friction coefficient

Table 3 — Numerical experimental items for Baseline and Cases 1—6.

Parameters BSL Casel Case2 Case3 Case4 Case5 Caseb
Ma 2.44 2.44 2.44 2.44 2.44 2.44 2.44
T(K) 1270 1143 1397 1270 1270 1270 1270
P(MPa ) 0.1 0.1 0.1 0.1 0.1 0.09 0.11
CHo0 0.256 0.256 0.256 0.2048 0.3072 0.256 0.256
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Fig. 10 — Temperature distribution (a) and Mass fraction of H, (b) of three grid solutions.

ratio is stable at about 0.9 (10% reduction) for the pure-mixing
case, while for the combustion case, the value stays around
about 0.5 (50% reduction) until the exit at x = 1.5 m. The cause
of fluctuation in skin friction coefficient for combustion case is
due to the interaction between the shock train and the flame.
Therefore, it is obvious that boundary layer combustion is
effective for skin friction reduction in supersonic flows.

Based on the definition of shear stress 7 = /Lg—;, it is worth-
while to study the mechanism of skin-friction reduction with
combustion. As shown in Fig. 13 (a), the molecular viscosity
for both cases are almost the same in 0 < x < 0.2 m as the
primary species is hydrogen near the wall. The ‘depression’
for the velocity gradient shown in Fig. 13 (b) illustrates that the
change of skin friction in the near field around the injector is
mainly caused by the velocity variation normal to the wall.

In addition, as shown in Fig. 14, the heat release induced by
combustion can make the density of the gas in the boundary
layer reduce. Meanwhile, the thickness of boundary layer has
been increased, which can result in the reduction in vertical
velocity gradient.

As combustion occurs in the boundary layer, it is logically
to assume that the heat transfer to the wall will be increased.
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Fig. 11 — Distributions of C; for no-H,-injection case.

Therefore, the effect of boundary layer combustion on the
wall heat transfer is extracted and shown in Fig. 15. Cpcom,
Chmix and Cp no-injection are the Stanton numbers for combus-
tion, pure-mixing and no-injection cases. It can be seen that
from x = 0 to x = 0.6 m, the ratios of the Stanton number are
almost the same for both combustion and pure-mixing con-
ditions. The reason for this is that in this region, though self-
ignition occurs near x = 0.12 m, the main component of the
gas close to the wall is hydrogen. Thus, the wall jet cooling
effect plays a leading role within this region, which could
reduce the heat transfer more than 50%. Downstream
x = 0.6 m, as the diffusion and turbulent transport of the heat
release produced by combustion to the wall, the heat transfer
coefficient increased at a larger speed for combustion case.
Until x = 1.2 m, the heat transfer coefficient is the same as
that of the no-injection condition. After that, the heat transfer
rate is higher for the combustion case than that for the no-
injection case and the largest increase along the flow path is
about 20%. Therefore, it can be seen that even with the addi-
tion of boundary layer combustion, the heat transfer is
reduced for most of the length of the flow path (about 80%
length) compared to no-injection case, which agrees with the
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i
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Fig. 12 — Influences on C; by boundary-layer mixing and
combustion.
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Fig. 13 — Profiles of viscosity coefficient (a) and velocity gradient (b) along the bottom wall.

measured results of the heat transfer in Ref. [37]. If the length
of the wall is less than 1.2 m, the boundary layer combustion
could achieve the reduction for both skin friction and heat
transfer on the wall.

Influence of the air/fuel temperature ratio

After analyzing the characteristics and the mechanism of the
skin friction and heat transfer for boundary layer combustion,
the influence of different factors on boundary combustion will
be studied. Firstly, the effect of temperature ratio is investi-
gated. For the BSL, the air inflow temperature is T,j;, = 1270K
and the corresponding air/fuel temperature ratio is Rrair/Tfuel-
= 5. To investigate the influence of different air/fuel temper-
ature ratios, the air inflow temperature is then modified to
T_ = 1397K and 1143K (temperature ratio Rrairrfuel = 5.5 and
4.5) respectively while other boundary conditions are kept the
same.

