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A drag-measurement facility was used to evaluate potential scramjet fuel-injection/wall-cooling con� gurations.
Mach-2air� ow containinga train ofweak,unsteady,re� ecting shockswas supplied to test plates equippedwith force
and static-pressure instrumentation.A nonporous� at plate, a partially porous � at plate, and a wall cavity plate (the
latter two with mass injection) were tested. The nonporous plate results were within 10% of both theoretical and
numerical predictions. The porous plate exhibited reduced drag (relative to the nonporous � at plate), even without
mass addition, caused by pressure equalization across the impinging shocks. Addition of mass decreased the drag
46%relative to the � at-platevalue.The rectangularwall cavity had a geometric aspect ratio (length in � ow direction
to depth) of 5.0. The cavity plate produced the highest drag of the cases tested. Without secondary injection cavity-
plate drag exceeded the instrumentation range, but was estimated as higher than the � at plate by approximately
one order of magnitude.A minimum amount of secondary � ow injected into the cavity reduced the drag to a value
50% higher than the � at plate. Further cavity mass addition increased the drag. The porous � at plate provided
drag reduction, whereas the cavity con� guration demonstrated drag penalties when compared to the � at plate.

Introduction

S CRAMJETS are the propulsionsystem of choice for hypersonic
transportation systems. As skin-friction and wave-drag losses

are signi� cant performance limiters in scramjet combustors, proper
design requires ef� cient fuel injection, mixing, and � ameholding,
with minimum internal drag. This experimental program investi-
gated the combined skin friction/wave drag of candidate combustor
wall con� gurationsand evaluated the impact of mass-additiontech-
niques on the total drag. All tests were conducted in the Transverse
Jet Facility located at NASA Langley Research Center in Hampton,
Virginia. In these experiments, an air-bearing-load cell measure-
ment system was employed to measure the combined skin friction
andwavedragof � at, transpiration,andcavityplatesin a shock-� lled
Mach2 airstream.Both the transpirationand cavityplate couldoper-
ate with or without mass addition. As baseline for the test program,
a nonporous � at plate was the � rst and last con� guration tested.

Nonporous � at-plate skin-friction drag has been thoroughly
investigated1 ¡ 5 over the years. During the 1950s, van Driest,6,7

among others, soughta theoreticalsolutionto the skin-frictionprob-
lem by solving the continuity, momentum, and energy differential
equations, eventually leading to the van Driest II Theory7 in 1956.
His solution to the differential equations is still in general use to-
day for viscous compressible boundary layers and calculation of
skin-friction coef� cients8,9 and is used as a validation for this ex-
perimental program.

Transpiration (typically approximatedby discrete hole injection)
is a technique of mass addition that has been in use for decades
as a way to cool surfaces exposed to high-temperature environ-
ments and is currently of interest for scramjet combustor cooling
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and friction reduction. In this experiment, a fabricatedporous lami-
nated plate, manufactured by Allison Engine Company and known
as Lamilloy®, was used to distribute the � ow across the model sur-
face. No referenceswere found in the open literatureaddressing the
drag-reductionperformanceof Lamilloy. Transpirationsurfaces are
usually employed primarily as a thermal barrier in propulsion and
reentry applications.10 ¡ 14 Drag reduction has generally been given
secondary considerationbecause, until now, the value of transpira-
tion as an effective thermal barrier outweighed any expected drag
performance bene� t or penalty within the intended applications.

A plate with a cavity was also evaluated. As illustrated in Fig. 1,
a cavity � ow structure is formed when a � ow stream passes over
a cavity or depression in a solid surface. The � ow separates from
the (upstream) rearward-facing step forming a shear layer. Flow-
� eld structure, shock waves, reattachmentpoints, and other speci� c
� ow details are strongly dependent on the size and shape of the
cavity and the � ow regime (open or closed cavity) of interest. In
a closed cavity the � ow separates from the rearward-facing step,
impinges on the cavity � oor or wall, and forms a complex charac-
teristic shock and expansion structure, which is known to provide
the highest total drag. In an open cavity � ow the shear layer forms
on the rearward-facingstep, then crosses the span of the cavity, reat-
taching downstream of the forward-facing step. The reattachment
of the � ow forms a compression shock on the forward-facing step
that propagatesinto the main � ow stream. The shear layer generally
bends toward the cavity � oor, strengtheningthe expansionwave and
shock structures and increasing the drag penalty.

