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NOTATION

axial-force coefficient, M—) , dimensionless
" pVS o S

2(normal force) . .
, dimensionless

normal-force coefficient, >
pV<S

side-force coefficient, Me_for_cez, dimensionless
2
pV°S
2(rolling moment), dimensionless

rolling-moment coefficient,
pV2SI

pitching-moment coefficient, 2(pitching moment), dimensionless
2
pV=Si
2(side moment), dimensionless

side-moment coefficient,
p V2SI

pressure coefficient (eqs. (A2), (A3), and (AS)), dimensionless

nodal heating factor (eq. (E1)), dimensionless

time-averaged nodal heating factor (eq. (E4)), dimensioﬁless

heat-source height, m

moments of inertia about body axes xp, yp, zg, kg-m?

correction factor for three~dimensional stagnation point (eq. (D4)), dimensionless
heat-source length, reference length, m

local pressure, Nm™2

components along the xp, yp, zg axes, respectively, of the total angular velocity
of the body axes relative to inertial space, deg sec™!

local~heat-transfer rate, Wm™2
sphere radius, m
radius at the rear of heat source, m

reference area, wi, m?



XB:YB:ZB

xgyz

>|

vi

distance along heat-source surface measured from center of flat face (fig. 12), m
time, sec

components of flight velocity along xg, ¥, zg axes, respectively (fig. 2), m sec”!

flight velocity, m sec™!

heat-source width, m

body-fixed axes, origin at center of gravity, xp coincident with a longitudinal axis
of body (fig. 2)

aerodynamic axes, origin at center of gravity; xp, z in the resultant angle-of-attack
plane; y, z in the crossflow plane normal to the resultant angle-of-attack plane

(fig. 13)

center of gravity offset in the zg direction from the geometric center of the heat
source (fig. 1(a)), m

flight-path angle, measured negative below the local horizontal, deg
ratio of specific heats, dimensionless

magnitude of the dimensionless crossflow velocity vector in the aerodynamic
axis system (fig. 13 and eq. (B1)), dimensionless

flow deflection angle, deg

amplitude of roll oscillation measured from the value of ¢ about which the heat
source oscillates, deg

oblique shock-wave angle, deg
angular measure around a curved surface at the rear of the heat source, deg

angular rate at which the crossflow velocity vector rotates relative to a reference,
nonrolling axis system whose y, z axes are in the crossflow plane, deg sec™!

atmospheric mass density, kg m™3
resultant angle of attack defined by xp axis and velocity vector (fig. 2), deg

angular measure of the zp axis relative to the crossflow velocity vector (fig. 2),
deg



Subscripts

A maximum amplitude of oscillation

base conditions in base-flow region of heat source

cyl cylinder

e conditions at oﬁter edge of boundary layer

eny envelope of peak oscillatiéns .
equiv equivalent-sphere value

I/ inertial quantity

i initial value or dummy index

ik dummy indices

max maximum valué

min - minimum value

mi, m2 locations on heat-source surface where one or more flow variables are matched
ref reference-sphere value

s stagnation-point value

sph sphere

o static aerodynamic quantity

1 conditions ahead of normal shock wave

2 conditions behind normal shock wave

¥*

sonic~point value

Superscript

O derivative with respect to time
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WITH A SINGLE STABLE TRIM ATTITUDE
AT HYPERSONIC SPEEDS

Lionel L. Levy, Jr.
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SUMMARY

A theoretical investigation has been made to design an isotope heat source capable of satisfying
the conflicting thermal requirements of steady-state operation and atmosphere entry. The isotope
heat source must transfer heat efficiently to a heat exchanger during normal operation with a power
system in space, and in the event of a mission abort, it must survive the thermal environment of
atmosphere entry and ground impact without releasing radioactive material. A successful design
requires a compatible integration of the internal components of the heat source with the external
aerodynamic shape. To this end, configurational, aerodynamic, motion, and thermal analyses were
coupled and iterated during atmosphere entries at suborbital through superorbital velocities at very
shallow and very steep entry angles.

Results indicate that both thermal requirements can be satisfied by a heat source which has
a single stable aerodynamic orientation at hypersonic speeds. For such a design, the insulation
material required to adequately protect the isotope fuel from entry heating need extend only half
way around the fuel capsule on the aerodynamically stable (windward) side of the heat source.
Thus, a low-thermal-resistance, conducting heat path is provided on the opposite side of the heat
source through which heat can be transferred to an adjacent heat exchanger during normal opera—
tion without exceeding specified temperature limits. ~

INTRODUCTION

Present design concepts for isotope heat sources (IHS) are such that for some important space
applications the thermal requirements for steady-state operation conflict with those for safe atmos-
phere entry (see ref. 1). A promising new concept to reduce this conflict was proposed in refer-
ence 2. The philosophy of the concept is that if a heat source can be designed with a single stable
aerodynamic orientation, the insulation material required to protect the IHS from entry heating
can be confined to 180° around the fuel capsule on the half that would be facing the oncoming
flow. In addition to adequate thermal protection during entry, such a configuration provides a low-
thermal-resistance, conducting heat path on the opposite side of the IHS through which heat can be
transferred during steady-state operation without exceeding specified internal temperature limits.



The feasibility of this new concept was demonstrated in reference 2 for an IHS, called an
Isoloaf, designed for use as the heat source for the Isotope Brayton Power System, a candidate
power system for space stations. The results of preliminary analyses demonstrated satisfactory
thermal performance during steady-state operation. The results also demonstrated that if the
Isoloaf remains in the aerodynamically stable orientation throughout the entry heat pulse, the
insulation material over only the aerodynamically stable side provides more than adequate thermal
protection during entry at orbital velocity.

Subsequent to the publication of reference 2, calculations of the aerodynamic moment
coefficients were made which indicate that the Isoloaf, with the dimensions and shape proposed,
has two stable orientations (¢ = 90°, ¢ = 0° and ¢ = 130°). Unfortunately, one of these results
in a réarward portion of the heat source (without insulation material) oriented forward throughout
the entry heat pulse. :

The present theoretical investigation was undertaken to (1) determine an aerodynamic shape
for the Isoloaf that has a single preferred orientation at hypersonic speeds, and (2) to demonstrate
its satisfactory thermal performance during both steady-state operation and atmosphere entry
subsequent to various credible abort situations. The design approach employs a four-step iterative
procedure: (1) assume an aerodynamic shape; (2) and (3) calculate pressure distributions and
aerodynamic force and moment coefficients for all combinations of angle of attack and roll
orientation; (4) analyze the Isoloaf motions indicated by six-degrees~of-freedom entry-trajectory
calculations to determine that the heat source either attains (or oscillates about) the preferred
orientation prior to peak heating or is in a continuously changing motion throughout the heat
pulse such that no one portion of the heat source is exposed to the entry heating for an extended
period of time. Two-dimensional temperature distributions through the Isoloaf were calculated
to demonstrate that the temperatures of all heat-source components remained within limits
specified for steady-state operation and atmosphere entry. The entry thermal analyses included
the coupled effects of the time-dependent heat input, Isoloaf motion, and the concomitant changes
in heating-rate distribution. The effects of ablation and possible shape changes on trajectory
parameters, heat-source motion, heating-rate distribution, and material thermal response were
not included, but should be in any final design analysis. The impact-intact survival of the Isoloaf
is beyond the scope of the present study. '

DESIGN AND THERMAL ANALYSIS

As noted earlier, a satisfactory Isoloaf configuration was sought by an iterative design pro-
cedure and its thermal performance was evaluated during steady-state operation and during
atmosphere entry subsequent to various credible abort.situations. In the interest of brevity, only
the configuration that evolved as a result of the last iteration will be considered. This section
summarizes the various inputs to the overall design procedure and thermal analysis. Details are
included in appendices as noted. '

Isoloaf Configuration

The shape, size, mass, and inertial properties of the Isoloaf are shown in figure 1. The external
shape and center-of-gravity location are designed for the Isoloaf to fly with the flat side (0.188 m
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by 0.089 m in fig. 1(a)) oriented forward. The fuel capsule and overall heat-source dimensions are
identical to those given in reference 2. The layered arrangement of heat-source internal components
is shown in figure 1(b). The isotope fuel, plutonium dioxide, is encased in refractory metals. The
liner is a tantalum, 10-percent tungsten alloy, the strength member is a tantalum alloy (T-111),
and the oxidation-resistant clad is a platinum, 20-percent rhodium alloy. The insulation material
consists of three layers of pyrolytic graphite, and the external heat shield is made of POCO
graphite. The physical and thermal properties of the separate heat-source components are listed
in table 1. The gaps between adjacent components will be described later in connection with the
thermal model. The mass and inertial properties are theoretical estimates.

Because the Isoloaf is a nonaxisymmetric body, two angles ¢ and ¢ are used to describe its
orientation relative to the flight velocity vector. As shown in figure 2, ¢ is the resultant angle of
attack defined by the body longitudinal axis xg and the flight velocity vector ¥ (which also
define the resultant angle-of-attack plane). The angle ¢ in the crossflow plane, defined by the
YB zp axes, is a measure of the roll orientation of the zg axis from the crossflow velocity vector.
All possible orientations of the Isoloaf are defined by the ranges 0° < ¢ < 180° and -180°< ¢ < 180°.

Frequent reference will be made to several basic orientations. In the end-on attitude,
o = 0° (or nearly so) and ¢ is arbitrary. In the side-on attitude, ¢ = 90°_ (or nearly so) for all
values of y. End-on spinning and side-on spinning, of course, designate ¢ # 0. In pure pitch,
0° < ¢ < 180° and y = 0° or 180°. The preferred orientation, the side-on stable, flat-face-forward
attitude, is defined as ¢ = 90°, y =0°.

