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This study investigates the effects of boundary layer combustion on skin friction reduction in a model
scramjet combustor. The 4-equation RANS model (Transition SST model) is employed as the turbulence
model and one experimental case which involves supersonic turbulent boundary layer combustion is
used for validating the numerical simulation method. Then a wall jet device which can be used to
inject hydrogen into boundary layer is designed and added to the lower wall of the combustor in the
model scramjet engine. The numerical results showed that the optimal ratio between the primary fuel,
producing thrust, and the wall jet fuel, used for drag reduction, for getting the largest skin-friction drag
reduction when installing the wall jet device in the combustor, is 3:1. The study of modifying the location
of the wall jet device showed that setting the wall jet position too close to the upstream or downstream
could not get the maximum overall drag reduction. The installation position in the flow path depends on
the coupling of primary fuel and wall jet fuel combustion. In practical scramjet design, the distribution
ratio of primary to wall jet fuel and the location of wall jet device should be weighed to improve skin-
friction reduction efficiency and overall engine performance.
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1. Introduction

Scramjet engines have been considered to be one of the most
appropriate propulsion systems for hypersonic air-breathing vehi-
cles [1-4]. Though much advancement has been made in the de-
velopment of the scramjet engine science and technology, realizing
its practical engineering application is still a formidable task for
several reasons. One of the reasons is the stringent frictional losses
it confronts during hypersonic speeds. The experimental study car-
ried out by Goyne et al. [5] concluded that skin-friction drag is
the main degrader of scramjet combustor efficiency as skin fric-
tion drag becomes a significant proportion of overall vehicle drag
at high Mach numbers. Among numerous skin-friction reduction
techniques [6-12], boundary layer combustion proves to be an ef-
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ficient way to reduce the skin-friction in turbulent flows. Stalker
[13] established an analytical theory that could predict skin friction
coefficient and heat flux factor based on Van Driest [14] com-
pressible turbulent boundary layer model. It was found that the
skin-friction drag reduction with mixing and combustion of the
hydrogen was three times that in the case of mixing alone. Barth
et al. [15] extended this model to make it be used for the anal-
ysis of other hydrocarbon fuels. Combustion characteristics in a
supersonic combustor with hydrogen injection were investigated
both experimentally and numerically by Song et al. [16,17]. Rowan
et al. [18] carried out experimental study on skin-friction reduc-
tion of film-cooling by using porthole and slot injectors respec-
tively. They found that at low equivalence ratios, the maximum
skin-friction reduction was obtained by using porthole injector. In-
creasing the equivalence ratio could slightly increase the level of
skin-friction reduction with slot injector. In order to verify the wall
drag reduction performance by boundary layer combustion under
different flight speeds, Suraweera et al. [19] conducted further ex-
perimental research on the base of Goyne’s [5] investigation. Their
results showed that through employing boundary-layer combus-
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tion, reductions for skin friction could be achieved at different
flight Mach numbers. Compared with the level measured with-
out hydrogen injection, the maximum reduction in skin friction
coefficient could reach as high as 70% and 60% for high and low
total enthalpy inflows respectively. Clark et al. [20] conducted a
boundary layer combustion study with different type of fuel over
a heated flat plate and the simulation results showed that hydro-
gen can achieve more effective skin friction reduction than JP-10.
Volchkov et al. [21] carried out some experimental studies on the
combustion characteristics of fuel injection in the laminar bound-
ary layer. However, whether their conclusion could be extended
into the scramjet engine in which the high-speed, strong turbu-
lence of the boundary layer exists needs further studies to confirm.
Recently, a numerical study conducted by Zhang et al. [22] showed
that large skin-friction reduction could be obtained by bound-
ary layer combustion, and further reduction could be achieved
with adverse pressure gradient. Xue et al. [7,23] have carried out
systematic numerical simulation and found that the skin friction
could be reduced to 50% through boundary layer combustion while
the pure-mixing case can only bring about 10% drag reduction. In
the study of different factors on boundary layer combustion, it can
be concluded that when shock waves interacted with the flame in
boundary layer, in addition to reflection, they could also refract,
which will cause the change of both skin friction and heat transfer
on the wall as well.

In addition, some preliminary studies on the drag reduction
characteristics of boundary layer combustion in scramjet environ-
ment have also been carried out. Trenker et al. [24] investigated
the benefits of injecting fuel into the boundary layer in a simpli-
fied scramjet model, the effects of different locations for injection
as well as the amount of fuel injected were explored. It was found
that more Hy must be injected and burned in the thicker boundary
layer to achieve a given percentage reduction in viscous drag than
for the thinner boundary layer. Rowan and Paull [25] investigated
the effects of different locations and directions for boundary layer
fuel injection in a scramjet combustor, and the results indicated
that both strategies were equal in terms of heat release through
combustion. In 2012, Kirchhartz et al. [26] conducted wind-tunnel
experimental studies on the characteristics of drag reduction by
boundary layer combustion under different leading edge configu-
rations and pressure gradient conditions using a practical scramjet
combustor. They found that at low-enthalpy flow, the combus-
tion chamber friction resistance can be reduced up to 77% with
employing blunt front edge configuration. Recently, Chan et al.
[27] studied the applicability of the boundary combustion drag
reduction technique in a scaling model scramjet engine. The effec-
tiveness of skin friction reduction by boundary layer combustion
under the airflow disturbance at the combustor entrance induced
by the upstream inlet flow [28] or eddy generator [29] was vali-
dated by free-jet experiments. Their experimental data proved that
the drag reduction effectiveness of the boundary layer combustion
is nearly not influenced by the incoming flow conditions, and the
total drag reduction level could reach as high as 61% in the com-
bustion chamber. Wang et al. [30] analyzed the skin-friction in a
rocket-based combined-cycle engine operating from Mach 1.5 to
6.0 by numerical simulations for whole engine flow path. Their
results showed that the method of hydrogen combustion in bound-
ary layer has achieved 57.7% skin-friction reduction effect.

