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Abstract

A key issue that can affect the implementation
of boundary layer combustion for viscous drag
reduction in scramjet combustors is the potential
of non-uniform flow entering the combustor from
the inlet. Experiments were conducted in the T4
Stalker tube to study the effects of these flow non-
uniformities on boundary layer combustion in a
circular constant-area combustor. A Rectangular-
to-Elliptical-Shape-Transition (REST) inlet, typ-
ical of the type of inlets proposed for self-starting
scramjet inlets, was attached upstream of the
combustor in the current experiments. A numer-
ical simulation of the flow through the REST in-
let showed that the inlet generated a non-uniform
outflow that had shock and expansion waves. The
skin friction drag measured on the inner surface
of the combustor indicated a reduction in skin
friction drag of 30% when hydrogen burns in the
boundary layer. More importantly, these experi-
ments showed that a significant level of skin fric-
tion reduction due to boundary layer combustion
was still achievable even in the presence of flow
non-uniformities from the REST inlet.

Nomenclature

Aq Internal surface area

of combustion chamber
cp  Pressure coefficient
cq  Drag coefficient
H;  Nozzle supply enthalpy
M., Freestream Mach number

p  Static pressure

D Freestream static pressure

T.. Freestream static temperature

U Freestream velocity

x  Distance from leading edge
of REST inlet

Y-  Ratio of specific heats

P Freestream static density

1 Introduction

Boundary layer combustion is a method proposed
in the Centre for Hypersonics at The Univer-
sity of Queensland in 2000 for the reduction of
viscous drag in hypervelocity applications [8].
This technique involves the injection and, signifi-
cantly, combustion of hydrogen in supersonic tur-
bulent boundary layers. The combustion of hy-
drogen releases heat energy, which in turn, in-
creases the temperatures in the boundary layers.
This then reduces the boundary layer densities
and Reynolds stresses, hence reducing the turbu-
lent skin friction drag [3].

When fuel burns in the mainstream of a
constant-area scramjet combustor, the skin fric-
tion drag is similar to that when fuel injection
is not present [[7, [32]. However, if fuel burns in
the boundary layer instead of the mainstream, the
heat released increases the displacement thick-
ness of the boundary layer. This compresses the
flow outside the boundary layer, hence decreas-
ing its Mach number and increasing its temper-
ature and pressure. The resulting skin friction
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coefficient that would be obtained for the new
freestream conditions could be up to double that
for no fuel injection [11]. Instead of an increase
in the level of skin friction drag, past experiments
with boundary layer combustion [, 11, [12, 30]
have shown that measured skin friction coeffi-
cients can be up to 40% lesser than those mea-
sured when no fuel is injected. The effective-
ness of this technique in reducing viscous drag
is further confirmed by numerical simulations
(4} 114} 29] and also by Stalker’s theoretical analy-
sis of the boundary layer combustion phenomena
[28].

Although the results so far have shown that
boundary layer combustion can be used to re-
duce turbulent skin friction drag and hence in-
crease the net thrust output, a question that re-
mains unanswered is whether this new technol-
ogy can be implemented in combustion chambers
of operational scramjet-powered vehicles. One
key issue that can affect the implementation of
the boundary layer combustion technique in pro-
posed operational scramjet configurations is the
potential of non-uniform flow entering the com-
bustion chamber from the inlet. The presence
of vortical structures due to fuel injection and
shock and expansion waves may lead to the dis-
ruption of the wall fuel layer. The question is
then whether such disruptions will drive the com-
bustion away from the wall layer and remove the
benefits of boundary layer combustion.

Past experiments conducted to investigate
the boundary layer combustion technique have
been done in a quasi direct-connect manner.
For these experiments, non-uniformities in the
flow were relatively small. In the current
experiments, a Rectangular-to-Elliptical-Shape-
Transition (REST) inlet [21] is coupled to a cir-
cular combustion chamber designed for imple-
menting the boundary layer combustion tech-
nique. REST inlets are typical of the type of in-
lets proposed for self-starting scramjet inlets [3]
- they have rectangular capture shapes which al-
low for easy mounting onto the airframe of ve-
hicles, an elliptical/circular combustor which is
structurally superior in comparison with rectan-
gular ones, a fixed geometry and no boundary

layer bleeds which results in greater scramjet sys-
tem simplicity, and good self-starting capabilities
[22]]. REST inlets have also been shown to oper-
ate well at off-design conditions [23}, 24} 31]].