Pressure Distributions

Since the entry heat pulse occurs within the hypersonic speed range and since pressure distri-
butions (as well as aerodynamic coefficients) are essentially independent of Mach number in this
speed range, pressure distributions were calculated for a single set of flight conditions. The condi-
tions were air in equilibrium at an altitude of 48.77 km and a velocity of 6.10 km/sec. These
conditions were selected from point-mass trajectories as the average of those that exist near peak
heating for the majority of entry conditions considered. '

The pressure distributions were calculated for many orientations of the Isoloaf for o - ¢
pairs over the ranges of 0° < ¢ < 90° and 0° < ¢ < 180°. Since the Isoloaf has two planes of mirror
symmetry (xg, zg and yp, zp in fig. 2), these data are sufficient to define the pressure distributions
(and aerodynamic coefficients) for all possible orientations. The aerodynamic symmetry relation—
ships will be noted in connection with the aerodynamic coefficients.

Two procedures were used to calculate the pressure distributions, depending on the orientation
of the Isoloaf. For most orientations, modified-Newtonian flow theory was used. For orientations
in the neighborhood of the side-on attitude, the constant pressures over flat surfaces given by
Newtonian theory yield moment coefficients that are not realistic for flow over blunt shapes
with detached shock waves. Since proper moment coefficients are tantamount to attainment of
the preferred Isoloaf orientation, a more realistic estimate of the pressure distributions at attitudes
near the preferred orientation was deemed essential. In the side-on attitude (¢ = 90°,0° < y < 180°)
the pressure distributions were calculated using a two-dimensional calculation procedure suggested
by Kaattari (refs. 3-5). Pertinent details of the procedure are given in appendix A.



Aerodynamic Coefficients

The nonlinear aerodynamic moment system formulated in reference 6 was adopted for this
study because it accurately describes the aerodynamic forces and moments for nonaxisymmetric
bodies at large, as well as small, angles of attack. Accordingly, the aerodynamic force and moment
coefficients are defined relative to the aerodynamic axis system of that reference. The coefficients
in this axis system and the relationship between the aerodynamic and more commonly used body
axis systems are noted in appendix B. The static aerodynamic coefficients were obtained by inte-
grating the appropriate pressure distributions and the dynamic coefficients were calculated using
the method of reference 7 (appendix B).

The key aerodynamic design feature that ensures the preferred Isoloaf attitude is that the
center -of gravity be offset in the +zpg direction an amount equal to one-half the radius of the
rearward-facing curved surfaces (fig. 1), and the radius must be equal to or greater than some
minimum value. For ¢ = 90° and zZg = 0.5r, integrated Newtonian pressure distributions yield a
single statically stable roll orientation at ¢ =0° for 0 < r < 0.5w. The configuration becomes more
stable as r (at each rearward corner) increases from some small finite value to a single full radius.
For r = 0 (a rectangular cross section), integrated pressure distributions obtained as indicated in
appendix A 'yield statically stable roll orientations at ¢ = 0°, 90°, and 180°. As r is increased
toward 0.5w the configuration becomes neutrally stable at ¢y = 90° and 180° (not necessarily
simultaneously) at some minimum value of r. The value of r,,;, depends on the flight conditions
for which the pressure distributions are calculated and is not tractable in closed form. With further
increases in r the neutrally stable points become unstable, and ¢ = 90°, ¥ = 0° remains the single
preferred stable orientation. For the presently selected flight conditions 0.15w < ry,;, < 0.2w.
Effects on the important moment coefficients of design changes employing this offset—cg feature
are noted in appendix B.

Six-Degrees—of-Freedom Trajectories

. A six-degrees-of-freedom trajectory computer program was written especially for non-
axisymmetric bodies to obtain time histories of stagnation-point convective heat input and
Isoloaf motions during atmosphere entry. The equations of motion and computer program de-
scribed in reference 8 formed the basis for the present program. The equations of reference 8
for the aerodynamic forces-and moments in the body axis system were rewritten to allow the
aerodynamic coefficients to be input as functions of ¢ and ¢ in the aerodynamic axis system
and then transferred to the body axis system.

Three credible abort situations were considered: launch abort, orbital decay, and abort at
superorbital velocity. Atmosphere entries subsequent to abort were initiated at suborbital through
superorbital velocities ( V[i) at very shallow and very steep entry angles (I‘]l-). For each type of
entry (Vj; - T[; combination) various initial attitudes (s; ¥;) and initial angular velocities ( PB;
4B and ’Bi) of the Isoloaf were considered. All entries were initiated in the equatorial plane at
121.92-km altitude heading due east into the 1962 Standard Atmosphere of a spherical, rotating
earth. All entries were terminated in the hypersonic speed range after peak heating. Details of
the selection of the abort situations and initial entry parameters are given in appendix C.



Of 21 entry trajectories calculated, seven were selected for thermal analysis as representative
of the range of thermal environments the Isoloaf could credibly experience subsequent to the
abort situations selected. A brief description of the seven entries (cases) and the initial entry
parameters is given in table 2.

Thermal Model

To estimate the thermal response of the Isoloaf to the entry heating pulse, the heat source
was simulated by the two-dimensional thermal model shown in figure 3. This matrix of nodes
corresponds to one~half of the heat~source cross section. The groups of nodes associated with
each of the heat-source components are indicated in the figure. The physical and thermal properties
of each component have been noted in figure 1 and table 1.

The complete fuel capsule is simulated by nodes 1 through 36. Thermal generation of the
fuel mass is simulated in nodes 1 through 12. All gaps between components within the fuel capsule
(clad) were assumed to be 10 mils wide and helium filled.

The pyrolytic graphite insulation material (PG), extending half way around the capsule on
the aerodynamically stable side of the heat source, is simulated by nodes 37 through 63 (fig. 3(b)).
The POCO graphite heat-shield material (POCO) is simulated by the remaining nodes.

Two assumptions were used concerning the gaps between components that encase the fuel
capsule. One assumption was that the gaps were evacuated and heat transfer is by radiation alone;
the other was that the gaps were filled by air and heat transfer is by radiation and by conduction
through continuum air. In all cases, the initial temperature distributions were taken to be the
equilibrium temperature of the heat source in space with all gaps outside the clad evacuated.

The temperature of each node during steady-state operation and during atmosphere entry
was determined using the CINDA-3G computer code of reference 9. This code calculates the heat
exchange by conduction and/or radiation between all adjacent nodes. During steady-state opera-
tion, temperature distributions through the heat source were determined in response to the thermal
generation in the fuel nodes and to the thermal radiation from appropriate exterior surface nodes
to an adjacent heat exchanger (ref. 2). During atmosphere entry, temperature time histories for
the nodal model were determined in response to the thermal generation in the fuel nodes and to
the entry heating to, and thermal radiation from, the exterior surface nodes. The entry heating
was applied to the exterior POCO nodes (113 to 124) using the heating-rate distributions and
heat-input procedure noted below.

Heating-Rate Distributions

Calculation of the heating-rate distributions for all possible orientations of the Isoloaf is
beyond the scope of this investigation. Fortunately, however, the Isoloaf is designed to fly in
(or oscillate about) the preferred orientation during most of the entry heat pulse. Therefore, for
purposes of calculating the heating-rate distributions and performing the thermal analyses, the
Isoloaf was assumed to fly in the side-on attitude (o = 90°) throughout the entry and only roll
orientations in Y were considered. Thus, consistent with earlier assumptions of two-dimensional
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flow for calculation of the pressure distributions for the side—on attitude and a two-dimensional
thermal model, two-dimensional calculation methods were employed to obtain the heating-rate
distributions. These assumptions will result in conservative (high) estimates of the temperature
distributions through the Isoloaf since, during periods of oscillatory motion for which ¢ = 90°
*Ao, with Ao large, the heat-source end regions (which are well insulated from the capsule)
actually receive the highest heating rates rather than the central regions represented by the
thermal model employed.

The heating-rate distributions were calculated by two methods, depending on the nature
of the bow shock wave associated with a particular ¢ orientation of the Isoloaf. For roll orienta-
tions for which the bow shock wave is detached from the Isoloaf (most values of ¢ ), the heating-
rate distributions were calculated using the method of reference 10. These results were referenced
to the stagnation-point heating rate of a 0.3048-m-radius sphere as described in appendix D.
For roll orientations for which the shock wave was attached to a corner of the Isoloaf, the heating-
rate distributions were calculated using the method of reference 11. These results, for a cone,
were corrected for flow over a wedge and also referenced to the stagnation-point heating rate
of the reference sphere (see appendix D).

"Entry Heat Input

The heat input to each exterior surface node during entry was determined by coupling the
heating-rate distributions with time histories of the Isoloaf orientation and reference heating rate.
To facilitate this process, the heating-rate distributions for each value of ¢ were averaged, as
indicated in appendix E, over each ith exterior node to obtain the nodal heating factors F;(y).

For many time intervals during most of the entries considered, the rate of change of heat
source orientation was significantly higher than the rate of change of the reference heating rate.
For these periods, the heating factors were time averaged to simulate the variation in each nodal
heating factor with heat source motion. This averaging procedure for obtaining time histories of
the entry heating input to each exterior node is also described in appendix E.

RESULTS AND DISCUSSION

In a viable IHS design, the internal components and the external aerodynamic shape are
integrated such that during steady-state power-system operation the temperatures of components
inside the fuel capsule do not exceed a specified limit, and during atmosphere entry the temperature
of the outside case of the fuel capsule does not exceed another specified limit. During steady-state
operation the maximum allowable temperature is determined by the compatibility .of the fuel
with the fuel liner. The upper limit assumed for this study is 1478°K (refs. | and 2). During entry
the oxidation-resistant clad must not reach its melting temperature (2145°K, see table 1).

The following paragraphs examine results of the present analyses to demonstrate that the
Isoloaf does satisfy the two thermal requirements. The launch abort entry (case 1, table 2) is
examined in detail. A few unusual motions of the Isoloaf occurred during some entries but did



not degrade the thermal performance; these are noted and the motion (at peak heating) and
thermal results for other entries are summarized.

