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SUMMARY

Motion studies of the General Purpose Heat Source Module, GPHS, were
conducted in the heat pulse intervals associated with entries from earth gravity
assist trajectories. The APL six-degree-of-freedom reentry program designated
TMAGRA6C was used. The objectives of the studies were to (1) determine whether
the GPHS module entering the earth’s atmosphere from an earth-gravity-assist
trajectory has a preferred orientation during the heat pulse of reentry, (2)
determine the effect of magnus force on the roll rate and angle of attack of the
GPHS during an EGA entry, (3) determine the effect of the magnitude of pitch and
roll damping on the GPHS motion.

For easy visualization of the initial conditions investigated and to
provide a quick-look of the resulting motion, roll rate and angle of attack, the
results are given in summary form in Tables 1 through 12. Selected values of
initial pitch rate, roll rate, and combinations of these within the range 0 to
1000° /sec were investigated for initial reentry angles of -7° (shallow), and
-30° (intermediate), -50° (intermediate) and -90° (steep) and initial angles of
attack of 0° (broadface to the wind), 30°, 45°, 75° and 90° (see List of Figures
on page 5).

A sufficient number of reentry conditions (initial altitude, reentry
angle, angle of attack, rotational motion, increased pitch and roll damping
derivatives, increased magnus force) have been studied to deduce certain trends.
The results show five GPHS orientations that predominate - all with some pitch
oscillations and rolling motion. These are: angles of attack, agz = 0°, 30°, 75°,
90° and tumbling. The largest percent of occurrence is for a = 0° (broadside),
approximately 42% of the cases investigated. The other cases, by and large,
occur equally as frequently, between 10% and 20% of the time. The highest roll
rate achieved in this study is 16000°/s.

In the majority of the cases examined, increases in pitch and roll
damping seemed to have little or no effect on the angle of attack history. This
investigation also verifies that magnus force and moment are not significant
contributors to GPHS motion.
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pitching moment coefficient, C, = Pitching moment (in-1bs)

ac,
roll damping coefficient, C,p = !
8 ¢L]
|4
ac,
pitch damping coefficient, q% =
v

altitude

approximate altitude at end of heat pulse
reference length, 3.826 inches

roll rate

pitch rate

dynamic pressure

yaw rate

reference area, 0.0975 ft2

approximate time at end of heat pulse
velocity

resultant angle-of-attack; angle between
x axis of GPHS and velocity vector (see
Figure 5)

flight path angle measured negatively
from the local horizontal to the velocity

vector (v, is initial flight path or reentry angle)

initial conditions

qsSL

(per/rad)

(per/rad)

ft

ft

deg/s
deg/s
1bs/ft?

deg/s
secs
ft/s

deg

deg
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BACKGROUND

The DoE Aerospace Nuclear Safety Community (including JHU/APL) expressed
concern that the assumption of broadface trim attitude for the GPHS module in
thermal analyses may not be valid. It was surmised that ablation would tend to
destabilize the GPHS, thus broadface trim would not persist during the heat
pulse.

A year ago a study was undertaken to investigate the effects that ablation
had on reentry motion and to initiate a statistical investigation of the most
probable angle of attack during the heat pulse (Reference 1). The study revealed
that the most probable GPHS reentry angles of attack are oz = 0° (broadside to
the wind), ag = 30°, ag = 90° and tumbling. These analyses addressed only the
extremes in reentry angle and angle of attack, i.e, 0° and |90°| and were also
based on estimated damping characteristics at hypersonic speeds.

OBJECTIVE

It is the objective of this study to continue the investigation, using the
JHU/APL 6 DOF Reentry Program, of the probable reentry orientation of GPHS during
the heat pulse resulting from Earth Gravity Assist (EGA) entry. The effects of
initial pitch, yaw and roll rates, p,, q,, ¥,, reentry angle (7,), and angle of
attack (a,) investigated herein complement the original statistical
investigations of a year ago (Reference 1).

The effects of magnitude of pitch and roll damping and magnus forces are
also explored.

DISCUSSION
A. Initial Conditions

The 6 DOF Reentry Program used in this study was developed to allow for
varying aerodynamic characteristics and mass properties thus permitting
investigation of the effects of ablation, References 2 and 3. This was done by
programming a linear variation with an altitude parameter, H5, of the aerodynamic
coefficients, C,, and mass properties, Reference 2. The parameter H5 is the
altitude at the end of the heat pulse, Figure 1. The value of H5 is primarily
- dependent on vy, and only weakly dependent on the initial altitude H,. The
initial altitude is taken from the breakup altitude -y, charts for various entry
velocities, V_,, as generated by JPL. The most likely entry velocity of 46720
ft/s was selected for the JHU/APL thermal studies. For this value of V_,

D. W. Conn developed, Reference 4, from the JPL results the H, - 9, charts of
Figure 2 - which were used in the thermal studies for LWRHU and GPHS and are used
here for consistency. To recap, for these studies, the initial velocity for all
cases is 46720 ft/s; the H, - v, relation is given in Figure 2; and, the



The Johns Hophims Unnersin

Applied Physics Laborator

Laurel Marnland 20723 o049

Page 8

aerodynamic coefficients and mass properties are linearized between H, and H5
(Figure 1) for ablation effects according to Reference 2.

B. Geometry

The initial geometry is, of course, the baseline configuration, Figure 3.
The aerodynamics of the ablated body were taken from test configurations
patterned after a GPHS module intentionally ablated completely on the broadface,
Reference 5, as shown in Figure 4. No ablation data are available for other
orientations thus the ablation effects are crude approximations.

Figure 5 shows the body axis system used in the simulation.

C. General Trajectory Parameters

For reference, altitude, Mach number, deceleration and dynamic pressure
histories are given for the EGA trajectories in Figures 6 through 21 for
Yo = -7°, -30°, -50°, and -90°. For a given angle of attack, the effect of
initial rates on these parameters is minimal.

