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Comparison of Supersonic Combustion Between Impulse
and Vitiation-Heated Facilities
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A comparison has been made between supersonic combustion in two commonly used, but fundamentally differ-
ent, facilities for scramjet research, a vitiation-heated blowdown tunnel and a free-piston shock tunnel. By passing
the shock-tunnel freestream flow through a normal shock and then expanding it to Mach 2.5, combustor inlet
conditions and geometries were nominally replicated between the two facilities. A constant-area rectangular duct
and a diverging duct, both employing central-strut hydrogen injection, were used. Boundary-layer separation and
choking in the constant-area duct limited supersonic combustion comparisons up to a fuel equivalence ratio of
the order of 0.3. The experimental results also show that the onset of boundary-layer separation occurs at the
same combustor pressure loads and that it behaves similarly in the different facilities. With the diverging duct,
comparisons were made up to an equivalence ratio of 1.05. Agreement between the results obtained in the two
facilities is within experimental error when the different freestream and boundary layers are accounted for.

Nomenclature
A = cross-sectionalarea, m?
C; = skin friction coefficient
h = specific enthalpy, MI/kg
M = Mach number
m = mass flux, kg/s
P = pressure, kPa, MPa
Pr = turbulent Prandtl number
g, = surface heat flux, W/m?
R = gasconstant,m?/s> - K
Re = Reynolds number
T = temperature, K
u = velocity, m/s
x = mole fraction, distance from throat or fuel injection
point, mm
y = ratio of specific heats
6" = boundary-layerdisplacement thickness, mm

p = density,kg/m?

¢ = fuel equivalenceratio

Subscripts

aw = adiabatic wall value

e = control volume exit plane

i = incipient separation value, control volume inflow plane
w = wedge surface, combustor wall
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value at distance x
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Introduction

UPERSONIC combustion experiments for scramjet develop-
ment are generally performed in ground-based facilities. These
are typically either vitiation-, arc-, or storage-heated tunnels, which
have flow times of the order of seconds or longer, or impulse facili-
ties such as free-pistonshock tunnels, with flow times of the order of
milliseconds. The long-duration facilities are capable of testing up
to a flight Mach number of 8, whereas the impulse facilitiesare most
useful beyond Mach 8. Supersonic-combustionexperimentsin each
type of facility meet with problems/phenomena that are peculiar to
each and that differ fromreal flight. Among the long- duration facil-
ities described, the vitiation-heated ones are relatively simple and
easy to operate compared with the other facilities such as the arc-
heated ones (where very high-powerelectric supplies are necessary
and considerable NO contamination due to the arc is unavoidable)
or the storage-heated ones, where a very large storage heater is
necessary and a long preparation period for heating prior to runs is
required. This has resulted in extensive combustor data being gener-
ated in vitiation-heatedtunnels. However, the vitiation-heatedblow-
down tunnel delivers air to the combustion chamber with the pres-
ence of large concentrationsof H,O. On the other hand, shock tun-
nels produce freestreams with quantities of NO and O at flight Mach
numbers greater than 10. Furthermore, because of the short flow du-
ration, there has been some doubt whether or noteffects such as ther-
mal choking and boundary-layerseparation can be properly repro-
duced in impulse facilities. The importance of these effects needs to
be understoodto use each type of facility confidently for scramjetre-
search.In particular,if ground-basedexperimentsare to be made be-
yond Mach 8, impulse facilities are at present the only viable option.
Thus, it is important to verify, at low flight speeds, that results from
impulse facilities agree with those from longer-duration facilities.
As pointed out by Mitani et al.,! much numerical work has been
performed to assess the effect of vitiated air on combustion. For
example, Mitani® showed that the presence of H,O produces an
ignition delay for reaction pressures of the order of 100 kPa or
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more, for H, O mole fractions of the order of 0.2 or more. Until very
recently, however, experimental comparisons of supersonic com-
bustion between different types of facility had not been reported
in the literature. Guy et al.,> comparing arc-heated and vitiation-
heated scramjet experiments at Mach 4-5, reported reduced thrust
for the vitiation experiments. Similarly, Mitani et al.' reported re-
duced thrust in Mach 6 vitiation-heated experiments, as compared
with storage-heated experiments. With the effects of vitiation on
thrust production established, a meaningful comparison of the per-
formance of a supersoniccombustorin vitiation-heatedand impulse
facilities can be made. As the comparison can only be made at the
lower end of the shock-tunnel operating regime, the shock-tunnel
freestream will not be contaminated by NO or O. Noting any differ-
ences producedby vitiation, the comparison, thus, will establish the
effect of flow duration on thrust production and the developmentof
structures such as separation bubbles.

To this end, a collaborative project between Australia and Japan
hasbeenundertakento compare supersoniccombustionof hydrogen
in both types of facility. In Japan, measurements were made using
a Mach 2.5 vitiated-air generator blowdown tunnel (VAG)* of the
Kakuda Research Center, National Aerospace Laboratory (NAL).
In Australia, the free-piston shock tunnel T4 (Ref. 5) of the Univer-
sity of Queensland (UQ) has been used. This paper compares static
pressure results from similar combustor configurations installed in
both facilities.

