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Comparison of Missile Flight-Test Drag with
Aerodynamic Predictions

Donald W. Eastman*
The Boeing Company, Seattle, Washington 98124

Drag data from flight tests of a slender missile are compared with predictions at Mach numbers from 0.9 to 2.9,
for angles of attack from 0 to 18 deg. Flight-test data for unpowered flight compares well with predictions at tran-
sonic speeds and is about 5% less than predictions at supersonic speeds. Methods used to predict drag and rea-
sons for differences between the flight test and predicted drag are discussed.

Nomenclature
^ref = reference area, 1.485 ft2

Avet = wetted area, ft2

CA = axial force coefficient
CP = pressure coefficient
h = altitude, ft
L = length for Reynolds number (full scale), 20.0 ft for

body, 0.83 ft for tail fins
M = freestream Mach number
Re = Reynolds number based on length L
Re/L — Reynolds number per ft
a = angle of attack, deg
§£ = tail elevator angle, deg
^elevator = tail elevator angle, deg

Introduction

CURRENT drag prediction methods for air vehicles are based
on a combination of scale model test data, analysis, and

semi-empirical data. Recently, two flight tests of a missile were
completed, which provide data for evaluating these methods. The
missile, shown in Figs. 1 and 2, had four controlled wrap-around
tail fins and an integral solid propellant booster. References 1 and
2 are earlier papers that present data on the evolving missile con-
figuration.

Data presented here are in the body axis system, so that the term
axial force instead of drag should properly be used. However,
since these words are often interchanged, we often refer to drag
instead of axial force.

Flight-Test Data
The two flight-test vehicles were designated FTV-1 and FTV-2.

Each vehicle was boosted to approximately Mach 3.0 and then
decelerated along the trajectories shown in Fig. 3. The FTVs flew
at a constant heading, so that maneuvers in the lateral direction
were minimal. Tails were in the X position, and all four fins were
deflected together to control pitch, yaw, and roll.

Sounding balloons were launched about 30 min before each
flight to measure atmospheric properties. Air properties coincided
with the U.S. Standard Atmosphere. Wind measurements are
shown in Fig. 4.

Atmospheric properties, weights, and onboard inertial measure-
ment unit data, substantiated by ground tracking, were used to cal-
culate the drag coefficients shown in Figs. 5-7. When these coeffi-
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cients were input for six-degree-of-freedom trajectory simulations,
the simulations closely matched the flight-test trajectories. This
indicated that the drag data were compatible with the measured
trajectories.

Drag measurements for the two flights were consistent as shown
in Figs. 5-7. These flights had different trajectories with one into a
head wind and the other into a tail wind. Drag data near Mach 2.0,
which were measured over a wide range of altitude and wind con-
ditions, had little scatter as shown in Fig. 5. Therefore, confidence
in the accuracy of the FTV drag data was good.

Wmd-T\innel Tests
Tests were conducted on a 1/6 scale model of the configuration

shown in Fig. 1 in the CALSPAN Transonic and the LTV high-
speed wind tunnels, at the conditions shown in Table 1.

The model was sting mounted, except for the base drag model
discussed later. Boundary-layer trips were installed on the body, 1
in. from the nose, and on each tail fin, 0.5 in. from the leading
edge. The body was smooth and did not have the excrescences or
raceway shown in Fig. 2.

The maximum drag measurement error of the balance was 1.3%
at supersonic speeds, whereas the maximum error in test section
dynamic pressure was 1%. Accuracy of the drag measurements,
except base drag, was partially substantiated by comparing them
with measurements on earlier models. For example, results from
Ref. 1, when adjusted for configuration and test condition differ-
ences, were consistent with the data presented here. Also body-
alone measurements compared well with analytical predictions at
supersonic speeds as shown in Fig. 8.

Drag Prediction Methods
Because predicted drag is obtained by adding several drag com-

ponents, a knowledge of each component is necessary to evaluate
the prediction methods.

Body-Alone Drag
For body-alone wind-tunnel tests and analyses, the cylindrical

body was extended to the base of the model to simulate the tail fins
being folded. Pressure drag on the body at supersonic speeds was
predicted using a method of characteristics computer program
(MOCHA). This program numerically solves the exact inviscid
equations of motion, and its accuracy has been validated by com-
parison with experimental data. The subsonic flow region around
the hemispherical nose was calculated using an inverse method
computer program.

