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Drags in Scramjet Engine Testing: Experimental
and Computational Fluid Dynamics Studies
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No-fuel internal drag of a side-compression scramjet engine was evaluated by using two one-� fth-subscaled
models, one for wall pressure measurement and the other for force measurement under conditionsof a � ight Mach
number of 4. The pressure and frictional drags in various parts of the models were estimated from these wind-
tunnel tests. Comparison between the pressure measurement and the force measurement revealed that the drag
derived by these wind-tunnel tests agreed within 5%. After examining the consistency between the pressure and
the force experiments, these results were used to calibrate a newly developed computational � uid dynamics code.
The frictional drag and the heating rate on the engine internal walls were evaluated with the unstructured-grid
code to be compared with those obtained from the one-� fth-subscale model and the full-scale engine. The total
drag coef� cient of the scramjet engine, including the installation drag, was found to be 0.281 and the internal
drag coef� cient was found to be 0.093. Consequently, two-thirds of the total drag measured in engine testing in the
Ramjet Engine Test Facility was produced by the external � ow over the engine module. Subtracting the external
drag, the internal performance delivered by the H2-fueled scramjet engine is discussed.

Nomenclature
Cd f = frictional drag coef� cient
Cdp = pressure drag coef� cient
c f = skin-friction coef� cient
Dext = engine external drag
Dint = engine internal drag
Dttl = total engine drag, Dint C Dext

FLC = force indicated by load cell, Dttl C installationdrag C D F
M = Mach number
Pw = wall pressure
P0 = total pressure
q = local dynamic pressure
qw = wall heating rate
ReL = Reynolds number for length, L
Tint = engine internal thrust, Dint C D F
T0 = total temperature
c = speci� c heat
D F = thrust increment by combustion
t w = local wall friction

Introduction

T HE Kakuda Research Center at the National Aerospace Labo-
ratory, Japan, is testingH2-fueledscramjet engines in the Ram-

jet Engine Test Facility (RJTF).1¡3 The typical enginecon� guration
and dimensions are shown in Fig. 1. The H2-fueled scramjet engine
is rectangular with a length of 2.1 m. It consists of a cowl, a top
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wall, and two side walls. The entrance and the exit of the engine are
200 mm wide and 250 mm high. The side-wall-compression-type
inlet has 6-deg half-angle wedges, and the leading edges are swept
back by 45 deg to de� ect the airstream for spillage. The H2 is in-
jected normal from the side walls, or tangentially to the side walls.
Various fuel strutswere comparedin the M6 and M8 tests, although
no strut was attachedin the M4 testsdiscussedhere.The combustion
gas was expandedand acceleratedthrough the divergingcombustor
and the nozzle. Thrust increment overcoming the engine drag was
observed in the M4 and M6 tests.

The scramjet engine suffers large drag caused by compression
and spillage of air in the inlet without fuel injection (no-fuel engine
internal drag Dint). Consequently, the net thrust to propel vehicles
is reduced. Accurate estimation of the Dint is essential to assess the
feasibilityof the system � ying in the hypersonicregime.3¡5 Voland5

reportedgoodagreementof Dint between two experimentalmethods
(wall pressuremeasurement and momentum balance measurement)
for NASA Lewis Research Center’s strutless scramjet in the Mach 6
freestream.

However, the applicationof computational� uid dynamics (CFD)
to the internal � ow of the engine was not successful.6 Duman et al.7

appliedCFD with various turbulentmodels to two inlets and pointed
out that the CFD was able to detect the trend found in the exper-
iments, but that the prediction of heat � ux was dif� cult. A case
study of CFD applied to hypersonic vehicles and propulsion sys-
tems was presented by Barber and Cox.8 Because experiments in
hypersonic propulsion are inevitably pointwise as a result of the
limited ground-testing facilities, CFD should complement and ex-
tend those experimental results. After comprehensive calibrations
of CFD codes by use of the experimental data, it is possible to ap-
ply the CFD codes to more general engine con� gurations and � ight
conditions.

