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Base-Drag-Reduction Experiments on the X-33
Linear Aerospike SR-71 Flight Program

Stephen A. Whitmore¤ and Timothy R. Moes†

NASA Dryden Flight Research Center, Edwards, California 93532

Drag-reduction tests were conducted on the Linear Aerospike SR-71 experiment. The Linear Aerospike SR-71
experiment � ight tested a 20% scale model of an X-33 forebody with a linear-aerospike engine mounted at the
rear of the body. The entire apparatus was mounted on top of an SR-71 aircraft. This paper suggests a method
for reducing base drag by adding surface roughness along the forebody. Calculations show a potential for base-
drag reductions of 8–14%. Flight results corroborate the base drag reduction, with actual reductions of 15% in
the high-subsonic � ight regime. An unexpected result is that drag bene� ts persist well into the supersonic � ight
regime. Flight results show no overall net drag reduction. The applied roughness caused forebody pressures to
rise and offset base-drag reductions. Apparently, the grit displaced streamlines outward, causing forebody � ow
compression. Clearly the drag optimizationmustbe modi� ed to include not only the base pressure drag and viscous
forebody drag coef� cients but must also include the forebody pressure distribution. Because of the mixed exper-
imental results—there was no overall net drag reduction, the existence of an optimal forebody surface roughness
must still be proven. Clearly, however, the forebody grit method has been proven as a viable drag-reduction tool.

Nomenclature
Abase = base area of the model, 1.125 m2

Agrit = wetted area of the surface grit, 3.01 m2

CD,base = base-pressure-dragcoef� cient
C D,forebody = forebody-pressure-drag coef� cient
CD,forebody

(visc) = total-viscous-forebody-drag coef� cient
(referenced to base area)

CDp = total-pressure-dragcoef� cient for the model
CD0 = zero-lift drag coef� cient of the model,

from force balance
C ( p)

D0
= zero-lift drag coef� cient of the model,

from pressures
C̃ D,base = predicted base-pressure-dragcoef� cient
C̃ (0)

D,base = predicted base-pressure-dragcoef� cient,
incompressible � ow conditions

c
(rough)
fL = skin-friction coef� cient for rough � at plate

c(smooth)
fL

= skin-friction coef� cient for smooth � at plate
ks = equivalent sand-grain roughness of surface

extrusions,m
L = length of the gritted surface area, 2.0 m
Mdiv = divergence drag rise Mach number
M 1 = freestream Mach number
ReL = Reynold’s number based on length of body
D CD,base = base-pressure-dragreduction caused by added

forebody roughness
D C (visc)

D,forebody = increment in C (visc)
D, forebody caused by added forebody

roughness

Introduction

C URRENT proposed con� gurations for reusable launch vehi-
cles (RLV) like the Lockheed Martin X-33 and Venture-Star

have extremely large base areas when compared to previous hy-
personic vehicle designs. As a result, base drag, especially in the
transonic � ight regime, is very large. The unique con� guration of
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the Venture Star RLV, with its very large base area and relatively
low forebody drag, offers the potential for a very high payoff in
base-drag reduction. If the transonic base-drag coef� cient of the
Venture-Star can be reduced by only 5%, then the potential sub-
sonic and transonic (where most of the fuel is burned) drag savings
is approximately 30,000–40,000 lb. Such a reduction in fuel ex-
penditurewould dramatically increase the payload capability of the
vehicle.

Based on the preceding reasoning, a base-drag-reductionexper-
iment was conducted as a part of the Linear Aerospike SR-71
(LASRE) � ight program, which has recently concluded testing at
the NASA Dryden Flight Research Center. This drag-reductionex-
periment attempted to reduce the base drag, and the overall vehicle
drag, by increasing the forebody skin friction. In this experiment
the forebody skin friction was modi� ed by increasing the effective
roughness of the forebody surface. The basic approach of the drag-
reductionexperimentis to thickentheboundarylayerat theaft endof
the vehicle and provide an insulatinglayer that reduces the vacuum-
pump effect on the highly separated base area. This report presents
the results of the base-drag-reductionexperiment and compares the
resulting drag coef� cient values to the X-33 wind-tunnel database.
A more comprehensive discussion of the analytical methods used
in this analysis is presented by Whitmore and Moes.1