RESULTS
A. General

The results of the 6 DOF motion studies for selected EGA trajectory reentries
are presented in summary in Tables 1 to 13 and in detail in Figures 22 to 237.
The histories of the resultant angle-of-attack, ag, and roll rate, p, are the
primary parameters considered. The combinations of +v,, a,, p, and q, were
selected on the basis of the observed results for previous cases rather than
running arbitrary combinations. This process provides maximum information for
minimum cost. On the selection of 7y,, the intermediate values were selected on
the basis of the trends with vy, predicted for recession and heating rates.

In Tables 1 through 12 an attempt is made to summarize the history of angle-
of-attack and roll rate for the twelve initial orientations investigated. This
summary gives initial conditions, and rough averages of the varying angle-of-
attack along with approximate deviations. It also gives the highest roll rate
achieved. Where averages do not represent the history of the entire heat pulse
interval, Tables 1-12 give the approximate condition for the first period of the
heat pulse and the condition of the second period.

Some differences in roll rate between previously published results and
present results may be detected. The reason for this is that in the previous
simulations a term in the rolling moment equation was inadvertently omitted. The
general conclusions for angle of attack were not significantly changed by this
omission. The roll rate is lower than previously published.
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The most predominant angles of attack through the heat pulse are on the
average a = 0° (broadside stable), 30°, 75°, 90° (side on) and tumbling. Pending
additional studies, these angles are recommended for thermal and thermo-
structural modelling and analysis. All cases have pitch and roll motion
associated with this average angle of attack.

B. Effect of Zero Initial Rotational Rates; p, = q, =1 = 0°/s

For zero initial rotational motion and ag = 0°, 30°, 45°, 75°, 90°, when

Yo" = -7°, -30°, -50°, and -90°, the angle gf attack gradually increases or
continuously dampens out to a = 5° at the end of their respective heat pulses,
H5. 1In all of these cases the final roll rate is less than 2000°/s.

C. Effect of Pitch Rate; p, = r, = 0°/s (Figures 22 through 91)

For shallow reentry, and initial pitch rate of 250°/s, ay oscillates
early in the heat pulse then damps out to 10° at H5, the resulting roll rate is
zero, Figures 24 and 25. 1f q, = 400°/s for the present case, the GPHS starts
tumbling mid-way through the heat pulse then ay; damps out to 75° * 25° with a
roll rate at end of heat pulse of 10000°/s, Figures 26 and 27. For higher
initial pitch rates, q, = 700°/s and 1000°/s, the GPHS tumbles for most of the
heat pulse then assumes an average angle of attack of 75° % 25° at H5, Figures
28 and 30; the roll rate is 6500°/s in both cases, Figures 29 and 31.

2. g, = -7°; aRo = 75°

For an initial pitch rate of 400°/s, the angle of attack tumbles early
in the heat pulse then gradually damps out to 30° % 20° at H5, where the final
roll rate is 4500°/s, Figures 38 and 39.

3. % = <7 ap_ = 90°

When the initial pitching rate is < 400°/s, ai damps out to 75° + 25° at
the end of heat pulse and the roll rates are approximately 10000°/s, Figures 42
through 45. For initial pitch rates of 700°/s and 1000°/s, the GPHS tumbles
during almost the entire heat pulse then dampens out to 90° % 20° and 75° % 25°
respectively at end of heat pulse, H5, with resulting roll rates of 4000°/s and
9000° /s, Figures 46 through 49.
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4, v, = -30°; aRo = 0°

When ap = 0° for an intermediate reentry, and initial pitch rates

of 700°/s and fb00°/s, the GPHS tumbles very early in the heat pulse then aj
rapidly damps out to 5° at the end of heat pulse, with final roll rates less than
+ 1000° /s, Figures 52 through 55.

5. 75 = -30°; ag_ = 90°

For an initial pitch rate of 400°/s, oy continuously dampens out to 10°
+ 5° at H5, where the roll rate is * 1000°/s, Figures 58 and 59. When q, =
1000°/s, the GPHS tumbles during the first half of the heat pulse then assumes
a final angle of attack of 30° * 20°; the final roll rate is 4500°/s, Figures 60
and 61.

6. v, = -50°; aRo = 0°

The angle of attack history for an initial roll rate of 700°/s is
presented in Figure 64. It shows that ay damps out gradually to a small value
of 5° + 5°. When q, = 1000°/s, oy damps out to 25° * 25° at H5, Figure 66. The
final roll rate in these two cases, Ppg. = * 2000°/s, Figures 65 and 67.

7. v, = -50°; aRo = 90°

For initial pitch rates, q, = 400°/s and 1000°/s and intermediate entry,
Y, = -50°, the GPHS pitching motion continuously damps out to ag = 10° * 5° at
HS5, Figures 70 and 72. At the end of the heat pulse the roll rates are zero,
Figures 71 and 73.

8. g, = -90°; aRo = 0°

When q, = 700°/s and 1000°/s, ap achieves its maximum amplitude during
the early portion of the heat pulse, az < 150°, then damps out to ag = 5° % 5°,
. Figures 76 and 78. The roll rate at the end of the heat pulse is p, < 1000°/s,
Figures 77 and 79.

9. v, = -90°; aRO = 45°

For steep reentry, o averages approximately 30° throughout the heat
pulse when the initial pitch rate is 700°/s, Figure 82. When the initial rate
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is increased to 1000°/s, Figure 84, ay damps out gradually to ay = 5° at the end
of heat pulse following an initial rapid increase to 150°.

The final roll rate for these cases is less than 1000°/s.