Experiment

Ideally, experiments in the two facilities would exactly replicate
all factors such as the flow conditions and geometry. However, the
fundamental difference in gas composition means that not all flow
conditions can be matched. A choice must be made as to which
conditions should be matched, so that the fluid dynamics and com-
bustion processes flow are as close as possible between the two
facilities. For the fluid dynamics, the Mach number M is chosen
and is controlled primarily by geometry. For combustion, various
parameters are important: The static pressure P and temperature 7’
influence reaction rates, the total temperature 7, which has a large
effect on the static temperature, may influence ignition processes
in stagnation regions or near walls, and the mass flux determines
how much fuel is burnt for given fuel-air equivalence ratios. For
the present work, P and 7, were chosen partly for their importance
and partly because they are more readily determined experimentally
than other parameters. Nominal conditionsof M =2.5, P =60 kPa,
and T, =2200 K were chosen. There are differencesin the other pa-
rameters (and in the actual, rather than target, values achieved for
M, P, and Ty), and the results from each facility are correlated using
analytical and computational methods.

The combustor and fuel-injectorconfigurations were kept as sim-
ple as possible. Two different combustion-chamber configurations
have been tested: a constant-area rectangular duct with nominal
cross-sectional dimensions 50 X 100 mm and variable length and
a diverging rectangular cross section duct. Central-strut hydrogen
injection was used.

The experiments in the vitiation-heated tunnel were performed
in a standard manner for that tunnel, with the combustor directly
connected to the tunnel nozzle and the flow conditions produced
by the tunnel being the combustor inlet conditions. On the other
hand, the experiments in the shock tunnel involved an extra degree
of complexity because the flow conditions produced by the shock
tunnel were too highin total pressureand Mach number. To achieved
the desired Mach number and total pressure, the flow from the shock-
tunnel nozzle was processed through an inlet that was choked (to
reduce the total pressure) and then through a supersonic nozzle
(to produce the desired Mach number). The nozzle was directly
connected to the combustor® as in the VAG, but the nozzle used in
T4 was much shorter.

Vitiation-Heated Experiment at NAL

VAG, used in the present work at NAL,* is shown in Fig. la.
Air and additional quantities of O, and H, are mixed in a sub-
sonic combustion chamber to generate a combustion gas contain-
ing the same mole fraction of O, as pure air. After ignition (by

Air, O )
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Fig. 1 a) VAG schematic, b) VAG scramjet combustors, and c) fuel-
injector, VAG and T4.

a spark plug) and burning, the mixture becomes the reservoir for
a 180-mm-long (throat to exit), two-dimensional contoured nozzle
of nominal exit Mach number 2.5. The maximum total tempera-
ture, enthalpy, and pressure attained by the reservoir gas is 2700 K,
4.2 MJ/kg, and 1.5 MPa, respectively. The nozzle has throat dimen-
sionsof 32 X 51 mm andexitdimensionsof 94.3 X 51 mm. Scramjet
combustors are directly connected to the exit of the tunnel nozzle,
to examine the combustor independently of the scramjet inlet. The
scramjetflow exhaustsdirectlyinto the atmosphere. Flow durationis
approximately7 s, with steady flow occurringfor 4 s. This flow dura-
tionresultsin significant heating of componentsexposedto the flow.
Water cooling is thus used for sharp and small-radiusleading edges.

The nozzle reservoir (subscript 0) and exit (subscript o ) condi-
tions in the VAG for the present work are given in Table 1. The T4
flow conditions are also presented in Table 1, for comparison, and
are describedlater. The exit conditions were calculated using the in-
viscid one-dimensionalequilibrium-chemistry ODE program.” The
nozzle exit conditions are the scramjet inlet conditions in the VAG
experiments and correspond to a flight Mach number of approx-
imately 8. Of particular importance is the very large water mole
fraction, which is typical of vitiation-heatedfacilities, but very dif-
ferent to the real flight situation.

The two combustor configurations employed in the present work
are shown for the VAG in Fig. 1b, a constant area rectangular
duct with length 400 mm and a diverging (1.72-deg divergence
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half-angle) rectangular cross section duct with length 600 mm. The
leading edge of the fuel injector is located 43 mm downstream of
the nozzle exit. The plane of the injectoris the same as the plane in
which the VAG nozzle expansion occurs. Centerline pressure taps
(shown in Fig. 1b) are connectedto a pair of 48-channel Scanivalve
Corporationrotary pressurescannersviaplastictubing. The pressure
at each location was sampled and averaged in turn, for 40 ms each,
over a 2-s period during the VAG steady flow duration, yielding one
data point per pressure tap per run.

The fuel-injector geometry employed in the VAG is shown
schematically in Fig. 1c. It consisted of a 10-mm-thick strut with
a 5-deg half-angle blunted wedge on the upstream side to deflect
the oncoming flow. Earlier experiments at NAL with a 10-deg half-
angle wedge resultedin separationof the thick boundarylayeron the
wall of the duct adjacent to the injector,* with subsequentchoking
of the duct. Computational work* indicated that the boundary-layer
separation due to the strength of the shock impinging on the wall
would occur for half-anglesgreaterthan 7 deg. The leading-edgera-
dius was 1 mm. The dashed line in Fig. 1¢ shows the location of the
water cooling channel for the VAG injector. Fuel enters the injector
from both sides, is delivered evenly through directional channels to
the rear of the injector, and exits as a continuous sheet that spans
the scramjet combustor. A two-dimensional throat at the injector
exit was used to get sonic injection. The fuel mass flux (and also
the VAG air, O,, and H, flow rates) were calculated by monitor-
ing the flow through standard sharp-edgedorifices with differential
pressure gauges during each run.