It can be seen that the excellent features of boundary layer
combustion for skin-friction reduction in supersonic flows have
already been verified in previous studies. However, these studies
are mostly conducted by using ideal models like the simple plate
model, while the researches carried out in real scramjet combus-
tor configurations and operation conditions are quite few. Further-
more, there are few studies on the coupling physical and chemical
processes of boundary layer combustion to reduce surface friction
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in scramjet combustor. Therefore, in the present study, the impact
of boundary layer combustion on skin friction reduction in ac-
tual scramjet environment will be carried out. Firstly, the physical
model and simulation methodology is discussed in Section 2. Then
in Section 3, the key factors like the inflow conditions and fuel in-
jection for boundary layer combustion are conducted. Three differ-
ent distribution ratios of the primary fuel that is used to produce
thrust to the wall jet fuel that is used for skin friction reduction
such as 2:1, 3:1 and 4:1 are chosen to investigate the interaction
of the main-flow combustion and the boundary layer combustion.
Other factors like the installation position of the wall jet device in
the flow path on the wall drag reduction and engine performance
are studied. Thus, by introducing boundary layer drag reduction
technology into scramjet and the investigation on the influence of
key factors on boundary layer combustion in real scramjet envi-
ronment, the mechanism and the characteristics of boundary layer
combustion for skin friction reduction can be obtained, which lays
the foundation for further research on the application of the drag
reduction technology in scramjet engines.

2. Numerical simulation methods and validation
2.1. Models and numerical schemes

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

%/Wd9+y§(ﬁ—é)-d§=/ﬁdsz (1)
Q 19 Q

where the conservative variable vector is defined as

W = (p, pu, pv, pw, pe, pY;) )

F is inviscid vector fluxes, and G represents the item caused by
the effects of viscosity, heat transport and component diffusion. H
represents the chemical reaction source item. In Eq. (2), o 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.

Transition SST model is a four-equation eddy-viscosity type,
which is based on the coupling of the SST k-w transport equa-
tions with two other transport equations, one for the intermittency
and one for the transition onset criteria, in terms of momentum-
thickness Reynolds number. An empirical correlation (Langtry and
Menter) has been developed to cover standard bypass transition
as well as flows in low freestream turbulence environments. It de-
scribes the transition process using the intermittency parameter y.
This parameter gives information about the fraction of time when
the flow becomes turbulent.

The transport equation for the intermittency y is defined as:
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The transition sources are defined as follows:

Py1 = Cat Fiength 0 STY Fonset1* (4)
Ey1=Ce1Pyry (5)

where S is the strain rate magnitude, Fjeng is an empirical cor-
relation that controls the length of the transition region, and Cgq
and Ceq hold the values of 2 and 1, respectively.

In this paper, the laminar finite-rate model is used as the com-
bustion model. For chemical kinetics, the 9-species, 27-reaction
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Fig. 1. Schematic of Suraweera et al.’s experiment [19].
Table 1
Inflow conditions for the airstream and injected fuel [19].
Parameter Ma T (K) P (MPa) Yo, YH, YN,
Airstream 442 1120 83 0.234 0 0.766
Hydrogen 193 170 49.5 0 1 0

model established by Marinov [31] is adopted as the hydrogen/air
reaction mechanism. This chemical reaction mechanism has been
proved appropriately for supersonic combustion flow simulation
[32]. The reaction rate constant is approximated by the Arrhenius
Equation:

k= AT® exp(—E/RT) (6)

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

Roe-FDS splits the fluxes in a manor that is consistent with
their corresponding flux method eigenvalues. The Roe flux-differ-
ence splitting (Roe-FDS) was selected for the fluxes calculation. The
Second Oder Upwind Scheme was used for spatial discretization of
the scalars. Various key parameters were monitored to determine
the convergence, namely: 1) The residual error should be 3 to 4
orders of magnitude smaller than the initial value. 2) The time
history of mass flux of H,O at the exit should nearly remain con-
stant. 3) The relative mass flow rate error, |fioyr — Miy|/Min, Was on
the order of x 1077,

2.2. Validation of the numerical simulation method

In this study, an experimental case conducted by Suraweera et
al. [19] in 2005 is selected to validate the adopted numerical meth-
ods, which includes the H; injection and combustion in supersonic
turbulent boundary layer. Fig. 1 shows the configuration of the
experimental case. The whole configuration is comprised by an en-
trance section and test section. The entrance section is 245 mm
long with 57 mm height, and it is terminated by a 3 mm rearward
facing step where hydrogen can be injected along the flow direc-
tion. Downstream the step, there is a 1500 mm long test section.
Due to the symmetry in spanwise direction, the numerical simu-
lation is conducted in two dimensions and the structural mesh is
given in Fig. 2. Meshes in domains around the wall and near the
mixing layer are refined. The inflow conditions extracted from [19]
are listed in Table 1. In addition, the no-slip condition is used and
the wall temperature is kept at Tyw = 300 K for both the upper
wall and lower wall. As for the outlet, all the physical variables are
extrapolated from the internal cells.

The temperature and Mach number contours are given in Fig. 3,
respectively. It can be seen that the fuel is spontaneously to be
ignited in the boundary layer at some distance away the down-
stream of the step. Then the high-temperature boundary layer
gradually thickens with the mixing between the core flows. It can
be concluded from the Mach number distribution that within the
high-temperature boundary layer at the downstream on the up-
per wall, the Mach number is above 1 in most part of this re-
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gion, which means the combustion occurs in supersonic velocity
in boundary layer.