10, 9, = -90°; aRo = 90°

Early in the heat pulse, when q, = 400°/s, a; rises rapidly and
oscillates about 150° before rapidly damping out to 5°, Figure 88. Even at a
larger pitch rate of 1000°/s, ay damps out gradually to 5° after tumbling during
the initial heat pulse phase, Figure 90. The roll rates are zero in both of

these cases.

D. Effect of Roll Rate; q, = r, = 0°/s (Figures 92 through 145)

L 9= 7" ag_=0°

For an initial roll rate of 400°/s, ay averages 7.5° * 7.5° throughout
the heat pulse, with a final roll rate of #400°/s, Figures 94 and 95. When p,
is increased to 1000°/s, az = ag = 0° for the first half of the heat pulse then

ap averages 75° * 50° until H5 and the roll rate reverses and reaches -4000°/s
at H5 (H = 145K feet), Figures 96 and 97.

2. 9= -7 ag_ = 90°

When ap = 90° for a shallow reentry, and initial pitch rates of 100°/s,

400° /s, 700°/s gnd 1000° /s, ay averages 90° for the first half of the heat pulse
then damps out to ag = 75° + 25° at H5, Figures 100, 102, 104, and 106.

The maximum and final roll rate for all these cases is 10000°/s, Figures

101, 103, 105, and 107.

3.y, = -30°; aRo = 0°

For initial roll rates of 400°/s and 1000°/s, ap = ap = 0°, for the
)
first half of the heat pulse then the GPHS assumes an average angle of attack of
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5° £ 5° until the end of heat pulse, H = 107K feet, Figures 110 and 112. The
final roll rates are less than 500°/s.

4. y, = -30°; ag = 90°

When p, = 400°/s, ag = ap = 90° for about seventy-five percent of the

heat pulse then damps out to 25°(1 25° at H5, Figure 116. The final roll rate
is 5500°/s. The angle of attack averages 90° throughout the entire heat pulse
when p, is increased to 1000°/s, and the final roll rate becomes large, 16000°/s,
the largest roll rate achieved in this study, Figures 118 and 119.

5. 7, = -50°; ag = 0°

For initial roll rates of 400°/s and 1000°/s, ap = ag = 0° for the

first quarter of the heat pulse then damps out to 5° % 5° gt H5 (H = 98000 feet),
Figures 122 and 124. The history of ap is very similar to that obtained when
Yo = -30° and p, = 400°/s and 1000°/s; compare with Figures 110 and 112. The
history of a; also compares favorably to that of Figure 94 when vy, = -7 and

P, = 400°/s.

6. v, = -50°; ag = 90°

GPHS assumes an average ag of 80° * 20° throughout the entire heat pulse
when p, = 400°/s; the final roll rate is 12000°/s, Figures 128 and 129. When p,
is increased to 1000°/s, oz = ag = 90° throughout, and the roll reaches

16000° /s, Figures 130 and 131.

7. %= -90%; ap = 0°

When ap = 0° for a steep entry, and p, = 1000°/s, oy remains at zero for
(o
the entire heat pulse, with a roll rate of * 500°/s, Figures 134 and 135.

8. v = -90%; o = 45°

The angle of attack dampens out rapidly to ag = 5° + 5° at the end of the
heat pulse when p, = 1000°/s. The final roll rate is zero, Figures 138 and 139.
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9. 7y, = -90°; ag = 90°

For an initial roll rate of 400°/s, ap averages approximately 75°
throughout the heat pulse, Figure 142. The final roll rate for this case is
zero, Figure 143. When p, is increased to 1000°/s, ag = oz = 90° for the entire

(o

heat pulse, with a large final roll rate, Figures 144 and 145. The history of
angle of attack is very similar to that obtained when 7y, = -30° and p, = 1000°/s;
see Figures 118 and 119.

E. Effect of Combined Initial Pitch and Roll Rates (Figures 146 - 229)

1. 9, = -7°; aRo = 0°

For a shallow entry, when p, = 400°/s and q, = 400°/s, ag slowly builds
up to 75° £ 25° at H5, H = 145000 feet. The maximum roll rate at the end of the
heat pulse is 8000°/s, Figures 148 and 149. Similar trends apply when p, = q,
= 500°/s, i.e., ag slowly builds up to an angle of attack of 90° + 20° at H5 with
a maximum roll rate of 9000°/s, Figures 150 and 151. When p, = q, = 1000°/s, ay
assumes an average of 30° % 30° throughout the heat pulse and obtains a final
roll rate of 4500°/s, Figures 152 and 153. For p, = 250°/s and q, = 500°/s, the
GPHS tumbles just prior to the end of heat pulse, but assumes an average ap of
30° + 30° during most of the heat pulse, Figure 154. The roll rate at H5 is
5000°/s. When p, = 700°/s and q, = 250°/s, ag gradually reaches 30° * 30° half
way through the heat pulse, Figure 156. The roll rate at H5 is 5500°/s, Figure
157.

2. gy, = -7°; aRo = 30°

The angle of attack averages 30° * 30° for the entire heat pulse with
initial rates, p, = q, = 1000°/s, Figure 160. The final roll rate is 5000°/s.

3. % = <775 o - 45°

During the first half of the heat pulse ay oscillates about 50° then
steadies out at 30° + 30° at H5; the initial pitch and roll rate is 1000°/s. The
final roll rate is 5000°/s, Figures 164 and 165.
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4. yy = -7°; op, = 75°

When p, = q, = 1000° /s, ay averages 75° * 25° throughout the heat pulse,
with a maximum roll rate of 10500°/s, Figures 168 and 169.

5. 75 = 7% ap_ = 90°

For a shallow reentry, v, = -7°, and ag = 90°, ay averages between 75°

and 90° * 25° throughout the entire heat pulse? for initial conditions of p, =
q, = 250°/s, 400°/s, 500°/s and 1000°/s. 1In all of these cases the final roll
rate is between 10000°/s and 12000°/s, Figures 172 through 179.