Table1 VAG and T4 flow conditions

Free-Piston Shock-Tunnel Experiment at UQ

The free-piston shock tunneP operates by using a free piston
to compress the driver gas between the piston and a diaphragm
separating the compression tube and the shock tube (containing
the test gas). The compressed driver gas ruptures the diaphragm,
producing a shock wave that propagates along and reflects from the
shock tube end wall, leaving a stagnant high-enthalpy reservoir of
test gas. This reservoir feeds through an axisymmetric contoured
nozzle into a test section and dump tank, which are evacuated prior
to the tests. By suitable choices of the driver operating conditions,
primary diaphragm thickness, and shock-tube initial pressure, T4 is
capable of nozzle reservoir enthalpies and pressures in the ranges
2-15 MJ/kg and 10-80 MPa, respectively. For the present work,
the lowest end of both the enthalpy and pressure capabilities was
required. At these conditions, the test time is approximately 5 ms. A
contoured nozzle that delivers parallel flow at nominally Mach 4.5
was used. The test core of this nozzle at the location of the scramjet
intake is approximately 100 mm in diameter. A contoured nozzle
that produceda Mach 2.5 flow couldnotbe usedin these experiments
becausethe test core diameter would have been significantly smaller
than the intake of the combustor.

Scramjet combustor tests are normally performed in the shock
tunnel in cookie cutter mode, where the tunnel freestream flows
directly into the combustor and the boundary layer of the nozzle
is spilled outside the combustor. Thus, the combustor inlet total
pressure is the reservoir pressure of the hypersonic nozzle, which
is greater than 10 MPa. To match both the VAG combustor inlet
conditions (M, =2.44, Py =1.012 MPa, and T, =2214 K) and
dimensions, a different arrangement was necessary. An unstarted
96-mm-long two-dimensional converging-diverging Mach 2.5 noz-

Parameter VAG T4 zle was employed, mounted 80 mm downstream of the Mach 4
N N nozzle exit at tunnel recoil and directly connected to the combus-
To, K 221422% 2105 6% tor (Fig. 2). Unlike the VAG, the plane in which the expansion to
ho, MJ/kg 279+1% 240+ 6% . ..
Mach 2.5 occurs is orthogonal to the injector plane of symmetry.
Py, kPa 1012+ 1% (meas.) 1035 % 5% (meas.) R .. . N -
M., 244+ 0.2% 247+ 6% The successful operation of this inlet (detailed elsewhere®) is sum-
P , kPa 59+ 1% (meas.) 59+ 9% (meas.) marized next.
Teo, K 1258+ 2% 1025+ 13% Briefly, a pair of wedges were employed that initially producedan
Uoo , /S 1753+ 1% 1560+ 4% oblique shock systemin the inlet. The reflected-shockimpingement
moo, kg/s 0.33£0.01 0.35£0.02 on the wedges forced boundary-layerseparationthat, in turn, caused
Yoo 1.28+0.2% 1.39+0.01 inlet unstart. As a result, the subsonic flow in the inlet provided the
Reo 321 i+0-3% 287.1 reservoir for the Mach 2.5 nozzle, which was located downstream
N2 0.485:£0.006 0.79 of the choked inlet. Shock-tunneloperating conditions were chosen
X02 0.210£0.005 0.21 hthat the f . ledthe desired b
o 0299+ 0.006 0.0 suchthat the freestreampitot pressureequaledthe desired combustor
XN, X0s XNO 0.0 0.0 inlet total pressure (= 1 MPa). Surface pressure measurementsin the
” inlet, P,,, throat, P,, and exit, P,, , of the Mach 2.5 nozzle, as well
Pressure transducers mounted on @i

Flow direction

—

Wedge intake

section
Mach 4 nozzle

(downstream part)

upper surface (1200mm long)
at 20mm intervals for 1st 610mm
and 40mm intervals for next 160mm

—
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not shown, not to scale)

~ Mach 2.5 nozzle
section
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Fig. 2 T4 scramjet configuration.
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as pitot pressure P, measurements at the nozzle exit, were used to
confirm thebehaviorof theinletand to determinethe flow conditions
at the entrance to the combustor.

The T4 combustorinlet conditionsare summarizedin Table 1 and
were determined by first using the equilibrium-chemistry shock-
tube code ESTC,® along with the measured tunnel nozzle reservoir
pressure and primary shock speed, to calculate the total tempera-
ture and enthalpy. The freestream properties produced by the noz-
zle connected to the shock tube were determined from the mea-
sured reservoir pressure and the calculated total temperature using
the non-equilibrium one-dimensional code NENZF.? Calculations
of the Mach 2.5 nozzle flow were made by again using NENZF
and matching the predicted pitot pressure with that measured at the
Mach 2.5 nozzle exit. A more in-depth study of the flow conditions
is detailed elsewhere

Noted that whereas chemicaleffects are unimportantat these low-
enthalpy conditions, vibrational relaxationis important, and yet the
extentof therelaxationis unknown.Hence, the flow conditionsat the
exitof the Mach 2.5 nozzle are taken to be the mean of the calculated
values for the two extremes of vibration. It was observed that if the
measured value of P / Py was used to evaluate the vibrational state
then the scramjetinlet conditions were more aligned with the frozen
vibration predictions than shown in Table 1. In particular, the static
temperature was lower, approximately 930 K, and the Mach number
was higher, approximately 2.53. The flow conditions correspond to
a flight Mach number of approximately 6.9.