Trajectory and Motion Results

Time histories of the reference heating rate gg o and the maximum amplitude of the roll
oscillation ©4 during entry from a launch abort, case 1, are shown in figures 4 and 5, respectively.
As noted earlier, all entries were terminated in the hypersonic speed range after peak heating.
In figure 5, note that following arrest of the spinning (©4 = 180°), the oscillations (about ¢ = 0°
in this case) decreased (damped) until about 88 sec into the entry, then increased slightly and
appear to start to damp again. The increase in © 4 occurs as the dynamic pressure begins to decrease.
Also shown in figure 5 is the step-function approximation © 4 (A¢) used in determining the heating-
rate distribution during entry (see appendix E). The use of smaller steps should. have a negligible
effect on the results of the thermal analysis. The maximum amplitude of oscillation in ¢ about the
side-on attitude was less than +3° and therefore is not shown. Of primary concern is the motion
of the Isoloaf relative to the occurrence of peak heating. The tendency of the oscillatory motion
about the preferred orientation to damp prior to peak heating is shown in figure 6. A value of the
ordinate of one indicates continuous spin; a value of zero indicates the attainment of the preferred
stable orientation with no motion. The dashed portion of the curve indicates the oscillatory
motion subsequent to peak heating.

Different combinations of initial trajectory and motion parameters, of course, result in
different heat-source motions relative to peak heating. Figure 7 gives an example (not listed in
table 2) of the great variety of motions a heat source can experience. The Isoloaf motion relative
to peak heating is shown superimposed on the altitude time history for a superorbital entry normal
to the earth’s surface. The entry was initiated with the Isoloaf spinning in the end-on attitude.
By the time the heating rate reached S percent of its maximum value (3.3 sec), the Isoloaf had
pulled up into a coning and oscillatory motion making large excursions in both ¢ and ¢ about the
preferred orientation. This motion quickly damped (more so in ¢ ) prior to O.Sés’ref’ max (6.75
sec) and at g ref max (8.25 sec) became essentially a pitching motion with small oscillations in
¥ (i.e., 0 = 90° £45° and ¢ = +17°). A second later at 0.5ds, ref,max> 0 = 90° +40° and y = +10°.

Several interesting motions occurred briefly during some of the entries. For the entry sub-
sequent to launch abort with the heat source spinning in the end-on attitude (case 2, table 2),
the Isoloaf experienced a coning motion during which the uninsulated side (¢ = 180°) was ex-
posed to the free stream for a period of 12 sec. During this period, the maximum coning angle
(angle of attack) increased from 6° to 45°. Fortunately, this occurred early in the entry when
the heating rate was low (0.1 < ¢/qs ref max < 0.29). The same type of heat-shield-rearward
motion occurred for about 11 sec early in a shallow, superorbital entry (T'f; = -10°) with the
Isoloaf initially spinning end-on. In this case, the heating rate was less than 0.27 gg ref max-
As can be seen in figure 7, this type of motion did not occur during the steep, superorbital
entry with the Isoloaf initially spinning end-on. During orbital decay with the heat source initially
end-on and tumbling (case 5), the Isoloaf experienced a transition from a tumbling to a propeller-
like motion with one side (¢ = 86°) exposed to the free stream until the heating rate reached
0.5 g5 ref, max- Angular variations at the outset were 5° < ¢ < 475° and 0° < ¢ < 180° and at
the end of this period the propeller-like motion had damped such that 78° < ¢ < 94° and
85° < o0 < 95°. (Subsequent oscillations in ¢ occurred about ¢ = 0°.) Even though an uninsulated
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region of the Isoloaf was exposed to the flow during most of this portion of the heat pulse, as
will be seen later, there were no deleterious effects on the thermal performance of the heat
source.

For all 21 entries examined, the Isoloaf attained an oscillatory motion (in both ¢ and y)
about the preferred orientation prior to peak heating or was continuously coning and spinning
so that no one portion of the Isoloaf was exposed to the flow for an extended period of time.
The amplitudes of oscillation in ¢ and ¥ at peak heating during the entries listed in table 2 are
representative of all 21 entries, and the o - ¢ motions at peak heating and values of g5 ref max
are given in table 3.

Thermal Results

Steady-state operation— The conducting heat paths and gaps of the present Isoloaf design
are quite similar to the original design considered in reference 2 (full radius at the rear) as the heat
source for the Isotope Brayton Power System. Therefore, for this type of power-system applica-
tion, the results of the thermal analysis of the original design during steady-state operation are
considered to apply equally well to the present configuration. In reference 2 the back surface was
found to furnish a temperature of 1290°K to the adjacent heat exchanger, and the fuel-liner hot-
spot temperature did not reach the limiting value of 1478°K; in fact, the fuel hot-spot temperature
was also less than 1478°K.

Entry— Time histories of some of the key heat-source temperatures during entry case |
(table 2) are given in figures 8 through 10. The POCO graphite external surface temperatures at
five locations around the Isoloaf are shown in figure 8. As shown in figure 5, the Isoloaf remained
spinning for about 50 sec and then began oscillating with the flat, insulated side forward (about
¥ = 0°). These motions directly influence the variations in external temperature shown in figure 8.
The temperatures varied rather uniformly during the spinning motion. When the heat source
began oscillating about the flat side, the temperatures of that surface (nodes 113 and i15)
increased much more rapidly than those on the other sides. The temperature on the trailing side
(node 124) decreased slightly after spinning was arrested; consequently the heating rate was re-
duced, but rose again as the reference heat pulse continued to increase.

The temperatures of prime interest for this heat source are those of the oxidation-resistant
clad on the capsule, which must be kept below its melting temperature (2145°K). The temperatures
of the graphite surfaces adjacent to the clad also are of prime interest, since they represent the
maximum temperature the clad could reach in the event physical contact occurs during entry.
These temperatures, at three circumferential locations, are given for case 1 in figures 9 and 10.
For the results in figure 9, it was assumed that all gaps between materials exterior to the capsule
clad remained evacuated throughout the entry heat pulse, and for figure 10 it was assumed that
these gaps became air filled at the beginning of entry. '

A comparison of the initial temperatures in figures 9(a) and (b) shows that the temperature
difference between the clad and the adjacent surfaces are greatest on the uninsulated sides, indi-
cating that in equilibrium most of the energy is emitted from these sides of the heat source. As
the Isoloaf enters, the direction of heat transfer is reversed, and the adjacent surfaces become hotter
than the clad. The effectiveness of the pyrolytic graphite insulation is clearly demonstrated by
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the fact that the clad node 31 and the adjacent PG node 37 were affected least by entry heating
even though the POCO on that side of the heat source was the hottest (see nodes 113 and 115,
fig. 8). The hottest point on the clad was at the side of the Isoloaf near the end of the insulation
(node 34). This results from a combination of heat conduction through the POCO from hotter
regions to node 64 and from entry heating to the side of the heat source (such as to node 119).

In figure 10, where the gaps between entry protection materials were assumed to be filled
with air, the temperatures around the clad and the adjacent graphite surfaces showed slightly
more response than for the evacuated gaps. Due to the lower thermal resistance of the gaps, the
peak temperatures were slightly higher than in the vacuum-gap case, but remained well below
the clad melt temperature. The initial decrease in temperature in figure 10 is due to a readjustment
from the initial temperature distribution, which assumed vacuum gaps between entry protection
materials.

The peak temperatures reached by the clad and the surface adjacent to it at three locations
around the fuel capsule are given in table 4 for the seven cases for which entry thermal analyses
were made. These results are for the assumption of air-filled gaps, since the clad temperatures
were slightly higher with this assumption than with the assumption of evacuated gaps. All the
clad temperatures listed are well below the clad melt temperature (2145°K). Furthermore, the
highest temperature reached by an adjacent surface was less than 90 percent of the maximum
allowable temperature. This occurred on the side of the heat source during superorbital entry
with the Isoloaf initially spinning side—on (node 64, case 6).

Even though all entries were terminated after the occurrence of peak heating, the temperatures
of some of the nodes did not reach a peak during the time interval considered but continued to
rise as a result of heat transfer from hotter portions of the heat source. An example of this behavior
* is illustrated in figures 9 and 10 for nodes 31 and 37. From these data it is obvious that had the
time interval of the analysis been extended, the continued temperature rise expected for these
nodes would not have been large. In such cases, the temperature reached at the termination of the
entry calculations is listed in table 4 and denoted by an asterisk.

For entries with the Isoloaf initially side-on stable (no spin, cases 3 and 7), the heat source
remained essentially side-on with the insulated side forward throughout the trajectory. The
temperature results show that the insulation, surrounding only the aerodynamically stable side of
the capsule, more than adequately protects the entire capsule. The addition of an initial spin about
the side-on attitude (arrest and subsequent oscillation) results in a distribution of generally
higher temperatures through the Isoloaf. This can be seen by comparing the temperatures for
cases 3 and 7 with those for cases 1 and 6. Although the amplitude of oscillation near peak
heating was large enough to expose the uninsulated sides of the heat source to significant heating
(®4 ~ 83° for case 1 and 04 = 55° for case 6, see table 3), the capsule temperature remained
well within limits.

For launch-abort case 2 the Isoloaf was initially spinning in the end-on attitude (0 = 0°) and
the angle o varied considerably throughout the trajectory. As explained previously, the two-
dimensional thermal model is strictly valid only when the heat source remains side-on (o = 90°).
Even though this thermal model yields conservatively high temperatures for case 2, the results
are included in table 4 because, in addition to large variations in ¢, the heat source also oscillated
about the uninsulated side (heat shield rearward with ¢ = 180°) for a short period (~ 12 sec) early
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in the trajectory. A comparison of the temperatures for case 2 with those for launch-abort entries
with the Isoloaf in the side-on attitude (cases 1 and 3) indicates that the brief period of oscilla-
tions heat shield rearward did not seriously degrade the entry thermal performance of the heat
source. It is emphasized that the higher temperatures of case 2 (compared to cases 1 and 3) are
due, in part, to the.conservative assumption that o = 90° throughout the entry and the use of a
two—-dimensional thermal model. The same is true of the results for the orbital-decay case 4
compared with those for case 5 (tables 3 and 4).

