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The aerodynamic coefficients for a slender missile with wrap-around fins have been measured over a Mach
number range froam 0.3 to 3.03 in a wind-tunnel test program. The configuration variables included the fin
geometry, the nose configuration, and the afterbody geometry. The data from the wind-tunnel tests, sup-
plemented by data from a water-table flow simulation and by flight-test measurements indicate the cavity
housing had a significant effect on the drag force acting on the rocket. The cavity configuration was modified
between flight-test programs in order to produce an “‘open’’ cavity for the flow in this region. The increased
range observed during the flight tests indicated that substantial reductions in the aerodynamic drag were

achieved through the cavity modification.

Nomenclature

Co,, =coefficient for incremental drag force due to
presence of a cavity

Cp 0 =drag coefficient at zero lift (without the base drag
contribution)

C M, =pitching moment coefficient derivative with
respect to o

Cy =normal force coefficient

Cn, =normal force coefficent derivative with respect to
«

d = (external) diameter of the missile

d; = diameter of the cavity floor

H =height (or depth) of the cavity

L =length of the cavity

M, = freestream Mach number

Pr =static pressure on the forward-facing step

P =static pressure on the leeward-facing step

Po = freestream static pressure

X = axial location of the center of gravity

- = axial location of the center of pressure
o =angle of attack
¥ = specific heat ratio
Introduction

SATURATION field-rocket system wusing a self-
propelled multitube launcher has recently been designed
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and developed. The system’s ammunition is a free rocket with
a caliber of 122 mm boosted by a double-base solid-propellant
motor. Several warhead models, different operational pur-
poses, and different external geometries and weights have
been developed based on the results of the system’s analysis.
The rocket’s nominal maximum range is 25 km. For the
rocket’s aerodynamic stabilization during flight, a wrap-
around fin configuration has been chosen because of its
simplicity and reliability. Such fins can be retracted when the
rocket is in the launch tube and are deployed after clearing the
tube to provide aerodynamic control. When a first rocket
configuration already had been flown successfully, alterations
in the system requirements were imposed to increase both the
rocket and the motor length. A concurrent redesign of the fins
was necessary to maintain the stability of the rocket in flight.
For tube-launched rockets that use wrap-around fins, the
designer is faced with the need for increased fin area while
constrained by a limit on the fin span. The designers had to
conduct trade studies involving the chord length, the plan-
form, and the location of the fins. Moreover, changes in the
fin design require corresponding changes in the design of the
cavity in which the wrap-around fins are housed while the
rocket is in the launch tube.

Numerous experimental investigations!® have been con-
ducted to determine the aerodynamic characteristic of slender
missiles with wrap-around fins. Although some of the studies
included configurations that had a rearward-facing step
(formed by concentric cylinders of different diameter)®3¢ and
another had a boattail configuration,® information about the
effect of a cavity housing on the aerodynamic coefficients was
lacking. ,

Data from wind-tunnel tests, water-table tests, and flight
tests are presented in this paper. These data are compared
with computed solutions using a state-of-the-art design code.
The aerodynamic coefficients for a slender missile with wrap-
around fins were measured over a Mach number range from
0.3 to 3.03 at the National Lucht- en Ruimtevaart
Laboratorium in Amsterdam. The configuration variables
included in the fin geometry, the nose configuration, and the
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afterbody geometry. Since the geometry of the cavity housing
the wrap-around fins has an important effect on the drag, the
cavity geometry also was a parameter of the flight-test
program. The cavity configuration was modified between
flight-test programs in order to produce both an ‘“‘open’
cavity as well as a ““closed’’ cavity for the flow in this region.
The profile of the cavity had been defined through the water-
table flow simulation. The increased range observed during
the flight tests indicated that substantial reductions in the
aerodynamic drag were achieved through the cavity
modification.

Experimental Program

The experimental program included wind-tunnel tests,
water-table tests, and flight tests. A brief description of each
of these tests follows.

Wind-Tunnel Tests

Aerodynamic coefficients were obtained  over a Mach
number range from 0.3 to 3.03 in a wind-tunnel test program
conducted at the National Lucht- en Ruimtevaart
Laboratorium in the Netherlands. The Reynolds number
varied from 0.67x10% to 3.28x105. The configuration
variables included the fin geometry, the nose configuration,
and the afterbody geometry.