The T4 total enthalpy and temperature are somewhat lower than
the VAG conditions (14 and 5%, respectively), aresultof the chosen
shock-tunnel conditions. At the higher primary shock speeds that
would provide closer matching of the VAG conditions, the behavior
of the unstarted inlet was unstable, and so a slightly lower shock
speed was selected.

The scramjetconfigurationsused in the shock-tunnelexperiments
were the same as in the VAG, except that the constantarea duct (and
upstreamend of the divergingduct) cross sectionhad the dimensions
47 X100 mm. The upper surface was 1200 mm long, instrumented
with piezoelectric pressure transducers along the centerline (see
Fig. 2). The lower surface had a variable length in multiples of
400 mm. To alter the constant-area duct length (to investigate the
influence of the boundary layer), one or more sections of the lower
surface were removed, relieving the pressure on the boundary layer
in the duct downstream of that point. This effectively eliminated
the possibility of choking due to boundary-layer separation in that
region.

The fuel injectorused in T4 was nominally identicalin geometry
to the one in the VAG, except that it did not contain any water cool-
ing channels. The flow of fuel through the injector was initiated by
opening a fast-acting valve.!® A signal from a displacement trans-
ducer monitoring the recoil of the shock tunnel is used to trigger
the valve, which remains open for approximately 20 ms. Thus, the
scramjet combustor is filled with hydrogen prior to the arrival of
air in the test section, and this fuel must be pushed out by the air
before steady flow can occur. A pressure transducer was used to
monitor the fuel pressure upstream of the injector. This pressure is
proportionalto the mass flux of hydrogen through the injector. The
proportionality constant (dependent on the injector throat size and
determined experimentally'!) was used to determine the mass flow
rate of the fuel during the experiments.

Theoretical Analysis

Because there are some differences between the combustion
chamber entrance freestream conditions, it is expected that there
will be differences between the experimental results. To develop
the expected correlation between these measurements, a quasi-one-
dimensional equilibrium chemistry control volume analysis has
been performed in which the effects of boundary-layer displace-
ment, wall-surface heat transfer, and skin friction are accounted
for.

The inflow boundary of the control volume is fixed at the injec-
tor exit plane, whereas the outflow boundary location is marched
downstream from the injector to determine the expected pressure at

these locations. The combustor walls form the other control volume
boundaries.

The calculations proceed by first specifying the velocity, static
temperature, static pressure, and composition of the freestream (re-
calling that the VAG has a high H,O concentration) that enters the
combustor upstream of the injector. The fuel-air equivalenceratio,
fuel-air arearatio, and fuel total temperatureare also specified along
with the distance x over which the boundary layer on the duct walls
has grown [starting from the nozzle throat and ignoring the injector
(under the assumption that the compressionfexpansion effect of the
injector causes zero contribution to boundary-layer growth)]. It is
then assumed that the fuel is injected sonically. This gives the fuel
stream pressure, velocity, and temperature at the exit of the injector.
The freestream properties of a uniform mixture of the air and fuel
(without combustion) are then obtained by assuming that mixing
occurs instantaneously and at constant volume. These freestream
properties are used as the conditions at the inflow boundary of the
control volume. The final inflow parameter required is the effec-
tive area of the inflow boundary, which is determined by reducing
the wall dimensions there by the turbulentboundary-layerdisplace-
ment thickness &*. This is different in both facilities (because the
Mach 2.5 nozzles are of different lengths) and is important to esti-
mate the pressure rise in both facilities.

Shapiro!? supplies tabulated data for §*/§ for turbulent bound-
ary layers, for which an accurate curve fit over the Mach number
range 1.0-3.2, combined with Edenfield’s Mach 8 nozzle turbulent
boundary-layer thickness correlation,!® yields

& 0.2145M037
— = ——— (0.08801M + 0.06385) €8]

X Ref'”’(’

The Reynolds numberfor the VAG is calculated using the coefficient
of viscosity for standard, rather than wet, air. Computations for the
viscosity of air with water content of up to 5% at 1200 K show
less than 1% variation in the coefficient of viscosity.!* That result,
combined with the weak dependence of 6 on Reynolds number,
makes this a reasonable assumption. Note that just upstream of the
injector, Eq. (1) gives 6* = 1.8 mm for the VAG and 6* =0.9 mm
for T4, with the difference being mainly due to the VAG’s greater
nozzle length.

To determine the equilibrium combustion properties along the
duct, that is, different outflow boundary locations, the one-dimen-
sional equations of motion are solved simultaneously.

Continuity:

piuiAi = peueAe (2)

Momentum:

e 1 e
P A; + pulA; + / PdA-> / pu’C;dA, = PA, + pu’A,

(3)
Energy:

u? ¢ u?
piuiAi hi + 71 - / qw dAw = peueAe he + 7L) (4)

In the momentum equation, the third and fourth terms are the to-
tal axial pressure and viscous forces acting on the control volume
boundaries other than the inflow (subscript i) and outflow (sub-
script e) boundaries. In the energy equation, the second term repre-
sents the total heat added through the side walls. A,, is the wall sur-
face area. The skin friction coefficient C; and wall surface heat flux
q,, are determined using the reference-enthalpy method described
by Heiser and Pratt'>:

0.0574 T

€, = 5

!7 Re? T~ ®
0.0287Pu(hay — h,

g = ( ) ©)

RT*Pr*04 Re;U.Z

where superscript asterisk denotes quantities determined at the ref-
erence enthalpy.'” The wall temperature used here is 300 K for T4
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(essentially room temperature) and 1000 K for the VAG (because
of the long flow duration, this was chosen arbitrarily to be approxi-
mately the mean of room temperature and the melting temperature
of the copper walls of the VAG combustor; as will be seen later, the
choice is not important to first order). The given system of equa-
tions is closed with the usual equation of state and with empirical
data'® for the species specific heats, enthalpies of formation, and
equilibrium constants.

