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A B S T R A C T

In this study, the effect of wall-jet combustion on boundary layer transition and skin friction reduction was
numerically investigated. To effectively capture the characteristics of boundary layer flow, the transition

− −k kl w model was employed as the turbulence model and laminar finite-rate model was chosen as the
combustion model. This numerical method was firstly validated by two sets of experimental results in open
domain. After that, the research on wall-jet combustion was conducted and the numerical results showed that
when injecting hydrogen in different directions, both the hydrogen self-ignition location and the skin friction on
the wall were not altered significantly. When the injection angle to the airflow direction was increased to 30°, the
intensity of combustion was insufficient and the skin-friction coefficient would be increased. Meanwhile,
boundary layer transition occurred in a relatively smaller Reynolds number at this condition. The variation of
the wall-jet height would have a greater impact on both boundary layer transition and the skin friction. More
components can diffuse to the lower wall as the height of the wall-jet was enlarged, which can make the process
of boundary layer transition be postponed and the skin friction be reduced as well. Furthermore, greater skin-
friction reduction would be achieved downstream the self-ignition location when the wall was adiabatic, while
the original Reynolds numbers for boundary layer transition is the smallest if the wall temperature is set to
600 K. Finally, in order to simulate the effect of the back pressure on the combustion flow field, another injector
is added near the exit at the upper wall to produce air-throttling flow jet. The results showed that altering back
pressure nearly has little influence on boundary layer transition and the skin friction decreases with more air-
throttling flow rate.

1. Introduction

Scramjet engines have been considered as one of the most appro-
priate propulsion systems for hypersonic air-breathing vehicles due to
their high specific impulse in hypersonic speed. Hence, the develop-
ment of scramjet engines attracts worldwide attention [1]. In order to
promote the thrust-to-drag ratio that can make the engine into actual
engineering application, previous researches have primarily focused on
the methods of enhancing scramjet combustion efficiency, supersonic
turbulent combustion [2], and flame stabilization [3] et al. However,
studies on another way of promoting this ratio, like reducing the de-
nominator, which is the skin-friction resistance, are presented and
analyzed [4]. Generally, there are two main methodologies of drag

reduction in the internal flow path of the engine. One is through
modifying the configuration of the wall surface, such as ribs [5], pits
[6,7], convex hulls et al. This is called passive method and has been
widely used in various fields. The other methods, like plasma injection,
film cooling and boundary layer combustion, etc. [8–10], are active
drag reduction methodologies. Among numerous skin-friction reduction
techniques, boundary layer combustion technique, which used gas like
hydrogen injection and combustion by slot due to hydrogen has the
advantages of wide flammability limit, fast flame propagation, and low
ignition energy, has attracted worldwide attention due to its excellent
skin-friction reduction performance [11,12].

The research history of compressible boundary layer combustion
can be found in Ref. [13]. In these studies, the mechanism and factors
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leading to the skin-friction reduction by boundary layer combustion
have been considered, but the problem of boundary layer transition is
not taken into account in these researches. However, precisely pre-
dicting hypersonic boundary layer transition, which greatly affects the
skin friction, aerothermodynamics and flow quality in the flow channel,
is of vital importance to the design of hypersonic vehicles. Moreover,
according to the report of the Wendt [14] in Von Karmen Institute,
accurately determining the transition position of the return compart-
ment boundary layer can reduce the arrangement of the hypersonic
aircraft heat-proof material, thereby reducing its total load by more
than 20%. In addition, relative research has shown that delaying the
supersonic laminar boundary layer transition can greatly reduce the
fuel consumption of supersonic aircraft [15,16]. Compared to in-
compressible flows, supersonic compressible flows involve more com-
plex phenomena, including strong shock wave, strong compression ef-
fect, etc. Therefore, it is more necessary to consider boundary layer
transition in the study of compressible flow. There are a large amount of
theoretical, experimental and numerical simulation researches related
to compressible boundary layer transition during the past several dec-
ades. Such as McDaniel [17], Papp [18], Fu [19], and Yang [20], based
on the theory of flow stability, they constructed transition models and
conducted numerical simulation of hypersonic transition flows, and
finally obtained consistent results with those experiment results. Em-
mons [21] concluded that the place where the first turbulence spot
appears is defined as the initial transition position, where the skin
friction coefficient and wall heat transfer under high-speed flow begin
to deviate from the laminar flow value. Turbulence spot has a well-
defined shape, the internal fluid close to turbulence state and the sur-
rounding is laminar flow state. Moreover, researchers have conducted a
series of studies on the influence factors of compressible boundary layer
transition. Softley [22] performed an experiment in Mach 10 conven-
tional wind tunnel and found that when Mach number is large than 4,
with the increase of Mach number, compressible effects make boundary
layer more stable and transition position is delayed and transition
Reynolds number increased. Pate's study [23] indicated that the influ-
ence of noise is dominant and leads to the advance of boundary layer
transition in conventional hypersonic wind tunnels. Stetson's study [24]
indicated that at the zero angle of attack, the transition can be delayed
by a small blunt degree of the head, while the transition position can be
advanced by a large blunt degree. Moreover, the influence of wall
temperature on boundary layer transition is also studied, the results
[25] indicated that the boundary layer may still be dominated by the
first mode if environmental disturbance cannot excite Mack mode [26]
in hypersonic flow, and lowering the wall temperature may delay the
occurrence of transition because of the cold wall has a stabilizing effect
on the first mode. Hao et al. [27] found that the windward side tran-
sition is related to the separation in the compression corner and large
separation can cause earlier transition onset in boundary layer by
analyzing the distributions of heat transfer rate on the X-51A forebody.