6. 7, = =307 ap = 0°

When p, = q, = 500°/s, ay oscillates about 30° for the first half of the
heat pulse then damps out to 10° + 5° at H5 (H = 107000 feet), Figure 182. The
roll rate for this case is * 200°/s. When p, = q, is increased to 1000°/s, oy
averages 30° * 30°, Figure 184. The maximum roll rate under these conditions is
6500° /s, Figure 185,

7. v, = -30°; aRO = 90°

When p, = q, = 250°/s, 500°/s, and 1000°/s ap averages between 75° and
90° % 25° during the heat pulse, Figures 188, 190, and 192. These a; histories
are similar to those obtained when vy, = -7°, ag = 90° and p, = q, = 250°/s,
500°/s and 1000°/s; compare with Figures 172, 176% and 178. The roll rates are
also similar with the exception of p, = q, = 1000°/s, where roll rate reverses
sign and is -2000°/s at H5. For roll rate comparisons compare Figures 189, 191,
and 193 with Figures 173, 177, and 179.

©

8. 9, = -50°; aRo = 0

When p, = q, = 500° /s, ag builds up to 40° then continuously dampens out
to 10° * 5° during the last half of the heat pulse, Figure 196. The roll rate
is + 1000°/s. By increasing the initial pitch and roll rate to 1000°/s, ay
averages about 50° for 95X of the heat pulse then achieves a value of 90° + 10°
at H5 (H = 98000 feet), Figure 198. The roll rate is 5000°/s.
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9. 7o = -50°; ag = 90°

For an intermediate entry, vy, = -50°, and p, = q, = 250°, ay dampens out
continuously to 10° + 5° at the end of heat pulse, Figure 202 with a final roll
rate of zero. When p, = q, = 500°/s, ap averages 75° * 25° for the first three
quarters of the heat pulse then decreases to 25° + 25° at H5, and the roll rate
is approximately zero, Figures 204 and 205. For p, = q, = 1000°/s, the angle of
attack averages about 75° * 25° throughout the heat pulse, and the roll rate
reaches a maximum of 12500°/s, Figures 206 and 207.

10. 7, = -90°; ap_= 0°

For a steep reentry, when p, = q, = 400°/s, 500°/s and 1000°/s, o4
achieves its maximum amplitude during the first half of the heat pulse then damps
out to 5° * 5° at H5 (H = 90000 feet), Figures 210, 212 and 214. The maximum
roll rate is less than 1000°/s in all these cases.

11, v, = -90°; aRo = 45°

When p, = q, = 500°/s, oy continuously damps out to 5° + 5° by the end
of the heat pulse, Figure 218. The final roll rate is zero.

12. 7, = -90°; ap = 90°

The angle of attack reaches its maximum amplitude early in the heat
pulse then dampens out to 5° * 5° when p, = q, = 400°/s, Figure 222; the roll
rate at the end of the heat pulse is zero. When p, = q, = 500°/s, the angle of
attack averages 80° + 20° for the entire heat pulse, Figure 224; the maximum roll
rate is 11000°/s. When p, = q, 1000°/s, az assumes an average of 90° * 20°
during the heat pulse, Figure 226; the final roll rate is 10000°/s. When p, =
400°/s and q, = 1000°/s, early in the heat pulse ay oscillates about 100°, then
averages about 150° for a long period before quickly dropping off to 25° at the
end of the heat pulse, Figure 228; the roll rate is zero for 90X of the heat
pulse but builds up to 4000°/s at H5, Figure 229.

F. Effect of Magnus Forces

The effect of magnus force and magnus moment on the roll rate and angle of
attack of GPHS during an earth gravity assist, EGA, entry was also investi-
gated. The impetus for this study was the comments offered by JHU/APL to
Aerospace Corporation on an Aerospace proposal, as reported in Reference 6. For
reference and completeness, these comments were:
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"Proposed Magnus Moment Studies

It is not clear that there is a payoff (relative to other aerodynamic
problems on GPHS motion studies) in this proposed effort for the following
reasons (extracted from work done by Platou, Uselton and others):

a. Magnus force, where it has been measured, is a small value (= 5% of
normal force).

b. GPHS being a low aspect ratio, (= 1/2) parellelopiped can be
expected to have only a short moment arm for magnus force.
Therefore, the magnus moment coefficient can be expected to be
small.

c. It has been shown that magnus force decreases with increasing Mach
number.

d. The reduced frequency (angle) for the magnus moment can be expected
to be small even for the high roll rates, p, because the velocity,
V, of GPHS during the heat pulse is high (Mach number > 5), thus for
P = 20000°/sec, and V = 50000 ft/sec and 5000 ft/sec, pd/V = 0.002
rad; 0.02 rad.

e. Finally, it is not clear that a rotating parallelopiped can sustain
the circulation required to generate a magnus force. Platou has
concluded from his extensive studies that a magnus moment can be
generated by cruciform fins only for certain conditions including
laminar boundary layers, low supersonic Mach numbers, thin fins and
low angles of attack (a < 3°).

APL has provision for calculating magnus moments in its 6 DOF reentry
simulation but so far we have not made any parametric investigations nor
estimates of magnus force because it was felt that this term for GPHS was not a
primary effect for the reasons given above."

Platou’s investigation referred to herein was reported in Reference 7. As
noted, magnus force, where it has been measured, is about 5% of normal force.
This value was used in the simulation and no appreciable effect of magnus force
on angle of attack was found. A synopsis of results of the 6-DOF investigations,
given in Table 13, verify that magnus force and moment are not significant (if
real) contributors to GPHS motion.