LASRE Flight Experiment
The LASRE experiment2 consisted of a roughly 20% half-span

model of an X-33 forebody with a single aerospike rocket engine
mounted at the rear. As shown in Fig. 1, the entire test apparatus
is mounted on top of an SR-71 aircraft. The model is mounted
so that the lateral axis is aligned parallel to the normal axis of
the SR-71. This alignment causes the angle of sideslip for the
SR-71 to be equivalent to angle of attack for the LASRE model. To
achieve better � ow quality, a re� ection plane was mounted between
the SR-71 and the model. The re� ection plane shields the model
from theSR-71 � ow� eld.Figure2 presentsthree-viewlinedrawings
of the model and documentsthe primary geometricalcomponents—
the forebody, boat tail, nozzle ramps, base plug, and engine fences.
Figure 3 presents a comparison of the LASRE outer mold lines to
the X-33 mold lines.

It was intendedthatLASRE � ight testdatawouldbeused to de� ne
the aerospike engine performance under realistic � ight conditions
and to determine the rocket-plume interactions with the base area
and engine cowlings. Ground-based hot-� re tests of the LASRE
engine were performed successfully, and cold-� re � ight tests in
which the propellants were replaced with inert expendables were
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298 WHITMORE AND MOES

also successfully completed. Unfortunately because of hardware
dif� culties experiencedwith cold-� ow tests with liquid oxygen on-
board of the vehicle, safety constraints prevented the engine from
ever being hot-� red in � ight. The program was terminated without
successfully completing this � nal test objective.

Instrumentation
To measure performance of the Linear Aerospike engine under

a variety of � ight conditions, the model was mounted to the SR-71
with a pylon that was instrumentedwith eight load cells oriented to
allow a six-degree-of-freedommeasurement of the total forces and
moments. A schematic of the force balance mounted to the LASRE
pylon is shown in Fig. 4. A calibration tensor was used to compute
the axial, normal, and side loads, and pitch, roll, and yaw moments
acting at the balance. To determine the true aerodynamic forces
acting on the model, it is necessary to remove the centrifugal force
and vehicle accelerations acting at the model center of gravity. The
vehicle accelerations and angular rates were obtained from strap-
downsensorslocatednear the SR-71 centerof gravity.The corrected
data were normalized to give force coef� cients using the dynamic
pressure measurement obtained from the SR-71’s onboard air data
system.

The model was also instrumented with surface pressure ports
on the forebody, boat tail, base, engine ramps, and the lower engine
fence.These surfacepressureports allowed the model pressuredrag
to be measured by numerically integrating the surface pressure dis-
tributions. A total of 95 ports were distributed on the forebody and
boat tail. The approximate locations of the forebody and boat tail
ports are presented schematically on Fig. 2. An additional 60 ports
were located in the engine base area, with 20 pressure ports located

Fig. 1 LASRE experiment
mounted atop the SR-71.

Fig. 2 LASRE test model.

on the left engine ramp, 22 ports on the right engine ramp, 16 ports
on the enginebaseplug, and 2 portswere locatedon the trailingedge
of the lower engine fence. The approximate locations of the engine
pressure ports are also presented on Fig. 2. The model pressure
data were sensed using electronicallyscanned pressure (ESP) mod-
ules. Because of pressures ranges expected during aerospike engine
hot-� re tests, engine ramp and fence pressures were sensed using
§50 psi differential pressure sensors; all other surface pressure

Fig. 3 Comparison of the LASRE outer mold lines to the X-33.

Fig. 4 Schematic of the LASRE force balance.
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measurements were made using §10 ESPs. All ESPs were refer-
enced to a highly accurate 0–38 psia 20-bit digital pressure trans-
ducer. The reference pressure was added to the differential ESP
readings to determine absolute local pressure reading. Temperature
environments of the ESPs were controlled using heater blankets.

The numerical integration of the surface pressures to obtain
pressure-dragcoef� cients was performed for each of six geometri-
cal components on the model: 1) the model forebody aft to 140 in.
behind the nose tip, 2) the engine nozzle left ramp, 3) the engine
nozzle right ramp, 4) the engine nozzle base plug, 5) the LASRE
model boat tail, and 6) the lower engine fence. Once the individual
pressure-dragcoef� cients of each geometrical component were de-
termined, the base-pressure-drag coef� cient was calculated as the
area-weighted average of the nozzle, boat tail, and engine fence
pressure coef� cients. The total model pressure drag was calculated
as the area-weightedaverageof the base and forebodypressure-drag
coef� cients.