Initially, the inflow and outflow boundaries lie in the same plane,
and sodA,, is zero and there are no losses from the control volume
due to viscous drag or surface heat flux. For this control volume, the
equations are solved by assuming a value for A,. Writing the axial
pressure force for this case as 0.5(P; + P,)(A, — A;), the system
of governing equations is then solved iteratively to yield values for
U, Pes P, he, T,, and the species composition. A new displacement
thicknessis then calculated, providing a new value for A,, and so on
until the computed displacement thickness converges (usually re-
quiring only a few iterations). By the using of this method, the
equilibrium combustion conditions at the start of the combustor are
thus determined, accounting for compression of the boundary layer
by the increased pressure.

The control volume outflow boundary is then marched down the
duct, so that the losses due to skin friction and surface heat transfer
gradually accumulate as A,, increases. At each duct location, C,
and ¢g,, are calculated using the conditionsdetermined from the pre-
vious location, with the distribution of conditions along the duct to
that point being used to evaluate the axial pressure forces and the
surface heat flux for the current control volume. With these addi-
tions, the governing equations are solved as earlier. For verification
purposes, the algorithm described has been used to compute a per-
fect gas supersonic expansion with coarse steps, with the result that
it reproduced the exact area ratio-Mach number variation to within
0.4% everywhere.

Because the true three dimensionality of the flow (including
shocks) is not accounted for and because the impact of finite rate
mixing and chemical kinetics is also ignored, this analysis is ex-
pected to be most useful in the far field, where the injector shock
system has become sufficiently smeared by its interaction with the
boundary layer and where mixing and kinetics have both attained
equilibrium. As a result, it provides a means to access the extent
of the mixing and kinetics in each facility by the deviation of the
theoretical analysis from experimental data. It also enables the ef-
fects of the different combustor inlet conditions in each facility to
be accounted for in the experimental data and enables the relative
importance of skin friction, surface heat flux, boundary-layer dis-
placement, and also vitiation to be assessed.

The analysis also gives the frozen Mach number and so can indi-
cate the approximate ¢ above which thermal choking would occur
for equilibrium combustion. For the parameters of Table 1, thermal
choking is expected for ¢ > 0.80 in the VAG and ¢ > 0.61 for T4.

Results

Throughoutthe experiments, the flow conditions given in Table 1
were maintained, and the fuel equivalence ratio ¢ was varied by
varying the hydrogen mass flux through the injector.

Data Analysis

For the VAG, dataanalysiswas automated, with the mean pressure
at each pressure tap during steady flow, plus the fuel mass flow rate,
determined by preprogrammed software.

Data analysis for the T4 results proceeded as follows. The pres-
sure time histories along the duct, in the Mach 2.5 nozzle and in
the fuel system, were recorded and individually processed. Figure 3
shows two sample pressure histories in the constant area duct for a
run with fuel equivalenceratio ¢ =0.47. The first trace is for a po-
sition 110 mm downstream of the injector exit and displays jagged
features that represent transient (or at least nonstationary) shocks
moving across the transducer. The second trace, recorded 390 mm
downstream of the injector exit, exhibits a very stable pressure his-
tory after the tunnel and duct startup period (~ 1.5 ms). The startup
period corresponds to the unstarted inlet startup period.® This sta-
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Fig. 5 VAG constant-area duct pressure distributions.

bility is typical of measurements well downstream of the injector,
for both ducts. The pressure at a given location was determined by
choosing the time at which P, was equal to 1035 kPa, typically ap-
proximately 2.5 ms after the start of flow in the scramjet. The mean
pressure in a 2-ms window around that time was then determined.
The 2-ms window was chosento attemptto average out the effects of
transient features. A comparison for the pressure distributionalong
the constant-areaduct for the same run as in Fig. 3, between a 2-ms
and a 0.05-ms averaging window, is shown in Fig. 4. This compar-
ison shows that near the front of the duct, where pressure history
fluctuations due to shocks are important, the larger window has a
strong effect on smoothing the pressure distribution. There is little
differencebetween the two windows over the downstreampartof the
duct. Use of the 2-ms window more closely matches the long (40-ms)
VAG averagingperiod, where transientfeatures can notbe observed.

Constant-Area Duct Results

The measured pressure distributions along the constant-areaduct
in the VAG experiment are presented in Fig. 5, for various fuel
equivalence ratios. For the low-fuel-equivalence-ratio cases, the
pressure upstream of the injector (59 kPa) and the shock system
around the injector can be seen. Farther downstream, a gradually
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rising pressure along the combustor, modulated by the downstream
influence of the injectorshock system, is observed. The pressurerise
is due partly to the effect of combustion and partly to the growth
of the boundary layer along the combustor compressing the flow.
This lattereffect contributesadditively to the fuel-on pressurerise.!”
Note that the increase in pressure due to the injection of the fuel is
only very small in comparison to the pressure increase from the
boundary-layergrowth and the combustion. This can be shown the-
oretically using the constant volume arguments described earlier
and also from experimental measurements of fuel injected into a
nitrogen test gas as shown in Fig. 6a.