The skin friction coefficient is presented in a proportional re-
duction form based on results from the no injection case. Equation
(7) shows how the skin friction coefficient Cy; was calculated.
All skin friction coefficients presented here are based on local
freestream conditions.

2Ty
C = —
fii pU2

where the shear stress t,, was a local value obtained at point i
along the test surface, the velocity U and density values p used in
Equation (7) were freestream values.

Fig. 4 shows the skin friction coefficient in proportional form
as calculated based on computational results, in comparison to the
experimental results obtained from Suraweera et al. [17]. Cf mix,
Cf.com and Cr no-injection represent the skin friction coefficient at
the pure-mixing, combustion and no fuel injecting conditions, re-
spectively. A value of 1 in the proportional reduction form cor-
responds to no change in the skin friction coefficient (equal to
no-injection case) and a value of 0 corresponds to a 100% re-
duction in the skin friction coefficient. It can be seen that the
numerical results both in the mixing and combustion cases are
controlled within experimental error. It is obvious that the whole
skin-friction variation process can be divided into two regions for
both mixing only and combustion conditions. In Reg. 1 which is
close to the injector, it is primarily in laminar flow as the in-
jected fuel flow just starts to develop along the wall surface. So
the film cooling plays a major role in this region and the rela-
tive skin-friction coefficient (to no-injection case) decreases along
the wall. Near the end of Reg. 1 at about x = 0.06 m, the rela-
tive reduction of skin-friction coefficient can reach as high as 60%
and 70% for mixing and combustion cases, respectively. After that,
the boundary layer transition occurs and the skin-friction coeffi-
cient gradually increases. As the whole boundary layer turns to be
turbulence flow, the skin-friction coefficient tends to be the con-
stant value. The process of this skin-friction coefficient variation
with the change of flow characteristics along the wall has been
also mentioned in reference [7]. Therefore, from this variation pro-
cess it can be concluded that because of the self-ignition delay
of the injected fuel, the influence of boundary layer combustion
is mainly in the downstream turbulence region. The addition of
boundary layer combustion can make the skin-friction coefficient
decrease larger than 50% while the mixing only case can bring lit-
tle reduction for wall stress at the downstream.

Suraweera et al. also quantified changes in the Stanton number
as a result of boundary layer combustion. They calculated the local
Stanton number using the heat transfer measurements from thin-
film gauges. The Stanton number is defined in Equation (8) [19].

(7)

q

PU(Haw — Hw)
where ¢ is the measured heat flux, p is the freestream density, U
is the freestream velocity, and Hg, and H,, are the adiabatic wall
and wall enthalpies, respectively.

The effect of boundary layer combustion to the wall heat trans-
fer is extracted and shown in Fig. 5. Cp com, Ch,mix and Cp no-injection
are the Stanton numbers for combustion, pure-mixing and no-
injection cases, respectively. The value of Stanton number distri-
butions for the both combustion and mixing case are in good
agreement with the experimental results, and most of them are
controlled within the experimental error range. The experimental
accuracy of heat transfer was estimated as +10%. The numerical
simulations for the combustion case at this test condition overes-
timate the level of Stanton number in the downstream (x > 1.0

(8)

Ch
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Fig. 3. Temperature (a) and Mach number (b) contour for Suraweera’s experiment. (For interpretation of the colors in the figure(s), the reader is referred to the web version

of this article.)
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m), which also could be an indication of the process of form-
ing that water. Moreover, the possible reason for this deviation is
that when combustion occurs in boundary layer, the measurement
of heat transfer on the wall is quite difficult. So the accuracy of
measurement cannot be guaranteed for the combustion case. The
effects of elevated temperature from combustion were offset by
the pronounced lowering of the near wall gradients.

The agreements on the distribution of both skin friction and
heat transfer along the flow path prove that the numerical method
employed in this paper can reproduce the flow field with su-
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Fig. 5. Influences on Cj, between pure-mixing and combustion cases.

personic mixing and combustion and accurately predict the skin
friction and heat transfer with boundary layer combustion. The
comparisons between the computational and experimental results
in Fig. 5 illustrate that the RANS simulations well reproduce the
influence tendencies on the skin friction and heat transfer by
boundary-layer mixing and combustion revealed by the experi-
mental data. Therefore, this numerical method will be used in the
subsequent section to study application of boundary layer combus-
tion for the reduction of skin friction in one scramjet combustor
model.
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3. Analysis and discussion

A scramjet combustor model which is based on the experimen-
tal configuration of the University of Virginia's (UVA) Supersonic
Combustion Facility is used for the study of boundary layer com-
bustion in real scramjet engine [33]. Fig. 6 depicts the schematic
diagram of this scramjet engine. The whole engine is in rectan-
gular configuration. The cross section of the isolator is constant
and its area is 38.1 x 25.4 mm?Z. The fuel ramp with an angle of
10° into the airflow is used for fuel injection to burn and provide
thrust. Its width is 12.7 mm and the normal height is 6.35 mm.
At the exit of the combustor, the top wall diverges at a 2.9° angle
to the diffuser exit. The width of the combustor model is constant
and equal to 38.1 mm. A structured, three-dimensional, hexahedral
grid consisting of ~1.6 million cells, divided among 31 zones was
applied to the scramjet geometry using ICEM CFD. An overview of
the structured grid is shown in Fig. 7.