The aforementioned studies on compressible boundary layer tran-
sition are mostly based on cold flow. However, for flows which are
characterized as great gradient like boundary layer or mixing layer, the
heat release in the inner layer has a great influence on both the stability
and the development of the flow. To investigate the effects, the ex-
periment completed by Li [28] found that the gas flow speed is ac-
celerated with the increase of heat release in the whole calculation

region, and the gas disturbance increases obviously, which makes the
thermal boundary layer thinner than that without heat addition. The
experiment conducted by Stalker [29] indicates that the thickness of the
boundary layer approaching the hydrogen injection station has a major
effect on the boundary layer combustion process, and when boundary
layer combustion occurs, it offers a promising means of controlling
hypersonic turbulent skin friction. Yu [30] found that strong Stefan
flow is formed at the fuel surface and the complex chemical reaction
occurs in the boundary layer in combustion case, which has significant
effects on the mass transfer. The computational results obtained by
Carmignani [31] shows that when the flame propagates into boundary
layer, its intensity strengthens, which is mainly reflected in its size,
flame temperature, and spread rate. Similarly, the effect of heat release
on movement characteristics of shock train in the boundary layer is
numerically investigated by Zhang [32], where they found that the
appearance and disappearance of high temperature gas by combustion
heat release in the boundary layer result in the shock train shrinkage
and stretch. Recently, Chen [33] conducted numerical investigation of
combustion in three dimensional spatially developing supersonic
mixing layers and the results indicated that the spatial distributions of
flow, thermodynamic and component parameters are greatly different
under different combustion conditions, which is related to the heat
release and shock phenomenon in mixing layer. In addition, the simu-
lation results also indicated that the mixing efficiency in mixing layer is
affected mainly by incoming freestream condition and heat release.
There are few researchers have analyzed the process of boundary layer
transition under the condition of heat release. Madavan [34] conducted
direct numerical simulation of the boundary layer transition on a he-
ated plate and gave the computational results of transition to turbu-
lence of the spatially evolving boundary layer in the presence of rela-
tively high freestream turbulence. Pouransari [35] investigated the wall
heat transfer and combustion regimes in a turbulent non-premixed
wall-jet flame and concluded that the transition to turbulence is con-
siderably delayed due to the heat-release induced effects and the
overshoot of skin-friction coefficient in the transition point is reduced
with the increase of heat release.

In summary, it can be concluded that the available experimental
and numerical studies have all mostly focused on the variation of flow
field and performance parameters in inner layer under the heat addition
condition. However, few researches take into account the effect of heat
release on boundary layer transition. As the effect of heat release in
compressible boundary layer is quite important and the phenomena of
boundary layer transition could not be ignored. In order to further in-
vestigate the boundary layer of combustor for skin-friction reduction,
the study on the effect of heat release in compressible boundary layer
on boundary layer transition and skin friction was carried out in this
paper. Meanwhile, the Transition − −k kl w turbulence model is em-
ployed to effectively capture the boundary layer transition process.
Firstly, the effect of different wall-jet conditions like hydrogen injection
angles and the slot heights are conducted. Then the variation of wall
boundary conditions on the boundary layer flow was carried out.
Finally, in order to explore the application of boundary layer combus-
tion for skin-friction reduction in real scramjet combustor conditions, a
port for injecting throttling flow was established near the exit of the
flow path to investigate the effect of back pressure induced by main fuel
combustion. Through the investigation, both the mechanism and basic

Nomenclature

BSL Baseline condition
Cf Skin friction coefficient
 τw Wall skin-friction stress
ρ Inflow density
U Inflow velocity

T Inflow static temperature
P Inflow static pressure
H Shape Factor
δ1 Displacement thickness
δ2 Momentum thickness
Rex Local Reynolds Number

R. Xue, et al. Acta Astronautica 174 (2020) 11–23

12



influencing factors of boundary layer combustion could be better re-
vealed, which is helpful for the proper understanding of boundary layer
combustion for skin-friction reduction and boundary layer transition.

2. Numerical methods and validation

2.1. Turbulence and chemistry modeling

In order to study the effect of heat release on boundary layer tran-
sition and obtain accurate skin-friction drag results, the Transition

− −k kl w model is selected as the turbulence model. Transition
− −k kl w model is a three-equation eddy-viscosity type, which con-

tains transport equations for turbulent kinetic energy (kT), laminar ki-
netic energy (kL) and the inverse turbulent time scale (ω) for simulating
the boundary layer transition process. Note that the Transition

− −k kl w model uses inverse turbulent timescale (ω) rather than the
dissipation rate ε. The transport equations are [36]:
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As shown in Table 1, the 9-species, 27-reaction model established by
Marinov [37] is adopted as the hydrogen/air reaction mechanism.
Previous research has shown that the reaction mechanism is appro-
priate for simulating hydrogen combustion in supersonic flows [38] and
the laminar finite-rate model is employed as the combustion model. So
the reaction-rate constant is approximated by the Arrhenius Equation as
the following:

