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forces acts). A very stable missile has its center of
pressure well aft of its center of gravity and requires a
large control authority to maneuver it to another
position. For a highly maneuverable missile, it is
desirable to minimize the margin of stability.

In the case of missiles propelled by solid rockets,
the change in the center of gravity from ignition of
the rocket to burnout may be large, so the spread in
static stability for a given Mach number may also be
large. In order for the missile to accomplish its mis-
sion (near or after burnout), it must be maneuverable
near the target, at which time the center of gravity is
usually in a very forward position. The forward posi-
tion favors stability and thus requires a large control
authority. If the missile is designed for very low sta-
bility at that condition, it may result in unacceptable
instability early in flight when the center of gravity is
in an aftward position. Since the center of pressure of
a configuration varies with Mach number, it is clear
that the designer should consider simultaneously the
time histories of center-of-gravity travel and Mach
number in establishing margins of stability.

Spread in Mach Number and Altitude

The center of pressure of a configuration varies
with Mach number. Each component contributes to
this variation. As Mach number increases, C,, for the
body varies only slightly, and the center of pressure
(with a few exceptions) moves aft slightly (Fig. 9). C,
for the tails decreases (nearly inversely with Mach
number), and the center of pressure varies only
slightly. As a result, the center of pressure of such a
body-tail configuration moves forward with increas-
ing Mach number because of the lowered tail force

coefficient. If intercept occurs at high Mach number,
this center of pressure movement with Mach number,
which favors instability, is desirable because the de-
mand on control moment is lessened.

Consideration must be given early in the design
process to the maneuverability requirements at the
highest altitude because maneuverability depends on
controllable lift. The latter depends on the configura-
tion lift coefficient attainable with the available con-
trol authority and the dynamic pressure, g, at which
the missile will operate:
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where C, is the lift coefficient, S is the reference area
upon which C, is based, W is the missile weight, p is
the static pressure at the flight altitude, and v is the
ratio of the specific heats of air.

For example, at the same speed and for the same
maneuver, the missile needs a lift coefficient at
80,000 ft altitude that is more than 40 times the sea-
level value. Dynamic pressure is also an important
parameter in designing the autopilot and in selecting
its gain program.

High Angle-of-Attack Phenomena

High angle-of-attack («) phenomena arise at both
ends of the Mach number regime. During launch, un-
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der conditions of launcher motion and high winds,
the low subsonic motion of the missile may occur
with high angle of attack where the stability char-
acteristics are very nonlinear and the control ef-
fectiveness is limited because of low dynamic pres-
sure on the surfaces. The dynamic motion required to
achieve the proper attitude may dictate a need for a
supplementary launch-phase control system or may
impose additional requirements on an aerodynamic
control system intended for the entire flight phase.
During the high subsonic and transonic phases, if the
missile is required to operate at high angle of attack
in order to maintain its position in a desired trajec-
tory, it may experience a shedding of unsymmetrical
vortices from its lee side, resulting in side forces and
moments on a symmetrical airframe in a symmetrical
attitude.” This phenomenon may present another
control problem.

Another high angle of attack phenomenon is that
of coupling between the yaw and roll modes of mo-
tion (pitch-yaw-roll coupling).** Coupling occurs
when the missile attempts to maneuver in the yaw
direction while pulling a large maneuver in the pitch
direction. Increased loading on the windward sur-
faces (behind the strong body shock waves) and
decreased loading on the lee side (in vortex flows)
combine to produce instabilities in roll and yaw and
induced moments resulting from the roll and yaw
control deflections that are required to counter those
instabilities. The phenomenon is highly dependent on
the configuration’s shape and attitude in roll. A pro-
per design study of this phenomenon requires a coor-
dinated effort between the autopilot designer and the
aerodynamicist in order to achieve maximum con-
trollable maneuverability. The data necessary for
such an investigation should be obtained from de-
tailed wind tunnel tests that provide a three-
dimensional description of the aerodynamic forces
and moments.

Launching Environment

The housing of a folding mechanism may require
additional thickness of the inboard cross section,
thereby adding to drag. Furthermore, one should in-
vestigate the dynamic behavior of the missile during
deployment of the surfaces, which usually occurs
while the missile is under the influence of somewhat
random flow fields near the launcher.