The main objective of this paper is to access the validity and ac-
curacy of CFD for the internal � ow in scramjet engines, not only
with the pressure distributions, but also with the transport prop-
erties such as frictional drag and heating rate. At � rst, wall pres-
sure and force balance experimentswere conductedusing one-� fth-
subscalemodels of the scramjet engine tested in the RJTF under M4
� ight conditions(the inlet Mach number was 3.4). The pressureand
the friction drags were estimated and the Dint and engine external
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Fig. 1 H2-fueled scramjet engine tested in the RJTF.

drag (Dext) were separated. Then, the � ow� eld inside of the model
was numerically computed using a newly developed, unstructured
grid � ow solver for three-dimensionalReynolds-averagedNavier–
Stokes equations.9 The CFD results on pressure distributions, the
pressureand frictiondrags, and the heat transfer rate were compared
with the experimental data. Finally, the internal thrust and speci� c
impulse of the H2-fueled scramjet engine tested in the RJTF were
examined based on the drags found here.

Wind-Tunnel Testing
Wall Pressure and Force Experiments

A subscalewind tunnelwith a 102-mm-squarenozzleexitwas uti-
lized. This wind tunnel was a freejet type at a scale exactly one-� fth
of the RJTF engine wind tunnel. Because the air does not condense
in the M3.4 � ow with T0 D 290 K, room-temperature air was used
in this experiment. The typical Reynolds number was 2.4 £ 107,
with respect to the model length (0.42 m) and P0 D 2 MPa. Using
an air-ejector system to lower the test cell pressure, the Reynolds
number can be controlled from 3 £ 106 to 3 £ 107 through the P0

control in this one-� fth-scale wind tunnel.
Two one-� fth-scale models (� ow path dimensions D 40 mm

wide, 50 mm high and 420 mm long) of the scramjet engine shown
in Fig. 1 were constructed:a model for the wall pressure (Pw ) mea-
surement and a model for the force balance measurement. The wall
pressure model was constructed to only reproduce the internal � ow
geometry, and it was instrumented with Pw pressure taps at »140
locations (typically, 100 on the side wall, 27 on the top wall, 10 on
the cowl, and 5 on the enginestrut). The forcemodel, duplicatingthe
external geometry as well as the internal geometry, was suspended
from the support strut with a diamond cross section on the axial
force measuring system (Fig. 2).

The model was designed to divide a support strut, two side walls,
a cowl, and an enginestrut to itemize the individualdragsbya strain-
gauge load cell using a component buildup process. A windshield
(fairing) was preparedto cover the supportstrut from the freestream.
The drag on the fairing was transferred to the engine model when
the engine tests in the RJTF were simulated with the one-� fth-
subscale model. When itemizing the drags on the supporting strut
or on the fairing, the fairing was attached to the test cell so that the
drag on the supporting strut was not added to the load-cell reading.
In addition, it was possible to segment the side walls into the inlet
section and the downstreamsection to measure the drag on the inlet
compression section, as illustrated in Fig. 2.

In the force model, pressures at a limited number of stations on
the walls weremeasuredso that the pressuretubesdid not disturb the
freestream. All of the pressure tubes were contained in the support
strut. The alignment of the model to the M3.4 � ow was monitored

Fig. 2 One-� fth-subscale model for engine drag measurement. The
individual drags of components were itemized by a component buildup
process.

by internal wall pressures. The pressure drag on the top plate was
estimated by the pressure difference between the external wedges
measuredat the upstreamand the downstreamwalls of the top plate.
Several pitot pressures were measured on the support strut.

Pressure and Frictional Drags

The Pw distributionson the model inner walls were obtained by
measurements at 26 locations on the top plate, 90 on the side wall,
and 6 on the cowl. Details of the Pw distributionswill be discussed
later in this paper by comparing them with those by the CFD. The
pressuredrag was obtainedby summationof the streamwisecompo-
nent of the force on the area elements. The drag coef� cients de� ned
by the model cross section (40W £ 50H ) and the dynamic pressure
of the M3.4 outer � ow are shown in Table 1, where the minus sign
expresses drag on the model.