The University of Virginia has carried out extensive experimen-
tal tests with this combustor model, which includes the data of
Pitot pressure and stagnation temperature that are taken along the
centerline of the top wall. It should be noted, from Fig. 6, that this
domain covers only part of the entire UV “A” scramjet configu-
ration, namely the isolator, combustor, and Diffuser, and excludes
the upstream Mach 2 converging-diverging nozzle. Instead, as can
be seen in Fig. 6, a uniform flow of air consisting of only stream-
wise velocity component of 1033 m/s (corresponding to a Mach
2 flow based on the mass flow rate r = 0.220 kg/s and ther-
modynamic state of total pressure pg = 327.72 kPa) is imposed
at the inflow plane. The fuel-injection is described by a mean
uniform flow of pure hydrogen with both streamwise and wall-
normal velocity components of 1770 m/s and —220 m/s, respec-
tively, corresponding to a Mach 1.7 condition based on mass flow
rate i1 = 0.00154 kg/s and total temperature of 298 K, respectively.
The global equivalence-ratio that corresponds to these inflow con-
ditions is 0.260, indicating a fuel-lean combustion regime. All walls
that envelope the computational domain are prescribed with a no-
slip condition and have constant wall-temperature of T =600 K in
the non-reacting simulation. In the combusting case, the portion
of the top wall and the ramp face have another isothermal condi-

tion of T = 1000 K. The inlet conditions for both the no injection
and the combustion are defined in Table 2. Case 1_cold represents
the no-injection case in which no fuel is injected into the airflow,
while Case 2_combust_wo was run with fuel injection through the
fuel ramp and combustion.

Three different grids are selected for grid independent verifica-
tion. The grid information is shown in the Table 3. N and y; in
the table represents the number of grid cells and the height of the
first layer grid, respectively.

For Case 1_cold and Case 2_combust_wo conditions, three grids
were respectively used to compare the pressure distribution at the
downwall. And the comparison numerical results are shown in the
Fig. 8. From the plot, the result of pressure at the downwall do
not exhibit any major difference in Fig. 8(b), but the another re-
sult shows the consistency between medium and dense grid. And
it is clear that the variation of grid scale has great influence on
the region near the pressure fluctuation, so the verification of grid
independence is very necessary for the study of skin-friction re-
duction in this paper. As such, the simulation is independent with
the grid increasing when the number of grid reaches a moderate
level. Hence, a medium grid is adopted in the subsequent numeri-
cal analysis.

Data of static pressure measured along the centerline of the top
wall is shown in Fig. 8 for both no-injection and combustion cases.
The x-axis is non-dimensioned by the normal height of fuel ramp
region of engine, while the y-axis is normalized by the pressure
value at the inlet of combustor. The simulation results agree with
the experimental data for the Isolator and Combustor, discrepan-
cies between the simulation result and the experimental data start
to have greater variance in the diverging the nozzle under the two
Cases. The section where the simulation results do not agree with
experimental data is approximately at x/H = 30 through x/H = 45
for Case 1_cold. This is probably due to incorrect predication of the
separated air flow on the top wall of the Diffuser. The discrepancy
for Case 2_combust_wo occurs within the exit nozzle downstream
of x/H = 25. The higher static pressures for the simulations in this
region are likely due to the flow separation evident in Fig. 9 (Den-
sity Gradient contour). The reason for this numerically-induced
phenomenon is still unclear and further investigation is necessary.
It was hypothesized that it may be due to the outflow boundary
condition treatment and the lack of conjugate heat transfer mod-
eling at the wall boundaries.

As there is no combustion in case 1_cold, the fluctuations of
pressure in the downstream of the isolator are significant which
is induced by the shock wave reflection and the expansion waves
produced by the protruding of fuel ramp into the main flow. This
can also be illustrated in Fig. 9(a) for the Density Gradient contour,
meanwhile, the X Velocity contour is also presented in Fig. 9(b).

Hydroxyl mass fraction contour with an isotherm at 1600 K in
Fig. 10(a) show the general structure of the core flame. Moreover,
one indication of possible mixing is turbulent kinetic energy (TKE).
The Density Gradient contour in Fig. 10(b) shows the shock wave
structure. Compared with Fig. 9(a), the shock wave forms a shock
train between the shear layer and the lower wall of the main fuel
and runs through the whole straight combustor. Meanwhile, be-
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Table 2
Inflow conditions for the airstream and injected fuel.
Parameter m (kg/s) To (K) Py (kPa) Yo, Yh, YN, 0
Case 1_cold
Air 0.220 1033 327.72 0.232 0 0.768 0
Main fuel 0 0 0 0 0 0
Case 2_combust_wo (without boundary layer combustion)
Air 0.203 1203 326.97 0.232 0 0.768 0.260
Main fuel 0.00154 298.96 709.94 0 1 0
3.0 4.5
A Exp_Case 1_cold ® Exp_Case2_combust wo|
Coarse 4.0 Coarse
25+ Medium = Medium
== Fine 35r .= Fine
20} 3.0
-y -y
4 4
& & 25
& &
15} 20l
15F
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-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60

x/H

Fig. 8. Pressure distribution along axial centerline of top wall for Case 1_cold (a) and Case 2_combust_wo (b) of three grid solutions.
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Fig. 9. Density Gradient (a) and X velocity (b) contour on the symmetry plane (y = 0) for Case 1_cold.

Table 3
Meshes used to verify the grid independence.
Name Coarse Medium Fine
N 45023 306453 403123
yt 3 1 1
1 10> 10-6 10-6

cause the higher back pressure at the exit propagates along the
low velocity boundary layer on the upper wall and leads to the
separation of the boundary layer at a certain position, the oblique
shock wave produced by it interacts with the supersonic flow on
the lower wall, resulting in a second shock train of low height and
intensity in the expansion section. In fact, TKE is associated with
eddies in turbulent flow that then promotes mixing. The red areas
on the contour plots represent areas of TKE that equal to or greater
than 40,000 J/kg. A high TKE in the flow is found in the Fig. 10(c),
which is caused by the counter-rotating vortices generated by the
ramped injector rapidly mix fuel and air.