A sketch of the optimum � ow� eld of a cavity � ow, balancedwith
cavity mass addition (blowing), is shown in Fig. 1c. For blown-
cavity operation the addition of mass alters the expansion fan and
shock-wavesystem,offeringthe potentialfor signi� cantdrag reduc-
tion. Accomplished through the creation of a single vortex within
the cavity, the cavity recirculationproduces an effect that might be
described as an aerodynamic roller-bearing.Reviews15,16 of cavity
investigations and research until 1990 are available, with other
studies17,18 conducted more recently.

During this investigation, a single plate representative of each
candidate wall design concept was constructed, instrumented, and
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tested. In an actual combustor the mass added to the cavity or intro-
duced via transpirationwould typically be fuel; air was used in this
series of tests.

Experimental Apparatus and Methods
Facilities

The Langley Mach 2.0 Transverse Jet Facility is connected to
a high-pressure, ambient-temperature air source, with a plenum
chamber providing � ow mixing and straightening. A converging-
diverging nozzle accelerates the air to Mach 2 at the test section
inlet. For this test program the air system supplied the wall-drag test
tunnel with a constant air� ow at 115 psia (793 kPa) nominal total
pressure and an ambient total temperature of approximately 70±F
(21±C). A separate 1000-psia (6895-kPa) air supply was used for
transpirationand cavity injection.

Test Article and Design Parameters

Figure 2 presents a side-viewdrawing of the installedand assem-
bled wall-drag test tunnel. The base unit consisted of an aluminum
box within which were mounted an air-bearing suspension system
and load cells for drag force measurement.The test plate, free � oat-

a) Closed cavity � ow

b) Open cavity � ow

c) Optimum cavity � ow

Fig. 1 Supersonic cavity � ow� eld modes: a) closed, b) open, and
c) optimized.

Fig. 2 Skin-friction drag Mach-2 test article.

ing in the axialdirection,was mounted to the air-bearingsystemwith
bracketsto formone side of the test section.The remainderof the test
section was enclosed with aluminum and Plexiglas®. All aluminum
surfaces were blackened to minimize any optical re� ections, while
the Plexiglas allowed optical access to the test-section � ow� eld for
schlierenphotography.The test section measured 1.52 in. (3.86 cm)
high, 3.46 in. (8.79 cm) wide, and 8.5 in. (21.59 cm) long. Both the
metric surface and the top plate were instrumentedwith wall static-
pressure taps along the centerline and at two locations outboard of
the centerline of the test article. The pressure in the plate gaps was
also measured. The metric surface of the wall-drag test tunnel was
composed of a fore plate, the test plate, and an end plate. The top
plate was canted at a 0.65-deg divergenceangle to provide a neutral
pressure gradient within the test apparatus. Air bearings and load
cells used to measure the axial forces are shown in Fig. 3.

Three test plates were designed and built: a nonporous � at plate,
a transpiration plate, and a cavity plate that incorporated mass
injection. Each plate was 3.45 in. (8.76 cm) wide, 4.50 in. (11.4
cm) long, mounted on the air-bearing system between stationary
upstream and downstream plates, and instrumented with 12 static-
pressure taps. The nonporous � at plate yielded baseline drag data,
providing both a foundation for the remainder of the test program
and a validationof the test system, as a well-known and extensively
analyzed con� guration.

The porous � at plate incorporated a transpiration region that
spannedthe width of the test section.The blown area began0.755 in.
(1.92 cm) downstream of the test plate leading edge and extended

Fig. 3 Force balancecomposed of the test plateand suspension system.
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1.25 in. (3.17 cm) in the � ow direction. This region was covered
with a Lamilloy plate that was epoxied over the injection manifold
and fed by the facility air system. Lamilloy is a two-ply laminate
of Haynes 188 plates with an evenly distributed surface hole pat-
tern and a manifolding action that allows for an evenly distributed
injection � ow. A cutaway view of the two-ply Lamilloy sheet used
in this experiment is presented in Fig. 4. Air enters a staggered se-
ries of holes on the bottom laminate from the pressurizedmanifold,
then � ows through a miniature distribution manifold and exits a
set of offset staggered ori� ces in the top laminate, passing into the
boundary layer of the main � ow stream.