= −k AT exp E RT( / )B (4)

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

2.2. Numerical schemes

The governing equations will be solved using Fluent, a finite volume
computational fluid dynamics code developed by ANSYS [36]. The re-
liability of this solver for supersonic flow-field simulation has been
validated by a variety of studies [39–41]. The Advection Upstream
Splitting Method (AUSM) was selected for the fluxes calculation. This
method allows for exact resolution of contact and shock discontinuities.
The Third-Oder Monotone Upstream-Centered Scheme (MUSCL) was
used for spatial discretization of the scalars. The MUSCL scheme blends
a central differencing scheme and a second-order upwind scheme,
providing the potential to improve spatial accuracy and reduce nu-
merical diffusion. During calculation, the time history of water mass
flux at the outlet and the relative mass flow rate, −m m m˙ ˙ / ˙out in in,
should remain almost unchanged when determining whether the si-
mulation is converged.

2.3. Validation

2.3.1. Cold flow validation
To ensure the accuracy of the selected Transition − −k kl w tur-

bulence model, an experiment for cold flow boundary layer was firstly
selected. This is a supersonic cavity test conducted in the Princeton

University 20 × 20 cm High Reynolds Number Supersonic Wind Tunnel
at a freestream Mach number of 2.92 and the unit Reynolds number is
6.7 × 107 [42]. A sketch of the test model is shown in Fig. 1. A tur-
bulent boundary layer was initially formed on a flat plate and then
separated over a sharp backward-facing step. The resulting free shear
layer bridges the 25.4 mm deep cavity and reattaches to a flat ramp
which is inclined 20° to the horizontal direction. The airstream condi-
tion is shown in Table 2.

Both the Mach number contour and streamlines is shown in Fig. 2. It
can be seen that the recirculation zone is formed in the cavity. Ad-
ditionally, the pressure distribution along the lower wall is shown in
Fig. 3. It could be seen that both the trend and the quantity are in good
agreement with the experimental data. In addition, Fig. 4 compares the
experimental skin-friction coefficient along the bottom wall with the
simulation results. Basically, the simulation results captured the var-
iation of the skin-friction along the wall. A relatively large discrepancy
(within 20%) in the value of skin-friction occurred at downstream. The
reason for this discrepancy is that a separation zone is produced after
the interaction between shock wave and the boundary layer. It is well
known that boundary layer separation is hard to be accurately simu-
lated through RANS method at present.

2.3.2. Combustion flow validation
Another combustion experiments conducted by Burrows and Kurkov

[43,44] is selected to check whether this simulation method could ap-
propriately capture the combustion flow characteristics. Fig. 5 shows

Table 1
Rate constants for 9 species 27-step chemical kinetics of hydrogen [37].

Reaction A B E

OH + H2]H + H2O 2.14E+08 1.52 3449
O + OH]O2+H 2.02E+14 −0.4 0
O + H2]OH + H 5.06E+04 2.67 6290
H + O2(+M) = HO2(+M) 4.52E+13 0 0
LOW/1.05E+19–1.257 0.0/
H2O/0.0/H2/0.0/N2/0.0/
H + O2(+N2) = HO2(+N2) 4.52E+13 0 0
LOW/2.03E+20–1.59 0.0/
H + O2(+H2) = HO2(+H2) 4.52E+13 0 0
LOW/1.52E+19–1.133 0.0/
H + O2(+H2O) = HO2(+H2O) 4.52E+13 0 0
LOW/2.10E+23–2.437 0.0/
OH + HO2]H2O + O2 2.13E+28 −4.827 3500
OH + HO2]H2O + O2 9.10E+14 0 10 964
DUP
H + HO2]OH + OH 1.50E+14 0 1000
DUP
H + HO2]H2+O2 8.45E+11 0.65 1241
H + HO2]O + H2O 3.01E+13 0 1721
O + HO2]O2+OH 3.25E+13 0 0
OH + OH]O + H2O 3.57E+04 2.4 −2112
H + H + M=H2+M 1.00E+18 −1 0
H2O/0.0/H2/0.0/
H + H + H2]H2+H2 9.20E+16 −0.6 0
H + H + H2O]H2+H2O 6.00E+19 −1.25 0
H + OH + M=H2O + M 2.21E+22 −2 0
H2O/6.4/
H + O + M=OH + M 4.71E+18 −1 0
H2O/6.4/
O + O + M=O2+M 1.89E+13 0 −1788
HO2+HO2]H2O2+O2 4.20E+14 0 11 982
DUP
HO2+HO2]H2O2+O2 1.30E+11 0 −1629
DUP
OH + OH(+M) = H2O2(+M) 1.24E+14 −0.37 0
LOW/3.04E+30–4.63 2049.0/
TROE/0.470 100.0 2000.0 1.0E+15/
H2O2+H]HO2+H2 1.98E+06 2 2435
H2O2+H]OH + H2O 3.07E+13 0 4217
H2O2+O]OH + HO2 9.55E+06 2 3970
H2O2+OH]H2O + HO2 2.40E+00 4.042 −2162
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the schematic of the experimental configuration. The height of the
airstream entrance is 89 mm and hydrogen is injected parallel to the
airstream from a slot installed after the backward step with a height of
4 mm [39,40]. Hot, vitiated air enters the computational region at
Mach 2.44 and mixes with the cold, pure hydrogen injected at sonic
velocity. Thus, at some distance downstream of the slot, hydrogen will
be self-ignited and a non-premixed flame is formed. The inflow condi-
tions are shown in Table 3.