Facilities

The test program made use both of the Transonic Wind
Tunnel (HST) and the Supersonic Wind Tunnel (SST). The
HST is a variable-density closed-circuit wind tunnel having a
test section that is 1.6 X2.0 m and a speed range up to Mach
1.37. The Reynolds number can be varied by changing the
stagnation pressure from 12 up to 390 kPa. The SST is a blow-
down wind tunnel having a test section that is 1.2 x 1.2 m. The
two-dimensional, flexible plate nozzle can be set at discrete
positions to provide a range of Mach number. The settling
chamber pressure can be chosen between 12 to 1470 kPa,
depending on the desired Mach-number/Reynolds-number
test condition.

Models

The wind-tunnel models of interest to this paper were one-
half scale models of the 122-mm field rocket. As noted, the
configuration variables included: the afterbody geometry
(AB), the nose geometry (N), and the fin geometry (). The
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Fig. 1 Sketches of wind-tunnel models (dimensions in millimeters);
a) AB; N, F,, b) sketch of cavity (4B,), and c) fin geometries.
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configurations for which data are presented in this report are
as follows.

1) The afterbody geometry: data were obtained on a finless
missile both with and without a cavity. The smooth af-
terbody, i.e., the configuration not having a cavity, is
designated AB,. AB, designates the afterbody configuration
having a cavity. A detailed sketch of the cavity is included in
Fig. 1. All of the finned models had the cavity. For purposes
of analysis, the length-to-depth ratio of the cavity was
assumed to be 6.

2) The nose geometry: N, designates the nose geometry that
was used in the body only (i.e., the finless configuration)
tests. N, was 2.93-calibers long. N, designates the nose
geometry that was used for the finned missiles. A sketch of
the N, nose, which was 3.82-calibers long, is presented in Fig.
1.

3) The fin geometry: data are presented for only two of the
fins in this paper, a rectangular fin (F,) and a trapezoidal fin
(F;). Both fins have the same root chord and span. The
leading edge of the trapezoidal fin is swept 30 deg. A sketch of
a complete configuration, the AB;N,F,, is presented in Fig.
1. A photograph of the model in the wind tunnel is presented
as Fig. 2. For more information about the wind-tunnel tests,
the reader is referred to Ref. 9.

Water-Table Tests

When the length and configuration of the cavity housing
were changed to accommodate the longer fins, used with the
longer motor, increased drag was observed because the cavity
was closed. An investigation of the effect of the cavity
geometry on the local flow pattern was conducted using a
water table at the Laboratorio di Fluidodinamica at
Colleferro. Sketches of the three cavity geometries for which
data are presented in this paper appear in Fig. 3. The
geometries represent Fig. 3a the short cavity associated with
the original motor/fin design, Fig. 3b the long, sloping cavity
associated with the initial fin redesign for the lengthened
motor, and Fig. 3¢ the ‘‘improved,” long-cavity design,
intended to provide open cavity flow with the lengthened
motor. For additional information about the water-table
tests, the reader is referred to Ref. 10.

Flight Tests

Several flight-test programs have been conducted at a range
in Sardinia. The rockets have been launched one at a time and
in the ripple mode. The configuration variables include the
nose geometry, the motor length, the propellant weight, the
fin geometry, and the cavity configuraion. Sketches of
representative rocket configurations from the flight-test
program are presented in Fig. 4. The configurations are in
Fig. 4a a short-motor, short-nozzle configuration with the
original cavity and small trapezoidal fins; Fig. 4b a long
motor, long-nozzle configuration with the long, sloping cavity
and rectangular fins; and Fig. 4c a long-motor, long-nozzle
configuration with the “‘improved,”” long-cavity design and

Fig. 2 Photograph of wrap-around fin model in the wind tunnel.
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rectangular fins. The root chord of the fins for configurations
b and ¢ was 110 mm, while that for configuration a was 88
mm. The ten trajectories presented in this paper are for the
same warhead (weight and geometry).