The cavity test plate (Fig. 5) had a rectangular cavity located in
the same relative position as the transpiration plate. The 1.25 in.
(3.18 cm) length in the � ow direction and the 0.250 in. (0.64 cm)
depthprovidean aspect ratio (L / d) of 5.0, which generatesan open-
cavity � ow� eld in unblown operation.For blown operation (which,
in an actual combustor, could be either air injection, fuel injection,
or combined fuel-injection/� ameholding), air can be injected into
the cavity via a 0.020-in. (0.051-cm) high slot spanning the cavity
at the bottom of the forward-facing step, as shown schematically
in Fig. 1c. The cavity plate incorporated wall static-pressure taps
along the centerline and pressure taps within the cavity.

Instrumentation

Drag measurements were made using load cells rated to §10 lbf
(44.5 N). The vertical design of the test article allowed the load
cells to measure the weight of the plates and associated brackets
and instrumentation prior to the initiation of main air� ow. Total
drag was determined by measuring the load cell forces and adding
the static weight of the test article and the resultant force created by
the between-plate gap pressures.

Fig. 4 Detailed drawing of the Lamilloy transpiration plate.

Fig. 5 Cavity-plate isometric view showing pressure tap locations.

Flow� eld images were obtained by using the focusing schlieren
imaging technology developed by Weinstein.19 This allowed qual-
itative evaluation of the � ow� eld structure including general loca-
tion of shocksor expansionfans and their relationshipsto the metric
surface and mass-injection locations. Flow unsteadinesscaused the
shock waves to rapidly shift position, producing a smeared image.
As a result, although the images produced were valuable for evalu-
ating the general � ow� eld, only one has been incorporatedinto this
document to provide a general visualization of the shock structure
in the test section.

Results and Discussion
Drag Predictions

The van Driest II (Ref. 7) model was applied to predict drag load-
ing for the � at-plate con� guration using the method and equations
described in White.9 The properties for Mach-2 air were derived
from the nominal total � ow conditions: PT = 115.0 psia (793 kPa)
and TT =529.7 R (294 K). A one-dimensional isentropic analysis
provided entrance-plane � ow conditions. The results of this drag
analysis at the nominal tunnel operating conditionsyield a drag co-
ef� cient of C f = 1.81 £ 10 ¡ 3 and a drag force of 1.65 lbf (7.34 N)
for the � at plate.

An additionalcomputational� uid dynamic (CFD) analysisof the
facility nozzle, as well as the � at plate, was conducted using the
CAN-DO20 CFD code. The solution includeda complete numerical
solution of the � ow� eld from nozzle entrance plane to test-article
exit plane.The analysiswas for compressible,viscous,and turbulent
� ow, while ignoringreal-gaseffects.The calculateddrag was 18.3%
lower than that determined by the van Driest II model.

Flat Plate

The � at-plate con� gurationwas tested at the beginningof the ex-
periment as a baseline and again at the end of the experiment as an
anchor. A statistical analysis of the 17 independent drag measure-
ments showedtheaveragetotaldragon theplate to be1.47 § 0.22 lbf
(6.54 § 0.97 N) within two standarddeviations.This uncertaintyof
§15% was estimated to be representative of the uncertainty for
all acquired drag determinations for comparative analysis. The
van Driest II analysiswas 10.7% higher than the experimentallyde-
termined value, whereas the CAN-DO prediction was 7.5% lower.
The conclusion was made that the � at-plate data matched both
predictive methods, providing a validation of the experimental
approach.

Wall-pressuredistributionswere collectedduring all tests to eval-
uate test conditionsrepresentativeof structures in the main � ow and
to de� ne the test-articlepressuregradient.Figure 6 presents the met-
ric surface wall-static-pressuredistribution for a sample case. The
measured pressure pro� le shows the effect of the re� ecting shocks
and is generally as predicted by the CFD model. The wall-static-
pressure measurements are found to lie very close to the predicted
curve for the � rst 3.5 in. (8.9 cm) of the duct. The differences after
this axialpositionare causedby the 0.65-degdivergenceangleof the
actual test section, compared to the straight con� guration evaluated
in the earlier CFD analysis.

A focusing schlieren image of the test-section � ow� eld is shown
in Fig. 7, with the � ow from the bottom of the � gure to the top.
The overall test-section imaging area starts at a distance of 4.0 in.
(10.2 cm) from the nozzle exit and continues for 11.5 in. (29.2 cm),
whereas the test section height is 1.5 in. (3.8 cm). The � ow� eld is
seen to contain weak shock waves re� ecting back and forth across
the test section duct at the Mach-lineangleof approximately30 deg.
Mottling within the image is caused by background image imper-
fections that could not be compensated.