CONCLUDING REMARKS

A theoretical investigation has been made to design an isotope heat source capable of satisfying
the conflicting thermal requirements of steady-state operation and atmosphere entry. That is, the
heat source must be able to transfer heat efficiently to a heat exchanger during normal operation
with a power system in space and, in the event of a mission abort, it must be able to survive the
thermal environment of atmosphere entry without the release of radioactive material. A successful
design requires a compatible integration of the internal components of the heat source with the
external aerodynamic shape. For this purpose, aerodynamic force and moment coefficients were
calculated from two- and three-dimensional pressure distributions over candidate heat-source
shapes for all possible flight orientations, Six-degrees—of-freedom trajectory calculations were made
to determine the heating rate and heat-source motion during atmosphere entries from suborbital
through superorbital velocities at very shallow and very steep entry angles with various initial
heat-source motions. Two—dimensional heating-rate distributions were calculated for use in two-
dimensional thermal analyses made for some of these entries. These analyses included the combined
effects of time-dependent heat inputs and heat-source motions, and motion-dependent heating-
rate distributions. Also, the thermal performance of the heat source was estimated during steady-
state operation with a particular space power system.

Results of the investigation indicate that both thermal requirements can be satisfied by a
heat source, called an Isoloaf, which has a single stable aerodynamic orientation at hypersonic
speeds. For such a design, the insulation material required to adequately protect the isotope fuel
from entry heating need extend only halfway around the fuel capsule on the aerodynamically
stable side of the heat source. Thus, a low-thermal-resistance, conducting heat path is provided
on the -opposite side of the Isoloaf through which heat can be transferred to an adjacent heat
exchanger during normal operation without exceeding specified temperature limits. This was
demonstrated in an earlier application of the Isoloaf concept to the Isotope Brayton Power System.
The present Isoloaf configuration was found to attain a satisfactory motion history during passage
through the entry heat pulse for all entries examined, and the results of the thermal analyses
indicate that the insulation on only the aerodynamically stable side provides more than adequate
protection, even though during the early part of some entries the uninsulated side of the Isoloaf
was exposed to the free stream for short periods of time. In the worst case, the highest temperature
reached by any critical internal component was found to be less than 90 percent of the limiting
value, the melting temperature of the outside case of the fuel capsule.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., 94035, March 22, 1972
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APPENDIX A

PRESSURE-DISTRIBUTION CALCULATIONS FOR ISOLOAF IN THE

SIDE-ON ATTITUDE (¢ = 90°, 0° < y < 180°)

The calculation procedure suggested by Kaattari (refs. 3-5) involves two basic assumptions:
(1) the Mach number is sufficiently high that asymptotic forms of the gas—-dynamic equations in
reference 12 can be used, and (2) two-dimensional flow of an ideal gas with specific-heat ratio y
equal to that of the air in equilibrium. Invoking assumption (1)

_(palpy) t 1
Y T (oylpy) - 1 (Al

and the stagnation—point pressure coefficient is given by

Cp, =2 [1-(’;—?)-1] (A2)

The normal-shock ~density ratio p,/p, may be obtained from reference 13 as a function of flight
conditions. For the present conditions p,/p; = 13.7, v = 1.157, and Cpg = 1.854.

The procedure utilizes different calculation methods over various segments of that portion

of the configuration exposed to the oncoming flow. A sample flow-field model is shown in figure 11
for 0 = 90° and y = 20°. Between the sonic points, the shock shape, shock standoff distance, and
stagnation-point velocity gradient are obtained for ¢ = 0° using the method of reference 3. The
method of reference 4 is used to correct these quantities for the desired value of ¢ and to relocate
the stagnation point. The pressure gradients at the sonic points are obtained as indicated in refer-
ence 5, and the method of that reference is used to calculate the pressure distribution between the
stagnation point and sonic point, in both directions, utilizing the known flow properties at the
end points. (Kaattari developed this procedure for combining his methods of refs. 3-5). At the
rightmost sonic point in figure 11 (looking
downstream), the flow is assumed to separate
such that the base pressure equals free-stream
static pressure (ppgse = 0.00225 pg). The flow
is assumed to expand around the leftmost.
corner to a value of the pressure that would
Shock wove exist behind a shock wave attached to a two-
dimensional wedge (see sketch (a)). The flow-

deflection- angle & for the sample case shown

in figure 11 is 20°. The surface pressure coef-

>

Sketch (a) sumption (1) is
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Py ! o
cp=2[1-(p—) ]smzﬂ | (A3)

where the oblique shock angle 6 is evaluated from

3 =06 - tan’! [(Qf tan 0] (A4)

by

The pressure coefficient is assumed constant
along the side of the body from the corner
to the point of tangency with the curved sur-
face facing the free stream (point m1 in
sketch (b)). From this point the flow is
assumed to expand around the curved sur-
face, with a Newtonian-type variation, to
free-stream static pressure at a point where
the local surface slope is parallel to the free-
stream direction. This is at m2 in sketch (b),
at which point the flow is assumed to sepa-
rate. The expression that forces the desired
variation in C, to match the values at the

Sketch (b) end points (m1 and m2) is
Y -0 9, -0
_ ) 4 4 ml
Cp(er) = CpS Sin <\l/_——" 0m1>M1 +<—“—‘—"‘—d] — 0m1>M2 s 9m1 < 0r< 6m2 (AS)
where
C 1/2
p v
Mn = sin”! C’"” , n=12 (A6)
Ps

For the sample flow field shown in figure 11 the value of Cp,,, is obtained from equations (A3)
and (A4) for & =20°; Cp,,, = Cppyse = 05 01 = 0°, and 6y, = 20°. The pressure-coefficient
distribution for this case is shown in figure 12. The pressure coefficient normalized by the
stagnation—-point value is shown as a function of distance along the body surface s measured from
the center of the flat face and normalized by the Isoloaf half width.

For other values of ¢, the location of some combination (two or more) of the stagnation
point, sonic points, and the pressure matching points (m1 and m2) on the curved surface(s) will
change. However, the pressure coefficient can be calculated over each segment of the surface by
one of the three methods just described. For example, for 59.8° < ¢ < 90°, the rightmost sonic
point is located at the corner 2s/w = -1 and the other is on the upstream curved surface at a
location Or, - The variation in C,, around the remaining portion of the curved surface is given by
equations (AS5) and (A6) where now Copy = Cp*, Cpm2 =0,0 = ()r*, and 0,,, = V.
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As indicated in reference 12, a two-dimensional wedge can support an attached shock wave
for values of § less than sin"! (1/y). Thus, for the present conditions, the flow is attached to the
corner 2s/w = -1 for 30.2° < ¢ < 59.8°. For this range of ¢, C on the sides of the Isoloaf is
obtained from equations (A3) and (A4), where § = 90° -y for - 1 < 2s/w < 1 and§ = ¢ for
-2.914 < 2s/w < -1 (-2.914 is the point of tangency noted in fig. 11).

Pressure distributions for the Isoloaf in pure pitch (0° < ¢ < 90°, ¢ = 0° or 180°) were also
calculated using the procedure just described. Although the flow field cannot justifiably be con-
sidered two-dimensional for these orientations, the pressure distributions so obtained are believed
more realistic than those predicted by Newtonian theory.
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APPENDIX B
AERODYNAMIC COEFFICIENTS AND AXIS SYSTEMS

The aerodynamic force and moment coefficients are defined relative to the aerodynamic axis
system of reference 6. A vector representation of the coefficients in this axis system and the rela-
tionship between the aerodynamic and body axis systems are shown in figure 13. The two axis
systems have a common origin at the center of gravity and a common xpg axis. The aerodynamic
axes y, z are in the crossflow plane, rotated through the angle ¢, such that the z axis is alined
with the crossflow velocity vector. In terms of the dimensionless quantities in figure 13, the magni-
tude of this vector is

vpy 2wy’ 1
5=[(—V) +(—V—)] =sino (B1)

Coefficients C4, Cp, and Cy are the axial-, normal-, and side-force coefficients, respectively;
C;, Cy, and Gy, are the rolling-, pitching-, and side-moment coefficients, respectively. Detailed
expressions for the coefficients used in the present study are (ref. 6):

CA(O,\U) = CAO(O,\II)
CN(o,\lz) = CNO(a, V)

Cy(O,ll/) = CYO(O,ll/)

Cllow) =€y (0.4) (B2)
. : C,,.(0.¥)
m
Cnl0.9)= Cpy (0,6) + 3 Cpy (0,0) +77 tan & —F5
C, (o)

_ ol Al
Cn(O,lll) = Cno(o,\l/) + 7 Cné(o,lll) +7 tan ¢ 5

The reference area and length for the coefficients are S = wl and [, respectively. The subscript o
denotes static aerodynamic coefficients. The dynamic coefficients Cy,; and Cy,; are contributions
to the pitching- and side-moment coefficients, respectively, due to planar pitching oscillations
(about a fixed o) in the resultant angle-of-attack plane with ¢ = constant. Similarly, Cmd; and Cn¢
are contributions due to steady coning motion at constant ¢ and . As noted in reference 6, X is
the angular rate at which the crossflow velocity vector rotates relative to a reference, nonrolling
axis system whose y, z axes are in the crossflow plane. The aerodynamic coefficients are mutually
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transferable between the aerodynamic and body axis systems. For example the moment system
is transferable through the relations

¢ =cC
1= Cip

(B3)

C =l
Cm+1Cn—e“l’<C

mg * iCnB)

The compatible forms for the transferred terms (static and dynamic) are given in reference 6.

Values of the static aerodynamic coefficients in pure pitch (0° < ¢ < 90°, ¢y =0°) and in the
sideZon attitude (0 = 90°, 0° < ¢ < 180°) were obtained by integrating the appropriate pressure
distributions with respect to the aerodynamic axes. The dynamic coefficients for these o—y
orientations, as well as the static and dynamic coefficients for all other orientations, were obtained
using modified Newtonian pressure distributions in the method of reference 7. In reference 7
the coefficients are referred to the body-axis system and, therefore, were transferred to the aero-
dynamic axis system.

The aerodynamic coefficients calculated for various o—y pairs for 0° < ¢ < 90° and 0° < y

< 180° are listed in table 5. In view of the two planes of mirror symmetry noted earlier, these data

are sufficient to define the coefficients for all possible orientations of the Isoloaf. The symmetry
relationships are given in table 6.