To evaluate the frictionon the model, the skin-frictioncoef� cient
(c f ) must be known. Let us approximate the � ow on the inner sur-
faces with the turbulent boundary layer on the � at plates. The c f

can be expressed by the Reynolds number and the Mach number,
if effects of wall temperature are ignored. Denoting the in� uence
index of the static temperature by a , the averaged c f is written as

c f D 0.472f1 C [( c ¡ 1)/ 2]M2g¡ a

(log ReL )2.58
(1)
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Table 1 Comparison of drag coef� cients found from the wall pressure measurement and the CFD

Experiment CFD Deviation, %
Row Components (A) Cdp (B) Cd f (C) Total (D) Cdp (E) Cd f (F) Total (G) Cdp (H) Cd f (I) Total (J)

1 Inner � ow
2 Inlets ¡0.193 ¡0.015 ¡0.208 ¡0.185 ¡0.019 ¡0.204 ¡4.1 24.3 ¡2.1
3 Combustor 0.009 ¡0.007 0.002 0.009 ¡0.008 0.001 0 14.4 ¡50.2
4 Diverging section and nozzle 0.126 ¡0.018 0.108 0.117 ¡0.026 0.091 ¡7.3 45.5 ¡16.0
5 Cowl 0 ¡0.006 ¡0.006 0 ¡0.007 ¡0.007 —— 20.7 20.7
6 Total (inner � ow) ¡0.058 ¡0.046 ¡0.104 ¡0.059 ¡0.060 ¡0.119 2.1 30.6 14.7
7 Outer � ow
8 Outer side wall ¡0.041 ¡0.029 ¡0.070 —— —— —— —— —— ——
9 Cowl ¡0.011 ¡0.011 ¡0.023 —— —— —— —— —— ——
10 Total (outer � ow) ¡0.052 ¡0.041 ¡0.093 —— —— —— —— —— ——
11 Total ¡0.110 ¡0.087 ¡0.197 —— —— —— —— —— ——

The case of a D 0 reduces to Schlichting’s empirical formula10

for incompressible � ow, in which the local c f is given as a func-
tion of Re. Schlichting introduces a D 1 for compressible � ow and
the extendedFrankl–Voishel formula11 proposes a D 0.467.The dy-
namic pressure can be calculated from the local M and Pw , if the
boundary-layer approximation is applied. The frictional drag can
be derived by summation of the tangential component of the stress
force on wetted surface elements.

The local values of static and total pressure in the internal � ow
must be known to calculate the local M . Voland5 used the static
pressure measured to employ the boundary layer integralmethod in
the inlet, and assumed an isentropic � ow beyond the inlet throat. In
this study, the whole internal � ow in the model was approximated
to be isentropic, because the compression ratio in this model is low
and the loss in P0 across the oblique shock waves was evaluated to
be less than 10%. The error in the wall friction ( t w ) caused by that
in P0 arises from c f given by Eq. (1) and q determined from the
Mach number. The in� uence coef� cient of P0 to t w is given by

D t w / t w

D P0/ P0
D (1 ¡ a )( c ¡ 1)

c
C 2

c M 2
(2)

For example, substitution of a D 0.467 and M D 3.4 yields 0.28
as the in� uence coef� cient. This means that the overestimation of
total pressureby 10% results in an overestimationfor the real t w by
2.8%. Equation (2) shows that the isentropic � ow can be approx-
imated in scramjet engines with low compression ratios and that
this approximation is improved at a higher Mach number. Thus,
the local M was evaluated by the isentropic relation between the
P0 and Pw . The drag force on the model was evaluated by using
a D 0.467. However, it should be noted that the total pressure loss
in inlets becomes signi� cant with increasing Mach number. In ad-
dition, the installationof engine strut to promote � ameholding also
causes a large reduction of total pressure. Therefore, the isentropic
approximation should be examined carefully in such cases.

In Table 1, the individualfrictionsare found to be small compared
with thoseof pressuredrag.However, the summationof these on the
model surfaces becomes 0.087 [the (C)11 cell], [column (C), row
11 in Table 1], which is comparable with the pressure drag of 0.110
[(B)11]. Drags on the outer surfaces of the model were evaluated to
be 0.052 [(B)10] for the pressure drag Cdp and 0.041 [(C)10] for
the frictionaldrag Cd f . Consequently,the sum of Cdp and Cd f was
estimated to be 0.197 [Cd in (D)11]. The friction occupied 44% of
the total drag, and 47% of the total drag was produced on the outer
surface of the model.

Consistency Between Experiments

The consistencybetween the Pw measurementand the force mea-
surement was examined � rst. Figure 3 illustrates the results of the
force measurement for the various con� gurations, where the drags
of engine were calculated under the engine test condition in the
RJTF (the model shown in Fig. 1 tested under P0 D 0.86 MPa) on
the right axis.