Figs. 6 and 7 show the numerical and experimental profiles for the
Mach numbers and species mole fractions at the exit. The detailed flow
field analysis is not illustrated here and the reader could refer [39] for
more details. The comparisons between the computational and ex-
perimental results fully demonstrate that the models and corresponding
numerical methods employed in this study can well reproduce the
mixing and combustion process in boundary layer. Therefore, through
the two validation cases, it can be concluded that the numerical si-
mulation approach adopted in this paper is reliable and adequate to be
used for investigating supersonic wall-jet combustion in this study.

3. Analysis and discussion

To investigate the influence of wall-jet combustion on boundary
layer transition and skin friction, a configuration for numerical ex-
periments is designed as shown in Fig. 8. In this combustion chamber,
the height is 89 mm and the length is 1500 mm. Hydrogen is injected
into boundary layer through a fuel port at the height of D which will be

altered in the subsequent analysis. The whole configuration and the
corresponding meshes employed in this study are shown in Fig. 8.
Moreover, the mesh contains 39 102 structured grids and the resulting
grid had a nominal y+ of below 5, which was deemed sufficient to
model wall boundary layer effects in following numerical simulation.

As shown in Table 4, the cases that will be presented and discussed
constitute a variation of the hydrogen injection and wall conditions like
injection angle α, injector height D, and wall temperature Twall. Thus,
the influence of different factors on wall-jet hydrogen combustion will
be studied. At the baseline condition (BSL), the injection angle is 0°
(parallel to the airflow) and the injection height is 4 mm. Two different

Fig. 1. Flow geometry and computational domain [42].

Table 2
Inflow conditions for the airstream.

Parameter Ma P/Pa T/K Twall

Airstream 2.92 21166.9 95.37 adiabatic

Fig. 2. Mach number contour and the streamline distribution.

Fig. 3. Pressure distributions along the bottom wall.
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injection angles to airflow direction 15° and 30° (Cases 1 and 2), and
two other heights, 3 mm and 5 mm (Cases 3 and 4), are employed to
study the influence of hydrogen injection geometries. Furthermore, two
other cases, the adiabatic wall q̇w = 0 (Case 5) and Twall = 600 K (Case
6) are used to investigate the effect of wall condition.

Three different grids are selected for grid independent verification.
The grid information is shown in Table 5. N and y1 in the table re-
presents the number of grid cells and the height of the first layer grid,
respectively.

The mass fraction of H2 along the lower wall is shown in Fig. 9. For
the results of species distribution like H2, compared to medium and fine
scale, there is a largest extent difference at x = 0.7 m (nearly 23%).
However, which show the good consistency between medium and fine
grid. 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 39 102
structured grid.

3.1. Effect of hydrogen injection angle

The effect of different hydrogen injection angles is firstly in-
vestigated. Since the objective of this investigation is to study of skin-
friction reduction and boundary layer transition, the first results pre-
sented are those of skin friction for the three different injection angles.
Meanwhile, for boundary layer flow, the change of skin-friction coef-
ficient is usually used as the indicator for boundary layer transition. In
order to make comparisons, non-dimensionalized measures of skin
friction are used. The skin friction coefficient is defined as:

=C τ
ρU
2

f
w

2 (5)

Where τw is the local wall skin-friction stress. ρ and U mean the density
and velocity of the free airflow respectively.

Fig. 10 represents the distributions of skin-friction coefficient for
different injection angles along the flow path and the local mainstream
Reynolds number respectively. The variation of the frictional resistance
is quite complicated as it fluctuates along the flow path. Near the hy-
drogen injection port, the skin-friction coefficient sharply declines. At
x = 0.1 m where the self-ignition of the hydrogen fuel occurs, the value
of skin-friction coefficient is reduced to the lowest point for both BSL
and Case 1. Furthermore, it is known that for turbulent plate boundary
layer flow without combustion, the skin-friction coefficient will be
decreased along the flatbed because of the thickness of boundary layer
increases. However, in Fig. 10 (a), it shows that the skin friction fluc-
tuates and is not in the monotonically decreasing form. The reason for

Fig. 4. Skin-friction coefficient distributions along the wall.

Fig. 5. Schematic of Burrows and Kurkov combustor [11].

Table 3
Inflow conditions for the airstream and injected hydrogen.

Parameter Ma T/K P/MPa YO2 YH2 YN2 YH2O

Airstream 2.44 1270 0.1 0.258 0 0.486 0.256
Hydrogen 1.0 254 0.1 0 1 0 0

Fig. 6. Mach number distribution at the exit.

Fig. 7. Species mole fraction distributions at the exit.
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this is that when the shock waves intersect with the flame surface, the
shock waves will be refracted to the lower wall. Then interaction be-
tween the refracted shock wave and boundary layer flow can lead se-
paration occur. These can be clearly shown in Fig. 11. Thus, as shown in

Fig. 10 (a), at every contact point between the refracted shock waves
and the boundary layer on the lower wall at the downstream of
x = 0.4 m, the skin-friction coefficient slightly increases, causing local
fluctuation of skin-friction change along the flow path.