Computed Aerodynamics

A numerical code has been written for the Cyber 175
computer to compute the aecrodynamic coefficients based on
state-of-the-art engineering correlations. The basic code
followed closely that described in Refs. 11 and 12. Thus, for
the body alone, the nose wave drag and the boattail wave drag
are computed for supersonic flow using second-order van
Dyke relations. The inviscid lift, the pitching moment, and
the wave drag of the wing-, the tail- and/or the canard-
surfaces are computed using linear theory. Wing/body in-
terference and most of the dynamic coefficients are based on
empirical correlations. The skin-friction drag (both for the
body and for the wing/canard surfaces) is based on the van
Driest relations. The ““base drag’” for the body and for the
trailing-edge separation from the wings is based on empirical
information. The original code is well documented.!":!2 The
reader is referred to these references for more information
about the correlations used.

There are significant differences between the present code
and that described in Refs. 11 and 12. Several of them relate
to the curve-fit procedures and numerical techniques and will
not be described here. Two changes worth noting are 1)
changes to the empirical input to the transonic wave drag on
the nose and 2) the addition of a subroutine to calculate the
incremental drag due to the presence of a cavity.

The original empirical input for the axial force coefficient
due to the transonic wave drag on the nose were replaced by
experimental values taken from the literature. 314

The incremental drag due to the presence of a cavity is
calculated assuming that the axial cross section of the cavity is
rectangular. The incremental drag is calculated using the
relation

2 Pr Py @
Coan = 022 [(z - ;;) (" 217)]

Experimental values taken from the literature!>!¢ were used
to develop tabular correlations for the pressure on the
downstream-facing step (p;/p.) and that on the forward-
facing (recompression) step (Pg/Po)-

The trajectories were computed using a six degree-of-
freedom code, described in Ref. 17.

Discussion of Results

An extensive experimental investigation of the aerodynamic
performance of a 122-mm rocket system has been conducted
using the results from wind-tunnel tests, from water-table
tests, and from flight tests. The data from these programs
have been analyzed using state-of-the-art computer codes.

a)

c) N\ R

'Zlg 3 Sketches of cavity geometries for water-table tests: a) short
"y (original design), b) long, sloping cavity (closed flow), and ¢)
soved’’ long cavity design.
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Flowfield Based on Model Tests
Effect of the Cavity

As noted in the Introduction, increased thrust requirements
were achieved by increasing the motor length. In the
corresponding design modifications, the root chord of the
wrap-around fins and the length of the cavity in which they
were housed were increased. As a result, the flow in the fin-
housing cavity evidently was closed, as indictated by the
reduced range obtained during the flight tests. Data from the
wind-tunnel tests and from the water-table tests indicate that
the cavity-induced drag can represent a considerable con-
tribution to the total drag force on the missile.

Zero angle-of-attack drag coefficients for a finless missile
both with (AB,N;) and without a cavity (AB,N,) are
presented in Fig. 5. As noted in the Nomenclature, the base-
drag component has been subtracted from the drag coef-
ficients. Recall that AB, denotes the afterbody geometry that
contains the cavity. Wind-tunnel values of Cp, o-are presented
over a Mach number range from 0.3 to 1.35. The ex-
perimentally determined values of Cp, , are compared with the
computed values. The correlation between the experimental
values and the computed values is considered good, except

i » J@D
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Fig. 4 Sketches of rocket configurations (dimensions in millimeters):
a) configuration A, b) configuration B, and ¢) configuration C.
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Fig. 5 The effect of the cavity on the zero angle-of-attack drag
coefficient for a finless missile.



MARCH-APRIL 1983

when the freestream Mach number is very near one. A
principal contributor to the differences between the computed
drag coefficients and those measured at sonic speeds is at-
tributed to differences between the empirical correlations for
the forebody pressure drag used in the computer code and the
actual values. Recall (as was noted in the section on Com-
puted Aerodynamics) that the empirical data used to compute
the forebody wave drag at transonic speeds was improved. 314
Nevertheless, there still exists a need for better correlations at
sonic speeds.