The top plate installed under the support strut had a value of
Cd D 0.048. When the skin-friction coef� cients were evaluated to

Fig. 3 Drag coef� cients for various model con� gurations measured
with the one-� fth-drag model.

beabout1.5E-3 fromEq. (1), the valueof Cd D 0.048 was produced
by the support strut. Mounting the two side walls and the cowl on
the top plate completed the engine module and increased the Cd
to 0.230. The increment between Cd was found to be 0.182. When
the side walls are attached to the top plate, the wetted surface on
the top plate decreases and new surfaces exposed to the freestream
are formed on the side walls and the cowl. Therefore, the change
in the wetted area between the side wall on and off conditions was
taken into account in the calculationsof Cd. A small frictionaldrag
of 0.0065 was produced in the inner surface of the top plate. We
charged the top plate drag to the airframe in our convention, and
excluded it from the engine internal drag.

When the blunt fairing was installed on the top plate to cover the
strut, the Cd increased to 0.281, because the drag was transferred
to the load cell. This con� guration corresponds to the engine in the
RJTF, where the total drag of 1430 N duplicates the engine drag,
includingthe installationdrag in the M4 RJTF testing.By removing
the side walls and the cowl, the top plate with the supporting strut
and the fairing showed a value of Cd D 0.088. This means that the
incrementcausedby the sidewalls andcowlundertheconditionwith
the fairing was 0.193. Thus, the force balance experiments showed
the drag of the model, excluding the top plate, to be 0.188 § 5%.

On the other hand, the model drag estimated from the pressure
measurement is 0.197 [(D)11] in Table 1, which agrees with that
derived from the force measurementwithin 4.6%. Because compar-
ison between the pressure measurement and the CFD indicates that
the pressure integration in Table 1 is accurate, as will be discussed
later, we concluded that the discrepancyof 4.6% was a result of the
overestimation of the friction drag by neglecting the pressure loss
in Table 1.

We repeated the comparison between the pressure and the force
measurementsfor the variousmodel con� gurationsof one side wall,
the inlet segmented from the downstream parts, and the model with
fuel struts. These comparisonsprove that the results obtained in this
wind-tunnel testing can be used as a benchmark for CFD studies.
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Fig. 4 Shapes of unstructured grid near engine wall employed in the
newly developed Navier–Stokes code.

Navier–Stokes Computation
Internal � ow� elds of the scramjet engine are computed by solv-

ing the Reynolds-averaged Navier–Stokes equations.9 The three-
dimensionalcomputationalregion insideof the engine is discretized
by an unstructuredhybrid grid, as shown in Fig. 4, for accurate and
ef� cient computations as well as ease of grid generation for com-
plex con� gurations.12 The prismatic semistructured grid generated
for viscous boundaries on the surfaces allows the control of mini-
mum spacingrequiredfor resolvingviscoussublayers,thus assuring
the quality of the solution for high Reynolds number � ows without
decreasingthe advantageof the � exibleunstructuredgrid.The inner
region of � ow� eld is covered with the tetrahedral cell, as shown in
Fig. 3.

The solutionalgorithmused to computethe compressibleNavier–
Stokes equations is based on a cell-vertex, upwind, � nite vol-
ume scheme for arbitrarily shaped cells.13 The computational ef-
� ciency is drastically improved by the lower–upper symmetric
Gauss–Seidel implicit method with a reordering algorithm for an
unstructured hybrid grid. The turbulent kinetic viscosity is evalu-
ated by a one-equationturbulencemodel proposedby Goldberg and
Ramakrishnan.14 This turbulence model does not need a procedure
for searchingalongnormal lines to walls as requiredin theBaldwin–

Lomax algebraic model. Thus, it is suitable for an unstructuredhy-
brid grid. The numerical accuracy of the � ow solver was validated
for several con� gurations related to scramjet engine computations.9

The skin frictionand the heat � ux along the wall are very sensitive
to the local grid density near the wall. On the other hand, the total
number of nodes is limited for realistic computations.In the present
study, the grid size was optimizedby calculatingthe boundary layer
on a � at plate. The � ow condition is similar to that of the scramjet
engine.A gridwith a minimumsizeof 2.5 l m accuratelyreproduced
the law of the wall on the turbulent boundary layer. The calibration
suggests that a grid of 2.5 l m is adequate to calculate the skin
friction inside the engine.