G. Effect of Pitch and Roll Damping

As stated in Reference 1, these analyses are based on estimated damping
characteristics at hypersonic speeds. The magnitude of the pitch and roll

damping coefficients Cm and C, , were varied by factors of 0, 1, 2, and 10.
q P
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In a few cases at shallow entry angles vy, = -7° and initial pitch and roll
rates < 500°/s, a tendency was observed toward large roll rates accompanied by
near side-on trim even though the initial angle of attack was zero, Figures 230
and 231. Results show that at the high reentry speeds resulting from an earth
gravity assist, EGA, trajectory, the important parameter for reducing rolling and
pitching motion is C, . When C, was increased by a factor of two, roll rate

decreased appreciablyq and the gngle of attack converged to smaller values
following large excursions during the first half of the trajectory, Figures 232
and 233.

Another example at shallow entry angle y, = -7° and initial pitch and roll
rates equal to 500°/s, the results show that with a C; factor of one the angle

of attack continuously increases from aR = 0° to 90° +}§5° (side on trim) at the

end of the heat pulse with a rather 1arge roll rate near 10000°/s, Figures 234
and 235. When C was increased by a factor of two, roll rate decreased by 30%

and the angle o% attack assumed an average of 30° % 30° throughout the
trajectory, Figures 236 and 237. In the majority of the cases examined,

increases in pitch and roll damping seemed to have little or no effect on the
angle of attack history, indicating that dynamic stab111ty wind tunnel tests are
not warranted at this time. A variation in roll damping factor from 0 to 2 had
no appreciable effect on either angle of attack or roll rate.

CONCLUSIONS AND RECOMMENDATIONS

1. The most probable average GPHS reentry angles of attack indicated in
this analyses are ag = 0° (broadface to the wind), ag = 30°, ag = 75°, o = 90°
and tumbling. The frequency and percentage of occurrence for the cases
investigated (with the constraints discussed in this and previous reports) is
given in Table 14 as derived from Tables 1-12. The largest percent of occurrence
is for a = 0° (broadside) - approximately 42% of the cases investigated. The
other cases, by and large, occur equally as frequently - between 10% and 20% of
the time.

2. The largest roll rates achieved were 16000°/s. This was obtained when
the initial roll rate was p, = 1000°/s, the initial angle of attack was ap = 90°
(e

and initial entry angles were y, = -30°, -50°, and -90°.

3. In the majority of the cases examined, increases in pitch and roll
damping seemed to have little effect on the angle of attack history, indicating
that wind tunnel tests to obtain dynamic stability data are not warranted at this
time.
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4. No appreciable effect of magnus force on angle of attack of the GPHS
during an earth gravity assist, EGA, entry was found.
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TABLE 1

Synopsis of agy History and p,,, (o/p) During the GPHS Heat Pulse
Yo = -7° QR = 0°
o

Too

DA YT ITE SALAS

a 75° + 25° t 75° + 25°t | 75° + 25° ¢
0 8° + 8° 10° + 5° 10000° /s 6500° /s 6500° /s
100
30° + 30° a
250 5000° /s
a 75° + 25°
400 7.5° %+ 7.5° 8000° /s
+ 400° /s
90° + 20° m
500 9000° /s
30° + 30° a
700 5500° /s
75° + 50° a 30° + 30° a
1000 -4000° /s 4500° /s

a = Average

m = Maximum amplitude in first half of heat pulse
t = Tumbling (usually occurs in the first half of the heat pulse)

Heat Pulse:

348K ft to 145K ft (200 K interval);

qmax

at H = 170K ft

violetoqeT satssyd paiddy

v vu  surydoy sayof oy



TABLE 2

Synopsis of ap History and p,,, (a/p) During the GPHS Heat Pulse
Yo = -1° ap = 30°

5° & 5°

0 + 100°/s

100

250

400

500 l‘

700

30° + 30° a
5000° /s

1000

a = Average

016

(oleroqe saisiyq parddy

s vu ) surydoy suyof sy

[}15




TABLE 3

Synopsis of oy History and p,,, (a/p) During the GPHS Heat Pulse
Yo = -7° ag = 45°
(o}

5° + 5°

+ 100°/s

100

250

™1

400

1

500

GLUG T

700

ale
wioleroqeT sosayq parddy

1000

30° + 30°
5000° /s

m = Maximum amplitude in first half of trajectory

vy ] surydoy suyof sy



TABLE 4

Synopsis of ag History and p,,, (a/p) During the GPHS Heat Pulse

Yo = -7°

ag = 75°
R0

5° + 5°
0°/s

30° + 20°

4500° /s

t

100

250

didasiam ¢

400

500

TR e

700

1000

75° + 25°
10500° /s

a

a = Average

t = Tumbling

w1ojesoqe sassyd parddy

wisaauy sunydoy suyof oy



TABLE 5

Synopsis of oy History and p,,, (o/p) During the GPHS Heat Pulse

Yo T

-7°

a = 90°
Ro

o

AN AY

OO

a|75° +25°m 75° + 25° a 90° + 20° t | 75° + 25° t
0 7° ¢+ 7° 9000° /s 10500° /s 4000° /s 9000° /s

75° + 25° m

100 10000° /s
75° + 25° a

250 10000° /s

80° + 20° 75° + 25° a
400 10500° /s 10000° /s

90° + 25° a

500 11000° /s

75° + 25°
700 10000° /s

75° + 25° 95° + 25° a
1000 10000° /s 12500° /s

a = Average

m = Maximum amplitude in first half of trajectory

t = Tumbling

s1o1et0qeT sasiyd parddy

asaau ) suydoy suyof sy



TABLE 6

Synopsis of oy History and p,,, (a/p) During the GPHS Heat Pulse

Yo =

-30° g

(o]