The static pressure and Mach number contours for
different T,;/True ratios are presented in Fig. 16(a) and (b)
respectively. For all the three cases, due to the sudden
expansion of the flow area at the fuel injector, an expansion
wave is generated. A shock wave is produced at the
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Fig. 14 — Influences on density between pure-mixing and
combustion cases.

corresponding ignition position and it is then continuously
reflected between the upper wall and the flame, leading the
formation of a shock train. When the reflected shock waves
from the upper wall intersect with the flame surface, in
addition to the reflection, they are also refracted inside the
flame and go through the flow on lower wall.

The temperature contours for the three cases are pre-
sented in Fig. 17(a). For all these three cases, fuel is auto-
ignited at some distance downstream of the fuel injection
port. The solid black line in Fig. 17(a) represents the edge of the
flame where the temperature is 1700K and it is obvious that a
lifted non-premixed flame is formed in boundary layer com-
bustion. When the temperature ratio is Tai/Tre = 4.5, the
ignition occurs at about x = 0.22 m and as the temperature
ratio increases, the self-ignition position moves upstream.
Until the ratio increases to Tai/Truel = 5.5, the ignition starts
immediately after the fuel inlet at about x = 0.05 m. This is due
to the fact that as the inlet pressure and Mach number of the
airflow remain unchanged, the decrease of airflow tempera-
ture would lead the total mass flow rate increase, which
means the equivalence ratio will be decreased. Thus, together
with the temperature drop, the self-ignition position will
move downstream.
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Fig. 17 — Temperature (a) and OH mass fraction (b) contours for different temperature ratios.

As labeled by red arrows in Fig. 17(a), at the origination of
ignition, a shock wave is generated and the flame surface
becomes wrinkled due to the pressure increase induced by
shock waves. This can be better illustrated in Fig. 17(b) for OH
mass fraction contour and the dotted circle is used to indicate
the cross position between shock wave and flame. Generally,
at low inflow temperature condition such as the case T.y/
Truel = 4.5, the strength of the shock train is high and the flame
surface produces relatively large folds at the intersection with
the reflected shock waves. As the inflow temperature in-
creases, the flame surface becomes more flat through the
whole flow path and its thickness is slightly increased at the
exit.

Fig. 18(a) presents distributions of the skin-friction coeffi-
cient along the bottom wall for different temperature ratios.
The whole variation trends for the two cases Tq;,/Truel = 5 and
5.5 are basically consistent. By observing Fig. 17(a), it could be
noticed that the self-ignition and the corresponding positions
of the interaction between shock train and the flame are
similar for these two conditions. The formation of flame in
boundary layer and the corresponding interaction between
shock train and flame play a key role in skin-friction
reduction.

The situation is different at the low temperature (Ta/
Truel = 4.5) condition. Near the fuel injector (0 < x < 0.2 m), the
skin-friction coefficient first decreases and then increases.

This phenomenon did not appear in the other two conditions.
As no combustion occurs in this region (Fig. 17(a)), this vari-
ation of skin friction should be induced by the change of the
boundary layer flow, that is, the boundary layer transition.
This further proves that the turbulent model employed in this
paper can well capture the process of boundary layer transi-
tion. After that, near x = 0.2 m, which is the position of self-
ignition for Tai/Tre = 4.5, as illustrated for the other two
cases above, the flame generation leads a rapid decline in the
skin-friction coefficient, and then under the formation of the
first shock wave, it rises promptly. Compared to other high-
temperature cases, due to the strength of initial shock wave
being high, the value of the skin-friction coefficient increases
as high as 0.0015. After that, it fluctuates along the flow path
due to the interaction between shock train and flame.