A grid with 0.52 million nodes was distributed in the internal
� ow of the engine.The engine test conditionwas M3.4, T0 D 870 K,
Tw D 290 K, and P0 D 0.86 MPa. In the experiments,the engine was
installed and aligned with the wetted surface of the facility nozzle
to simulate the ingestion of the boundary layer developed on the
forebody of vehicles. To match the ingestion condition, the 99%
thickness of in� ow boundary layer on the top wall was assigned to
occupy one-eighth that of the inlet height.

Results by CFD
Pressure Distributions

The pressure distributionsbetween the one-� fth-scale mode and
the full-scale engine without fuel injection agreed well. Therefore,
Fig. 5 is a comparison of the pressuredistributionobtained by CFD
and that with the one-� fth-scale pressure model along the center-
line on the sidewall. The streamwise distance is referenced to the
inlet height (50 mm). Because the static pressure of the M3.4 � ow
(P0 D 0.86 MPa) is 13 kPa, the wall pressure increases by the inlet

Fig. 5 Comparison of wall pressure distribution on the engine side
wall.

Fig. 6 a) Friction coef� cient distributions on the engine wall by CFD
(10¡ 3). b) Local heating rate distributions on the engine wall by CFD
(MW/m2).

wedge to 21kPa and the re� ectedshockwave impingesat x / H D 2.2
in the � gure.The re� ectedwave impingesagainat x / H D 2.9, where
the compressionwave interactswith the expansionwaves formed at
the onset of the parallel section between the inlet and the combustor
(the isolator).

At x / H D 3.4 in the combustor, there is a backward-facing step
and a sharp pressure depression is observed. However, the wall
pressurerecovers to 40 kPa with the attachedshockwave just down-
stream. The compressionwave originating from the cowl arrives at
x / H D 4.4.

The wall pressure derived by CFD around x / H D 4 disagrees
with the experimental result. This region is the most converging
section and the compression and expansion waves interact here. A
� ner grid in the streamwise direction is required. However, Fig. 4
indicates good agreement between CFD and the experiments and
promises high accuracy of pressure drag evaluation.

Wall Friction and Heat Flux

A contour map of the c f is shown in Fig. 6a, where c f is de� ned
using the dynamic pressure in the incoming � ow and shown in units
of 10¡3 . The higher value found on the side-wall leading edge is a
result of the undevelopedboundary layer. The friction is large in the
divergingcombustor section near the cowl becauseof the � ow com-
pressedby a shockwave generatedat the cowl. The decelerated� ow
region in the combustor is occupiedby the lower frictioncoef� cient.
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Because the top plate is covered with an ingested thick boundary
layer, the friction coef� cient at the leading edge is low (3 £ 10¡4 ).
Figure 6a indicates corner � ow between the top plate and the side
plate with higher shear. Although the corner � ow by side walls de-
velops downstream, the spanwise variation of c f is small on the top
plate.

CFD computation was conducted for the isothermal wall with a
temperature of 290 K, and the heating rate distributions are illus-
trated in Fig. 6b. The distribution inclined by 45 deg in the inlet
indicates that there was an impinging shock wave. The high heat
� ux of 0.28 MW/m2 found near the leading edge on the sidewall is
attributed to the corner vortex induced by the shock wave from the
leading edge of the cowl. The highestheating rate attaineda level of
0.6 MW/m2 at the leading edge of the cowl. The strong shock wave
from the cowl results in a region with a high heating rate near the
cowl in the diverging combustor section.

On the top plate, a region with a higher heating rate of
0.16 MW/m2 is formed upstream of the nozzle. This is generated
by the impinging shock from the cowl. This shock heating is fa-
vorable for combustion.Autoignition and � ameholding of H2 were
observedat this shock-impinginglocation in the M6 engine testing.
The typical heating rates on the top plate vary from 0.1 MW/m2 in
the central inlet to 0.16 MW/m2 in the shock-impingingregion.

Comparison of Engine Drag
Itemization of Engine Drag

Drag produced in the engine components is itemized and com-
pared with the experimental data in Table 1. Column (E) shows the
pressure drag and column (F) denotes the frictional drag derived
by CFD. The sum of these two drags is given in column (G). The
experimental counterparts are shown in columns (B), (C), and (D).
Columns (H), (I), and (J) indicate the deviations of the CFD from
the Pw experimental results.

Column (B) reveals that a large pressure drag of ¡0.193 was
producedin the inlet section.However, the compressedair delivered
thrust in the diverging combustor and the nozzle sections (0.126),
and the resultant pressure drag was found to be 0.058. The small
thrust found at the combustor consistingof parallel duct was caused
by the backward-facingsteps.