The differences between the drag measurements for the two
configurations indicate that the cavity-induced drag was
essentially constant (at a value of 0.04) for Mach numbers
from 0.6 to 1.35. Although the computed value for the cavity-
induced increment to the drag coefficient (i.e., 0.054) is
slightly greater than the experimental value, the results from
the literature!> used in the cavity-related correlations clearly
indicate that the cavity is open for these conditions. That the
cavity flow is open is verified by the schlieren photograph
from the wind-tunnel tests that is presented in Fig. 6. Note
that the flow clearly passes over the cavity. There are,
however, two weak shock waves in the cavity region. The one
upstream of the cavity is caused by the presence of a slight
ramp (see the sketch in Fig. 1). The second is the recom-
pression shock wave at the forward-facing surface of the
cavity.

Even though the cavity is relatively short (i.e., L =6H), the
cavity-induced drag is a significant fraction of the total drag.
Thus, a cavity that would be sufficiently long so that the flow
in the cavity is closed would produce even more drag and,
therefore, have a significant effect on the range. To determine
the appropriate geometry for the missile fin housing, cavity
flows were studied using water-table simulations. Three cavity
geometries were tested: a) a short cavity (L =6H), similar to
that of the wind-tunnel model; b) a long, sloping cavity,
similar to that of the flight configuration which exhibited
reduced range; and c¢) the modified design (L =7.2H), which is
used on the redesigned missile.

Photographs of the water-table simulations of the cavity
flow for a Mach number of 2 are presented in Fig. 7. Note
that the cavity is open both for cavity a and for cavity c. This
is consistent ‘with wind-tunnel measurements reported by
Charwat et al.!'® Charwat et al. observed that the length-to-
depth ratio of the cavity should be greater than ten in order
for the cavity to be closed. Note also that a ‘‘shock wave’’ is
evident at the recompression face for these two cavities. The
cavity flow is closed for the long cavity with the gradually
sloping recompression surface, i.e., cavity b, as indicated by
the water-table simulation of Fig. 7b. Thus, the photographs
of Fig. 7 indicate that the water-table flows are similar to
those obtained in the wind tunnel.

Using the normalized height of the free surface of the water
as a measure of the local pressure, one finds that the pressure
variation in the two open cavities is relatively small. The

Fig. 6 Schlieren photograph ilill.‘slrat‘ing ca?ityvflloﬂvvv or
a=0deg, M, =2.77.
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pressure is slightly greater at the recompression surface.
However, large pressure variations occur in the long, sloping
cavity. The pressure is very low at the rearward-facing step as
well as slightly greater on the recompression surface. Thus,
the water-tablé ‘‘pressures’’ are also consistent with the data
from other phases of the test program, since the missile with
the long, sloping cavity exhibited reduced range in the flight
tests.

Aerodynamics of the Missiles with Fins

The zero angle-of-attack drag coefficients for a missile with
rectangular fins (4B, N,F,) and for one with trapezoidal fins
(AB;N,F;) are presented in Fig. 8. Wind-tunnel data are
presented for Mach numbers from 0.3 to 3.03. Also included
in this figure are computed values for the drag coefficients. As
indicated in the legend, the computed values for C, for the
missile with trapezoidal fins represent three variations for the
flow model. The solid line represents the basic flow model and
includes contributions to the drag due to the forebody
pressure, the body skin-friction, and fin-related contributions
due to wave drag, skin-friction drag, and fin-separation drag.
For the basic flow model, the fin-related drag components are
based on the projected planform of the fins. However,
because. wrap-around fins are a circular-arc surface, they
present a greater frontal area and surface area to the on-
coming flow. Thus, Dahlke® suggests that the calculations of
the fin-related drag should be increased by the ratio of the
frontal-fin area to the projected-fin area. Thus, the values of
Cp computed using the frontal-fin area are also presented in
Fig. 8. The third set of computations (as indicated by the
dotted line) includes the cavity drag. It should be noted that
the cavity drag calculations do not account for the effect of
the fin mountings on the flow in the cavity. The correlation
between the measured values of Cp,) for AB,N,F; and the
computed values is considered very good.