The environment of shipboard launchers includes
the ship’s angular motions, relative winds, disturbed
flow fields about the superstructure, and enveloping
gases from the missile’s own rocket, each of which
taxes the missile’s controllability. In the case of
launching from aircraft, the aerodynamic interfer-
ence between the flow fields of the aircraft and those
of the missile is a major factor to be considered and
has been investigated extensively in recent years.*!

Staging

For a multistage missile, one must be concerned
with the aerodynamic design of the full configuration
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during each stage, taking into account the Mach
number and altitude regimes covered by it. A key
problem to be attacked early in the preliminary de-
sign is the separation of the stages so as to avoid any
possible recontact if the relative drag and thrust
forces are not sufficient to ensure clean separation.
In addition, the presence of the separating stage (the
booster) from the continuing stage (the missile) may
result in an interference that adversely affects the
missile’s stability. It is important that the control sys-
tem be designed to cope with this change in stability
and that it be activated without excessive delay.

DATA NEEDED FOR DETAILED DESIGN,
FLIGHT TESTING, TROUBLE SHOOTING

Various methods to provide aerodynamic data for
preliminary design were described earlier. Many of
the problems discussed in the previous section cannot
be addressed using the type of data provided by those
methods. Thus, early planning should be made for
detailed wind tunnel testing to provide the data
needed for such critical analyses.

Three-Dimensional Data for
Six-Degree-of-Freedom Simulation

A six-degree-of-freedom simulation should be able
to describe the missile motion in three translational
and three rotational modes. The appropriate aerody-
namic forces (axial, normal, lateral) and moments
(pitching, yawing, rolling) must be provided as func-
tions of Mach number, altitude, angle of attack,
angle of sideslip, and control deflections in pitch,
yaw, and roll. A well planned wind tunnel testing
program must be conducted to acquire these data ef-
ficiently and economically. First, one must decide
how the data will be used and what format might be
best for the simulation. Those factors will have sig-
nificant influence on the test plan. Wherever pos-
sible, advantage should be taken of known sym-
metries or known regions of small variations in the
expected data in order to reduce the required testing.

The aerodynamic data will be needed in the engi-
neering design phase in order to design the autopilot
and to check it out over a wide range of potential ma-
neuvers. The aerodynamicist should assist in plan-
ning the flight tests and in analyzing the flight data to
validate the aerodynamic description of the configu-
ration. He also should assist in troubleshooting when
flight anomalies appear. The money spent in provid-
ing a proper three-dimensional representation of the
aerodynamic characteristics is well spent if it makes
possible a more productive and less costly flight test
program.

Pressure Distributions, Panel Loads,
and Moments

Pressure distributions may be needed for structural
design and for thermal analysis. In some cases, they
may be obtained with sufficient accuracy for prelim-
mary design from theoretical calculations or from

183



L. L. Cronvich — Missile Aerodynamics

computer codes using finite difference methods to
calculate the flow fields. For critical conditions that
may involve complex flow fields and shock waves in-
teracting with each other or with the boundary layer,
or impinging on surfaces, it is usually necessary to in-
clude some wind tunnel tests with a pressure model
and with flow visualization techniques to be able to
identify critical areas of high temperature or pres-
sure. Because the volume inside the model is limited,
the number of points at which pressure may be mea-
sured is also limited. Thus, it is important to confine
measurements to areas of expected high pressure gra-
dients and to limit them in areas of low pressure
gradients. When panel flutter may be a design prob-
lem, pressure distributions are needed for the aero-
elastic studies.

Accurate measurements of control surface hinge
moments are required for sizing the control servos.
The design goal is to choose a hinge line that min-
imizes the hinge moments over the entire flight re-
gime. A surface planform and cross section is desired
with minimum center-of-pressure travel over the full
range of Mach number, angle of attack, and angle of
incidence for the various roll orientations. An impor-
tant caution is that any changes in the geometry of
the surface or of the missile ahead of the surface are
likely to affect the hinge moments. For that reason,
detailed hinge moment measurements are usually
postponed until the preliminary design has reached
the point where only minor modifications are ex-
pected. Theoretical estimates of hinge moments are
rather tedious to make and are not very reliable be-
cause the center of pressure of the control forces can-
not be calculated with the needed accuracy as a result
of the complex flow conditions associated with angle
of attack, roll angle, and control deflections, and of
the many interferences from the body, the forward
surfaces, or protuberances. It is customary to mea-
sure panel normal loads, hinge moments, and span-
wise bending moments simultaneously. If the model
size permits, the measurements are obtained at the
same time that the six components of force and mo-
ment are measured on the full configuration.