The aerodynamic requirements for a single stable trim orientation for the Isoloaf in the side-on,
flat-face-forward attitude are that the conditions

Cp (09) =0

BCmO(o,d/)

30 <0

o = const

(B4)
Cj (0.9)=0
o

aC; (o.¥)
o)

Y = const

be satisfied simultaneously for ¢ = 90° and ¢ = 0°, and for no other o—y pair. The moment coef-
ficients in figure 14 clearly demonstrate that for angular displacements in the two planes of mirror
symmetry all of conditions (B4) are satisfied at ¢ = 90° and ¢ = 0°. Detailed examination of the
data in table 5 revealed that at least two of conditions (B4) are violated for all other 6—y pairs.
The “waviness” in Cy, (90°, ¥) in the neighborhood of ¢y = 30° and 60° (fig. 14(b)) is a result of
fairing through discontinuities in the data associated with the attachment of shock waves to the
sharp edges of the Isoloaf in the angle range 30.2° < ¢ < 59.8°. Similarly, the pitching-moment
data in figure 14(a) have been faired near ¢ = 30°, 60°, 120°, and 150°.

15



As noted earlier, the key design feature that ensures the preferred Isoloaf attitude is that the
center of gravity be offset in the +zp direction an amount equal to one-half the radius of the
rearward-facing curved surfaces (see fig. 1) and r > ry,,;,. This is particularly pertinent to satisfying
the requirements on the rolling moment coefficient given in conditions (B4). Furthermore, the
larger the value of r, the more favorable the Cj, (90°, ¢) data, the limiting case being a single,
full radius at the rear, » = 0.5w. The value of r for the present Isoloaf design is the largest value
greater than ry,5, (fpin < 0.2w) consistent with the overall dimensions selected, and with the
relation Zg = 0.5r, which permits sufficient thicknesses of insulation and heat-shield material to
ensure safe atmosphere entry. The improvement in Cj, (90°, ¢) over the present design that
could be expected from an Isoloaf with r = 0.5w and zg = 0.5r can be seen in figure 15. Such a
design, of course, would require a different size or type of fuel cell and/or different overall heat-
source dimensions. Similar improvements in Cmy (o, 0°) are simultaneously realized as Zg increases.

16



APPENDIX C
ABORT SITUATIONS AND INITIAL ENTRY PARAMETERS

Three credible abort situations were considered: launch abort, orbital decay, and abort at
superorbital velocity. All entries subsequent to abort were assumed to begin at an altitude of
121.92 km.

Launch abort was assumed possible at any point along a nominal launch trajectory following
a short (less than 25 sec) uncontrolled burn of the booster, or misalinement of one or more
engines. Subsequent entries occur for a variety of initial velocities and flight-path angles. The
particular combination of these trajectory parameters selected for this study was that which
resulted in the greatest total convective heat absorbed during entry — that is, an initial inertial
velocity le- of 7.62 km/sec and an initial inertial flight-path angle T' I of -7.7°.

Orbital decay, of course, could be a normal or an abnormal entry. The assumed initial tra-
jectory parameters were V', = 7.83 km/sec and Iy = -0.02°.

. An example of a credible abort at superorbital velocity is propellant depletion just prior to
attaining earth-escape velocity and transfer to a transplanetary trajectory. Though such an abort
can result in multiple-pass entries, only single-pass entries were considered. Initial trajectory
parameters of Vy; = 10.97 km/sec and ry = -10° were selected as representative of a severe
thermal environment without subjecting the Isoloaf to excessive deceleration loads (less than
45 g in this case). Although the Isoloaf would probably fail from thermal shock, or certainly
fail from the deceleration loads, which can exceed 400 g for entries straight into the earth’s
atmosphere (I"]l- = -89.9°) at 10.97 km/sec, such entries were examined for their academic
interest (see fig. 7), particularly the likely Isoloaf motion relative to the occurrence of peak heating.

Conditions defining various initial attitudes and angular velocities of the Isoloaf were also
considered for each type of entry just described. These conditions ranged from the preferred
orientation with no angular velocity, through orientations with angular velocities that initially
produce tumbling and/or spinning motions, to spinning in the end-on attitude at a feasible esti~
mated maximum rate. The maximum initial angular velocity imparted to the Isoloaf was estimated
to be 400°/sec as a result of a launch abort in which the uncontrolled burn noted earlier occurred
with all engines ““hard over.”
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APPENDIX D

HEATING-RATE-DISTRIBUTION CALCULATIONS FOR ISOLOAF

IN THE SIDE-ON ATTITUDE (¢ = 90°, 0° < ¢ < 180°)

Heating-rate distributions were calculated by either of two methods, depending on the nature
of the bow shock wave associated with each particular roll orientation of the Isoloaf. For roll
orientations for which the bow shock wave is detached from the Isoloaf (most values of ¥), the
following expression was used to obtain dimensionless heating-rate distributions:

gLy Qs _ giw Q2s/w)] 4sW) 95O ds.epi ds.spn
As,ref 4s(‘p) - 45(0) 45 0y ds,sph s ref

K@) (D)

The first ratio in equation (D1) is the cold-wall, laminar convective heating-rate distribution for
any value of ¥ normalized by the heating rate to the stagnation point for that roll orientation.
A computer program written for the method of reference 10, a method based on laminar boundary-
layer theory for a swept cylinder, was used to calculate these distributions. The method requires a
knowledge of .the distributions of surface pressure and velocity and velocity gradient at the outer
edge of the boundary layer. The pressure distributions and stagnation-point velocity gradients
were obtained from the calculations noted in appendix A. The velocity distributions were calculated
from the pressure distributions as indicated in reference 10, and the velocity gradients were obtained
from a computer routine for smoothing and differentiating. A special smoothing routine was in-
cluded in the program to ensure a consistent set of input data (pressure, velocity, and velocity
gradient) for all values of 2s/w, particularly at the stagnation point and at values where the pres-
sures were discontinuous (fig. 12). '

The next four ratios in equation (D1) are used to relate the heating-rate distribution for any
¥ to the stagnation-point value of the reference sphere. The second ratio relates stagnation-point
heating for any ¢ to that for ¢ = 0°, flat face forward, and equals the ratio of stagnation-point
velocity gradients '

() [dWVe/V[d(2s/w)l§ (V)
4,(0)." [d(V,/V)]d(2s/w)]  (0)

(D2)

Values for the stagnation-point velocity gradients are given in table 7 as a function of . The next
ratio qs(O)/qs,cy, accounts for the difference in stagnation-point velocity gradients between a flat
plate and a cylinder normal to the free stream. The value 0.6 was obtained from the computer
program described in reference 14. The ratio gg ¢y1/qs, sph accounts for the difference in stagnation-
point heating rates for a cylinder and a sphere of the same radius (an equivalent radius for the
Isoloaf, Requiv = w/2). The value 1/+/2 was used (ref. 15). The last ratio relates the stagnation-
point heating rate of the equivalent sphere to that of the reference sphere, as follows:
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. 1/2 1/2
qs,sph= Rref ! _ Rref

s ref Requiv B (W/2)J

(D3)

Thus, the product of the five ratios in equation (D1) yields a two-dimensional, dimensionless
heating-rate distribution.

Finally, to obtain heating-rate distributions more representative of a three-dimensional con-
figuration, the correction factor K(¢ ) for a general three-dimensional stagnation point was included
in equation (D1). This factor was evaluated as indicated in reference 16 and for the Isoloaf can be
shown to be ' ’ '

(d(V o/ V)d(2s/w)]  (0)) /2
[d(Ve/VYd(2sIw)T5 ()

K@) = §1 +(ll’) (D4)

The heating-rate distribution for the sample flow field and pressure-coefficient distribution shown
in figures 11 and 12, respectively, is shown in figure 16. The locations of the POCO exterior-
surface nodes are indicated for reference.

Some indication of the accuracy of the heating rates calculated by the above procedure
was obtained ‘by comparing the heating-rate distribution calculated from equation (D1) with
experimental results obtained from reference 17 for a Pioneer-type heat source (hexagonal cross
section) tested at Mach number 6. The theoretical and experimental heating-rate distributions
around the center cross section of the heat source are shown in figure 17 for a side-on, flat-face-
forward orientation (¢ = 90°, ¢ = 30°). The trend of the data between the corners or edges of the
flat face (between sonic points) is predicted well by the theory. The values near the stagnation
point (4s/w = 0) are about 4 percent lower, and at the corner (4s/w = 1) about 8 percent higher
than experiment. Around the corner (1 < 4s/w < 3) the agreement is poor. The schlieren photo-
graphs of reference 17 indicate the flow separates around the corner (note the sharp decrease in
‘?/‘is,ref) and then reattaches, forming a secondary shock wave (note the gradual rise in q/qs,,ef
in the neighborhood of 1.4 < 4s/w < 2.0). Since the present calculations assume the flow remains
attached around the cross section to 4s/w = 3, the poor agreement for 1< 4s/w < 3is to be expected.

For roll orientations for which the shock wave is attached to a corner of the Isoloaf, 30.2°
< Iy} < 59.8°, dimensionless heating-rate distributions were calculated from

Aol _ 463[Rref]”"[ ! ]"4 ply. g1 Vel s 12 [
| | (
S

12
s ref (w/2) pylpgC, p(¥) V |_|(2s/w) £ |]

(D5)

This result was obtained from equations (8) and (10) in reference 11; equation (10) was divided
by equation (8) and the Newtonian expression was used for the stagnation-point velocity gradient.
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When this result for the heating-rate distribution over a cone (referred to a unit sphere) is multi-
plied by 1/4/3 to convert to a wedge, equation (D5) is obtained. The quantities Cps and p/pg were
obtained from calculations noted in appendix A; p;/ps and V/V were evaluated from expressions
in reference 12 for normal and oblique shock waves, respectively. A Newtonian variation in
velocity was used around the curve surface of the Isoloaf.