Completely turbulent flow was assumed to occur on the 1/6
scale body due to boundary-layer trips and on the FTVs due to the
excrescences near the nose. A turbulent boundary-layer program,
which is coupled with MOCHA, was used to calculate skin friction
drag at supersonic speeds. The method of Spalding and Chi,3
which assumes a flat plate without pressure and wall temperature
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Fig. 4 Wind-speed measurements. Fig. 6 Comparison of FTV-2 and predicted axial force.

gradients, was used to calculate local skin friction. An insulated
wall was assumed for all calculations. These skin friction data
were compared with flat plate drag calculated using the following
Prandtl-Schlichting equation:

CD = 0.455 (1)

Because the two results were nearly equal, Eq. (1) was used to pre-
dict turbulent skin friction drag. The sum of pressure drag from
MOCHA and skin friction drag from this equation compare well
with wind tunnel data as shown in Fig. 8.

FTV pressure drag at transonic speeds was predicted by sub-
tracting skin friction drag, calculated using Eq. (1), from the 1/6

scale model drag shown in Fig. 8. Skin friction drag for the FTVs
was calculated using Eq. (1) and the Reynolds numbers for the tra-
jectories shown in Fig. 3.

Tail Installation Drag
After testing the 1/6 scale body alone, the fairing that simulated

the folded tail fins was removed and the four tail fins were installed
to obtain the tail installation drag shown in Fig. 9. The drag differ-
ence between this configuration and the body alone represents the
sum of 1) drag on the fins, 2) base drag on the body step just ahead
of the fins, and 3) changes in body drag aft of the step.

Base pressure on the step was measured on the 1/6 scale model
with the fins removed and used to calculate the step base drag
shown in Fig. 9. Data by Tanner4 indicate that the difference
between wind-tunnel and FTV Reynolds numbers has a negligible
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of attack.

effect on this pressure. Therefore, the same step drag increment
was assumed to act on the FTVs.

Boundary-layer trips installed on the 1/6 scale model tail fins at
30% chord insured turbulent flow over 70% of the fin area. To be
conservative, it was assumed that flow over the model fins was
entirely turbulent. Fin skin friction drag, calculated using Eq. (1),
is shown in Fig. 9.

For the FTVs it was assumed that flow on the tail fins was com-
pletely laminar, since their surface had a smooth finish and the fin
Reynolds number was usually less than 5X106. Laminar skin fric-
tion drag was calculated using

= 1.33(A (2)

Only adjustments to account for differences in skin friction drag
were made to the tail installation drag shown in Fig. 9.

Excrescence Drag
Prediction of excrescence drag was approximate since 1) the

prediction was made before the detailed excrescences were known,
and 2) fabrication tolerances for the flight test vehicles were differ-
ent from those of production vehicles. Excrescence drag was
assumed to be 3% of the pressure and skin friction drag (excluding
base drag) at 0-deg angle of attack. This value was consistent with
that used on similar Boeing missiles.

Base Drag
The 1/6 scale model was strut mounted and tested in the LTV

tunnel to measure base pressure.2 Measurements at two supersonic
speeds are shown in Fig. 10. Adjustments to base drag to account
for differences between scale model and FTV Reynolds numbers
were not made because Ref. 5 indicated that they were negligible.

Trim Drag
The axial force increment for trim shown in Fig. 11 was

obtained from 1/6 scale model tests and accounts for changes in 1)
body pressure and skin friction drag due to angle of attack, and 2)
tail installation drag due to angle of attack and elevator angle. No
adjustments were made to account for differences between model
and FTV Reynolds numbers. (The effect of angle of attack and ele-
vator angle on base drag was included in the base drag prediction.)

Elevator angles required to trim are shown in Fig. 12. These
angles, measured on the 1/6 scale model, compared well with FTV
measurements.

Total Predicted Drag
Predicted drag components for FTV-1, at wind-tunnel test Mach

numbers of 1.8 and 2.50, are tabulated in Fig. 13. Similar tabula-
tions were used to develop the prediction curves in Figs. 5-7,
where wind-tunnel data were faired between test Mach numbers.

Discussion of Results
Predicted drag was about 5% larger than flight-test data as

shown in Figs. 5—7. Body pressure drag accounts for about 37% of
the total drag at supersonic speeds, as shown in Fig. 13. Because
this drag was calculated using the method of characteristics, the
body pressure drag estimate is probably accurate. If so, the differ-
ence between the remaining predicted drag components and flight-
test data is about 8% at supersonic speeds. Because of confidence
in the accuracy of both the flight-test data and wind-tunnel mea-
surements, this difference was not dismissed as being due to mea-
surement error. Since several assumptions were made when adjust-
ing wind-tunnel data to full-scale predictions, the impact of these
assumptions on predicted drag was investigated.

Skin Friction Drag
Skin friction drag on the body accounts for about 20% of the

total drag at supersonic speeds. Equation (1) was used to predict
body skin friction drag because its results compared closely with
those calculated using the method of Spalding and Chi. Their
method, when compared with much experimental data, had a root-
mean-square error of 10%,3 which is equivalent to about 2% of the
FTV drag. Although the method of Spaulding and Chi assumes
that there is no pressure gradient, Wazzan and Ball6 show that the
effects of moderate pressure gradients on skin friction drag are
small for turbulent flow.