As shown in Fig. 10 (b), the corresponding region has been marked
by dotted lines in Fig. 10 (a), when the hydrogen is injected from the
leading edge of plate, the boundary layer flow is firstly in laminar. For
the BSL condition, as the wall temperature is set constant to 300 K and
the film-cooling effect plays a primary role near the hydrogen fuel in-
jector, the skin-friction coefficient declines. From the plot, upstream the
self-ignition location, where no combustion occurs, the fuel injection
into the boundary layer is equivalent to film cooling. Meanwhile, low-
temperature hydrogen injection lowers the heat flux and skin friction
significantly, which is a result of the film-cooling effect in region 1.
Region 2 represents the frictional resistance in which boundary layer
combustion plays the leading role. At x = 0.1 m, when the local Rey-
nolds number (Rex) reaches to 2.5 × 105, hydrogen in boundary layer
is ignited and the self-ignition is like a ‘perturbation source’ in laminar
boundary layer, which induces the starting of boundary layer transi-
tion. The computed data indicates onset of transition at roughly the
same location as the self-ignition. In the transition region the computed
skin friction increases rapidly and then follows the turbulent correla-
tion. The skin-friction coefficient reaches to the maximum value at
x = 0.2 m where the local Reynolds number is 1.1 × 106. After that, as
the heat release from combustion in boundary layer can change the
density distribution and increase the boundary layer thickness, the skin
friction begins to decrease.

In order to investigate the wall heat transfer performance under the
boundary layer combustion condition, Fig. 12 (a) shows the stagnation
temperature in the first grid layer of the computational measurement
under different injection angles conditions. Fig. 12 (b) shows the wall
heat transfer rate of the computational results. The heat transfer rate
shows the same trend with the stagnation temperature when transition
occurs, heat transfer is nearly zero in laminar region because wall
temperature is almost exactly laminar recover temperature. The mo-
mentum in the boundary layer leads to large regions of high wall heat
transfer in the transitional region. The first position where the heat
transfer rate departs from the laminar at x = 0.1 m, the second position
where the heat transfer rate has a sudden slow rise at about x = 0.2 m.
So heat transfer rate is also adopted to identify the transition onset in
this case.

Furthermore, in boundary layer theory, boundary layer thickness

Fig. 8. The configuration and the computational grids.

Table 4
Numerical experimental items for Baseline and Cases 1–6.

Parameters BSL Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

α (°) 0 15 30 0 0 0 0
D (mm) 4 4 4 3 5 4 4
Twall (K) 300 300 300 300 300 q̇w = 0 600

Table 5
Meshes used to verify the grid independence.

Name Coarse Medium Fine

N 14 352 39 102 59 052
y+ 3 1 1
y1 10–5 10–6 10–6

Fig. 9. Mass fraction of H2 of outlet for three grid solutions.
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Fig. 10. Comparisons of Cf for different injection angles: (a) along the flow path (b) Cf vs Rex.

Fig. 11. Pressure contours for different injection angles.

Fig. 12. Comparisons of stagnation temperature in the first grid layer (a) and heat flux (b) for different injection angles.
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and the shape factor, H, are usually used to characterize the occurrence
of transition [45]. The location where U = 0.99U∞ is defined as the
boundary layer edge in this paper and the development of the boundary
layer thickness in the streamwise direction at the BSL condition is
shown in Fig. 13 (a).

The definition of the shape factor is as the following:

=H δ
δ

1

2 (6)

δ1 is displacement thickness and δ2 represents the momentum thickness.
The expressions of δ1 and δ2 are

∫= −δ ρ ρ u U dy( / )(1 / )
δ

ref ref1
0 (7)

∫= −δ ρ ρ u U u U dy( / )( / )(1 / )
δ

ref ref ref2
0 (8)

The shape factor H is the ratio of displacement thickness to mo-
mentum thickness, which represents the shape of the average velocity
profile in the boundary layer. Generally, the turbulent boundary layer
shape factor H is smaller than laminar flow. Thus, in order to inspect
whether the above explanation for the mechanism of the skin-friction
change is reasonable, the variation of the shape factor at the BSL con-
dition is shown in Fig. 13 (b).

In the laminar flow region, the boundary layer thickness increases
slowly, until x = 0.1 m, transition occurs in the flow, and the boundary
layer thickness increases rapidly. When transition is completed, the
growth rate of the boundary layer thickness becomes increases slowly
again. Here the position where the boundary layer thickness departs
from the laminar value is defined as the transition onset.

From Fig. 13 (b), It could be seen that from the leading edge to
x = 0.1 m (Rex = 2.5 × 105), the shape factor is kept constant to the
value of about 1.54, which means the boundary layer flow is laminar in
this region. Then the shape factor begins to decrease at the downstream
of x = 0.1 m, indicating that boundary layer transition starts. Until Rex
reaches as high as 1.7 × 106, the transition process is completed and
the boundary layer becomes turbulent. If the injection angle is quite
large, such as in Case 3 for =α 30o, the transition starting position can
move upstream to near the leading edge of the flatbed. Thus, the
boundary layer transition starts quite early and the region of boundary
layer transition is longer at this condition than that of other injection
angles.