For values of y > 0° for which the bow shock wave is attached to a corner, the stagnation
point is at 2s/w = -1 and the plus sign is used in equation (D5); for ¢ < 0°, it is at 2s/w = 1 and the
minus sign is used. At either corner, equation (D5) becomes infinite. This unrealistic situation is
avoided by estimating the stagnation-point heating rate and fairing between the estimated value
and lower values given by equation (D5). The maximum extent of faired values was for -1.03
< 2s/w < -0.97. The stagnation-point heating rate was estimated as follows: The heating rate
calculated at the corner 2s/w = -1 was plotted as a function of ¢ for values of ¥ > 0° for which
the bow shock is detached. (As the value of ¢ for shock attachment is approached from either
direction, the stagnation point approaches the corner.) These rates were faired for all 0° < y < 180°.
The estimated stagnation-point heating rates were obtained from the faired data at values of
¥ for an attached shock wave.
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APPENDIX E
ENTRY HEAT INPUT

Time histories of entry heating input to the thermal model were determined by coupling the
heating-rate distributions with time histories of the Isoloaf rolling motion and reference heating
rate. To simplify the coupling procedure, the dimensionless heating-rate distributions (appendix D)
were averaged over each of the exterior nodes to obtain the nodal heating factors

[ Q[wc;gise/;v)l d(%)

Fiy) =
e

as a function of y. Values of F;(y) are tabulated in table 8 for -180° < ¢ < 180° and 113<i< 124.

(ED)

When the rate of change of heat-source motion was small compared to the rate of change of
the reference heating rate, time histories of the heating rate applied to each node during entry
were obtained from

d; (1) = Fy0) dy pegD) | (E2)

where the value of ¢ is that about which the oscillation occurred. Equation (E2), with y = 0°,
was used during the side~on stable entries {cases 3 and 7).

For most of the other entries, the rate of change of heat-source motion was often significantly
higher than the rate of change of the reference heating rate. For these periods, the heating factors
were time-averaged to simulate the variation in each nodal heating factor with heat-source motion.
During periods when the Isoloaf was spinning, the heating factors were averaged over a complete
revolution; when it was oscillating, the time variation of the maximum amplitude of oscillation,
04(1) = O-S[wniax,env(t) = Ymin,eny(t)], was approximated by a step function OA p(Atg), as
shown in figure S. The heating factors were averaged over each time interval and weighted according
to the relative length of time the [soloaf spent at each orientation. For this purpose, it was assumed
that the motion during each kth time interval Af; could be described as a function of time:

© =6, (A1) cos (%’) (E3)

where © is the angular displacement measured from the value of ¢ about which oscillation occurred
and ¢, is the period of oscillation. The amplitude of oscillation for each kth time interval was
divided into j increments and the time-averaged heating factor for node i was calculated as follows:

Z-Fl-(@j) lcos'1 (G)]-+1/G)Ak) —cos™} (G)j/@Ak)

Fpat) == — (E4)
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Finally, time histories of the heating rate applied to each node during entry were obtained
from

G0 = Fi81p) Gg pof(D) (ES)

for each successive Aty. The reference heating rate for each entry was obtained, of course, from
the trajectory calculations. :
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TABLE 1 — HEAT SOURCE PHYSICAL AND THERMAL PROPERTIES

Physical Thermal Thermo-physical
Component . Thickness, Conductivity, N (specific heat) X density,
Material mm W/m °K Emissivity 3/m3 °K
Fuel? Plutonium | 54.46 (dia) 9.70 b 3.83
’ dioxide
Fuel liner Tantalum, | 0.508 65.5 b 3.48
"I 10-percent
tungsten
Strength member | Tantalum | 2.286 67.4 b 2.90
(T-111)
Clad® Platinum, | 0.4572 70.8 0.85¢ 3.60
20-percent
rhodium
Insulation Pyrolytic 3 layers, 1.33 radially 0.5 4.64
graphite 1.778 each | 209 circumferentially
Heat shield POCO Variable 36.2 at 1366° K 0.8 3.48 at 1366° K
graphite 29.4 at 1922° K 0.8 3.94 at 1922°K
26.8 at 2478° K 0.8 4.18 at 2478° K
Total thermal load = 400 W.
bI-leat exchange by radiation across helium gaps neglected.
Clad melting temperature = 2145° K; high emissivity coating assumed.
TABLE 2 — ENTRIES FOR THERMAL ANALYSIS
Isoloaf initial conditions Trajectory
- - initial conditions
Case Abort Attitude Angular velocity at 121.92 km
situation Physical description | o, | ¥, PB; qBi, 'B; V’i' rli_
deg | deg deg/sec | deg/sec | deg/sec | km/sec deg
1 Launch Side-on spinning 90 0 400 0 0 7.62 -1.7
2 End-on spinning 0 * *
3 Side-on stable 90 0.1 0
4 1 Orbital decay End-on spinning 0 0 400 7.83 -0.02
5 + End-on tumbling * 110 0 400 * *
6 | Superorbital Side-on spinning 90 0 400 0 1097 (-10
7 * Side-on stable + 0.1 0 * [ | +
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TABLE 3 — ISOLOAF MOTIONS AT PEAK ENTRY HEATING

Oscillatory motion

. "Is,ref,max
c Abort Initial attitude at peak heating
ase . . . MW
situation and motion o, v, —
deg deg m
1 Launch Side-on spinning 90 £2 083 2.84
2 End-on spinning Large-angle coning 3.44
and spinning motion
3 Side—on stable 90 0.1 0+0.1 2.77
4 Orbital decay | End-on spinning 90 83 0118 1.61
5 + End-on tumbling 90 +31 057 1.41
6 Superorbital | Side-on spinning 90 0.5 055 8.97
7 + Side-on stable 90 +0.1 0:0.1 8.65

TABLE 4 — PEAK TEMPERATURES (°‘K) OF CAPSULE CLAD AND ADJACENT SURFACES
DURING ENTRY; GAPS OUTSIDE CLAD AIR FILLED

Node
69

T POCO

i . Surface and node temperatures, °K
Case | Abort Initial attitude e g T PG, | Cld, | POCO, | Clad, | POCO,
31 37 34 64 36 69

1 | Launch Side-on spinning | 1106* | 1239* | 1211 1494 1156 1233
2 End-on spinning 1100* 1200* 1361 1656 1422 1633
3 Side-on stable 1111* | 1256* | 1017* | 1083# 933* 850*
4 [ Orbitaldecay | End-on spinning | 1600* | 1690* | 1728 1900 1719 1806
5 * End-on tumbling | 1706 1789 1617 1717 1544 1528
6 | Superorbital Side-on spinning | 1183* | 1422* 1456 1928 1294 1422*
7 * Side-on stable 1158* | 1395* | 1061* 1244* 947* 872*

*Not peak temperature; value reached at termination of entry.




TABLE 5 — ISOLOAF AERODYNAMIC COEFFICIENTS

a,
NG B 5 10 20 25 35 50 65 70 80 "85 9
deg
C, (o,
4 @D

02 09780 | 09730 | 09680 | 09310 | 05000 | 07920 | 04900 | 02100 | 0.1370 | 00339 | 00100 | 00
10 10000 | 09920 | 09690 | 08830 | 08210 | 06710 | 04130 | 01780 | 01170 | 00301 | 00076 | 00
90 10000 | 09920 | 09690 | 038830 | 08210 | 06710 | 04130 | 0.1780 | 01170 | 00301 | 00076 | 00

180 10000 | 09920 | 09690 | 038830 | 08210 | 06710 | 04130 | 01780 | 0170 | 00301 | 00076 | 00
CNO(O,\P)

0 00 00211 | 00620 | 02510 | 03860 | 07170 | 12800 | 16420 | 17020 | 17700 | 17820 | 1.7870
10 00 00135 | 00537 | 02080 | 03180 | 05860 | 10440 | 14620 | 15720 | 17260 | 17670 | 17530
0 - | o0 00122 | 00486 | 01880 | 02880 | 05300 | 09450 | 13230 | 14220 | 15620 | 1.5980 | 1.6830
25 00 00115 | 00458 | 01780 | 02710 | 04990 | 08900 | 12460 | 13400 | 14720 | 15060 | 16600
35 0.0 00104 | 00412 | 01600 | 02440 | 04490 | 08010 | 11210 | 12060 | 13240 | 13540 | 155930
35 00 00099 | 00395 | 01530 | 02340 | 04310 | 07700 | 10770 | 171580 | 12720 | 13020 | 15390
55 0.0 00105 | 00417 | 01620 | 02470 | 04550 | 08120 | 1.1360 | 12210 | 13410 | 13720 | 15950
65 00 00118 | 00470 | 01820 | 02790 | 05130 | 09160 | 12820 | 13780 | 15140 | 15490 | 156950
70 00 00127 | 00504 | 01960 | 02990 | 035500 | 09810 | 13730 | 14760 | 16210 | 16590 | 17450
80 00 00144 | 00570 | 02210 | 03370 | 06210 | 11080 | 15510 | 1.6670 | 18310 | 18740 | 18500
90 00 00154 | 00610 | 02360 | 03610 | 06650 | 11860 | 16600 | 17850 | 19610 | 20060 | 19240

100 00 00153 | 00607 | 02350 | 03590 | 06620 | 1.1800 | 16520 | 17760 | 19510 | 19960 { 19300
110 00 00144 | 00568 | 02210 | 03370 | 06200 | 1.1070 | 15490 | 16650 | 18290 | 18720 | 18880
120 00 00130 | 00515 | 02000 | 03050 | 05620 | 10030 | 14040 | 15090 | 16570 | 16960 | 17950
140 00 00110 | 00436 | 01690 | 02580 | 04760 | 0.8490 | 11880 | 12780 | 14030 | 14360 | 156080
155 0.0 00110 | 00438 | 01700 | 02590 | 04780 | 0.8520 | 11940 | 12830 | 14000 | 14420 | 15000
160 00 00113 0.0448 0.1740 0.2660 0.4890 0.8730 1.2210 1.3130 1.4420 1.4760 1.4960
170 00 00119 | 00472 | 01830 | 02800 | 05150 | 09190 | 12860 | 13830 | 15190 | 15540 | 15380
180 00 00122 | 00484 | 01880 | 02870 | 05290 | 09430 | 13200 | 14190 | 15580 | 15940 | 135530
&y (@.9)