Transpiration Plate

To evaluate the effect of surface injection on total drag, the tran-
spirationplate was testedat the same main � ow conditionsas the � at
plate, both with and without injection. The unblown transpiration
plate had an average total drag of 1.27 lbf (5.64 N), which is 13.6%
less than that of the average total drag measured for the � at-plate.
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Fig. 6 Flat-plate static-pressure distributions—CFD results (CAN-DO) and experimental (FP1 ¡ 21).

Fig. 7 Schlieren image of � ow� eld, nonporous � at plate.

This difference is 1.8 times the calculated standard deviation ob-
served in the � at-plate data and is considered a valid trend in the
data. The unblown transpirationplate is essentially a � at plate con-
taining a vented cavity. The venting allows the pressures to equalize
across the shock re� ection, potentially reducing drag. The transpi-
ration plate drag decreased steadily with increasing mass addition,
eventually attaining a maximum 38% reduction in measured drag,
relative to the � at plate, at the maximum � ow rate tested.

In the transpirationplate experimentalphase,wall-static-pressure
data were collected on both the metric surface and the top plate of
the test article (Fig. 8). Although the static-pressure data provide
discontinuous distributions, the conclusion can be made that the
mass addition signi� cantly altered the � ow� eld structure in the test
section. The highest-injection test suggests that a major � ow alter-
ation had taken place within the � ow� eld, which is supported by
the fact that the measured pressure at the downstream end of the
test plate shows a dramatic increase relative to the values at lower
injection rates.

An evaluation of the schlieren images showed that three major
shock structures were produced: one by the fore plate-test plate in-
terface and one each at the upstream and downstream seams where
the Lamilloy was epoxied into the test plate. The � ow� eld structure
was observed to change little at the low mass-addition rates. At the
higher � ow rates the downstream seam wave angle was found to
increase progressivelywith increasing injectant � ow.

Cavity Plate

The cavity-platetests evaluatedtheuseof blowncavitiesto reduce
drag in supersonic � ow. This cavity-plate design was expected to
provide an open cavity � ow� eld (Fig. 1) without mass addition
because previous investigations have shown open cavity � ow to
transition to closed cavity � ow above an L / d of 11.0, putting the
unblown test article (L /d =5.0) well within the open cavity range.

Drag data were obtained for all but the unblown case. The cavity-
test phase was started with a zero-injection condition test, which
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Fig. 8 Transpiration-plate wall-static-pressure distribution for � ve
injection-to-main mass-� ow ratios.

developed force levels that exceeded the limits of the load cells.
Analysis of the acquired data showed that the sum of forces on the
unblown cavity plate was no less than 23 lbf (102 N) during steady-
state operation. The addition of the smallest meterable amount of
secondary injection reduced the total drag by at least 90%. Beyond
this point, however, the addition of more mass into the cavity in-
creased the drag.

The static pressures for the cavityplate are includedas Fig. 9. The
wall-static-pressuredistribution in the fore-plate region is shown to
be unaffectedby the mass addition for all injection� ow rates tested.
An apparent strengthening of the shock wave emanating from the
rearward-facingstep (with increasingmass addition) is seen to affect
the pressuresin the downstreamportionof the test section.There the
wall static pressure is seen to increase, especially in the maximum
injection case.

Five wall static pressures were instrumentedwithin the cavity it-
self: one on the rearward-facing step, three on the cavity � oor, and
two equally spaced and slightly offset from the centerline on the
forward-facing step and above the air injection slot. These intra-
cavity pressure measurements are plotted in Fig. 10 vs surface
distance,rather thanaxial length,to convenientlyrepresentmeasure-
ments within the cavity itself. The increase in wall static pressure
with increasingmass addition in the upstream half of the cavity was
as expected, whereas the pressures in the downstream half of the
cavity shifted with the addition of mass. The unblown case has the
highestforce in thedragdirectionbecausethedownstreamwall pres-
suresare much higherthan the upstreamwall pressure.This pressure
distributionwas alteredby theadditionofmass, shiftingthe pressure
forces within the cavity until the forces were nearly balanced at the
highest injection condition.Although this trend does not explain all
of the noted drag variation,it does contribute to understandingof the
physical phenomena evidenced by these experimental results. The
physical limitationsof the experimentalmodel preventedadditional
pressure instrumentationwithin the cavity that would haveprovided
increased resolution. This pressure distribution was not similar to
the standard open-cavity and closed-cavity pressure distributions,
which tend to increase through the cavity, as describedby Wilcox.21