= 0°

T

OHIRTp e Z06 PUP TN

a 5° £ 5° t 5° + 5° t
0 g§° + 8° * 300°/s + 1000°/s

100
250

5° £ 5° a
400 + 200°/s

10° + 5° m

500 + 200°/s
700

50 4 5° 5 30° + 30° a
1000 0°/s 6500° /s

a = Average

m = Maximum amplitude in first half of trajectory

t = Tumbling

Heat Pulse: 293K ft to 107K ft (186 K interval); q,,, at H = 120K ft

uoletoqe  sasayd payddy

ssaanu ) susydoy suyof sy



Synopsis of ap History and p.,, (a/p) During the GPHS Heat Pulse

TABLE 7

Yo = -30°

o = 90°
R,

m 10° + 5° 30° + 20° t
0 5° £ 5° 0°/s 4500° /s
100
90° + 20° a 3
250 11500°/s P
25° + 25° m ]
400 5500° /s é
75° + 25° a 3
500 12500° /s |4
700
90° a 75° + 25° a
1000 16000° /s -2000° /s
-

a = Average

m = Maximum amplitude in first half of trajectory

t = Tumbling

sioieroqery sarsiyq porddy

wisiavu Y sutydoy suyof ayyp



Synopsis of agp History and p,,, (a/p) During the GPHS Heat Pulse
Yo = -50° ag = 0°
(o)

a 5°+5° m 25° + 25° m
0 5° + 5° t+ 1500°/s -2000° /s
100
250 3
5 £5° a E
400 0°/s 3
10° m §
500 *+ 1000°/s |
700
7.5° £ 7.5° a 90° + 10° m
1000 0°/s 5000° /s

a = Average

m = Maximum amplitude in first half of trajectory

Heat Pulse:

277K ft to

98K ft (180 K interval); qQ,., at H = 107K ft

{1oeroqeT sosayq parddy

asaavu ) sutydoy suyof ay g



TABLE 9

Synopsis of ap History and p,,, (a/p) During the GPHS Heat Pulse
Yo = -50° ap = 90°
(o]

80° + 20° a 3
400 12000° /s E
25° + 25° a 1
500 0 :
3
700
90° a 75° + 25° a
1000 16000° /s 12500° /s

a = Average
m = Maximum amplitude in first half of trajectory

asianu g surydoy suyof sy

uoreroqe| sosiyq patddy




TABLE 10

Synopsis of ay History and p,,, (a/p) During the GPHS Heat Pulse

Yo = -90° aRo = Q°

5° +3° m
500 + 1000° /s
700
0° 5° £ 5° m
1000 0°/s + 500°/s

m = Maximum amplitude in first half of trajectory

Heat Pulse: 264K ft to 90K ft (174 K interval); q,,, at H = 100K fc

6609°€3L0G PUP[MIEY “[3AnP]
wojei0qe] soisayq patjddy

aisiaviu ] suiydoy suyof sy



TABLE 11

Synopsis of ayp History and p,,, (o/p) During the GPHS Heat Pulse

v, = -90°

aR

(]

= 45°

30° 5°
0 5° £ 5° 0°/s -1000°/s
+ 500°/s
100
) 250
400
5° ¢ 5°
500 0°/s
700
5° % 5° m
1000 0°/s
- —

a = Average

m = Maximum amplitude in first half of trajectory

H609-63L0OG PUP|MEY “[DIneT]

{101e10qRT $21siyq parddy

snsiovuy surydoy suyof ay g



Synopsis of ap History and p_,, (a/p) During the GPHS Heat Pulse

Yo =

TABLE 12

-90°

o = 90°
Ro

uole;oqe*l sa1sdyqg parddy

75° + 25° a 5° + 5° 25°
400 0°/s 0°/s 4000° /s
80° + 20° a
500 11000°/s
700
90° a 90° + 20° a
1000 16000° /s 10000° /s

a = Average

m =~ Maximum amplitude in first half of trajectory

t = Tumbling

wisiavu surydoy suyof sy
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TABLE 14

Frequency of Occurrence of Average Angle of Attack
for All Cases Investigated

a 0 30 75 90 Tumbling" All
Number of 39 13 20 12 10 94
occurrences

Percent 41.5 13.8 21.3 12.8 10.6 100.0

* Tumbling which usually occurs during the

first half of heat pulse is added as additional

cases when it occurs.

greater than 84 the cases studied.

Thus the total number is
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Velocity, ft/sec

TABLE 13
Eftect of Magnus Force on Reentry Motion of GPHS
7’° d Re Po cN 0 m‘g p ¢ a f
(ceg) (cwg (clagysec) xc.g. (ceg/sac) (ceg)
Ad" ' 0 cagieec
-7 o 0 (1] - + 300 8+8
-7 0 0 0.05 1.0 + 300 8+6
7 () (i 0.05 LY + 300 8+4
-7 0 0 Q.05 1.1 + 300 8+6
7 () o 0.05 1.2 + 200 8+6
-7 1] 1000 0 - -4000 75
-7 0 1000 Q.05 1.0 + 5000 75
-7 0 1000 0.05 Qg (1] 10
-7 0 1000 0.05 1.1 0 10
-7 0 1000 0.05 1.2 0 10
-80 80 0 0 - + 1500 5
-90 80 0 0.05 1.0 + 1500 5
-0 90 0 a.05 0.9 + 1500 5
-80 90 0 0.05 1.1 + 1000 5
-0 90 () 0.05 1.2 + 1500 5
-80 80 1000 4] - + 17000 90
90 80 1000 0.05 1.0 + 17000 90
-90 90 1000 0.05 0.9 + 17000 90
-80 90 1000 0.05 1.1 + 17000 80
-0 80 1000 0.05 1.2 + 15000 80
7 o = initial reentry angle
aﬂo = initial reentry resultant angle of attack
po' qo' ro ®  nitial roll, pitch, and yaw rate
N p 2= Magnus force coefficient = N®sy
XMag q9seM
xc.g. = distance from GPHS LE. at @ =0 to location of Magnus force (center of gravity)
Sub f ™ vajue at end of heat puise
L = reference length, inches
s £ reference area. in2
v =
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Fig. 3 Sketch of GPHS module.
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Altitude History, VEEGA Intermediate GPHS Reentry, Ablating Body
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Effect of Pitch Rate, VEEGA Shallow GPHS Reentry, Ablating Body