Integrationof the wall pressureobtained by CFD result in a pres-
sure drag of 0.185 [(E)2] in the inlet section and a thrust of 0.117
[(E)4] downstream.The resultantdrag was found to be 0.059 [(E)6].
CFD duplicates the pressure drag measured in experiments within
2.1% [(H)6]. Thus, the discrepancy between CFD and the experi-
mental � ndings was small for the pressure force.

Friction derived from the wind-tunnel tests totaled 0.046 [(C)6].
On the other hand, the CFD value predicted 0.060 for the total fric-
tion of the model internal � ow, and overestimated the friction by
31% [(I)6]. The friction in the diverging combustor section and the
nozzle was greater than the experimental value by 46% [(I)4]. The
total drag coef� cients was evaluated to be 0.104 [(D)6] by the ex-
periments and 0.119 by CFD [(G)6]. Consequently,the discrepancy
in the total drag between the Pw measurement and the CFD was
15% [(J)6] in Table 1, if the internal drag evaluated from the wall
pressure was employed as the reference.

The discrepancy in the inlet was only 2% [(J)2]. The large value
of 50% in the combustor[(J)3] was causedby the small denominator
(0.002). Greater discrepancywas found in the downstreamsections
of the model. Because the � ow Reynolds number is fairlyhigh in the
wind-tunnel experiments, the possibility of relaminarization in the
downstream region is neglected. We consider that the discrepancy
is caused by error accumulated as a result of the limited grids in
the streamwise direction in the engine internal � ow. Optimization
of grid distributionsof the streamwise and the transversedirections
is needed.

Voland5 reported a higher internal drag of 0.150 for the NASA
Lewis Research Center’s scramjet in the M6 freestream.The higher
value may be attributed to their higher compression ratio consist-
ing of a 30-deg swept leading wedge and 10-deg compression sur-
faces in the engine tested. Force balancemeasurementof a scramjet

Fig. 7 Comparison of heating rate measured in engine testing and
CFD results.

engine with a fuel strut in the M7 test facility can be found in
Ref. 15.

Calibration by Heat Flux Measurements

Direct measurement of local c f in engine con� gurations is dif� -
cult. An example of the measurement of c f using Preston tubes is
presented by Yanta et al.16 for an inward-turningscoop inlet at M4.
Hazeltonet al.17 applieda skin frictiongaugein an M6 scramjet inlet
component test. In this study, the reliability of c f data obtained by
CFD was examined by heat � ux measured in engines under no-fuel
conditions.18

A comparisonwith the heatingrate measuredalong the centerline
of the side wall is shown in Fig. 7. The experimentswere performed
by a heat-sink-typeengine, in which thermocoupleswere embedded
1 mm deep in the 20-mm-thickcopper walls. The heating rates were
calculated using the temperature histories when the facility nozzle
� ow was changed from T0 D 290 to 870 K. We evaluated an error
in the measured heating rate to be 30% from the repeatability of
differentiated temperature data.

In Fig. 7, the heating rate is illustratedby the broken line with the
error bars. It indicates a high value of 0.28 MW/m2 at the exit of
the inlet (x / H D 2.3) and decreasesto 0.2 MW/m2 in the combustor
(x / H D 3). The heat � ux decreases to 0.15 MW/m2 downstream in
the combustor (x/ H D 4.5). The heat � ux derived by CFD (solid
line) is compared with experiments in Fig. 7. The high heating rate
at the leading wedge is attributed to the developing boundary layer.
The bulge between x / H D 2 and 3 corresponds to the exit of the
inlet, and the dip at x / H D 3.2 is caused by the local separation of
� ow at the backward-facingstep. Thus, the CFD result for the wall
heating rate agrees with the experimental result. This shows that the
wall friction estimated by the CFD is also reliable.