3.1. The addition of boundary layer combustion in scramjet combustor

As shown in Fig. 11, in order to investigate the effect of bound-
ary layer combustion in real scramjet combustor, the above UVa
combustor model is modified in which a wall jet device is de-
signed and installed at the lower wall. Thus, the fuel that is used
for boundary layer combustion can be tangentially injected into
the boundary layer along the lower wall through a row of 5 holes
at the base of the wall jet device. The height of wall jet device
is 1.5 mm, the diameter of the holes was 0.5 mm and the dis-
tance between adjacent holes was 8 mm. Meanwhile, in order to
distinguish the ramp injector on the upper wall which is used to
produce thrust in the original combustor, in this new combustor
model, the ramp fuel injector is indicated as Injector_1 and the
added wall jet device on the lower wall which is used for boundary
layer combustion is named as Injector_2. For the boundary condi-
tions of Injector_2, the velocity of the injected fuel is kept Ma 1
for all holes and the total temperature is set as 298 K.



R. Xue, X. Zheng, L. Yue et al.

Mass fraction of OH:

1600-
T

Aerospace Science and Technology 115 (2021) 106788

E 3

(a) Static pressure

.

Density Gradient: 1

(b) Density Gradient

Turbulent Kinetic Energy (J/kg):

Red area

E 3

0 20000 40000

T—

(¢) Turbulent kinetic energy

Fig. 10. Static pressure (a), Density Gradient (b), and Turbulent kinetic energy (c) contour on the symmetry plane (y = 0) for Case 2_combust_wo.
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Fig. 11. Configuration of add the wall jet device.

Hydrogen is also used as the wall jet fuel and its injection
equivalent ratio is set as 0.260. This case is also defined as BSL
later (Baseline Case). Fig. 12 shows the distributions of skin-
friction coefficient along the centerline of the lower wall with
(Case 2_combust_w) and without boundary layer combustion (Case
2_combust_wo) respectively and in these two cases the total equiv-
alent ratios of hydrogen is kept the same as 0.260. It can be seen
that from x =0 to x =0.03 m, the skin-friction coefficient of Case
2_combust_w is larger than that of Case 2_combust_wo. The rea-
son for this is that the addition of Injector_2 makes a sudden
expansion of the flow path near the lower wall, which destroys the
boundary layer flow structure developed from the upstream. Then
near x = 0.03 m, the fuel is spontaneously ignited. The combustion
of wall jet fuel made the skin friction rapidly reduce. As illustrated
in reference [4] and [29], the primary reason for skin-friction de-
crease is that the density gradient can be significantly reduced as
the addition of heat release with boundary layer combustion. The
near wall velocity gradient and hence skin friction was observed
to decrease markedly from cases where there was no combustion.
These changes were largely attributed to alterations to the local
mean density and viscosity.

For Case 2_combust_wo, as illustrated in Fig. 13(a), a quasi-
normal shock wave is generated at the leading edge the fuel ramp
and a shock train is then formed at downstream and extended to
the outlet of the combustor. After that, due to the expansion of up-
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Fig. 12. Influences on Cy at midline on lower wall by boundary layer combustion.

per wall of the nozzle, the flow is accelerated. Meanwhile, as the
ambient pressure at the exit is relatively high, it propagates for-
ward through the low-velocity boundary layer on the upper wall
So near the middle of the nozzle section, the boundary layer is
separated and a shock wave is produced. As the shock wave con-
tacts and interacts with the high velocity flow near the lower wall,
another shock wave is generated, which makes the pressure on the
lower wall gradually increase to match the ambient pressure at the
outlet of the flow channel.

Fig. 13(b) is the Mach number distribution for Case 2_com-
bust_w of the center plane. Compared with Case 2_combust_wo,
though the total equivalence ratio is the same, the leading edge
of the shock train moves upstream to the isolator section when
boundary layer combustion is added. One of the interesting charac-
teristics of this scramjet model is the presence of a shock train that
is produced by combustion and travels upstream into the isolator
in Case 2_combust_w. The isolator then has to be long enough to
prevent the shock train from traveling upstream to the inlet and
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Fig. 14. Combustion efficiency (a) and total pressure recovery coefficient (b) along the flow path for Case 2.

causing the engine to unstart. Moreover, in order to further ana-
lyze whether the addition of boundary layer combustion can bring
great impact on the overall performance of the scramjet engine,
the total pressure recovery coefficient o and combustion efficiency
are provided in next analysis.

The combustion efficiency, which is one of the key perfor-
mances for scramjet evaluation is used. It is defined as the ratio of
hydrogen fuel consumption rate to the hydrogen fuel supply rate
and it is expressed as the following:

JA@upYdA
mHz.inj

Neomp(X) =1 — %
MH; iy
where, thzvmj and r1iy,,, denote the mass flow rate of H, at the
combustor inlet and at a streamwise station x.

In addition, the total pressure recovery coefficient o is used
to evaluate the total pressure loss during the combustion process,
which is defined as

J PoxpudA
o=
f PO,inletpUdA

where, P inler is the inlet total pressure, Pg x is the local total pres-
sure at a given section x.

From the Fig. 14, the combustion efficiency was enhanced with
the boundary layer combustion, but the total pressure recovery fac-
tor was reduced. From the Fig. 14(a), it is observed that the overall
combustion efficiency rise in the scramjet engine due to wall jet
combustion is approximately 1.1-1.5 times that of observed when
only the primary fuel is injected. This is mainly due to the fact that
the fuel cannot be fully burned with the mainstream through the
injection on the ramp, and the addition of boundary layer com-
bustion makes the overall combustion more uniform, which can
be shown in the apparent heat release rate (AHHR) distribution
in Fig. 15. Moreover, at the outlet, the total pressure recovery co-
efficient decreased by 2% from 0.53 to 0.51. In combination with
the Mach number contour shown in Fig. 13, it should be noted
that the closer the shock wave is to the inlet of the flow pas-
sage, the greater the energy loss. In severe cases, the engine may
not even start properly. On the whole, combustion efficiency or
total pressure recovery coefficient cannot be used alone to opti-
mize the design target of the combustor. Thus, when boundary
layer combustion device for skin-friction reduction is introduced
into the scramjet combustor, more consideration should be taken
into account on the close interaction between isolator and com-
bustor to achieve the overall optimal performance for the flow
path.
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Fig. 15. AHRR on the symmetry plane (z = 0) along the flow path for Case 2.