All onboard analog instrumentation were sampled using 12-bit
pulse-code modulation, telemetered to the ground, and recorded
for post� ight analysis. The air-data parameters, force balance load
cell data, and pressuremeasurements were sampled and recorded at
50 samples per second (sps). Onboard accelerometerand rate-gyro
readings were sampled and recorded at 200 sps. The accelerometer
and rate-gyro data were antialiased using analog � lters with cut-
off frequencies at 40 Hz. To reduce the effects of stochastic noise
elements caused by aerodynamic and structural interactions of the
SR-71 on the LASRE model, all of the data used in the drag anal-
ysis were post� ight low-pass � ltered at 0.5 Hz and then decimated
to 1.0 sps. Filter latency was accounted for by time skewing the
data after � ltering. This procedure also served to mitigate poten-
tial aliasing problems. The processed data were corrected for zero
offsets using pre� ight and post� ight zero-tare data.

Flight Pro� les
Early in the program level altitude subsonic-to-supersonic

accelerations were � own for envelope expansion and � utter clear-
ance. Once the � ight envelope clearancewas obtained,a more fuel-
ef� cient “dipsy” maneuver was used to accelerate through the tran-
sonicdrag rise.The dipsymaneuverbeganat 28,000ft andMach 0.9,
where the pilot put the aircraft into a slight dive to get through the
transonic drag rise and then leveled the aircraft at approximately

Fig. 5 Comparison of force balance derived drag coef� cient to base, forebody, and total-pressure-drag coef� cients.

Mach 1.07 and 25,000 ft—the minimum altitude cleared for tran-
sonic � ight. The aircraft would continue to accelerate at 25,000 ft
until it obtained an equivalent airspeed of 450 kn. At this point
the pilot would initiate a constant equivalent airspeed climb to the
desired Mach number. Structural load restrictions on the LASRE
experiment required that the angle of sideslip, equivalent to angle
of attack in the model axis, be restricted to less that 2 deg. Be-
cause of this restriction, all of the drag data presented in this paper
are essentially for the zero-lift � ight condition, CD0 . Additionally,
throughout the remainder of this paper all drag coef� cient data are
referenced to the base area of the LASRE model.

Accuracy Analysis Methods
Because of the heavy � ltering applied to all of the data sources, it

was believed that an analyticalestimate of the drag coef� cient accu-
raciesbasedon root-sum-squareanalyseswould be far too conserva-
tive. Instead, the resolution and accuracy of the drag measurements
were determined empirically. Drag coef� cient data obtained from
different � ight pro� les were examined for resolutionand repeatabil-
ity. The absolute accuracies of the drag coef� cients were estimated
by comparing the force balance-measured total drag coef� cients
against the sum of the integrated surface pressure drag and a calcu-
lation of the viscous frictional forces acting on the model. For the
accuracy analysis only data for a clean LASRE con� guration, that
is, a con� guration without added forebody surface roughness,were
analyzed.

Data derived from four typical clean con� guration � ight ma-
neuvers are used here to illustrate the resolution, repeatability,
and accuracy of the measurements. Figure 5 shows the overall
balance-deriveddrag coef� cient CD0 plotted as a function of Mach
number. Values of the pressure-derived-drag coef� cient CDp , the
base-pressure-dragcoef� cient CD,base, and forebody-pressure-drag
coef� cient CD, forebody are also plotted. Maximum � ight-to-� ight
drag coef� cient variations of less than 0.008 were observed. In the
subsonic � ight regime base-pressure drag is relatively constant at
approximately 0.38. Also, in the subsonic � ight regime there is
considerable forebody suction (negative pressure-drag coef� cient)
and the base-pressure drag actually accounts for approximately
125% of the overall model drag! Once the divergence drag rise
Mach number Mdiv—approximately 0.90—is reached, compress-
ibility effects dominate, and base-pressure-drag coef� cient rises
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Fig. 6 Comparison of force balance derived drag coef� cient to total-pressure-drag coef� cient corrected for forebody friction drag.

rapidly. Approximately 80% of the transonic drag rise can be at-
tributed to compressibility effects on base-pressure drag. These
data clearly support the earlier assertion that base-pressure drag
dominates the overall model drag. Also, clearly the � ight-to-
� ight repeatability and resolution of the drag measurements are
excellent.