In spite of the validationof the CFD result, there is a fairly large
discrepancyin Cd f (column I) in Table 1. One possible cause of this
discrepancymay be thatthewallconditionsmismatchedbetweenthe
wind-tunnel experiments and the CFD. In the subscalewind tunnel,
the air total temperature is 290 K. The � ow can thereforebe approx-
imated to be adiabatic for the model with the room temperature,
whereas the CFD computations and the heating rate measurements
in engine testing were carried out at T0 D 870 K and Tw D 290 K.
Therefore, the engine wall should be treated as a cooled wall in the
latter case. Cooling of walls increases the density near the walls
and results in increased skin friction. On the other hand, the skin
friction decreases on the adiabatic wall and heated walls may cause
� ow separation.19¡21 In our Mach 5.4 (� ight Mach number 6) and
6.7 (Mach 8) tests employing a heated air with 600 K, the drag co-
ef� cientsof the one-� fth-subscalemodel graduallydecreasedabout
10% as the metal temperature increased. In addition, our CFD also
indicated the reduction of c f and a small separation bubble on the
top wall, if the adiabatic wall condition is imposed in the Mach 4
calculations. Thus, the heat transfer to the engine walls might be
one reason why CFD yielded greater frictional drag in Table 1.

External Drag and Internal Thrust

The drag on the external walls of the engine is evaluated in rows
8–10 in Table 1. The two outer wedges in the side plates produced



MITANI ET AL. 583

the large pressure drag of 0.041 [(B)8]. The pressure drag by the
external � ow was 0.052 [(B)10] and the sum of Cdp and Cd f was
found to be 0.093. Figure 2 shows that the model drag with the
fairing was 0.281 and that the drag resulting from the top plate, the
supporting strut, and the fairing was 0.088, which corresponds to
the installation drag. Thus, the engine installed on the supporting
strut in freejet-typewind tunnels is subjected to an excessivelylarge
external drag, as reported in Ref. 22. Thus, the drag indicatedby the
load cells can be divided into three equal parts: one-third from the
supporting strut with the fairing, one-third from the external walls,
and one-third from the internalwalls of the engine in the M4–RJTF
testing.

Scramjet thrust performance has generally been based on pa-
rameter D F , which is de� ned as the thrust increment in the axial
force with and without fuel injection. Because engine performance
is determined by the impulse functions of the in� ow stream tube
captured by engines, only the internal drag Dint D 490 N of the en-
gine drag of 1430 N in Fig. 3 should be included when discussing
the engine internalperformanceas long as the externaldrag remains
unchanged when fuel is injected into engines. Thus, overall thrust
performance is the change in internal thrust, which is related to D F
by Tint D D F C Dint.

The force measurement system mounting the H2-fueled scramjet
engine in the RJTF indicated FLC D ¡1430 N without fuel injection
and¡90 N with a fuel injectionof 90 g/s under M4 � ight conditions.
This implies D F D 1340 N. Adding Dint D ¡490 N to the D F , the
internal thrust was found to be Tint D 850 N. This internal thrust
performance corresponds to a speci� c impulse of about 10 km/s,
based on the H2 fuel rate.

Because inlet spillage is essential for starting engines with the
side-wall-compression-type inlets, two drags: the additive drag as-
sociated with the curved, nonphysicalstream tube and the side-wall
dragon the internalinlet surfacethat is outsideof thecapturedstream
tube, have been included in the precedinginternaldrag.These drags
are conventionally charged to the airframe.6 In the convention, the
net thrust and speci� c impulse might be slightly higher than the
previously mentioned internal values. Similar calculationsof thrust
performance were done under M6 � ight conditions.

Conclusions
The wall pressure distributions inside the engine and the engine

drag were measured by using one-� fth-subscale models under M4
� ight conditions without fuel injection. These data were compared
with those of CFD, employing a new, unstructured code. These
independentmeasurements led to the following conclusions:

1) The pressure and frictionaldrags were evaluated from the wall
pressuremeasurements for comparison with the drag measurement.
The model drags estimated by these two measurementsagreewithin
5% and the accuracy of the wind-tunnel testing was con� rmed.

2)CFD reproducedthe pressuredrag foundexperimentallywithin
2%. However, the total drag differed from that of the experimentby
15%, if the wall pressure measurement was chosen as the refer-
ence. This discrepancy was because of that in the friction estima-
tion.

3) The heat � ux measured on the engine wall suggested that CFD
properly evaluated the friction on the model. The discrepancy in
drag estimationmay have been caused by the mismatched wall con-
ditions.

4) These studies revealed that two-thirds of the total drag mea-
sured in the freejet engine tests was producedby the external � ow in
the RJTF. Excluding the external drag, the internal thrust delivered
with H2 combustion was estimated to be 850 N, and the speci� c

impulse of the engine was found to be about 1000 s under the M4
� ight condition.
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