Computed values of Cy, for the basic flow model are also
presented for the wind-tunnel configuration with rectangular

a)

b)

c)
Fig. 7 A comparison of the cavity flows from the water-table tests,
simulated M_, =2: a) short cavity (original design), b) long, sioping
cavity (closed flow), and ¢) ‘‘improved’’ long cavity design.
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Fig. 8 - Zero angle-of-attack drag coefficient for missiles with fins.
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Fig. 9 Normal force coefficient derivative for missiles with fins.

fins. The values computed for the rectangular-fin con-
figuration are slightly greater than those for the missile with
the trapezoidal fin. The experimental values were also slightly
greater for the rectangular-fin configuration.

The experimentally determined values of C, for the two
configurations are compared in Fig. 9 with the computed
values. Experimental values are presented for Mach numbers
from 0.9 to 3.03. Theoretical values are presented for Mach
numbers of 1.2 or greater. The corresponding comparison for
the center-of-pressure location is presented in Fig. 10. The
normal-force coefficients and the pitching-moment coef-
ficients are computed using planar-fin relations and the
projected planform of the fins. Correlations presented in the
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Fig. 10 Center-of-pressure locations for missiles with fins.

Fig. 11 Schlieren photograph illustrating flow
deg, M, =2.77.

literature!® indicate that the basic lifting characteristics of
wrap-around fins are essentially the same as those for flat fins
at angles of attack less than 6 deg.

The experimental values of Cy are typically 78% of the
computed values for these supersonic flows. However, the
experimentally. determined center-of-pressure locations are
further aft than the computed locations. The differences
between experiment and computation are believed to be the
result of viscous effects that are not incorporated into the
computer flow model. Recall that the boundary layer for this
long, slender missile is relatively thick, as can be seen by
referring to the schlieren photograph of the body at zero angle
of attack that is presented in Fig. 6. A schlieren photograph of
the missile with rectangular fins (AB,N,F,) at «=5 degin.a
Mach 2.77 stream is presented in Fig. 11. The trace of the edge
of the viscous region breaks away from the lee side of the
missile at x>11d. This suggests the presence of a free vortex
layer type of separation.!® The assumed flowfield contains
helical (body) vortices with the separation of the cir-
cumferential flow component. These body vortices generate
vortex lift in the aft region, moving x., aft. The flow still
maintains a strong axial component. The presence of shock
waves originating at the ramp and from the fin surfaces in the
leeward region support the concept of a strong axial flow in
this region. Note that Oberkampf and Bartel!® state that the
separation pattern is affected by long body lengths as well as
angle of attack. Recall that the wind-tunnel model was ap-
proximately 19-calibers long. Thus, the body vortices exist
even though the angle of attack is relatively low, i.e., 5 deg.

The fact that the experimentally determined locations of x,
are further aft than the computed locations whereas the ex-
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Fig. 12 Pitching moment coefficient derivative for missiles with fins.
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Fig. 13 A comparison of trajectories (from seven flight tests) for

rockets with short motors, elevation of 48 deg, and short trapezoidal’

fins (open symbols represent data, --- computed) or long rectangular
fins with a long ‘‘closed’’ cavity (closed symbols represent data, —
computed).
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Fig. 14 A comparison of trajectories (from three flight tests) for
rockets with long motors and long rectangular fins (filled symbols
represent long ‘‘closed’’ cavity, 55 deg elevation; open symbols
represent long ‘‘open’’ cavity, 50 deg elevation).

perimental values of CN are less than the computed values
suggests that the fins aré not a dominant contributor to the
discrepancy. Note that the computed contribution of the
missile-body alone to CNa is roughly constant over the Mach
number range. The fraction of C, due to the body alone
increases with Mach number until it is more than one-half
when the Mach number is 2.18. Because the experimentally
determined center of pressure is further aft than predicted,
whereas the measured normal force is less than the computed
value, discrepancies between the computed body force and the
actual value are believed to be the principal source of the
differences apparent in Figs. 9 and 10.
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The measured values of C,, with respect to the center of
gravity (x , =6.667d) are compared with the computed values
in Fig. 12. Note that the differences between experiment and
computation for Cy, and for x_,/d compensate each other.
As a result, the experimental values of CM and the computed
values are in excellent agreement.

The comparisons presented in this section clearly indicate
that the computed aerodynamic coefficients are in reasonable
agreement with the wind-tunnel measurements and with the
water-table results. Furthermore, for the configurations
tested, there was relatively little difference between the
aerodynamic drag for missiles with rectangular fins and that
for missiles with trapezoidal fins. The presence of the cavity
housing the wrap-around fins did have a significant effect on
the missile performance.