2 Experiments

2.1 Test Facility & Test Conditions

All experiments were conducted in the T4 Stalker
tube at The University of Queensland. An ax-
isymmetric contoured nozzle designed to pro-
duce a uniform test flow with a nominal Mach
number of 6 was used. The test gases used for
these experiments were air and nitrogen. The
main purpose of using nitrogen as the test gas
was to suppress combustion when fuel was in-
jected. When combustion occurs, effects on pres-
sure and drag forces can be brought about by both
fuel injection and combustion. The suppression
of combustion can aid in distinguishing the ef-
fects of fuel injection from those of combustion.
The nominal freestream conditions for the shots
with air as the test gas are given in Table[I] These
freestream properties were estimated using the
non-equilibrium nozzle flow code NENZF [15],
which uses the nozzle supply conditions provided
by ESTC]j. ESTC;] is a modified version of ESTC
[1'7]] which uses the CEA [16] chemistry database
to estimate the nozzle supply conditions.

Table 1 Nominal test conditions

Flow Shot-to-shot
parameter ~ Value variation  Uncertainty

H; 4.78 MJ/kg +0.6% +8%
Doo 9.58 kPa +3% +12%
T 563 K +0.5% +8%
P 0.0592kg/m>  +4% +11%
Uoo 2920 m/s +3% +3%
M., 6.2 +0.2% +2%
Yoo 1.38 <0.1%
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Fig. 1 Schematic of experimental setup

2.2 Experimental Model

The experimental setup, shown in Figure [I] con-
sists of three major components - an aluminium
REST inlet, a brass fuel injector and a circular
aluminium combustion chamber. The combus-
tion chamber, which is similar to that used in the
experiments of Kirchhartz [11], is attached to a
stress wave force balance for the measurement of
net skin friction drag.

In order to directly compare the current ex-
periments with those of Kirchhartz [11] to ex-
amine the influence of flow non-uniformities, the
REST inlet was designed to produce combus-
tor entry conditions similar to those obtained for
the direct-connect inlet in Kirchhartz’s experi-
ments. The 440-mm long REST inlet has a 100-
mm wide frontal capture area of 2.5 x 107> m?
that contracts to a circular exit area of 6.5 x 10~#
m?, which equates to a total geometric contrac-
tion ratio of 3.84. All leading edges have a 0.5
mm radius bluntness. The centreline of the up-
per (bodyside) surface of this inlet was instru-
mented with nine Kulite XTEL-100-190M pres-
sure transducers at x = 130 mm, 220 mm, 245
mm, 269 mm, 294 mm, 319 mm, 345 mm, 370

mm and 420 mm from the leading edge (see Fig-
ure |I[) For these experiments, the inlet was posi-
tioned in the test section of the test facility such
that the entire capture area sat within the uniform
core flow region of the T4 Mach 6 nozzle [[19].

A brass fuel injector was connected to the end
of the REST inlet. Shown in detail in Figure [I]
the injector delivered fuel through an annular slot
which had a throat area of 6.65 x 10> m? and an
exit area of 2.14 x 10~* m?. Hydrogen was sup-
plied to this injector from a Ludweig tube fuel
delivery system. The use of a Ludweig tube fuel
delivery system ensured that a near constant fuel
flow rate was available during the test time of
these experiments [6]. A typical fuel mass flow
rate for the current experiments is 0.012 kg/s,
which corresponds to a fuel equivalence ratio of
approximately 1.0.

The 500-mm long combustion chamber of
33.2 mm internal diameter was instrumented with
20 PCB 112A pressure transducers. The first
transducer was located 160 mm from the fuel in-
jection plane and subsequent transducers were lo-
cated 15 mm apart from one another. The com-
bustor was attached to a 2430-mm long brass
sting that was instrumented with a piezoelectric
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film strain gauge [26] located 238 mm from the
leading edge of the sting. The gauge on the brass
sting was used to measure the stress waves gen-
erated when skin friction drag acts on the in-
ternal surface of the combustion chamber. The
measured strain signals can then be deconvolved
with an impulse response to reproduce the ac-
tual drag force acting on the combustion chamber
[18]. The impulse response was obtained from
calibrations in which the front edge of the com-
bustor was struck with an instrumented impact
hammer. More details about the measurement
of forces by the stress wave force balance tech-
nique are given in References [20], [25]], [27] and
[33]]. As only the skin friction drag on the inter-
nal surface of the combustion chamber was to be
measured, the remaining parts of the combustion
chamber and brass sting assembly were shielded
from the test flow. This was done via the outer
and inner shields shown in Figure [l Due to de-
sign limitations, the front edge, rear edge and rear
cavity surfaces of the combustor-sting assembly
can still be exposed to some pressures when the
test flow arrives. To ensure that only skin friction
drag acting on the internal surface of the com-
bustion chamber was extracted, these pressures
were measured and the forces due to these pres-
sures were accounted for in the drag measure-
ments. The levels of corrections were typically
less than 1% of the net skin friction drag for tests
without fuel injection and 14% for tests in which
combustion occurred.