A considerable effort was expended in arriving at a
wing planform for the Talos wing-controlled missile
in order to minimize the wing hinge moments.** That
planform proved to have the desired limited center-
of-pressure travel and has been used for the control
surfaces of Terrier, Tartar, and the Standard Missile
family. The hinge line location (in percent of root
chord) has been adjusted according to the Mach
number regime to keep the center-of-pressure travel
to a minimum and thus to minimize the design hinge
moment.

Effects of Elasticity on Aerodynamics

Under sufficient loading, a missile may change its
shape and thereby cause changes in its aerodynamic
characteristics.* The body may bend as a freely sup-
ported beam, the surfaces may ‘‘wind-up’’ about the
hinge line, and the shaft itself may twist. These elas-
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tic effects are usually accounted for by making a
‘‘quasi-static’” correction. A structural analysis,
which depends on a sufficiently accurate distribution
of air loads and inertial loads, must provide the de-
scription of the distorted shape. The distorted shape
essentially describes the changes in angle of attack or
incidence of the various elements of the configura-
tion. Forces and moments resulting from the changes
are added to those of the rigid body to give the quasi-
static aerodynamics of the configuration. The pro-
cess is iterative but converges rapidly for a properly
designed airframe. Figure 10 illustrates the effect of
elasticity in the Talos missile.

Dynamics of Separation

At separation of the missile from the booster in a
two-stage vehicle, at least two goals are sought. The
first is a clean, quick separation. That condition can
be ensured if the axial forces on the booster greatly
exceed the axial forces on the missile at the instant of
separation. If the booster cross section is sufficiently
larger than that of the missile and if the booster
thrust tail-off is steep, a clean, quick separation
should be expected since such a relationship between
axial forces should exist. One factor that might op-
pose a clean separation is the existence of an angle of
attack on the missile-booster configuration at separa-
tion; that factor could result in individual dynamic
motion of the missile and the booster where each
could be affected by the other. The angle of attack
may result from the use of guidance during the boost-
phase of flight or, for an unguided boost phase, from
manufacturing misalignments (particularly in the
booster fins and rocket nozzle) that could cause a sta-
ble configuration to seek an equilibrium angle of at-
tack to balance the resultant pitching moments.
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Figure 10 — The effect of aeroelasticity on maneu-

verability.
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Figure 11 — Missile booster, first stage.
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The second goal is to activate the missile control
system as soon as possible after separation. Then, if
the missile is unstable in the presence of the separat-
ing booster, the transient angle of attack can be mini-
mized, thereby decreasing missile drag and increasing
the chance for a clean separation. Since tail stabiliza-
tion and control may be adversely affected by the
flow disturbances caused by the booster head cap, it
is desirable to obtain wind tunnel test data simulating
missile-booster separation conditions for both the
missile alone and the separated booster.

CONCLUDING REMARKS

Missile design involves many interacting techno-
logies, most of which have significant input to the
choice of an aerodynamic configuration. The process
should lead to a compromise solution that seeks an
optimum missile system for the mission. The solu-
tion, however, is likely to be less than optimum for
each of the technologies contributing to the system.
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Figure 12 — Missile, second stage.

Figure 13 — Missile booster, sep-
aration test model.

The many interactions among technologies seeking
solutions for the proposed system have a profound
effect on the philosophy of the wind tunnel testing
needed to arrive at the eventual configuration and to
provide an accurate definition of its aerodynamic
characteristics for detailed engineering design and
flight testing. Preliminary testing over a broad range
of parameters should include the so-called ‘‘build-
up’’ data, which isolate the contributions of the sev-
eral configurational elements (body, wings, tails,
launcher shoes, etc.) to the overall forces and mo-
ments measured on the full missile configuration. As
changes are necessitated by findings during the pre-
liminary design process, the aerodynamicist can eval-
uate quantitatively the effects that will result from
those changes, using the body of acquired parametric
data. When design has progressed to the point where
only minor external changes are expected, extensive
testing can proceed for a three-dimensional descrip-
tion of the aerodynamics of each configurational
phase of the weapon (first stage (Fig. 11), second
stage (Fig. 12), and separation phase (Fig. 13) ).
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