Having established that the computed aerodynamic
coefficients are of engineering accuracy for these con-
figurations, the computer code was used to generate the
aerodynamic coefficients for the flight configurations. These
coefficients were then used as input for a numerical routine to
calculate the trajectories of the missiles.

Flight-Test Results

In conducting the initial design study for the 122-mm field-
rocket system, the performance of trapezoidal fins was
compared with that of rectangular fins. If the rocket flies at
relatively high supersonic speeds and if the aerodynamic
stability is marginal, rectangular fins are preferable. A
negative consequence -of using rectangular fins is increased
drag at transonic speeds. Since this rocket flies at transonic
speeds for most of the ballistic trajectory and since there was a
sufficient margin of stability for the initial design, a
trapezoidal planform was originally selected for the fins, see
Fig. 4a. Trajectories from the flight tests of the initial design
are presented as the open symbols of Fig. 13.

Due to new operational requirements, the motor length had
to be increased. Rectangular fins of increased chord were
chosen for the modified configuration. Since the size of the
housing machined in the nozzle profile is related to the overall
fin dimensions, the cavity length was increased to ac-
commodate the longer fins. The initial design for the cavity
housing these long rectangular fins is shown in Figs. 3b and
4b. Recall that the water-table tests indicate that the cavity
flow is closed for this design. Trajectories for a missile with a
short motor but with the long rectangular fins and the long
“‘closed’” cavity are presented as the filled symbols of Fig. 13.

Included for comparison are the trajectories computed at
the University of Texas at Austin for the two configurations.
Since the fin planform had a relatively small effect on the drag
coefficients, the principal difference in the input values of the
aerodynamic drag coefficients is due to the differences in the
cavity geometry. The differences between the computed
trajectories and the actual flight trajectories are attributed to
minor differences between the assumed thrust history and the
actual thrust history and between the estimated values and the
actual values for the transonic drag of the missile. Never-
theless, both the computed trajectories and those obtained
from the flight tests indicate that the configuration with the

relatively long, “‘closed’ cavity has a significantly shorter

range. The significance of cavity drag is thus demonstrated by
the wind-tunnel measurements, by the water-table results, and
by the flight trajectories.

Using the results of the model studies discussed earlier in -
this paper, the cavity was redesigned. That is, the cavity was
shortened so that it would have ““open’’ flow but remained
sufficiently long to house the long rectangular fins. The
resultant L/H ratio was approximately 7.2, see Figs. 3¢ and
4c. The flight trajectories for two missile configurations with
a long nozzle that housed long rectangular fins are compared
in Fig. 14. (Note that there were differences in the initial
elevation angle, as indicated in the legend.) The range of the
missiles with long ‘‘closed”’ cavities is significantly less than
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that of the missiles with long “‘open’’ cavities. Again, the
cavity design has a significant effect on the range. However, it
is clear that one can design a cavity that can house relatively
long rectangular fins for a ong motor configuration without
sacrificing range. To do this, the cavity design should be such
that the cavity flow is open.

Concluding Remarks

Data from wind-tunnel tests, water-table tests, and flight
tests are presented for a long slender rocket with wrap-around
fins. These data are compared with computed solutions
obtained using state-of-the-art design codes. Based on the
configurations and conditions considered in this in-
vestigation, the following conclusions are made.

1) There is reasonable agreement between the computed
values and the wind-tunnel values of the aerodynamic
coefficients. Using the projected (flat) planform area of the
fins provides a reasonable . estimate of the normal force
produced by the wrap-around fins. The fact that the measured
normal forces were below theory while the experimental
locations of the center of pressure were further aft than the
computed locations indicates that significant vortex lift was
generated by body vortices.

2) The experimental results from all three test programs and
the computed aerodynamic coefficients indicate that the drag
produced by a closed cavity flow is considerably greater than
that produced by an open cavity flow. The increased drag had
a significant effect on the missile range. By carefully
designing the cavity configuration, one can obtain both an
open cavity flow for reduced drag and sufficient fin area for
aerodynamic stability. -
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