Fig. 18(b) shows the distributions of the heat flux through
the wall for these three cases. Basically, changes in airflow
temperature do not have a large effect on the wall heat
transfer. Upstream of self-ignition, where no combustion oc-
curs, the fuel injection into boundary layer is equivalent to
film cooling. Thus, the amount of heat transfer to the wall is
quite small. Then as the diffusion and turbulent transport of
the heat release produced by flame to the wall, the heat flux to
the wall increases along the flow path.

Based on the analysis above, the characteristics of
boundary layer combustion with shock train/flame
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Fig. 18 — Comparisons of Cs (a) and q, (b) for different temperature ratios.

interaction could be illustrated in Fig. 19. The sudden expan-
sion of the flow area at the fuel injector step makes the airflow
accelerate first and an expansion wave is generated. A mixing
layer is then produced between the airflow and the hydrogen
jet and at some distance downstream, hydrogen is self-
ignited. At higher inflow temperatures, the ignition time de-
creases and the self-ignition position is closer to the injector.
The occurring of ignition is like a perturbation in supersonic
flow, which can induce a shock wave. Then a shock train can
be formed as this shock wave is reflected between the upper
wall and the flame. Therefore, the heat release from com-
bustion is the major effect on the variation of skin friction and
heat transfer on the wall.

Influence of H,O component variation in airflow

Two other H,0 mole fractions, Cy0 = 20.48% and 30.72%, are
selected to investigate the effect of water component varia-
tion in airflow on boundary layer combustion. Temperature
contour and the distribution of temperature at the exit for
different H,O mole fractions are shown in Fig. 20. Fig. 20 (a)
shows that both the shock train and the self-ignition posi-
tion are not significantly altered with the variation of H,0
concentration in airflow. In addition, it can be seen that both
the maximum temperature and the flame thickness are
slightly reduced at the exit as the H,O mole fraction increases.

Fig. 21 represents the distributions of skin-friction coeffi-
cient and heat transfer for different H,O mole fractions. As
illustrated in Fig. 21, the heat release rate from the flame do

Expansion fans

Wall reflected wave

not change a lot; the variation of both skin friction and heat
transfer along the wall are similar for these three cases. More
H,O0 is not of benefit for skin-friction reduction and although
the specific heat capacity of water is high compared to other
components in airflow, the increase of water is not conducive
to the reduction of heat transfer on the wall. One possible
reason is that the addition of H,O would block the mixing
between oxygen and hydrogen which can restrain combus-
tion to a certain extent. This also explains from another side
that combustion in boundary layer can suppress the turbu-
lence transportation to the wall, thereby facilitating skin-
friction reduction.

Influence of the air/fuel pressure ratio

For real hypersonic flight, changes in external atmospheric
pressure will have an important impact on scramjet engine
performance. In this section, two other pressure ratios,
Pair/Pruel = 0.9 and 1.1, are selected to investigate the effect of
the air/fuel pressure ratio on boundary layer combustion.
Fig. 22(a) shows the pressure contours at different air/fuel
pressure ratios. Different from all the conditions studied
above, for the Pai,/Pre1 = 0.9 case, the expansion wave disap-
pears when the airflow flows through the step. This is mainly
because as the fuel jet pressure is larger than that of airflow,
the expansion of the fuel jet can squeeze the airflow, which
effectively reduces the influence of geometrical area expan-
sion. Based on the analysis of the flow field structure, it can be
concluded that both the temperature distribution and the
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Fig. 19 — Schematic of supersonic boundary-layer combustion with shock train.
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corresponding flame structure which is represented by OH
contour will not be largely varied at different pressure ratios.
Therefore, the results for these two parameters are not pre-
sented here for brevity. Furthermore, Fig. 22(b) shows that the
exit temperature profiles of perpendicular to the exit, when
the hydrogen is burning in the boundary layer flows through
the streamwise, static temperature of the flame rises rapidly
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because of the combustion heat release, which leads to the
high-temperature region near the wall in the outlet.