2.3 Experimental Uncertainties

Shot-to-shot repeatability of the duct pressure co-
efficient for identical nominal freestream condi-
tions was established to within +5% for most
measurement locations. The measurement uncer-
tainty for the pressure coefficient was estimated
to be within £14%. The experimental uncer-
tainty for the measured forces was estimated to
be £10%.

3 CFD simulation of the REST inlet

A CFD simulation of the flow in the REST
inlet was performed using the VULCAN code
[34]. VULCAN is a structured, finite-volume
CFD code that solves the Favre-averaged Navier-
Stokes equations. Inviscid fluxes were calculated
using the low-dissipation flux splitting scheme
of Edwards with Van Leer limiter, while vis-
cous fluxes were evaluated using second-order
central differences. Turbulence was modelled
using the k — ® model of Wilcox [35] while
the Reynolds stresses were modelled using the
Boussinesq model. The boundary layer was as-
sumed to be turbulent from the leading edge of
the REST inlet. The use of wall functions with
the turbulence model allowed the y™ value of wall
cells to be in the order of 60. The inlet was mod-
elled using a grid that had 2056300 cells. The
walls of the inlet were assumed to have a constant
temperature of 300 K. Air, which was assumed
to be a mixture of thermally perfect gases, was
used as the inflow gas in the simulation. This in-
flow was assumed to have a turbulence intensity
of 0.01 and a turbulent viscosity ratio of 0.1.

4 Results & Discussion

The two main types of data extracted from these
experiments are pressures and forces. A typi-
cal static pressure trace from a transducer in the
REST inlet is shown in Figure[2| The test time is
taken to start when the flow has established in the
nozzle and experimental model. The start up time
for the shock tunnel nozzle used in these experi-
ments is typically 0.8 ms. It is assumed that three
flow lengths is required for the flow to be fully
established [[10] in the current model - this corre-
sponds to a flow establishment time of about 1.0
ms for this test condition. The end of test time
is determined by either when the drop by more
than 5% in nozzle-supply pressure or when 10%
driver gas flow contamination occurs [1]. The
pressure distributions are presented in the form
of pressure coefficients (see Equation|[I)).
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Fig. 2 Typical pressure trace from shot 10563

Figure 3] shows a typical force trace that has
been deconvolved from a strain signal measured
via the thin film gauge. Note that this trace had
been passed through a 250-us moving average
filter. The sharp rise and drop in the force sig-
nal from 0.5 ms to 1.3 ms is associated with the
nozzle starting pressures. A similarly shaped sig-
nal can be seen in the pressure traces (see Fig-
ure [2). The other unsteady rises and drops after
2.8 ms are attributed to the edges of the combus-
tion chamber hitting the other parts of the model.
Note that these occur after the steady test flow.
The force data are presented as drag coefficients
(see Equation [2)).
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4.1 REST inlet pressure measurements

The pressures measured in the inlet confirmed
that the flow through the inlet had started and es-
tablished during the tests. Figure 4] shows a com-
parison between experimentally measured and
numerically simulated static pressures along the
centreline of the bodyside surface of the REST
inlet. The pressure coefficients for tests with-
out fuel injection, tests with fuel injection into
air and tests with fuel injection into nitrogen are
labelled “Fuel-off”, “Fuel-on” and “Fuel-N2” re-
spectively. The numerical simulation was com-
pleted for the fuel-off test using VULCAN, as
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Fig. 3 Typical force trace from shot 10563

described in Section 3l The numerical results
generally match the experiments well, except for
a discrepancy at x = 0.37 m. The blunted lead-
ing edges of the REST inlet were not modelled in
the simulation. This may account for a difference
seen between the numerical and experimental re-
sults for the location of the shock which impinges
near x = 0.4 m (see Figure [)).

A goal of the design of the REST inlet was
to produce similar conditions at entry to the com-
bustor as those obtained in Kirchhartz’s experi-
ments. Figures [3 [6] and [7] show the freestream
conditions taken at 45 mm upstream of the fuel
injection plane for the current experiments and
for Kirchhartz’s experiments. The freestream
conditions for the current experiments were taken
from the CFD simulation described in Section [3]
whereas those for Kirchhartz’s experiments were
extracted from the CFD simulation performed by
Kirchhartz [[11]]. It can be observed from these
plots that similar conditions have been achieved.
The mismatch in certain areas, for example the
drop in pressure due to expansion waves seen in
Figure [/ 1s to be expected since the REST in-
let generated a more non-uniform flow. Figures 5]
and 6] also show that thicker and hotter bound-
ary layers, which are favourable for the boundary
layer combustion technique [13], are present on
the bodyside surface of the inlet. Figure [ shows
that boundary layer temperatures on the lower
surface of the inlet are lower than those of Kirch-
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Fig. 4 Development of static pressure along the cen-
treline of the bodyside surface of the REST inlet

hartz’s. The ignition temperature for a hydrogen-
air mixture at 100 kPa with an ignition length
of 100 mm is approximately 1140 K [9]. Since
the peak boundary layer temperature of 1440 K
(see Figure [0)) is higher than the ignition temper-
ature, the ignition of hydrogen should not be sig-
nificantly affected by the reduced boundary layer
temperatures on the lower surface of the REST
inlet.

| ¢
0.01 O

ol <& Current
— Kirchhartz
(Design point)

! ! ! ! !