As the fuel equivalenceratiois increased, the pressuredistribution
changes to a fast initial pressure rise from the postinjector pres-
sure level, followed by a slow growth along the combustor
(¢ =0.29, 0.33). For ¢ =0.43, the initial pressure rise moves up-
stream of the injector exit, and the pressure distribution along the
entire combustor is no longer increasing, but is either steady or de-
caying. The latter is indicative of subsonic combustion. At the high-
est fuel equivalenceratio investigated, the pressure rise has moved
upstream of the leading edge of the injector, exhibiting the features
of a normal shock sitting in the exit of the VAG nozzle.

It is postulated from these observations that the following is oc-
curring. For ¢ =0.29, separation of the combustor wall boundary
layer has occurred due to the increase in pressure resulting from
combustion and from the presence of the boundary layer itself. The
empirical criterion for shock-inducedturbulentboundary-layersep-
aration of Korkegi'® states that

Pi/P >1+03M (7)

that is, the boundary layer separates when the local pressure P
(at local Mach number M) is elevated to the incipient separation
pressure P; via shock impingement. This pressure relationship is
convenient for application to the present case. Note that it agrees
well with the widely used'> Mach number relationship of Love!”
for the same phenomena, that is,

M./ M < 0.762 ®)

This can be seen by computing the pressure and Mach number
downstream of a reflected oblique shock. The value of M;/ M when
P; = P(1 +0.3M?) holds is a slowly varying function of M, equal
to 0.745 for M = 1.5 and equal to 0.689 for M =3.5 (y =1.4 is as-
sumed). Equation (8) is satisfied if Eq. (7) is satisfied. The agreement
between the two equationsis even better for isentropiccompression,
where again M;/ M is aslowly varying functionof M, equal to 0.747
for M =1.5 and equal to 0.706 for M =3.5.

It is assumed for the present combustor that Eq. (7) [and Eq. (8)]
applies for isentropic compressions and for isentropic/shock com-
pression combinations. Applying Eq. (7) for the present combustor
inlet conditions, boundary-layer separation would be expected for
pressures exceeding 164 kPa (that is, for pressure encountered with
the ¢ >0.29 cases). Associated with the boundary-layerseparation,
an oblique shock train forms,'> which elevates the static pressure to
thatrequired by the combination of combustion and the flow block-
age caused by the separation. The boundary-layer separation and
shock train initially originate from some position downstream of
the injector, but migrate upstream until they reach the rear of the
injector, where the area of the duct decreases and acts as an isola-
tor. The increase in pressure along the duct for ¢ =0.29 and 0.33
suggests that supersoniccombustionis occurring. For ¢ =0.43 and
0.55, the rapid pressure rise to levels exceeding the exit pressure is
attributed to a normal shock train.!> Subsonic combustion occurs,
shown by the subsequentdecay in pressure along the combustor. In
addition, it can be seen that the restriction caused by the injector is
no longer limiting the subsonic flow to downstream of the injector.
Finally, at an equivalenceratio between 0.51 and 0.61, the injector
no longer isolates the intake from the subsonic flow in the combus-
tor so that the influence of the boundary layer separation extends
upstream of the injector.

For the experimentsin the shock tunnel, the influence of different
duct lengths was very small. This is evidenced in Fig. 6b, which
compares pressure distributions over the first 800 mm of the 400-,
800-, and 1200-mm ducts for an equivalence ratio ¢ =~ 0.23. As
already described, the 400-mm duct was created by removing the
surface oppositethe transducersfor x > 400 mm, creatingthe strong
expansion shown in Fig. 6b for that case. Where the measurements
can be compared, it is seen that there is essentially no difference
between the 400- and 800-mm ducts, and that the 1200-mm duct
has produced a slightly higher pressure. The difference s attributed
to shot-to-shot variation. The same result is observed for ¢ = 0.6.
The overall conclusion is that duct length in T4 has very little, if
any, effect on the pressure distribution upstream of the duct exit.

Figure 6¢ presents the T4 800-mm constant area-duct results.
Only the first 400 mm of the distributionsare shown. Given the very
small difference observed between the 400- and 800-mm ducts,
these results will be used subsequently for comparison with the
VAG results. The general trend is for a gradual increase in the entire
pressuredistributionwith increasingfuelinput. The resultsappearto
be qualitatively very similar to the VAG case. Atlow ¢, the pressure
distribution rises along the duct due to boundary-layer growth and
combustion. The strong pressurerise at x & 100 mm is evidence that
the boundary layer has separated for ¢ >0.30. At higher ¢ (=0.38),
the pressurerise appears to commence upstream of the injector exit.
At an equivalenceratio of 0.61, it is observed that the pressurein the
combustor has only small disturbances superimposed on a slightly
decaying mean (indicating that it is subsonic), except for a large
disturbance near the injector (indicating that the flow could still be
supersonic there). Hence, it is concluded that the flow is close to its
sonic limit. This would be expected because, as discussed earlier,
thermal choking in the T4 flow should occur at this equivalence
ratio.
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A direct comparison between the T4 constant-area duct results
shown in Fig. 6¢ and the VAG constantarea duct results is shown in
Fig. 7a, for ¢ = 0,0.2,0.3, and 0.4. Apart from some differencesin
shock structure, the two facilities agree well for the ¢ =0 and 0.2
cases (the mean T4 pressures are 100 + 28 kPa and 131 % 24 kPa,
whereas the VAG pressuresare 93 = 20 kPa and 124 + 20 kPa). Dif-
ferences in the shock structure are attributed to the different flow
conditionsmentionedearlier, differencesin the shock reflection pro-
cess at the walls (due to different boundary layer thicknesses), and
also slightly different duct heights between the two facilities. For
¢ ~ 0.3, the T4 pressure distributionis higher than that of the VAG,
whereas the ¢ = 0.4 case shows good agreement (231 = 26 kPa for
T4 and 229 % 11 kPa for the VAG) between the two facilities (al-
though extrapolationof the ¢ =0.38resultto ¢ =0.43 for T4 would
show higher pressures). Given the subsonic nature of the flow for the
higher ¢, caution should be exercised in drawing conclusions from
those comparisons. For ¢ <0.3, however, the agreement between
the facilities is encouraging.