In order to further prove that the selected turbulent transition

− −k kl w model is applicable to capture laminar flow, the boundary
layer region perpendicular to the streamwise at x = 0.05 m is selected
for the BSL.

Fig. 14 shows computed mean velocity profiles obtained at various
streamwise locations. The dashed line represent the linear relationship
u+ = y+ and dot dashed line represent the logarithmic law of the wall
u+ = 2.5lny++5.0. The computed velocities gradually change from
laminar to the turbulent. From the plot, the variation tendency of ve-
locity in the boundary layer at x = 0.05 m is in good agreement with
the theoretical value of the laminar flow. In addition, this paper puts
emphasis on the prediction of transition onset. So the transition model
can be used to capture laminar flow, which further proves the effec-
tiveness of the model to simulate boundary layer transition.

3.2. Effect of hydrogen fuel injection heights

Then the variation of the slot height is studied. Fig. 15 represents
the distributions of skin-friction coefficient for different injector heights
along the flow path and the local mainstream Reynolds number re-
spectively. Obviously, the variation of the injector height can sig-
nificantly affect the boundary layer transition onset. As illustrated in

Fig. 13. Variation of boundary layer thickness (a) and shape factor (b) vs Rex for BSL condition.

Fig. 14. Mean velocity distribution in the boundary layer at x = 0.05 m.
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Ref. [11], the distances between the flame and the lower wall could be
modified with the variation of the hydrogen fuel injector heights. When
the flame moves towards to the wall with lower injector height, the
perturbation induced by self-ignition can be ‘felt’ earlier in boundary
layer flow. Thus, the origin of boundary layer transition occurs at more
upstream as the height of hydrogen fuel injector decreases. So for Case
3 with D = 3 mm, the transition starts at about x = 0.05 mm and for
Case 5 with D = 5 mm, it moves downstream to about x = 0.14 mm.
For Case 4, at x = 0.12 m the skin friction begins to depart from the
laminar value and quickly approaches and exceeds the turbulent value.
The overshoot beyond the fully turbulent value persists from x = 0.14
until x = 0.24 m. After x = 0.24 m, the skin friction coefficient did not
jump or drop obviously but still fluctuated slightly. These fluctuations
are most likely due to flow features which are caused by the interaction
between flames with shock wave.

In addition, as illustrated in Fig. 15 (a), the increase of the injector
height is benefit for skin-friction reduction. The primary reason for this
is that the thickness of the boundary layer can be enhanced when the
injector height increases. Although the positions of self-ignition for
these three conditions are different in the mainstream direction, the
corresponding positions of the intersection between the shock train and
the flame are similar, which also means the positions of fluctuating
points are almost consistent. Furthermore, larger thickness of boundary

layer can make the strength of the refracted shock waves weaker when
they arrive near the lower wall. So the extent of boundary layer se-
paration will be reduced, which can limit the increase of the skin fric-
tion at the downstream of every refracted shock wave. Besides, more
heat release brought by larger injector height can make the flow density
on the wall reduced and restrain the turbulent transport within the
boundary layer, which can further reduce the skin friction.

In order to further analyze the changes of boundary layer thickness
of different injector heights, the boundary layer thickness is assessed in
the part. Fig. 16 (a) represents the velocity magnitude contour, the blue
solid line representing the edge of the boundary layer where the velo-
city is equal to 99% of the air freestream velocity. Fig. 16 (b) represents
the variation of boundary layer thickness. From the plot, it is not dif-
ficult to find that the boundary layer thickness increases with the in-
crease of wall-jet. As can be seen from Fig. 16 (b), the boundary layer
grows slowly before x = 0.1 m, and transition occurs at x = 0.1 m. The
boundary layer thickness increases rapidly until x = 0.2 m, when it
enters the complete turbulent region, and the growth becomes slow
again.

Unlike the results for the change of hydrogen fuel injection angles,
the variation of injector height can effectively alter the strength of
shock train, the boundary layer thickness would be influenced by shock
waves. Fig. 17 (a) shows the exit temperature profiles of perpendicular

Fig. 15. Comparisons of Cf for different injector heights: (a) along the flow path (b) Cf vs Rex.

Fig. 16. Velocity magnitude contours (a) and variation of boundary layer thickness (b) for different injector heights.
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to the exit. The width of the temperature zone indicates the thickness of
the flame, and it can be seen that the intensity of combustion is the
largest under Case 4. The hydrogen mass fraction along the bottom wall
at different injector heights is shown in Fig. 17 (b). From Fig. 17 (b), the
mass fraction of H2 near the wall can only be maintained within a small
region after injection, and cannot be maintained uniformly for a long
distance. Then, it begins to diminish and continues to be near the 0.1 at
the exit. In addition, although the mass fraction of H2 for the Case 4 is
not the smallest at the outlet, it has a large high-temperature zone due
to abundant hydrogen fuel being injected into the boundary layer. As
the hydrogen fuel injecting Mach number is kept constant (Ma = 1),
the increase of the hydrogen fuel injector height means more hydrogen
will be injected into the combustion chamber. Thus, both the com-
bustion intensity and the compression of the hydrogen fuel to the

Fig. 17. Outlet temperature profiles (a) and Mass fraction of H2 (b) along the lower wall for different injector heights.