The skin-friction coefficient and the heat transfer along the
bottom wall for different pressure ratios are given in Fig. 23. It
could be seen that at the upstream of self-ignition position
and near its downstream (0 < x < 0.4 m), increasing the airflow
pressure is of benefit for skin-friction reduction as it can
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Fig. 22 — Pressure contours (a) and outlet temperature profiles (b) at different pressure ratios.
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Fig. 24 — H, contours (a) and H, mass fraction along the wall (b) at different pressure ratios.

effectively reduce ignition-delay time of hydrogen, thereby
promoting earlier combustion which could be illustrated by H,
mass fraction distribution in Fig. 24. Then with the turbulence
mixing and heat transfer from the flame in boundary layer,
the increase of boundary layer thickness becomes the domi-
nant factor. Downstream, the decrease of airflow pressure can
enhance the expansion of boundary layer, which is benefit for
skin-friction reduction. Thus, near the exit, the skin friction
will be decreased with the decrease of air/fuel pressure ratio.
Fig. 23(b) shows the variation of the heat flux to the wall at
different pressure ratios. With the increase of airflow pres-
sure, the heat flux to the wall is enhanced. This is mainly
because the alteration in airflow pressure can cause the dis-
tance between the flame surface and the wall to change. High
airflow pressure brings the flame be closer to the wall, which
in turn leads to an increase in the heat transfer to the wall.

Conclusions

In the present study, the mechanism of the skin-friction
reduction by boundary layer combustion is investigated with
Transition k — kl — w model. At the same time, the influences
of different inlet boundary conditions on boundary layer

combustion have been evaluated. The useful conclusions can
be drawn as follows:

1) The numerical results show that the Transition k — kl — w
model can adequately deal with the boundary layer com-
bustion based on existing experimental data. By comparing
to the pure-mixing condition, it shows boundary layer
combustion is an effective way for reducing skin friction in
supersonic flows and it does not have a drastic effect on
wall heat transfer. The wall friction resistance could be
reduced as large as 50% through boundary layer combus-
tion while pure-mixing can only bring about 10% drag
reduction. Heat release in boundary layer leads to the
reducing in density and the thickening of the boundary
layer. Thus, the velocity gradient normal to the wall and
the corresponding skin friction could be reduced.

2) For the flow field structure, a lifted non-premixed flame is
formed in boundary layer and a shock wave is generated
since the origination of ignition. This shock wave is then
continuously reflected between the upper wall and the
flame, creating a shock train. When the shock waves
intersect the flame surface, it can make the flame surface
become wrinkled. In addition, except for reflection, the
shock wave is also refracted inside the flame to the wall,
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which will influence both the skin friction and heat
transfer on the wall.

3) As the temperature increases, both the skin friction and
heat transfer increase, and the self-ignition position moves
upstream. When the airflow temperature is low, as the
distance between the fuel outlet and the self-ignition po-
sition is long enough, the boundary layer transition occurs,
which can make an increase of skin friction upstream the
flame. The flame generation leads a rapid decline in skin
friction, and then under the interaction between the shock
wave and the flame, the skin friction rises promptly.

4) The self-ignition position and the corresponding flame
structure are not significantly altered at different water
contents in the airflow. As the addition of H,0O can restrain
the mixing and combustion between oxygen and
hydrogen, further skin-friction reduction can not be ach-
ieved as more H,0 in airflow while the heat transfer along
the wall seems similar with the variation of H,0.

5) When the airflow pressure is less than that of fuel jet, the
expansion of the fuel jet can squeeze the airflow, which
can reduce the influence of geometrical area expansion
and the expansion wave disappears at the step. Upstream
the ignition location, where the influence of combustion
heat release can be ignored, the increase of airflow pres-
sure will effectively reduce ignition-delay time of
hydrogen, thereby promoting earlier combustion in
boundary layer. However, high airflow pressure also makes
the flame be more adjacent to the wall, which in turn leads
to an increase in wall heat transfer.
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