Fig. 16 shows the temperature contours on different cross sec-
tions along the flow path for Case 2. It can be seen that a large
annular high-temperature reaction mixing layer is formed near the
primary fuel injector at x =0.05 m. Then with entrainment of the
airflow into the mixing layer and mixes with the primary fuel, this
annular mixing layer gradually expands inside and outside. Finally,
a circular high-temperature region is formed at the downstream
of the flow path close to the expansion wall. For boundary layer
combustion, upstream of x = 0.05 m, edges of each reaction mix-
ing layer generated by wall jets begin to merge as the distance
between the wall jet fuel injection holes are not too far. The in-
termediate three annular flames within the boundary gradually
disappear due to the entrainment and combustion with the air
outside the boundary layer. Meanwhile, as the recirculation regions
are formed near the corner area of sidewalls, the high-temperature
regions induced by the wall jets near the side wall are gradually
concentrated, which makes the side walls be subjected to severe
thermal protection requirements. Therefore, in the following study
of applying boundary layer combustion to the wall friction reduc-
tion of scramjet combustor, the relative position of main fuel and
boundary layer fuel, the position between wall jet and the side
wall needs to be carefully taken into account.

3.2. Influence of distribution ratio of primary to wall jet fuels

After verifying that the boundary layer combustion technique
is applicable to scramjet for drag reduction, the influences of dif-
ferent factors such as the fuel distribution ratio (Cases 3 and 4)
and injection location (Cases 5 and 6) are investigated. Table 4
describes the airstream and fuel injection conditions of different
distribution ratio for primary to wall jet fuel.

Firstly, the effect of different distribution ratio (Mjector 2/
MMinjector_1) 1S investigated. In this study, the total amount of fuel
injected into the scramjet combustor is kept constant. For the
BSL case, the fuel injected into the boundary layer of the com-
bustor is 25% of the total amount of fuel and the corresponding
Minjector_2/Minjector_1 Tatio is 1:3. Case 3 represents that the fuel
injected into the boundary layer of the combustor is 20% of the to-
tal amount of fuel (Minjector_2/Minjectror_1 Tatio is 1:4) while Case 4

shows that the fuel injected by Injector_2 accounts 33.33% for of
the total fuel (Minjector_2/Minjector_1 Tatio is 1:2).

Fig. 17(a) shows the wall shear stress on the lower wall in
the combustor for minjector_2/Minjector_1 Tatio from 1:4 to 1:2 re-
spectively. With the increase of Minjector_2/Minjector_1 ratio, the wall
shear stress is first decreases and then increases. The averaged
value of the shear stress on the lower wall reaches its minimum
when mijector_2/Minjector_1 Tatio is 1:3. As the value of shear stress
on the lower wall is 293.97 Pa when hydrogen is not injected
into boundary layer, adding boundary layer combustion can real-
ize skin-friction reduction to as high as 29.34% when keeping the
TMinjector_2/Minjector_1 Tatio to 1:3 while the other two cases can ob-
tain 20.93% (Case 3) and 25.86% (Case 4) reduction respectively as
shown in Fig. 17(b).

Fig. 18 represents the distributions of the skin-friction coeffi-
cient along the lower wall for different ripjector_2/Minjector_1 ratios.
It could be noticed that the whole variation trends for all three
cases are basically consistent and the changing process of skin fric-
tion coefficient along the flow path could be divided into three
regions: in the first region (Reg. 1, 0 < x < 0.02 m), as no com-
bustion occurs (which can be seen from the temperature contour
in Fig. 19(a)), the decrease of skin friction is mainly due to the
fact that the Ma 1 injection of wall jet fuel can increase the flow
velocity within the boundary layer which can effectively reduce
the velocity gradient. Meanwhile, the density of hydrogen is lower
than air, so two factors together make the wall shear stress reduce
along the lower wall. As the ignition delay time for hydrogen is
constant at the same environment and the wall jet injecting ve-
locity is almost the same for these three cases, near x = 0.02 m,
the fuel injected into boundary layer is auto-ignited for all these
three cases. Then boundary layer combustion occurs and the skin
frictional resistance of the lower wall gradually rises in the second
region (Reg. 2, 0.02 m < x < 0.17 m). The primary reason for the
skin friction increase is that when boundary layer combustion just
starts, the turbulent transport process between the core flow and
boundary layer flow is sharply intensified which leads the shear
stress on the wall be magnified. As the boundary layer flow moves
downstream, due to the effect of boundary layer expansion in-
duced by heat release from combustion, the added heat causing
an expansion of the boundary layer and lowering of the wall shear
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Fig. 16. Temperature contours for Case 2 with (a) and without (b) boundary layer combustion.
Table 4
Inflow conditions of the airstream and injected fuel for BSL, Cases 3 and 4.
Parameter m (kg/s) To (K) Py (kPa) Yo, Yu, YN, 17
BSL/Case 2_combust_w (with boundary layer combustion)
Air 0.203 1203 327.72 0.232 0 0.768
Injector_1 0.001155 297 709.94 0 1 0 0.260
Injector_2 0.000385 297 433.49 0 1 0
Case 3
Air 0.203 1203 326.97 0.232 0 0.768
Injector_1 0.001232 298.96 709.94 0 1 0 0.260
Injector_2 0. 000308 298 301 0 1 0
Case 4
Air 0.203 1203 326.97 0.232 0 0.768
Injector_1 0.001027 297 568.46 0 1 0 0.260
Injector_2 0. 000513 297 300 0 1 0

10
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stress, the velocity gradient within boundary layer and the corre-
sponding frictional resistance coefficient is gradually decreased for
the third region (Reg. 3, x > 0.17 m). It is this expansion that also
results in lowering of the magnitude of the turbulent fluctuations
and hence the vorticity of the flow.