When calculating skin friction drag, it was assumed that the
boundary layer over the FTV body was completely turbulent.
However, the favorable pressure gradient (dp/6x<0) along the
nose may have delayed transition in spite of the excrescences
shown in Fig. 2. If a transition Reynolds number of 107 is
assumed, which is optimistic, drag is reduced about 1.5% at super-
sonic speeds.

Another source of error in skin friction calculations is related to
wall temperature. Equation (1) is applicable when the boundary-
layer recovery temperature is equal to the body wall temperature.
This probably occurred on the forebody where the temperature of
the thin aluminum shell quickly reacted to changes in recovery
temperature. Conversely, the booster wall temperature increased
after burnout because of heat transfer from within the booster. Dur-
ing static test firings, the wall temperature at burnout was about
580°R and increased at the rate of 0.7 deg/s. thereafter. Using these
data, the predicted booster wall temperature for the FTVs varied
from about 60 to 125% of the recovery temperature during super-
sonic flight. FTV drag would be reduced about 1% if the booster
wall temperature was 125% of the recovery value.

Table 1 Test conditions for the 1/6 scale model
Reynolds no./ft/106

Mach no.
0.6
0.9
1.05
1.09
1.2
1.33
1.8
2.5
4.0

LTV
5.3
6.6
—
7.1
—
7.6
6.4
7.5
13.5

CALSPAN
3.9
2.9
2.5
—
2.4
—
—
—
—
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Excrescence Drag
Although no firm basis exists for the 3% excrescence drag esti-

mate, it was felt that this value was a reasonable estimate.

Base Drag
Base drag accounts for about 25% of the total drag at supersonic

speeds. Wind-tunnel base pressure measurements in Fig. 10 agreed
well with other experimental data,2 yet a 20% error in these mea-
surements could account for the difference between FTV and pre-
dicted drag. A pressure transducer was installed on each FTV to
measure base pressure. Unfortunately, the electrical cables failed
due to heating near the end of boost for both flights.

"Outgassing," which reduces base drag, occurs when motor
insulation burns after the propellant is consumed. This probably
caused the low drag near Mach 3.0 in Fig. 5, which was measured
soon after motor burnout. Results in Ref. 7 indicate that outgassing
at rates up to 0.21 Ib/s would account for differences between pre-
dicted and FTV drag at Mach 1.8. This rate was possible for the
FTV motor. However, to obtain the good correlation of FTV drag
near Mach 2.0 in Fig. 5* outgassing would have needed to increase
from 0.03 to 0.21 Ib/s as time increased and altitude decreased.

The effect of flow differences on the FTV and scale model after-
bodies was also considered. Pressure measurements on the step
and base of the 1/6 scale model body are compared in Fig. 14. At
Mach numbers of 1.8 and above, 1) the step pressure is equal to the
base pressure, and 2) base pressure is not affected by removing the
step. Therefore, the flows around the back of the model were prob-
ably merged into a single region as sketched in Fig. 15a. If the flow
boundary on the FTVs moved closer to the body, as hypothesized
in Fig. 15b, the resulting flow would be equivalent to that around a
4-deg conical boattail. The effect of boattail angle on drag of pro-
jectiles at Mach 1.70 is shown in Fig. 16.8 Results indicate that if
afterbody flow on the FTVs had formed a 4-deg quasiboat-tail
angle, drag would have been reduced enough to account for the
difference between flight-test data and predictions.

Component

Body pressure drag (a = 0)

Tail installation pressure drag (a = 0)

Skin friction drag
h = 22,000 feet at M = 1.80
h = 51 , 000 feet at M = 2.50

Body skin friction

Tail skin friction

Subtotal
3% of subtotal excrescence drag penalty

Trim conditions
a = 3°,8E=-1.6atM = 1.80
a = 3.5°, 8E = 0 at M = 2.50
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Total predicted axial force
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Method of characteristics,
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Fig. 13 Predicted axial force for FTV-1 at Mach 1.8 and 2.5.
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Conclusions
Reasons that predicted drag at supersonic speeds was about 5%

greater than flight-test measurements are unknown. Because of
confidence in the accuracy of the flight-test and wind-tunnel data,
it was not attributed to measurement error. Inaccuracies in meth-
ods used to predict skin friction and excrescence drag may have
caused some of the difference. Also, wind-tunnel base pressure
measurements may not have represented FTV base drag. Consid-
ering that base drag accounts for about 25% of the total drag, lit-
tle is known about the combined effects of outgassing, angle of
attack, fin deflection, geometry, and Reynolds number ori this key
drag component.
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