For comparisonpurposeswind-tunnelderivedvaluesfor the X-33
CD0 are also plottedon Fig. 5. The large transonicdrag rise observed
on the � ight data does not show up as dramatically on the X-33
wind-tunnelpredictions.It is likely that the observed transonicdrag
difference is an effect of the differences in � xtures used to mount
the wind tunnel and � ight models. Conceivably, the mounting of
the LASRE model near the re� ection plane could have induced
signi� cant boundary-layer/shock-wave interactions that were not
present in the X-33 wind-tunnel tests. Clear reasons for the large
transonic differences are unresolved at this time.

Absolute accuracy estimates for the drag coef� cients are ob-
tained by comparing the total drag coef� cient obtained from the
force balance CD0 , against the total-pressure-drag coef� cient cor-
rected for viscous forebody drag C ( p)

D0
. For the LASRE model

the viscous forebody drag coef� cient C (visc)
D, forebody , has two principal

components: 1) the forebody skin-frictiondrag and 2) the ram drag
resulting from a small (0.025 m) gap between the lower side of the
model and the re� ection plane. Forebody skin friction was evalu-
ated by numerically solving the nonlinear Schoenherr equation3 for
the skin-frictiondrag coef� cient. The ram drag is calculatedby per-
forming a one-dimensionalmomentum loss calculation in the axial
direction along the gap area. The comparison of CD0 and C ( p)

D0
is

presented in Fig. 6 along with the residual between CD0 and C ( p)
D0

.
The estimateof C (visc)

D,forebody is also plotted on Fig. 6. The largest resid-
ual magnitude—approximately 0.025—occurs for subsonic Mach
numbers less than 0.9. Supersonically, the residual magnitude is al-
ways less than 0.005. Because the estimates of CD0 and C ( p)

D0
were

derived independently,assuming that the errors in CD0 and C ( p)
D0

are
approximately equal, then the residual curve plotted in Fig. 6 is a
two-r measure of the overall drag coef� cient accuracy. In reality,
CD0 is likely more accurate than C ( p)

D0
; however, there is no objective

means for sorting out the distribution of error between the two data
sources.

Fig. 7 Correlation of base and viscous-forebody-drag coef� cients.

Drag-Reduction Strategy
For blunt-based objects whose base areas are heavily separated,

a clear relationshipbetween the base drag and the viscous forebody
drag has been demonstrated.4,5 This trend is presented in Fig. 7
along with subsonic LASRE drag data. Hoerner4 has � t the trend
with the approximate empirical formula:

CD,base =
0.135

3

q
C (visc)

D, forebody

(1)

The trend presented in Fig. 4 shows that as the forebody drag is
increased generally the base drag of the projectile tends to de-
crease. This base-pressure-drag reduction is a result of boundary
layer effects at the base of the vehicle. The shear layer caused by
the freestream � ow rubbing against the separated air in the base re-
gion acts as a jet pump and serves to reduce the pressure coef� cient
in the base area. The surface boundary layer acts as an insulator
between the external � ow and the dead air at the base. As the fore-
body drag is increased, the boundary-layer thickness at the aft end
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of the forebody increases, reducing the effectiveness of the pump-
ing mechanism, and the base-pressuredrag is reduced. Because the
LASRE dragdata lie on the steepverticalportionof Hoerner’s curve,
a result of the large base drag, a small increment in the forebody
friction drag should result in a relatively large decrease in the base
drag. Conceptually, if the added increment in forebody skin drag is
optimized with respect to the base drag, then it may be possible to
reduce the overall drag of the con� guration.