So it could be concluded that in Reg. 1 where the film-cooling
effect dominates, increasing the mnjector_2/Minjector_1 atio is bene-
fit for skin-friction reduction as more low-density, uniform velocity
distribution fuel is injected into boundary layer. In the second and
third regions, however, the drag reduction effect does not increase
monotonically with the injection of the wall jet fuel due to the
complicated interaction of turbulence and combustion. It can be
seen that the best skin friction reduction could be achieved under
the case of BSL (Minjector_1 /Minjector_2 Tatio = 3) while near the exit,
Case 3 (rfnjector_1/Minjector_2 Tatio = 4) is approximate to achieve
the optimal skin friction reduction.

In order to investigate the interaction of primary fuel com-
bustion and boundary layer combustion, Fig. 19 shows the tem-
perature contours at the y = 0 plane and part of the span of
the scramjet engine obtained during simulations with different
TMinjector_2/Minjector_1 Tatios. Compared with Case 2_combust_wo in
Fig. 16(a), the temperature of Case 3 is the highest in the bound-
ary layer near the upper wall of Injector_1, which indicates that
when there is no boundary layer fuel, the area is fuel enriched
combustion, and after some of the total fuel is separated keep-
ing distribution ratio of rnjector_2/Minjector_1 as 1:4, the equiva-
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Fig. 19. Temperature contours of y = 0 for different distribution ratio.

lent ratio here is very suitable for combustion, so the high tem-
perature area is larger, and then, with the increase of fuel allo-
cated to the boundary layer. The distribution ratio has changed
from BSL (1:3) to Case 4 (1:2), which has become lean fuel
again, so the high temperature area is less obvious compared to
Case 3.

Fig. 20 depicts a succession of Hy mass fraction contour plots at
the following axial distance: x = 0, 0.3, 0.06, 0.09, 0.12, 0.18, 0.24
and 0.30 m within the combustor for different distribution ratios.
The red areas on the contour plots represent H, mass fractions
equal to or greater than 0.5. It can be seen that different distri-
bution ratios have more significant effect on far field flow charac-
teristics (x > 0.09 m) than near-field characteristics (x < 0.09 m),
which could be derived in the more pronounced differences of the
H, mass fraction contours at x = 0.12, 0.18 and 0.24 m. In Case
3, few boundary layer fuel exists, while the other two cases retain
the consumption of the boundary layer fuel in the vicinity of out-
let. Another remarkable distinction can be clearly seen is that the
more injection of boundary layer fuel, the less volume of high tem-
perature zone near the upper part of the expansion section along
z direction. It is also worth noting that the above phenomenon
merely occurs downstream.

The combustion efficiency along the flow path with different
Minjector_2/Minjector_1 Tatios is shown in Fig. 21 on the basis of con-
sidering its drag reduction efficiency. Basically, as the amount of
fuel allocated to the Injector_1 is more than two times to that
allocated to Injector_2, the combustion in the main flow is domi-
nated by the primary fuel. So at the exit, the combustion efficiency
values for all the three cases are almost the same and the maxi-
mum combustion efficiency can reach as high as 96% for Case 4.
Interestingly, though in terms of skin-friction reduction, setting the
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value of Minjector_2/Minjector_1 Tatio to 1:3 for BSL case is optimal.
However, the combustion efficiency for BSL is consistently lower
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than that of other minjector_2/Minjector_1 ratios such as Cases 3 and
4 along the flow path, and the maximum difference can reach to
as high as 5% near x = 0.175 m. If the nozzle is not long enough,
the overall combustion efficiency will be lower for the BSL case.
Therefore, the addition of boundary layer combustion in scramjet
combustor will be coupled with the combustion of the primary
fuel. So trade-off study should be carried out to balance both the
drag reduction performance and overall combustion performance
in the combustor.

3.3. Influence of different wall jet locations

In this section, three locations along the flow path are chosen
for investigating the effect of different wall jet device installing lo-
cations on the skin-friction reduction and combustion performance
in combustor. From the study on different minjector_2/Minjector_1 Ta-
tios above, it can be concluded that when the ratio is set as 1:3
for BSL case, the extent of drag reduction is maximum. Conse-
quently, the finjector_2/Minjector_1 Tatio is kept constant at 1:3 when
alternating the wall jet installation locations. Table 5 shows the dif-
ferent wall jet locations for BSL case, Cases 5 and 6. In Case 5, the
wall jet fuel is injected at xo = —0.05 m, which is 0.05 m upstream
of BSL injection point. Similarly, Case 6 represents that the wall jet
device is installed at xo = —0.1 m, which is 0.1 m upstream of BSL
case injection point.
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Table 5
Inflow conditions and injection locations for BSL, Cases 5 and 6.
Parameter Location To (K) Py (kPa) %
BSL
Injector_1 X=0 297 709.94 0.260
Injector_2 X=0 297 302
Case 5
Injector_1 X=0 298.96 709.54 0.260
Injector_2 X =-0.05 298 301
Case 6
Injector_1 X=0 297 709.46 0.260
Injector_2 X=0-0.1 297 300
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Fig. 22. Comparisons of Cy for different installation location of Injector_2.