0 00 00 00 00 00 00 00 00 00 | 00 00 00
10 00 00020 | 00078 | 00303 | 00a62 | 00852 | 01520 | 02130 | 62290 | 02510 | 02570 | 02480
20 00 00027 | 00109 | 00421 | 00643 | 0.1180 | 02110 | 02960 | 03180 | 03490 | 03570 | 03510
25 00 00026 | 00104 | 00406 | 00620 | 01140 | 02040 | 02850 | 03060 | 03370 | 03440 | 03470
35 00 00016 | 00064 | 00248 | 00378 | 00698 | 01240 | 01740 | 01870 | 02060 | 02100 | 02450
45 0.0 00001 | 00004 | 00019 | 00027 | 0.0052 |-00092 | -00129 | 0.0137 | 00152 | 00153 | -0.0195
55 00 200019 | 00076 | 00294 | 00449 | 00826 |-0.1470 | -0.2060 | 02220 | 02440 | 02490 | -0.3000
65 00 200031 | 00123 | 00478 | 00728 | 01340 | 02390 | -03350 | 03500 | 03950 | 04050 | 0.3920
70 00 20,0033 | 00131 | -0.0508 | 0.0777 | -0.1430 |-02550 | 03570 | -0.3840 | 04220 | 04310 | -0.3960
80 0.0 200023 | 00109 | 00423 | 00646 | 0.1190 | 02120 | 02970 | 03200 | 03510 | 0.3590 | 02950
90 0.0 00009 | 00037 | 00145 | 00221 | 0.0407 | 00726 | 01020 | 01090 | 01200 | 01230 | -0.0955

100 00 00011 | 00045 | 00172 | 00264 | 00486 | 00867 | 01210 | 01300 | 01430 | 01460 | 01140
110 00 00025 | 00094 | 00366 | 00556 | 01020 | 0.1820 | 02550 | 02750 | 03020 | 03090 | 02780
120 00 00026 | 00104 | 00403 | 00615 | 01130 | 02020 | 02830 | 03040 | 03340 | 03420 | 03000
140 00 00008 | 00033 | 00128 | 00194 |" 00358 | 00642 | 00898 | 00965 | 01060 | 0.1080 | 010830
155 0.0 00008 | -0.0033 | 00127 | 00193 | 00355 |-00634 | -0.0888 | 00955 | -0.1050 | -0.1070 | -0.0775
160 00 00011 | 00044 | 00170 | 00260 | 00480 | 00855 | 01200 | 01290 | 01410 | 071450 | 011120
170 00 200010 | 00041 | 0.0158 | 00241 | 00444 | 00794 | 01110 | 04190 | 01310 | 01340 | -0.1300
180 00 00 00 0.0 0.0 00 00 00 00 00 00 00
Cy (o,¥)
(2}

0 00 00 00 00 00 00 00 00 00 00 00 00
10 00 00 0.0 00000 | 0.0000 | 00000 |-0/0001 | -0.0001 | -0.0001 | 00001 | -0.0001 | -0.0081
20 0.0 00000 | -0.0000 | -0.0001 | -0.0002 | -0.0003 |-0.0006 | 0.0009 | -0.0009 | -0.0010 | -0.0011 | 00202
25 00 00000 | 00001 | 00002 | 00004 | 00007 | 0001 | 00017 | 00018 | 00020 | 00020 | 00220
35 00 20,0000 | /0002 | -0.0006 | -0.0009 | -0.0017 {-0.0030 | 0.0043 | -0.0046 | -0.0050 | -0.0052 | -0.0080
45 00 200001 | 00003 | 00012 | 00018 | -0.0033 |0.0059 | 0.0082 | -0.0089 | -0.0097 | 0.0100 | 0.0120
55 00 200001 | 00005 | -0.0019 | -0.0029 | -00054 |-0.0096 | 00134 | -0014¢ | 00158 | 00162 | 0.0178
85 00 2000002 | 00007 | -0.0027 | 0.0042 | 00077 |0.0137 | 00192 | 00206 | 00227 | 0.0232 | 0.0020
70 0.0 20,0002 | 0/0008 | 00031 | -0.0048 | 00080 |-0.0158 | 00222 | 00238 | 00262 | 0.0268 | -0.0055
80 00 200002 | 00010 | 00039 | 0.0060 | 00110 [-00197 | 0.0275 | 00296 | -0.0325 | -0.0333 | -0.0225
90 0.0 20,0003 | 00012 | -0.0045 | -0.0069 | 00126 |-00225 | 00315 | 010339 | 00372 | 00381 | -0.0358

100 00 200003 | 00012 | 00048 | -0.0073 | 0.0134 |0.0239 | -0.0334 | 00359 | 00394 | -0.0404 | 0.0411
110 00 200003 | 00012 | 00047 | 00072 | -00133 |-0.0237 | 00332 | 010357 | 00392 | -0.0401 | -0.0423
120 00 200003 | 00011 | -0.0044 | -0.0068 | 00125 |-0.0222 | 00311 | 00335 | 00368 | 0.0376 | 0.0416
140 00 200002 | -0/0008 | -0.0033 | -0.0050 | -0.0092 | 0.0164 | 00230 | 010247 | 00272 | 0.0278 | 0.0300
15 00 2000001 | 00005 | -00021 | -0.0032 | 00058 |-0.0106 | 00128 | 00159 | 00175 | 0.0179 | -0.0053
160 00 20,0001 | 20,0004 | 00017 | -0.0026 | -0.0048 |-0.0085 | 0.0119 | 00128 | -0.0141 | -0.0144 | 0.0040
170 00 20,0001 | 00002 | -0.0008 | -0.0013 | -0.0024 |-0.0043 | -0.0060 | 0:0064 | 00071 | -00072 | -0.0039
180 00 0.0 00 0.0 00 00 00 0.0 00 00 00 00
C,,,o(v.\b)

0 00463 | 00450 | 00408 | 00321 | 00282 | 00385 | 00240 | 00480 | 0.046s | 00185 | 00076 | 00
10 00428 | 00425 | 00416 | 00378 | 00352 | 00287 | 00177 | 00076 | 00050 | 00013 | o003 | oo
20 00408 | 00405 | 00396 | 00360 | 00335 | 00274 | 00169 | 00073 | 000a8 | 00012 | 00003 | 00
25 00394 | 00391 | 00382 | 00348 | 00324 | 00264 | 00163 | 00070 | 00046 | 00012 | 00003 | 00
35 00356 | 00353 | 00345 | 00314 | 00292 | 00239 | 00147 | 00064 | 0ooaz | 00011 | 00003 | 00
s 00307 | 00305 | 00298 | 00271 | 00252 | 00206 | 00127 | 000ss | 00036 | 00009 | 00002 | 00
55 00249 | 00247 | 00242 | 00220 | 00205 | 00167 | 00103 | 00044 | 00029 | 00007 | 00002 | 00
65 00184 | 00182 | 00178 | 00162 | 00151 | 00123 | 00076 | 00033 | 00021 | 0loos | 00001 | 00
70 00149 | 00148 | 00144 | 00131 | 00122 | 00100 | oooer | 00026 | 00017 | oooa | o001 | 00

3Non-newtonian theory, references 3-5.
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TABLE 5 — ISOLOAF AERODYNAMIC COEFFICIENTS — Concluded

a,
v deg | ¢ 5 10 20 .25 35 50 65 70 80 85 90
deg
Cn {o,¥) (Continued)
o
80 00075 | 00075 | 00073 | 00067 | 0.0062 | 00051 | 00031 | 00013 | 00009 | 00002 00001 00
90 0.0 0.0 00 00 0.0 0.0 0.0 0.0 00 00 0.0
100 00075 | 00075 | 00073 |-00067 | 00062 | 00051 | 59031 | 00013 | oe009 |-00002 | 9001 | 00
110 00149 | 00148 |-00142 | 00131 | 00122 | 00100 | 00061 )-0.0026 | -0.0017 |-0.0004 |-0.0001 | 00
120 00217 |-00216 |-00211 |-00i92 | -00178 | -00146 |-0.0090 |-0.0039 |-0.0025 |[-0.0006 |-0.0002 | 00
140 00333 | -00330 |-00323 |-0.0294 | 00273 |-00223 | 00138 |-0.0055 |-0.0039 |-0.0010 |-0.0002 | 00
155 00394 | 00391 |-00382 |-0.0348 | 00324 | 00264 |-0.0163 |-00070 |-0.0046 |-0.0012 |-0.0003 | 00
160 00408 |-00405 |-0.0396 |-0.0360 | -0.0335 | 00274 |-0.0169 |-0.0073 |-0.0048 |-0.0012 |-0.0003 | 00
170 00428 | 00425 | 00415 | 00378 | 0.0352 | -0.0287 | -0.0177 |-0.0076 | -0.0050 |-0.0013 | -0.0003 | 0.0
180 00463 | 00450 |-00408 |-00321 | -00282 |-0.0385 |-0.0240 |-00480 |-0l0465 |-0.0185 |-00076 | 0.0
C, (o,
@9

0 200402 | -0.0401 | 0.0396 -] 0.0378 | -0.0365 | 0.0330 | 00259 | -0.0170 | 00138 |-0.0070 | -0.0035 | 00
20 00392 | 00390 | -00386 |-00368 | -0.0355 | 00321 |-00252 |-00166 | 0.0134 |-00068 |-00034 | 0.0
0 00365 |-00364 | 00360 |-0.0343 | 00331 | 0.0209 | -0.0235 |-00154 | -0.0125 |-0.0063 | 00032 | 00
60 00335 | 00333 | -00320 [-00315 | 00303 | 00274 | -0.0215 |-00142 | -00115 |-00058 |-00029 | 0.0
80 00315 |-00314 | 00310 | 00206 | 00285 | 00258 |-0.0203 |-00133 |-00108 |-00054 |-00027 | 00

100 00315 |-0.0314 |-00310 |-00296 | 00285 | -0.0258 |-0.0203 | -0.0133 |-0.0108 |-0.0054 |-00027 | 0.0
120 00335 [-0.0333 |-00329 [-00315 | 00303 | 00274 | 00215 {-00142 |-0ons |-00058 |-00029 | 00
140 00365 | -00364 | 00360 |-00343 | -00331 | -00299 | -0.0235 |-00154 |-000125 |-0.0063 | 00032 | 00
160 00392 |-00390 |-00386 |-00368 | 00355 | -0.0321 [-00252 |-00166 |-00134 |-00068 |-0.0034 | 00
180 -0.0402 .| -0.0a01 | 00396 |-0.0378 | 00365 | 00330 | 00259 |-00170 |-0.0138 |-0.0070 |-0.0035 | 00
C,, .(0,9)/6
n1¢