Estimates of the expected base-drag reductions were computed
by developing a mathematical model of the LASRE base-drag co-
ef� cient, which has C (visc)

D, forebody as a parameter and also accounts for
� ow compressibility.As mentioned earlier, LASRE base-drag data
show that in the subsonic � ight regime base drag remains relatively
constant until the divergence Mach number of approximately 0.90
is reached. After this Mach number compressibility effects domi-
nate,and thebase-dragcoef� cient rises rapidly.BeyondMach1 base
dragdropssteadily.These trendssuggesta basedragcompressibility
function of the form

M 1 < Mdiv ) C̃D,base = C̃ (0)
D,base =

0.135

3

q
C (visc)

D,forebody

Mdiv · M 1 < 1 ) C̃D,base[M 1 ]

=C (0)
D,base

p
1 ¡ M2

div + 1
2
C̃ (0)

D, base

¡
1 ¡

p
1 ¡ M 2

div

¢
p

1 ¡ M2
1 + 1

2
C̃ (0)

D, base

¡
1 ¡

p
1 ¡ M 2

1

¢

1 < M 2
1 ) C̃D,base[M 1 ]

=
2
£p

1 ¡ M2
div + 1

2
C̃ (0)

D, base

¡
1 ¡

p
1 ¡ M 2

div

¢¤

M2
1

(2)

The elements of Eq. (2) are derived from Eq. (1) with modi� ca-
tions for compressibilityde� ned by the Karman–Tsien correction6

and rules of similarity for transonic � ow.7 The base drag model of

Fig. 8 Effect of viscous-forebody-drag coef� cient on base-pressure-drag coef� cient.

Eq. (2) is compared against measured LASRE base drag data in
Fig. 6. For such a simple model the agreement is reasonable. Also
presented in Fig. 8 are base-drag-reduction increments that would
be expected if the viscous forebody drag is increased by 25, 50, 75,
and 100%, respectively.

To predict effectiveness of the surface grit, calculations of the
increment in C (visc)

D,forebody were performed using the method in Refs. 8
and 9. For a smooth � at plate of length L , the averaged skin-friction
coef� cient is related to the Reynolds number according to the em-
pirical formula

c(smooth)
fL

¼
0.0740

[ReL ]
1
5

(3)

When the surface of the plate is roughened, skin friction increases
considerably.For a fully rough plate the empirical formula

c(rough)
fL

= [2.635 + 0.618 loge(L / ks)] ¡ 2.57 (4)

is a good approximation. Using Eqs. (3) and (4), the increment in
viscous forebody drag caused by added roughness is calculated as

D C (visc)
D,forebody =

£
c(rough)

fL
¡ c(smooth)

fL

¤
( Agrit / Abase) (5)

Based on an estimated range of surface roughness from approx-
imately 5.1 £ 10 ¡ 4 to 12.7 £ 10 ¡ 3 m, the calculated increase in
C (visc)

D,forebody ranges from 18 to 30% over the range of Mach and
Reynoldsnumber encounteredduring theLASRE � ights.Thus from
Fig. 8 theexpectedbase-pressure-dragreductionswouldbe between
0.017 and 0.029, approximately 8–14% total reduction. These re-
ductions are considerably larger than the minimum measurement
resolution capabilitiesdemonstrated in Fig. 5.

LASRE Drag-Reduction Experiment
In this experiment the boundary layer at the back end of the

LASRE model was modi� ed by increasing the forebody skin fric-
tion. Clearly, one of the most convenient methods of increasing the
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forebody skin drag is to add roughness to the surface. Other meth-
ods such as using vortex generators to energize the boundary layer
would probably work more effectively, but their intrusiveness into
the � ow precludes this method for application to the hypersonic
reentry vehicle problem. Bene� ts of using surface roughness are
nonintrusiveness,small weight penalty, mechanical simplicity, and
low cost. For the LASRE drag reduction experiment # 24 Silicon
Carbide grit was glued to the skin using spray-on adhesive, and the
surfacewas sealedusinga high-tensilestrength,heat resistant,white
enamel paint. The resulting surface, depictedclose up in Fig. 9, had
an equivalent sand-grain roughness that varied from approximately
5.1 £ 10 ¡ 4 to 12.7 £ 10 ¡ 3 m. In an attempt to avoid inducing addi-
tional � ow separationat the boat tail or along the forebody, only the
� at sides of the LASRE model were gritted. The gritted area, also

Fig. 9 Layout of the LASRE forebody grit.

Fig. 10 Flight results, effect of forebody grit on LASRE base drag.

depicted in Fig. 9, covered approximately 1
3 of the forebody wetted

area.