Fig. 22 represents the skin-friction coefficient distribution on
the lower wall for different injection locations. The variation of
skin-friction coefficient can still be divided into a three-section
developing process for different boundary layer fuel injection lo-
cations. There is no doubt that the closer the Injector_2 is in-
stalled to upstream, the earlier the friction coefficient decreases.
For both Case 5 and Case 6, since their Injector_2 is installed
upstream of the primary fuel injector (x =0 m), the initial film-
cooling effect is not disturbed by the primary fuel combustion.
Compared to the BSL case in which the wall jet fuel mixing and
combustion are coupled with the primary fuel combustion when
the wall jet fuel is solely injected, the friction coefficient substan-
tially increases for both Case 5 and Case 6 in the Reg. 2. As a
result, the skin-friction coefficient is lower than that of both Case
5 and Case 6 at the downstream where boundary layer combustion
plays a major role in drag reduction. Therefore, the installing po-
sition of wall jet device needs to be comprehensively measured
by whether only film cooling or boundary layer combustion is
deployed as the dominating role to reduce wall skin friction re-
sistance.

To further investigate the interaction of flow near the lower
wall and reveal the mechanism of the change trend of skin fric-
tion resistance, Fig. 23 shows the wall shear stress distribution on
the lower wall for the three different wall jet injection locations
separately. It is not difficult to find that there is a sudden drop in
the wall shear stress near x = 0.2 m for Case 6 from Fig. 23(c).
Meanwhile, the velocity gradient contour for this case along the
flow path is also shown in Fig. 23(d). As the fluid temperature
next to the lower wall increases, the density in this region conse-
quently decreases, which result in a local dilatation of the fluid and
increasing of boundary layer thickness. A thicker boundary layer
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leads to a smaller velocity gradient near the lower wall. In addi-
tion, from the above analysis, the relationship between wall shear
stress and the velocity gradient can be recognized. It can be seen
that the wall shear stress is reduced, which ultimately reduces the
skin friction coefficient.

Moreover, an interesting phenomenon can be seen from the
above two figures, the wall shear stress changes regularly and un-
evenly in the span direction (y direction). After the hydrogen is
injected, due to the uneven mixing of hydrogen and air in the
vicinity of the injector, the closer the injector is, the stronger the
difference of the shear stress on the upper wall along the span-
wise direction is. With the flow mixing, the difference of the shear
stress in spanwise behind the flow field due to hydrogen injec-
tion gradually becomes smaller. Also due to the influence of front
and rear walls, the wall shear stress of the test surface is gener-
ally higher in the middle than in the two sides. The wall shear
stress of all injectors appear sharp convex ridges, which is fol-
lowed by narrow valleys, while the middle exists smaller convex
ridge. Moreover, the wall shear stress on the front and rear walls
are very low, almost zero, which due to the no slip wall, those
phenomena can be seen in local magnification in Fig. 23(c). The
physical flow features observed in Case 6 could be also seen for the
other case studies involving boundary layer combustion by wall jet
injection.

Fig. 24 shows the comparison of combustion efficiency for dif-
ferent wall jet distance. From the plot, the combustion efficiency
increases and then a sudden drop is observed. The initial in-
crease represented by Reg. 1 indicates the combustion efficiency
at the boundary layer combustion only. After the drop, the in-
crease in combustion efficiency represented by Reg. 2 indicates
the interactive effect of the primary and wall jet fuel. Advance
of the installation location of wall jet device makes the bound-
ary layer combustion more fully developed in isolator, which also
leads to the phenomenon that the combustion efficiency in Case
6 is higher than the other two cases in the Reg. 1. Once combus-
tion has commenced, however, it was noted that the combustion
efficiency kept rising and tends to be consistent as the flow pro-
gressed in the x-direction under the coupling of primary and wall
jet fuel.

Fig. 25 shows the contour of Mass fraction of OH along the
flow path, compared with BSL and Case 5, the boundary layer fuel
has been fully developed, resulting in the minimum shear stress in
the lower wall shown in Fig. 23(c). Since the equivalence ratio is
controlled at 0.260 in all three cases, when the wall jet device is
advanced to xp = —0.05 m, especially close to the exit, the bound-
ary layer combustion flame appears to gradually disappear due to
the entrainment and combustion with the air outside the boundary
layer. Moreover, the interference effect of primary fuel combus-
tion on boundary layer combustion is stronger when the wall jet
device continues to be moved forward to xg = —0.1 m. However,
combined with the above analysis, these changes do not seem to
have a great impact on combustion efficiency, which shows that
the change of installation position of wall jet device can neither
improve the combustion efficiency nor reduce the friction resis-
tance.

4. Conclusions

A tangential slot injector is designed and added in a model
scramjet engine to study the influence of boundary layer combus-
tion for drag reduction. The useful conclusions can be drawn as
follows:

1) Adding boundary layer combustion is an effective way for re-
ducing skin friction in scramjet combustor. Meanwhile, the
combustion efficiency could be increased as well. Through
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Fig. 24. Combustion efficiency along the flow path for different injection location.

boundary layer combustion, the wall friction resistance of
scramjet engine could be reduced as large as 32% and com-
bustion efficiency can be increased by 20%.

2) When the total amount of the fuel is kept constant, the distri-
bution ratio of primary fuel which is used to produce thrust to
the wall jet fuel has a little effect on the overall skin-friction
reduction. Increasing the amount of wall jet fuel is beneficial
to improve the drag reduction. However, due to the complex
coupling between the combustion of the primary fuel and the
wall jet fuel in these regions, the drag reduction does not in-

crease monotonically with the injection of the wall jet fuel in

the boundary layer.
3) The change of the installation position of the wall jet device

has a great influence on the flow field especially in the area
near the boundary layer. The upstream installation will make
the interaction between the main combustion and the bound-
ary layer combustion be stronger. However, this can not reduce
the drag reduction rate and the combustion efficiency is not
changed significantly. Hydrogen fuel injected into the cavity
directly could improve the ignition performance greatly at the

experimental status.
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