Because of the greater fluctuations along the T4 pressure distri-
butions, it is difficult to draw precise conclusions about the com-
parison between the complex flow phenomena occurring in both
facilities. However, the following broad observationscan be made:
1) At ¢ = 0.2 and lower, supersonic combustion without boundary-
layer separation appears to occur in both facilities. 2) Runs in T4
with ¢ <0.30 commence their pressure distribution downstream
of the injector at the same level as the fuel-off case, whereas for
¢ =>0.38 the pressure distribution starts at much higher pressures
than the fuel-off case, and the origin of this rise appears to be up-
stream of the injector exit (this observation compares well with the
VAG results, where this transition occurred for 0.33 < ¢ <0.43).
These observations lead to an important result: They indicate that
combustion-induced boundary-layer separation (and the propaga-
tion of high pressure upstream of the injector exit) is produced
and is behaving in approximately the same way in both the im-
pulse and blowdown facilities. In other words, the short dura-
tion of the impulse facility does not limit it from simulating such
phenomena.

To make a comparison between the overall results of the two
facilities without the overlaid shock structure, the pressure distri-
butions have been integrated over the duct length (the first 400 mm
in the case of T4) for the equivalence ratios at which supersonic
combustion is believed to be occurring (as described earlier). The

results (per unit length) are presented in Fig. 7b. For the constant-
area duct results (the diverging-ductresults will be described later),
the T4 distribution has approximately the same shape as, but lies
slightly above (up to 15% at the higher ¢), the VAG values, further
indicating that both facilities are behaving similarly.

Diverging-Duct Results

To extend the comparisons to supersonic flows at higher fuel
equivalenceratios, the diverging-ductcombustor experiments were
performed. The pressure distributions measured in the VAG diverg-
ing combustor for various ¢ are presented in Fig. 8a. The trend
shown is for the pressure to decrease along the duct as the flow ex-
pands. Toward the exit of the combustor, the pressure rises sharply
as the flow encountersa recovery shock to the atmospheric pressure
outside the scramjet. In the same manner that was observed for the
constant-areaduct, the presence of fuel has altered the shock struc-
ture in the duct from the fuel-off case. For the fuel-on cases, the
entire pressure distribution appears to be simply translated upward
(a constant pressure value added to the whole distribution). This
suggests that combustion takes place very rapidly at the start of the
combustor (over the first 100 mm), and then the pressure decaysdue
to the flow expansion. The largestincreasein the pressurerise due to
combustion is associated with the low values of ¢ (0.17 and 0.39).
At higher ¢, similar increases in fuel mass flux are accompanied by
smaller increases in pressure.

Figure 8b presents the divergent-ductpressure distributions mea-
sured in the shock tunnel, for nominally identical ¢ to the VAG
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experiments. The features of the T4 distribution are essentially the
same as the VAG case, with the exception that the T4 distributions
are somewhat noisier, an effect of the much shorter flow duration.
Also, no recovery shock is present in the T4 data due to the low
pressure outside the combustor. A direct comparison between the
two facilitiesis presentedin Fig. 8c, for ¢ =0.0 and for two fuel-on
cases. Agreement (to within 4% for mean pressures, see Fig. 7b) is
observed between the two facilities for ¢ =0.0 and ¢ = 0.18. For
¢ = 1, however, T4 has produced higher pressure levels than the
VAG.

As for the constant-area duct result, to make a comparison be-
tween the overall results of the two facilities without the over-
laid shock structure, the pressure distributionshave been integrated
along the first 500 mm of the duct for each ¢. The results (per
unit length) are shown in Fig. 7b. The 500-mm limit was chosen
to avoid the VAG pressure rise at the duct exit caused by the back
pressure. Figure 7b shows the clear trend that, for ¢ <0.18, the inte-
grated pressure agrees well between the two facilities, whereas for
¢ =>0.39, the integrated pressure in the shock tunnel is consistently
up to 15% higher than in the VAG, similar to the constant-areaduct
results. Furthermore, the effect has only a weak dependence on ¢,
unlike the constant-areaduct values, which means that large uncer-
tainties in the fuel equivalence ratio could be tolerated while still
maintaining the conclusionthat the pressurerise in the shock tunnel
is greater than in the VAG. With regard to the issue of vitiated vs
nonvitiated air, the behavior of integrated pressure with ¢ observed
here agrees qualitatively with the results of Mitani et al.,! and Guy
etal?