0 500 1000 1500 2000 2500 3000
Velocity, m/s

Distance from combustion chamber axis, m

Fig. 5 Comparison of freestream velocity at 45 mm
upstream of the fuel injection plane
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Fig. 6 Comparison of freestream static temperature
at 45 mm upstream of the fuel injection plane

4.2 Combustion chamber pressure measure-
ments

Figure [8| shows the experimentally measured
static pressure along the combustion chamber for
fuel-off, fuel-on and fuel-N2 tests. As expected,
there are no discernable differences in the static
pressure distribution between fuel-off and fuel-
N2 tests since no combustion occurs. However,
when fuel is injected and combustion does occur,
a significant pressure rise is obtained. One ques-
tion that then arises is whether the fuel is burning
in the mainstream or in the boundary layer. This
is addressed in Section 4.3| when examining the
skin friction drag.

The ignition of hydrogen can be seen in the
pressure distribution at about 230 mm down-
stream of the fuel injection plane in Figure [§ It
is postulated that the ignition of the fuel may be
associated with a shock impingement, since the
ignition location coincides with a shock impinge-
ment location seen in both fuel-off and fuel-N2
tests. The difference in pressures between the
fuel-on and fuel-off tests at 150 mm downstream
of the fuel injection plane suggests that a small
level of combustion could be occurring upstream
of that location.
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4.3 Combustion chamber skin friction drag
measurements

Figure [9] shows the experimentally derived drag
force acting on the internal walls of the com-
bustion chamber for fuel-off, fuel-on and fuel-N2
tests. Note that the drag coefficients in Kirch-
hartz’s data set are lower than those in the cur-
rent data set. The shock tunnel nozzle used in the
current experiments produced a Mach 6.2 flow
whereas the nozzle used in Kirchhartz’s direct-
connect experiments produced a Mach 4.5 flow.
The use of a larger pu? value for the Mach 4 noz-
zle when normalising the drag data causes the
drag coefficient to be lower than that when the
pu? value for the Mach 6 nozzle in the current
experiments is used.

Both sets of experiments show a reduction in
skin friction drag when fuel is injected into nitro-
gen test gas. This drag reduction is brought about
by the commonly known film-cooling phenom-
ena [2]. More importantly, a further reduction
in skin friction drag can be observed when the
fuel burns. It has been shown in the experiments
by Goyne [7] and Tanno [32] that skin friction
drag in a constant-area combustor is essentially
unchanged when fuel burns in the mainstream.
The reduction in drag coefficient when combus-
tion occurs (see Figure [9) therefore indicates that
the fuel is indeed burning in the boundary layer
and not just in the mainstream.
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Fig. 8 Pressure coefficient along combustion cham-
ber

For the current experiments, the drag coeffi-
cient for fuel-N2 tests is 84% of that for fuel-off
tests while the drag coefficient for fuel-on tests
is 71% of that for fuel-off tests. For Kirchhartz’s
experiments, the drag coefficient for fuel-N2 tests
is 80% of that for fuel-off tests while the drag co-
efficient for fuel-on tests is 65% of that for fuel-
off tests. The skin friction drag reduction mea-
sured in the current experiments is 4% lower than
that measured in Kirchhartz’s experiments when
combustion is suppressed with nitrogen test gas
and 6% lower when combustion occurs. Note
that these differences are within the experimen-
tal uncertainties. The slightly diminished levels
in skin friction reduction may be associated with
the flow non-uniformities from the REST inlet.
Despite this, the important point to note from
the current experiments is that a significant level
of skin friction reduction due to boundary layer
combustion is still achievable even in the pres-
ence of flow non-uniformities from the REST in-
let.

5 Conclusion

These experiments show that a significant of level
of skin friction reduction is achievable when hy-
drogen burns in the boundary layer. More impor-
tantly, these experiments also show that flow non-
uniformities generated from a practical scramjet
inlet do not significantly diminish the level of
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Fig. 9 Skin friction drag acting on the internal walls
of combustion chamber for (a) current experiments
and (b) Kirchhartz’s experiments [[L1]]

skin friction reduction achievable by the bound-
ary layer combustion technique. Slightly dimin-
ished levels of skin friction reduction were ob-
served in the current experiments in compari-
son to those obtained at similar conditions for
an inflow without flow distortions. Numerical
simulations need to be conducted to ascertain if
flow non-uniformities from the REST inlet are
the cause for this.
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