Angle of Attack (degrees)

~

» Hal A LA
1 AT
| M

200 250

Altitude (thousand feet)

300

350

T

L10qeIoqut 851844l petiddy
£31s30atun sutydog suyor eyj

6609~€2ZL02 PUSTAIOY 'Teine




L2 8inbi4

Effect of Pitch Rate, VEEGA Shallow GPHS Reentry, Ablating Body

Roll Rate (deg/sec)

Thousands

Altitude (thousand feet)

20
Intlel ConcRtions
Altudie = 348000 F set
Fight Peth Angle = -7 Deg
Angle of Atteck = 0Deg
.155 Velocky = 46720 F/Sec
Rol Rate = 0 degySec
Pich Aate = 400 Degy/Sec
Yaw Rate = 0 Deg/Sec
10
5 \
0 \w{\ Av‘vk /\4\’_\ S
N
-5
100 150 200 250 300 350

8609-£ZL0Z PURTAIRK ‘TaaneT
£209vz0qeT $0¥34yy pevddy
£3¥s39ATUn sutydog suyor ayy



g2 einbi4

Effect of P'i‘tch Rate, VEEGA Shallow GPHS Reentry, Ablating Body

Angle of Attack (degrees)

200 A CEAGT ]
m:hsx:?ma
Angle of Attack = 0 Deg
Velocly = 46720 F/Sec

| i
150 / Yow Rate = 0 DegySec
100 P /\/ '
[ | |
| \\ l AL
50 | I W \
! y )
/ \ : \
01 00 150 200 250 300 350 400

Altitude (thousand feet)

§609-£2L02 PueTAZ

Lo

o ‘TeIN
sfyg petrddv

wioqe] $9%
gaeatun suyydog suyor eul

K10%
¥



62 a.nbid

Roll Rate (deg/sec)

Effect of Pitch Rate, VEEGA Shallow GPHS Reentry, Ablating Body
1() Inkiel Concltions
6
£
2
0 WM 4
MJ' R AVAR A

100 150 200 250 300 350 400

Altitude (thousand feet)

6609-€2,02 PuwTLIwy ‘Teane]
K103910qu] $9784yg periddy
4£37sI8Aatun surydog suyop ayy



o€ eunbid

pos

Effect of Pitch Rate, VEEGA Shallow GPHS Reentry, Ablating Body

200 Intiel Concitions

Altude = 348000 F et
Fight Path Angle = -7 Deg
Angle of Attack = 0 Deg

—_— Velocty = 48720 Fi/Sec

n) Aol Rste = 0 deg/Sec

O Yorrs o 00w

D 150 o~ Fte = 0De'Sec

| -

(o)

o {

T /\

x 1

g 100 (A

> |

<L

(PR,

O

®

o 0 \

< 1

/N
0

100 150 200 250 300 350 400

Altitude (thousand feet)

8609-€Z2L0Z pueTiIwy

£L307%30qReT 1
K318asatun sugydo



Effect of Pitch Rate, VEEGA Shallow GPHS Reentry, Ablating Body
9 Intisl Concltions
é Z ‘ Yaw Rate = 0 Deg/Sec
o 3 \
o5 \
5E° \ M
T - |
e LAV
0 “‘ Y \/\\yf\
-1 P
-2

1

Ax03wI0qe 39¥sAug peyiddy
Laysaeatun surxdog suyor eyl

8609-EZL0Z PUSTAISY ‘TeInw

LE enbi4

100 150 200 250 300 - 350 400

Altitude (thousand feet)



2¢ eunbi4

Angle of Attack (degrees)

w
o

N
()

N
o

-
(&)

-y
o

()]

.VEEGA Shallow GPHS Reentry, Ablating Body

fritlel Concltions
ARtudie = 348000 Feet
FkﬁtPlhAndb=-7De#
Angle of Attack = 30 Deg
Velocly = 46720 Fi/Sec

Rol Rste = 0 deg/Sec
Pich Rate = 0 Deg/Sec
Yaw Rate = 0 Deg/Sec

k

M il

l“w
ﬂ‘ "w

'\ §

i

N
i

L

50 100

150

200

Altitude (thousand feet)

250

300

350

400

Ly
et11ddy

L3109 qe t8&ud POTI
£31820a7un supydog suyor oYl

8609-£2L,0Z PumTAI®y ‘1@INn



£€ a.nbiy

Roll Rate (deg/sec)

300

200

100

-100

-200

-300

' VEEGA Shallow GPHS Reentry, Ablating Body

intiel Concitions

Attude = 348000 F eet
Fight Path Angle = -7 Deg
Angle of Attack = 30 Deg
Velocky = 46720 Ft/Sec
Rol Rete = 0 deg/Sec
Pch Rate = 0 Deg/Sec
Yaw Rste = 0 Deg/Sec

50

100

150

250

Altitude (thousand feet)

350

400

]

£x03vr0qeT $9794yg peyTddy
L3ts10atUn surydog suyop eyy

686809-£2£0Z PURTAIVY ‘Tean



€ eunbi4

" 50

w »
8 8 S

Angle of Attack (degrees)

..VEEGA Shallow GPHS Reentry, Ablating Body
LN
M
HH ol A R y
WA
50 100 1 20 250 300 350 400

