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Nomenclature

A = vehicle base area

C: = rolling moment coefficient, L/g.Ad

Cny = vehicle normal force coefficient per unit angle of attack,
dCx /00

d = vehicle base diameter

I, = mass moment of inertia about vehicle longitudinal axis

I, = mass moment of inertia about vehicle lateral axis

¢ = freestream dynamic pressure

S = fin planform area

Zep. = distance from vehicle’s center of mass to center of pres-
sure

Y = lateral distance from vehicle’s center of mass to axis of
aerodynamic symmetry

«: = nonrolling vehicle trim angle of attack

] = vehicle resultant angle of attack

denotes differentiation with respect to time

Introduction

ALLISTIC bodies with small asymmetries about the
spin axis may exhibit erratic behavior when the roll and
nutational frequencies are approximately equal.'=¢ The roll
resonance phenomenon may not pose a serious design problem
for a re-entry vehicle of large size because the rotational
asymmetries are relatively minor. However, because of the
inequality of scaling laws for mass and aerodynamic proper-
ties, and the possibility of proportionally more asymmetric
ablation of the heatshield or significant thermal distortion of
the body, the susceptibility to roll resonance increases as the
geometric size of the vehicle decreases or as the ballistic factor
increases.’=8 Control of the vehicle roll position, or its space
or time derivatives, is required when it is impractical to restrict
the configurational asymmetry enough to prevent persistent
roll resonance.

The novel roll-control concept discussed in this Note con-
sists of a number of blades or fins that are attached to the
base of the vehicle (Fig. 1) and are oriented such that their
reaction to the small, but not insignificant, radial component
of the flow along the cone base produces a rolling moment.
This control system has several attractive features. The low
heat-transfer rates in the region of the fins provide a distinet
and important design advantage over systems using conven-
tional, exposed aerodynamic surfaces. Lockman® shows that
the heat-transfer rate at the center of the base is about two
orders of magnitude less than at the nose stagnation point.
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Fig.1 Re-entry vehicle model in hypersonic wind tunnel
showing cone-support strut and base impeller.

Unlike systems that employ control jets, an onboard gas sys-
tem is not required. The major disadvantage of the system
is the limited torque available for the control function.

Wind-Tunnel Tests

Three base impeller configurations were evaluated at zero
angle of attack, Mach 7.3, and at a freestream Reynolds num-
ber of 0.55 X 10% based on cone base diameter.  The model was
supported in the test section by a slender, transverse strut to
minimize the flow interférence effects in the recirculation zone.
A portion of the strut can be seen in Fig. 1. The model was a
10° half-angle cone having a 4-in. base diameter and a 0.375-
in. nose radius. The boundary-layer flow at the cone base was
laminar.

The three impeller configurations are shown in Fig. 2.
Configurations A and B each contain 12 fing that have a com-
bined planform area of 2.50 and 3.58-in., respectively; con-
figuration C has 8 fins with a combined area of 5.60-in. The
fin span of all three configurations was maintained constant at
0.60-in. or 159, of the cone base diameter.

During tests, the impeller was attached to a shaft mounted
on ball bearings located inside the conical model so that the fin
assembly could rotate relative to the stationary body. The
assembly was locked in position until steady-state flow condi-
tions in the wind tunnel were achieved; then it was remotely
released. The rolling moment was calculated from measure-
ments of the angular acceleration of the impeller and the
mass moment of inertia of the rotating components. The re-
sults were corrected for bearing friction, which amounted to
approximately 15% of the maximum aerodynamic driving
moment. The bearing friction was determined before each
data run by measuring the angular deceleration of the impel-
ler in a vacuum environment.

As may be seen in Figs. 1 and 2, the trailing (outer) edges of
the fins are swept forward with respect to the cone axis; the
amount of the sweep is 30° measured from a normal to the
plane of the cone base. In the initial tests, both the leading
and trailing edges were perpendicular to the plane of the cone
base, and all three impeller configurations either failed to ro-
tate or rotated opposite to the anticipated direction. Ap-
parently a part of the forebody boundary-layer flow, expand-
ing around the corner of the cone base and entering the recir-
culation zone, was impinging upon the trailing portion of the

g

Fig. 2 Experimental base impeller configurations (from
left to right, configurations A, B, and C).
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Table 1 Experimental rolling moment coefficient

Configuration Rolling moment coefficient, C;
A 4.0 X 1076
B 6.7 X 108
C 5.3 X 1078

fins, thus acting to oppose the driving forces. The situation
was corrected by sweeping the fin trailing edges 30°.