0 00 00 00 00 00 0.0 00 00 00 0.0 00 00
20 00029 |-0.0029 | 00029 |-0.0027 | -0.0036 | -0.0024 | -0.0019 |-00012 | -0.0010 |-0.0005 |-0.0003 | 00
40 00044 | -00044 | 00044 |-00042 | -0.0040 | -0.0036 | -0.0029 | -00019 [-0.0015 |-0.0008 |-00004 | 0.0
60 -0.0039 | 00039 | -0.0038 |-0.0037 | -0.0035 | -0.0032 |-0.0025 | -00016 |-0.0013 |-0.0007 |-0.0003 | 00
80 00015 |-0.0015 | 00015 |-0.0014 | -0.0014 | -0.0013 | -0l0010 |-0.0006 | -0.0005 |-0.0003 |-00001 | 00

100 0.0015 | 00015 | 00015 | 00014 | 00014 | 00013 | 00010 | 00006 | 00005 | 0.0003 | 00001 | 00

120 00039 | 00039 | 00038 | 00037 | 00035 | 00032 | 00025 | 00016 | 00013 | 00007 | 00003 | 00

140 00044 | 00044 | 00044 | 00042 | 00040 | 00036 | 00022 | 00019 | 00015 | 00008 | 00004 | 0O

160 00029 | 00029 | 00029 | 00027 | 00026 | 00024 | o0ole | 00012 | 00010 | 00005 | 00003 | 00

180 | 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00
C ", (6.¥)

0 0.0 0.0 00 00 00 00 00 00 00 0.0 00 00
10 0.0075 | 00075 | 00073 | 00067 | 00062 | 00051 | 00031 | 00013 | 00009 | 00002 | 0000l | 00
20 00149 | 00148 | 00144 | 00131 | 00122 | 00100 | 0005l | 00026 | 00017 | 0.0004 | 0.0001 | 00O
25 00184 | 00182 | 00178 | 00162 | 00151 | 00123 | 00076 | 00033 | 00021 | 0.c005 | 00001 | 00
35 00249 | 00247 | 00242 | 00220 | 00205 | 00167 | 00103 | 0004a | 00029 | 00007 | 00002 | 00
45 00307 | 00305 | 00298 | 00271 | 00252 | 00206 | 00127 | 00055 | 00036 | 00009 | 00002 | 00
55 00356 | 00353 | 00345 | 00314 | 00292 | 00239 | 00147 | 00064 | 00042 | o011 | 00003 | 00
65 00394 | 00391 | 00382 | 00348 | 00324 | 00264 | 00163 | 00070 | 00046 | 00012 | 0.0003 | 00
70 00408 | 00405 | 00396 | 00360 | 00335 | 00274 | 00165 | 00073 | 00048 | 0.0012 | 00603 | 0.0
80 00428 | 00425 | 00415 | 00378 | 00352 | 00287 | 00177 | 00076 | 0.0050 | 00013 | 00003 | 00
90 00435 | 00431 | 00422 | 00384 | 00357 | 00292 | 080 | 00078 | 00051 | 00013 | 00003 | 00

100 00428 | 00425 | 00415 | 00378 | 00352 | 00287 | 00177 | 00076 | 00050 | 00013 | 00003 | 00
110 00408 | 00405 | 00396 | 00360 | 00335 | 00274 | 00169 | 00073 | 00048 | 00012 | 00003 | 00
120 0.0376 | 00374 | 0.0365 | 00332 | 00300 | 00252 | 00i56 | 0.0067 | 00044 | 0.0011 | 00003 | 00
140 00279 | 00277 | 00271 | 00247 | 00229 | 00187 | 00115 | 00050 | 00033 | 00008 | 00002 | 00
155 00184 | 00182 | 00178 | 00162 | 00151 | 00123 | 00076 | 00033 | 00021 | 00005 | 00001 | 00
160 00149 | 00148 | 00144 | 0013t | 00122 | 00100 | 00061 | 00026 | 00017 | 0.0004 | 00001 | 00
170 00075 | 00075 | 0.0073 | 00067 | 00062 | 00051 | 00031 | 00013 | 00009 | 00002 | 0000 | 00
180 0.0 0.0 0.0 0.0 00 0.0 0.0 00 00 00 0.0 0.0
C,, (o,¥)

0 0.0 00 00 00 00 00 00 00 00 00 00 00
20 00029 | -0.0029 | -0.0029 |-00027 | -0.0026 | -0.0024 | 00019 | -0.0012 | 00010 | -00005 | -00003 | 00
40 00044 | 00044 | 00044 | -0.0042 | -0.0040 | 00036 |-0.0029 |-0.0019 |-0.0015 |-0.0008 |-0.0004 | 00
60 0.0039 | 00039 | 0.0038 | -0.0037 | -0.0035 | 0.0032 | -0.0025 | -0.0016 | -00013 |-0.0007 |-0.0003 | 00
80 00015 | 00015 | -00015 |-00014 | 00014 | 00013 | 00010 |-0.0006 | -0.0005 |-0.0003 |-0.0001 | 00

100 00015 | 00015 | 00015 | 00014 | 00014 | 00013 | 00010 | 0.0006 | 00005 | 00003 | 0.0001 | 00
120 00039 | 00039 | 00038 | 00037 | 00035 | 00032 | 00025 | 00016 | 00013 | 0.0007 | 00003 | 00
140 0.0044 | 00044 | 00044 | 00042 | 00040 | 00036 | 0.0029 | 00019 | 00015 | 0.0008 | 0.0004 | 0O
160 00029 | 00029 | 00029 | 00027 | 00026 | 00024 | 00019 | 00012 | 00010 | 00005 | 00003 | 00
180 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 00 00 0.0 00
C, .(0,9)8
"$

0 00312 | 00311 | 00307 | 00294 | -0.0283 | 00256 | -0.0201 | <0.0132 [ 00107 | 0.0054 |-0.0027 | 00
20 00323 | 00322 | 00318 |-00303 | 00292 | 00265 | 00208 | -00136 | 00110 |-0.0056 |-0.0028 | 00
40 00350 | 00348 {-00344 [-00329 | -0.0317 | 00286 | -0.0225 |-00148 | 00120 [-00061 |-0.0030 | 0.0
60 00380 |-00378 | 0.0374 |-00357 | 00344 | 00312 | 00244 | -00i60 | 00130 |-0.0066 |-0.0033 | 00
80 00400 | 00398 |-00394 |-00376 | 00362 | 00328 | 00257 | 00169 | 00136 |-0.0070 |-0.0035 | 00

100 00400 | 00398 | 00394 | -00376 | 00362 | -0.0328 | 00257 | 00169 | 00136 |-00070 |-0:0035 | 00
120 200380 | 00378 | 00374 | 00357 | 00344 | 00312 | 00244 | 00160 | 6.0130 |-00066 | -0.0033 | 00
140 00350 | 00348 |-00344 | 00329 | 00317 | 00286 | -0.0225 | -0.0148 | 00120 |-00061 |-0.0030 | 00
160 00323 | 00322 | 00318 |-00303 | 00292 | 0.0265 00508 | 00136 | 0oito | 00056 | 0008 | 99
180 00312 | 00311 | 00307 | 00294 | 007283 | -0.0256 | 00201 |-00132 | 00107 |-0.0054 | 00027 | 00




TABLE 6 — AERODYNAMIC SYMMETRY RELATIONSHIPS

90° < 0 < 180°

For negative

C =-C 180° - o,
AO(G’W Ao( 0°-0,¥)
Cmo(o, 11//=—Cm0(180°-o, V)

C, (0. 4)=-C, (180°-0,4)

For all other coefficients

C,l0,4)=C,(180°-0, )

CYO(O, - ¢}=-CYO(0, y)
CIO(o, - xl//=—Clo (o, V)
Cmd.)(o, - ¢)=-Cmq.)(0, ¥)
Cno(o,- ll/)=-CnO (0, ¥)

Cpy (0. 9)==C,y. (0.9)

For all other coefficients

C(0,-¥)=Cy (0, )

TABLE 7 — STAGNATION-POINT VELOCITY GRADIENTS FOR ISOLOAF

ORIENTATIONS WITH DETACHED BOW WAVE, ¢ = 90°

v, d(v,/v)
deg d(2s/w)
0 0.0774
10 0.0940
20 0.1375
28 0.2490
62 0.2190
90 0.0720
135 0.8488
150 0.3300
160 0.1750
180 0.0900
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(a) Overall dimensions and mass properties.
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(b) Layered arrangement of internal components.

Figure 1.— Isoloaf heat source.
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Figure 4.— Reference heating-rate time history during launch-abort entry with Isoloaf initially
spinning side-on; case 1.
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Figure 5.— Rolling-motion time history during launch-abort entry with Isoloaf initially spinning
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side-on; case 1.
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Figure 6.— Rolling motion relative to reference heating rate during launch-abort entry with Isoloaf

initially spinning side-on; case 1.
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Figure 8.— Isoloaf external-surface temperature time histories during launch-abort case 1; gaps
outside clad evacuated.
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Figure 11.— Sample flow field model; o = 90°, = 20°.
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Figure 12.— Sample pressure-coefficient distribution; 0 =90°, yy = 20°.-
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(b) Rolling-moment coefficient, o = 90°.
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Figure 14.— Static-moment coefficients for the Isoloaf due to angular displacements in the two

planes of mirror symmetry.
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Figure 15.— Rolling-rhoment coefficients in the side-on attitude for two Isoloaf designs with
Zg = 0.5r.
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Figure 16.— Sample heating-rate distribution; o = 90°, ¢ = 20°.
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Figure 17.— Theoretical and experimental heating-rate distributions for a Pioneer-type heat-source
at Mach number 6; 0 = 90°, flat face forward.
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