Assessments of the schlieren images showed a shock re� ect-
ing within the cavity, which would create a higher pressure on the
forward-facingstep and increase the indicateddrag, consistentwith
the very high measurements observed without air injection into the
cavity.The introductionof injectedair disruptedthe re� ectingshock
structure, dislodging the shock wave that had been re� ecting from
the forward-facingstep in the unblowncase.The re� ected shock an-

Fig. 9 Cavity-platewall-static-pressure distributions for six injection-
to-main mass-� ow ratios.

Fig. 10 Intra-cavity wall static pressures for the cavity plate at six
injection-to-main mass-� ow ratios.

gle upstream of the cavity remained constant for all cases; however,
image comparison shows the angle of the shock emanating from the
rearward-facing step decreased with increased mass addition. The
shift in shock structure is also apparent in the wall-static-pressure
distributions (Fig. 10).

Drag Comparison

The drag trends are clari� ed in Fig. 11, where total drag is plotted
as a function of mass-� ow-rate ratio (injected-to-main) for all of the
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Fig. 11 Calculated drag for the � at-plate con� guration and experi-
mentally determined drag for all con� gurations tested.

plate tests. A linear curve � t was applied to both the transpiration
plate and blown-cavityplate data (excludingthe zero-injectioncon-
dition). The transpiration plate is seen to exhibit lower drag than
the nonporous � at plate under all test conditions studied, with drag
decreasinglinearlywith increasinginjection.The high scatter in the
cavity-platedata is believedto be causedby small (anduncontrolled)
test-to-test variations in shock location. The � at plate and transpi-
ration plate are less sensitive to shocks and thus do not display this
variation in drag results. This condition of variable shock location
should also be expected to exist in actual � ight combustors. Rec-
ognizing that the unblown cavity plate exhibited an estimated drag
of 23 lbf (102 N), the data illustrate that the total drag decreased
dramatically with even small amounts of secondary injection and
then increased with increasing injection.

Conclusions
The primary goal of this experimental program was to determine

if the addition of mass could alter the internal drag characteristics
of a scramjet combustor operating at Mach 2. A drag-measurement
system intended to measure the integrated effect of all the drag
forces on a plate was designed, manufactured, installed, and made
operational. This system was capable of secondary mass injection,
direct force measurement, wall-static-pressure measurement, and
� ow� eld imaging.

Three plate con� gurations were tested for drag characteristics:a
� at plate, a porous � at plate, and a cavity plate. Flat-plate results in-
dicated the averagetotal drag to be within 10.7%of the van Driest II
prediction and within 7.5% of the results of the CFD analysis. The
lowest drag determined experimentally was for the transpiration
plate operating at maximum injection. The measured drag of this
con� guration was 0.80 lbf (3.6 N), 46% lower than the � at-plate
drag. The results indicate that drag decreased with increasing mass
injection. Focusing schlieren and wall-static-pressure data helped
to evaluate the � ow� eld structures responsible for the reduction in
drag.

The cavity-plate drag performance provided unique results be-
causeof the characteristicsof the shock � ow� eld.The unblown� ow
conditionseverelyover-rangedthe load cells, and total drag was es-
timated to be in excess of 23 lbf (102 N). Addition of the smallest
measurable amount of mass � ow reduced the measured total drag
to 2.4 lbf (10.7 N). This dramatic reduction was caused by the dis-
ruptionof a shock wave that was re� ecting from the forward-facing

step of the cavity. Additional injection beyond this point increased
the drag. A cavity wall con� guration intended for drag reduction
should only be used in a controlled environment as a weak shock
wave can cause severe loading. These forces must be anticipated in
preliminary design considerations for supersonic combustors.

The shock structures can be considered a nonoptimum or off-
design condition that may be encountered in � ight applications of
these wall con� gurations. We demonstrated that, although the � at
plate was relatively unaffected by the introduction of shock struc-
tures,cavitiescanexperiencesevere loadingif exposedto evenweak
shock waves. Although it may be possible to design an optimized
cavity that providessigni� cantdragreduction,nonoptimal� ow con-
ditions could conceivablycause drag forces on the order of 10 times
� at-plate levels.
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