During the tests the cone base pressure was measured inside
the model to help insure that there were no significant inter-
ference effects and that the flow was expanding in a normal
manner around the cone-base corner. The ratio of the model
base pressure to the tunnel test-section ambient pressure was
about 0.20, and comparisons of the measured base-pressure
coefficient with other sources of data indicate that the flow in
the recirculation zone was not abnormal.!

Flight Dynamies

The conditions that produce roll resonance during ballistic
flight are functions of the trajectory parameters and of the
mass and aerodynamic properties of the vehicle. The cri-
terion for the occurrence of steady roll resonance in circular
motion with small angle of attack derived by Vaughn? is

@1M1) (CrgA /e )V (4% 40) (0 — adyo 2 1 (1)

where ¥, is the lateral displacement of the roll axis from the
center of mass, and «a. is the out-of-plane aerodynamic trim
angle. If Eq. (1) is satisfied, then roll control is necessary, and
the magnitude of the required control moment may be esti-
mated by including the rolling moment in the original equa~
tion of motion and rederiving the aforementioned criterion.
The final result is

|Czl~ 2> ICNg (0 — a)(yo/d) —
I=/T3Y8) (Crge.n./8) (/0¥ (2d7Y) | (2)

where C; is the dimensionless control moment coefficient.
The first term on the right-hand side of the equation is the
moment coefficient due to configurational asymmetry, and
the other term is due to aerodynamic, inertia, and trajectory
effects. The experimental rolling-moment coefficients for the
three impeller configurations are shown in Table 1.

Although the maximum possible rolling moment has not
been determined in the tests discussed here, an indication of
the amount of configurational asymmetry that can be con~
trolled by an optimized impeller design may be obtained by
considering the capability of the existing impeller configura-
tions at zero angle of attack. For that purpose it is sufficient
to consider only the first term in Eq. (2). By way of example,
for a 10° half-angle cone with an 0.1° trim angle in Newtonian
flow, the maximum out-of-plane, center-of-mass displacement
that can be tolerated for configuration B is yo/d = (6.7 X 107%)
(57.3)/(1.96 X-0.1) = 2.0 X 1073 or 0.048-in. for a 1-ft-
radius cone. The inclusion of the remaining term in Eq. (2)
will normally increase the permissible configuration asym-
metry. However, this increase is not significant for conven-~
tional re-entry vehicles unless the trajectory is particularly
steep or the dynamic pressure is small. By examining Eq. (2),
it may be seen that vehicles with larger configurational asym-
metries, and vehicles that are smaller in size, require propor-
tionally larger control moments; further, for § > ., an in-
crease in the total angle of attack necessitates a larger control
moment.

The characteristics of existing ablation materials and cur-
rent manufacturing techniques may not be sufficient to main-
tain the required configurational asymmetry for the assumed
vehicle if the ballistic factor is large. Therefore, in practice,
either an improved impeller design to provide more control
torque or a larger vehicle may be required.
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Mission Analysis Models for
Power-Limited Systems

RoserT V. RaGsac*
United Adircraft Research Laboratories,
East Hartford, Conn.

N constructing some mission models for power-limited
interplanetary spacecraft systems, the levels of reality em-
ployed in characterizing the vehicle system’s constituent
subsystems and operational constraints are important. This
Note discusses some systems analysis models for the purpose
of evaluating flight concepts, propulsion mixes and power sys-
tem performance.

One major guideline was to construct a separate model for
each flight mode (not mission); i.e., single-stage operation or
mixed-thrust operation, both for a) a given range of power-
plant specific mass aw, b) a given aw and powerplant mass
mw, and ¢) given my, aw, and spacecraft gross mass m.
This approach was employed to gain experience in the synthe-
sis and use of the models and to apply this insight for the de-
velopment of slightly more general models which allow added
refinement and sophistication. The system characterization
is a set of equations which describe the net spacecraft mass
fraction pz, or mass mz, in terms of the high- and low-thrust
propulsion parameters, the trajectory requirements and flight
mode. For example, for a single-stage electric propulsion
system operating through three gravitational fields,

wr = [1+;_]W(JD+JH+JC)]—I_“W )
n mw
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