Fig. 18. Comparisons of Cf for different wall conditions: (a) along the flow path (b) Cf vs Rex.

Fig. 19. Comparisons of bottom wall temperature for different wall heat
transfer conditions.

Table 6
Inflow conditions for the throttle orifice.

Parameters D(mm) α (°) Twall(K) ṁ_in(kg/s) P_in(MPa)

Case 7 4 0 300 2 0.3
Case 8 4 0 300 3 0.3
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airflow will be increased, which is benefit for the augment of the shock
train strength, which ultimately affects the change in boundary layer
thickness.

3.3. Effect of wall temperature

The heat transfer between boundary layer and the wall have sig-
nificant influence on boundary layer flow. Thus, another two cases,
which are adiabatic wall (q̇w=0) and Twall = 600 K are employed to
investigate the effects of different wall heat-transfer conditions.

Fig. 18 shows the variation of skin-friction coefficient at different
wall heat-transfer conditions along the flow path and the local main-
stream Reynolds number respectively. It can be seen that from the re-
gion in 0 < x < 0.2 m, the change of skin-friction coefficient at BSL
condition (Twall = 300 K) is almost the same to that of adiabatic wall
condition. As the temperature of hydrogen is 254 K, when the tem-
perature of the wall is set as 300 K, the temperature difference between
boundary layer and the wall is quite small. Thus, in the range of
0 < x < 0.2 m where the impact of combustion is insignificant and
the film-cooling effect plays a leading role, the amount of heat transfer
between boundary layer and the wall is small and can be approximated
as an adiabatic wall condition. At the downstream of x = 0.2 m, the
heat-transfer increase to the wall induced by combustion is lower for
BSL condition than that of the adiabatic wall condition. So the flow
density in boundary layer is higher and the boundary layer is thinner at
BSL condition compared to the adiabatic wall condition, which makes
the skin friction higher in this region at BSL condition.

Oppositely, for the Twall = 600 K condition, at the upstream of
0 < x < 0.2 m where film-cooling plays a dominant role, as the wall

Fig. 20. Comparisons of Cf for different throttle-flow: (a) along the flow path (b) Cf vs Rex.

Fig. 21. Temperature contours for different throttle-flow.

Fig. 22. Mach number contours for different mass flow rates of throttling flow.
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temperature is higher than that of hydrogen, the heat transfer from the
wall to boundary layer make the skin friction be lower. In addition, the
obtained heat from the wall can make the boundary layer transition
start earlier. As shown in Fig. 18 (b), the transition initiates at
Rex = 1.5 × 105 at Twall = 600 K condition while it begins at about
Rex = 1.8 × 105 for both the Twall = 300 K and the adiabatic wall
conditions. In addition, as illustrated in Fig. 19, at x = 0.1 m where the
skin-friction coefficient is lowest, the temperature of the wall begins to
increase for adiabatic wall condition. It is known that adding heat into
boundary layer is beneficial to its transition while cooling helps to
maintain its stability. Therefore, length of the transition is shorter for
higher wall temperatures like Twall = 600 K, while the BSL condition
with Twall = 300 K experiences the longest transition process as shown
in Fig. 18 (b). At the downstream of x = 0.5 m, the temperature of
boundary layer is absolutely higher than that of the wall. Thus, in this
region, the amount of heat addition into flow is highest for the adiabatic
wall condition, which makes its skin-friction coefficient be lower than
other two conditions.

3.4. Effect of throttling flow

In real scramjet combustors, most of the fuel is injected into the
mainstream to blend with air and generate thrust, which will make the
back pressure increase in the combustor. Therefore, in order to create
this high back pressure environment which is the primary character-
istics in real combustor operation while decoupling the interference of
main fuel combustion in core flow with the combustion in boundary
layer, the air throttling method is employed to produce back pressure.
So a hole which is 40 mm width is perforated in the upper wall near the
exit at x = 100 mm. Thus, the adjustment of back pressure can be
realized by modifying the mass flow rate of the throttling flow through
the orifice. As shown in Table 6, another two cases with the mass flow
rate of throttling flow ṁ_in = 2 kg/s (Case 7) and ṁ_in = 3 kg/s (Case
8) are established to investigate the effect of different mass flow rates of
throttling flow. The direction of the throttling flow is set to be per-
pendicular to the airstream. Here for Case 7 and Case 8 the injection
pressure of the orifice, P_in, is 0.3 MPa.

Fig. 20 (a) shows the distributions of the skin-friction coefficient
along the lower wall for different mass flow rates of the throttling flow.
Similar to the flow field analysis illustrated above, the skin friction is
significantly affected by the separation flow. The value of skin-friction
coefficient for Case 7 is kept the same to that of BSL condition along
most part of the wall. Only at the position of the separation zone in-
duced by the injecting throttling flow near the exit, the skin-friction
coefficient drops rapidly. Similarly, at x = 0.4 m where the first large
separation zone induced by high back pressure in Case 8 is originated,
the skin friction also experiences sharp decline, these will be shown in
Fig. 22. According to the analysis above, the refracted shock waves
from the flame to the wall could also cause boundary layer separation,
and this is the reason why the skin-friction coefficient fluctuates along
the lower wall. By comparing the magnitude of the fluctuations caused
by these two effects, it can be seen that the change in the skin-friction
coefficient caused by back pressure is much greater than that caused by
the refracted shock waves. This could also be reflected by the variation
extent of skin-friction coefficient. As shown in Fig. 20 (a), any decline of
skin-friction coefficient triggered by refracted shock waves is smaller
than that of back pressure. Therefore, injecting throttling flow is an
effective way for altering the heat release in boundary layer.