Discussion of Results

To understandthe reason for the greater measured pressuresin the
shock tunnel than in the VAG, we first consider the possible effect
that the difference in flow conditions between the two facilities
would have. In particular, for the case of equilibrium combustion,
the higher initial static temperature of the VAG reactants would
producea higher temperature for the combustionproducts, resulting
in greater concentrationsof dissociated productsand, hence, less net
heatrelease and pressurerise, as compared with T4. In addition, the
presence of H,O in the VAG air would favor the reactants side of an
equilibrium combustion, leading to less H,O and more dissociated
products, and lowering the VAG pressure rise relative to T4.

For example, application of the theoretical analysis described
earlier to the upstream edge of the combustor indicates that, at an
equivalence ratio of 0.3, the effect of the higher temperature and
velocity (neglecting H,O) of the VAG is to reduce the equilibrium
combustion pressure to 82% of that in T4. Inclusion of 30% H,0O
(by volume) in the freestream air in the calculation for the T4 flow
conditions lowers the T4 equilibrium combustion pressure by only
8%. The differencein flow conditionsis, thus, likely to have a greater
effecton the far-field pressure after combustionthan the directeffect
of the water content.

To examine the differences between the two facilities more
closely, the one-dimensional equilibrium combustion analysis de-
scribed earlier is used to compute pressure distributions along the
diverging combustor for both facilities, for ¢ ~ 0.4 and 0.6.

To check the importance of skin friction and surface heat flux,
pressuredistributionshave been calculatedfor the T4, ¢ =0.38 flow
for the following four cases, all of which account for boundary-layer
displacement: 1) skin friction accountedfor and surface heat flux ex-
cluded, 2) surface heat flux accountedfor and skin frictionexcluded,
3) both accounted for, and 4) neither accounted for. The results are
presentedin Fig. 9. It can be seen that skin friction and surface heat
flux both have significant but opposing effects, with skin friction
gradually increasing the pressure and surface heat flux gradually
lowering the pressure. The net effect in this case is dominated by
the skin friction, with a pressure distribution that has risen above
the boundary-layerdisplacementeffect only result by only 4% after
600 mm. Similar trends are found for other fuel equivalence ratios
and for the VAG. Also shown on Fig. 9 are the relevantexperimental
data, and it can be seen that the greater the distance down the duct,
the closer the theoretical analysis comes to the experimental data,
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supporting the earlier statement that the analysis is most useful in
the far field. Closer to the injector, the agreementis not as good, due
most obviously because of the presence of the shock system.
Figures 10a and 10b comparethe full equilibrium-chemistryanal-
ysis, including boundary-layerdisplacement, skin friction, and sur-
face heat flux, with the diverging-duct experimental data for both
facilities for ¢ ~ 0.4 and 0.6. Inspection of Figs. 10 leads to a num-
ber of conclusions. First, the theoretical pressure distributions for
the VAG lie under the T4 distributions, as is the case for the exper-
imental data. Second, the large difference just downstream of the
injector between the theoretical results for each facility is reduced
with increasing distance from the injector, until the smaller differ-
ences observed between the facilities in the experimental data are
achieved. This reflects that, near the injector, mixing is furthestfrom
completionand chemistry is furthest from equilibrium. Third, at the
lower equivalenceratio, the theoretical pressure distributions lie in
general below the respective experimental distributions (except in
the vicinity of the strong postinjector expansion/shock combina-
tion), asymptoting to the experimental values as the distance along
the ductincreases. On the otherhand, at the higher equivalenceratio,
the theoreticaland experimentaldistributionsare in better agreement
(particularly for the VAG) over most of the duct. Fourth, and per-
haps mostimportant,thatthe far-field analysis agrees extremely well
with the far-field experimental data at both equivalenceratios and in
bothfacilities means that, after taking into account the differencesin
freestream conditions, the far-field pressure rise due to combustion
is the same for each facility (to within experimental uncertainty).
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Conclusions

A series of experiments have been performed in which super-
sonic combustion has been compared between a vitiation-heated
blowdown tunnel and a free-piston shock tunnel. Comparisons for
combustion in a constant-area duct showed reasonable agreement
between the two facilities for fuel equivalence ratios less than ap-
proximately 0.3, with measured pressures up to 15% higher in the
shock tunnel than in the vitiation-heated tunnel. The measurements
provide the important result that boundary-layerseparation and its
associated effects occurs and behaves similarly for the two types of
facility. For higher ¢, the results indicate that boundary-layer sep-
aration combined with combustion heat release caused the duct to
choke,leadingto subsonic flow. Experimentsin a divergingcombus-
tor extended the equivalence ratio range to 1.05. The two facilities
again showedreasonableagreementatlow ¢, whereasathigh values
the shock tunnel produced pressure distributionsup to 15% higher
than the vitiation-heatedtunnel, in agreement with the constantarea
duct and with other work."* A quasi-one-dimensionalequilibrium
chemistry combustion analysis that accounts for boundary-layeref-
fects gave excellent agreement with the experimental data in the
far field, with the main conclusion being that the observed differ-
ences between the facilities can be explained by the difference in
combustor inlet conditions (including water content) between the
facilities. However, the effect due to vitiation was dominated by the
influence of the difference in other flow parameters, and could not
be distinguished.
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