Altitude (thousand feet)

pueAIRy ‘TeINe]

supydog suyor oul



g€ eunbi4

Roll Rate (deg/sec)

500

400

300

200

100

-100

-200

-300

-400

VEEGA Shallow GPHS Reentry, Ablating Body

irktisi Concltions
Attude = 348000 F eet

Velocty = 46720 Fi/Sec
Rol Rate = 0 deg/Sec

tch Rate = 0 Deg/Sec
Yaw Rate = 0 DegySec

ight Peth Angje = -7 Deg
Angle of Attack = 45 Deg

-
/

i B ———
M — —

50

100

150

200

250

Altitude (thousand feet)

300

350 400

pusTAINg ‘Texnw

supydog sugop eyy

N

skg
N R
w <



ot e.nbiy4

~
8 3

134
o

(&
o

Angle of Attack (degrees)

-
o

'VEEGA Shallow GPHS Reentry, Ablating Body

Intial Concltions
Attude = 348000 F eet
Fight Path Ange = -7 Deg
Angje of Attack = 75 Deg
Velocty = 48720 Ft/Sec
Aol Aate = 0 deg/Sec
Pich Rate = 0 Deg/Sec
Yaw Aste = 0 Deg/Sec

P——

bl

50

100

150 200 250

Altitude (thousand feet)

300

350

400

‘1eaneq

5609~€ZL0Z PUeTAIeH ‘TeX
£107810qu] $9¥784yd petTddy
£31s1eatun suyydog suyor eyl



Roll Rate (deg/sec)

L€ 84nbi4

- VEEGA Shallow GPHS Reentry, Ablating Body

Inkial Concltions
Alhude = 348000 F et
l \ Fight Path Angle = -7 Deg
Angle of Attack = 75 Deg
200 Velocky = 48720 FY/Sec
Rol Aste = 0 deg/Sec
Ptch Rate = 0 Deg/Sec
\ Yaw Aste = 0 Deg/Sec
100 “ \ /\\
0 UAV n [/ ~
-100
N i l/
-200
-300

50 100 150 200 250 300 350 400

Altitude (thousand feet)

LS

Lz09vz0qul 957184yg petrddy
L31s20AaTUn suvydog suyor eyg

8609-£2£0Z pueTiIel ‘TeIn



ge aunbi4

Effect of Pitch Rate, VEEGA Shallow GPHS Reentry, Ablating Body

200 inkial Condtiorss
Attude = 348000 Feet
Fight Path Angle = -7 Deg
Angle of Attack = 75 Deg
pr— Velocty = 46720 Ft/Sec
n Rol Rata = 0 deg/Sec
()] /\ Pich Rate = 400 Deg/Sec
m 150 Yaw Rate = 0 Deg/Sec
—
@)
(D)
©
~—
'
G 100
. H
e
5 »\/ ]
® |
EE;) ES() " V
= YAA
0

100 150 200 250 300
Altitude (thousand feet)

350

400

T

£10qut0oqul 82784yg patrddy

6609-£Z£0Z PUwTLIRy ‘TaIn
£33s39atun suyydog suyor ayl



6€ 8inBi4

Effect of Pitch Rate, VEEGA Shallow GPHS Reentry, Ablating Body

6
Intlal Concitions
Altude = 348000 F eet
Fight Path Angle = -7 Deg
5 Angle of Attack = 75 Deg
Vi = 46720 Ft/Sec
H::::.-odqjsec
~ Pich Rste = 400 DegySec
Yaw Rate = 0 DegySec
S 4
2
D) 1))
Q o 3
B 5
S’ g;
D 5
T E 2 -
oC
0 1 A0
oC \\\
0 \A m\\
V
-1
100 150 200 250 300 350 400

Altitude (thousand feet)

6609-€2£0Z PURTAIWy ‘TeInm]
£x03v20qe SOoTS4LYg periddy
A3ysizeatun surydog suyor ayg



Op 9.4nbi4

Angle of Attack (degrees)

100

90

80

70

60

50

40

30

20

10

" VEEGA Shallow GPHS Reentry, Ablating Body

intial Conclitions

Attude = 348000 F ect
Fight Path Angle = -7 Deg
Angje of Attack = 90 Deg
Velocty = 46720 Fi/Sec
Aol Rate = 0 deg/Sec
Pich Rate = 0 Deg'Sec
Yaw Rste = 0 DegySec

| n Xt F .
i Vil 'WW"’ ]'l”MF il

A
i th\/\/ \

/

il

V

50

100

150

200

250

Altitude (thousand feet)

300

350

400

6609-€Z£0Z pueTiIey ‘Taine]
Axoquzoge] soTsAyg partyddy
Aq1szeatup suixdog suyopf 8yl



Ly eJnbid

Roll Rate (deg/sec)

500

400

300

200

100

-100

-200

-300

-400

-500

;
|

50

100

150

200

250

Altitude (thousand feet)

300

350



2b ainbi4
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Effect of Pitch Rate, VEEGA Steep GPHS Reentry, Ablating Body
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Effect of Roll Rate, VEEGA Shallow GPHS Reentry, Ablating Body
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Effect of Roll Rate, VEEGA Shallow GPHS Reentry, Ablating Body
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Effect of Roll Rate, VEEGA Shallow GPHS Reentry, Ablating Body
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Effect of Roll Rate, VEEGA Shallow GPHS Reentry, Ablating Body
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Effect of Roll Rate, VEEGA Shallow GPHS Reentry, Ablating Body
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Effect of Roll Rate, VEEGA Intermediate GPHS Reentry, Ablating Body
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Effect of Roll Rate, VEEGA Intermediate GPHS Reentry, Ablating Body
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Effect of Roll Rate, VEEGA Intermediate GPHS Reentry, Ablating Body
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