Flight Results
Unfortunately, the drag-reductionexperiment occurred so late in

the LASRE program that only one � ight test was conducted prior
to the cancellation of the program. Because of this circumstance,
it was not possible to verify the � ight-to-� ight repeatability of the
experiment.Several test maneuverswere obtainedduring this � ight,
however, and a Mach range from 0.6 to 1.45 was covered.The � ight
results verify the effectiveness of the surface roughness technique
for reducing base drag. Figure 10 shows the measured base-drag
reduction compared to the predicted base-drag reduction assum-
ing surface roughnessof (5.1 £ 10 ¡ 4 , 12.7 £ 10 ¡ 3 , 25.4 £ 10 ¡ 3) m,
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a) Pressure distribution along forebody

b) Side view of forebody showing pressure ports

Fig. 11 Comparison of the forebody-pressure distributions with and
without grit.

respectively. Pre� ight calculations showed that proposed surface
roughness modi� cations would result in base-drag reductions of
8–14%. The actual � ight results showed a peak base-dragreduction
of approximately 15%. The base-drag reduction also persisted well
out into the supersonic � ight regime. Because base drag of super-
sonic projectiles had never been previously correlated to viscous
forebody drag, the sizable supersonic base-drag reduction was a
signi� cant positive result.

Unfortunately, the overall drag of the con� guration was not re-
duced because the forebody grit modi� cations caused the forebody
pressures to rise. The forebodypressuresalong the top and cylindri-
cal sidesof the modelwith and without grit are comparedin Fig. 11a.
The port locations for the pressures being compared are shown in
Fig. 11b. These pressure data, obtained from � ight 46 (no grit) and
� ight 51 (with grit) at Mach 0.7, are plotted as a function of the
longitudinal distance aft of the nose tip. Notice that although the
pressure distribution along the model centerline was basically un-
changed, the pressures on the sides of the forebody are generally
higher for the grit-on data. When combined with added skin drag
caused by the surface roughness, the forebody pressure rise offsets
the bene� ts gained by the base-drag reduction.

Based on these results, it must be recognized that the increase
in forebody boundary-layer thickness resulting from the increased
forebodydrag will effect the forebodypressuredistribution.Clearly
the drag optimizationmust be modi� ed to includenot only the base-

Color reproductions courtesy of NASA Dryden Flight Research Center.

pressure-dragand viscous-forebody-drag coef� cients,but must also
include the forebody pressure distribution. It is likely that the rela-
tionshipof forebody-pressuredrag to viscous-forebodydrag will be
con� gurationdependent.Clearly,more work needs to be performed
before more de� nite conclusionscan reached. It is also clear, how-
ever, that for con� gurations where base drag is a dominating factor
the forebody grit method is a potentiallyuseful drag-reductiontool.

Summary and Conclusion
A drag-reduction experiment was conducted on the Linear

Aerospike/SR-71 Experiment. The � ight experiment performed
baseline drag measurements on a clean experiment con� guration.
These baseline measurements were used to establish the resolution
and accuracy of the measurement systems. Pre� ight calculations
showed that the proposed surface roughness modi� cations would
result in base-drag reductions of 8–14%, well within the resolution
and accuracy limits of the measurements con� guration.

Flight results veri� ed the effectiveness of the surface roughness
techniquefor reducingbase drag.The peak base-dragreductionwas
approximately 15%. The base-drag reduction also persisted well
out into the supersonic � ight regime. Because base-drag reduction
of supersonic projectiles had never been previously correlated to
increased viscous forebody drag, the sizable supersonic base-drag
reduction was a signi� cant result.

Unfortunately, � ight test results for rough-surface con� guration
did not demonstrate an overall net drag reduction. The surface grit
caused a rise in forebody pressures. Coupled with increased fore-
body skin drag, the forebody-pressurerise offsetsbene� ts gainedby
base-dragreduction.Clearly the dragoptimizationmust be modi� ed
to include not only the base-pressure-drag and viscous-forebody-
drag coef� cients, but must also include the forebody-pressuredis-
tribution.Even though the drag-reductionexperimentdid not reduce
the total vehicle drag, it is clear that, with some re� nement, the fore-
body grit method provides a promising and useful drag-reduction
tool.
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