Fig. 20 (b) shows the variation of skin-friction coefficient with
Reynolds number for different mass flow rates of throttling flow. Ob-
viously, even for Case 8 with large mass flow rates of injecting airflow,
as the effect of back pressures does not propagate to the auto-ignition
position, the occurrence of boundary layer transition is not affected by
throttling flow to a great extent. Therefore, it can be concluded that
when applies the boundary layer combustion for skin-friction reduction
with the main fuel combustion that is used to produce thrust together,

the relative position of the boundary layer combustion relative to the
combustion of the main fuel needs to be carefully considered in the flow
path. The trade-off study between thermal protection and skin-friction
reduction should be carried out when using this method in scramjet
engine.

Fig. 21 shows the temperature contours of different mass flow rates
of throttling flow. The solid black line in the figure represents the edge
of the flame where the temperature is 1650 K and it is obvious that a
lifted non-premixed flame is formed in boundary layer combustion
except Case 8. When the mass flow rate of throttling flow is 2 kg/s, as
the extent of back pressure increase is not large, both the flame and the
flow field are almost kept the same to that of the BSL condition in most
part of the flow field (0 < x < 1.36 m). Only a small part of the flame
is folded due to the shock wave induced by the injection of throttling-
flow being incident on the flame surface near the exit. However, when
the mass flow rate of the throttling flow reaches to 3 kg/s, the back
pressure increases significantly and the whole flame turn to be quite
twisted, this is also the reason why the skin friction coefficient is dif-
ferent in Case 8 shown in Fig. 20. Even worse, as shown in Fig. 21 for
Case 8, from x = 0.7 m, the high-temperature region directly expands
to the wall surface at this condition. Under this situation, the heat
transfer on the wall can be enhanced, which may make the heat pay-
load to the energy management system become more serious.

Fig. 22 illustrates the Mach number contours for different mass flow
rates of the throttling flow. When the mass flow rate of throttling flow is
2 kg/s, only small separation zone is formed at the lower wall near the
exit due to the influence of back pressure is not large. As the injecting
throttling flow reaches to 3 kg/s, however, the large disturbance to the
airflow makes the induced back pressure propagates upstream to more
than two thirds distance of the lower wall and a large separation zone
be generated at about x = 0.62 m. Furthermore, another three se-
paration zones with decreasing scales are produced at the downstream
as well. Under this situation, the shock train, the flame front and the
separation zones together are coupled to each other, which leads the
structures of flow field become quite complicated. Moreover, heat
transfer on the wall is enhanced, which make the impact of heat load on
the energy management system more severe. Therefore, the location of
main fuel and boundary layer fuel injection should be fully considered
in actual engine.

4. Conclusion

In this study, the effect of heat release in boundary layer on tran-
sition and skin friction were studied. The following useful conclusions
were obtained:

Numerical results show that the Transition − −k kl w turbulence
model can effectively capture the phenomenon of boundary layer
transition. When hydrogen fuel is injected into boundary layer, the flow
is laminar in the region near the injector. As the film-cooling effect
plays a dominant role in this region, the skin-friction coefficient firstly
goes down. The occurrence of self-ignition is like a perturbation in
boundary layer, which would induce the starting of boundary layer
transition. Thus, the skin friction then increases. After that, when the
boundary layer flow turns to be fully turbulent, the skin friction begins
to decrease.

Both the position of self-ignition and the skin friction are almost not
affected by changing fuel injection angles. When the injection angle
along the airflow direction is increased to 30°, the skin-friction coeffi-
cient is slightly increased while the transition Reynolds number is re-
latively smaller than that of the other two angles.

The skin friction is reduced and the transition position moves
downstream with the increase of the slot height. The strength of the
refracted shock waves in boundary layer will be decreased with the
increase of injector height, leading the range of the boundary layer
separation zone would be reduced. Thus, the fluctuation of the skin-
friction coefficient is slight and the variation of the skin friction along
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the lower wall becomes smoother.
At the upstream of self-ignition, if the wall temperature is higher

than that of the injected fuel, the heat transfer from the wall to
boundary layer can make the transition start earlier. Downstream the
self-ignition location, when the boundary layer combustion plays a
major role, trying to maximize the heat transfer to the wall from
boundary layer is benefit for the skin-friction reduction.

As the mass flow rate of the throttling flow increases, the burning is
more intense, the flame is getting twisted. Moreover, there is little effect
on the occurrence of the transition by the increasing the throttling flow
while the skin friction is significantly reduced. When the mass flow rate
of throttling flow reaches to 3 kg/s, there were some significant fluc-
tuations on skin-friction coefficient and the change of skin-friction
coefficient caused by back pressure is much greater than that caused by
refracted shock waves.
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