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Fig. 1 Sunlight fraction 5 (t) and the spin axis attitude
e(t).

empirical constant required to account for the above two
assumptions. A refined analysis2 was completed subse-
quently which explicitly incorporates the known histories of
the spin axis attitude and percent sunlight. The net torque
per satellite rotation due to each antenna boom can be
expressed2 as

Pd (t)paw (i) w(i)j. ( , }G(t) = - n_ • , , f ,A2^2 (2[3a/i{0(0}
u(t)T

97T 1 +
{0(0}

where £ is the time into flight, p is the solar pressure on a unit
area of perfectly absorbing surface normal to the incident
radiation, d and I are boom diameter and length, 8(t) is the
fraction of the time spent in the sunlight. The symbols a
and /3 denote the coefficients of absorbtivity and reflectivity
of the boom, co(0 the satellite spin rate, T the boom thermal
time constant, and \(t) = pu(t)H4/B, where p and B are the
mass density (per unit length) and flexural stiffness of the
boom. The spin axis attitude enters via /i, /2, and fa which
are functions of the angle between the spin axis and the solar
vector, 6(t).
Specifically,

^(0) = (1 + Sin20)#(cos0) - 2 sin20K(cos0)

/2(0) = sin20[K(cos0) - E(cosff)]

fa(0) = (l + cos20)#(cos0) - sin20K(cos0)

where K and E are complete elliptic integrals of the first and
second kinds. Finally, the boom shape function $(£), 0 <
£ < 1, is the solution of the differential equation (a prime
denotes differentiation with respect to £)

c ^ a / f f t _ \(~\ — £2\ C[" i 9\tQ' _ 4\ Sf ^ f)

together with the appropriate boundary conditions.
Using this theory, excellent agreement was obtained2 with

the flight data for Alouette I. The purpose of this Note is to
communicate similar calculations for the Explorer XX.
Figure 1 contains the relevant flight data. The sunlight frac-
tion d(t) and the spin axis attitude 0(0 are shown. The lower

part of the figure depicts the observed spin history together
with the gratifying similar results of the present theory.
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Base-Heating Measurements on Apollo
Block II Command Module

WILLIAM K. LOCKMAN*
NASA Ames Research Center, Moffetl Field, Calif.

Nomenclature
d = maximum model diameter (Fig. 1)
Ht = freestream total enthalpy
hw — static enthalpy at model surface
I = model length (Fig. 1)
Mo, = freestream Mach number
qb = base heat-transfer rate
qhem ~ stagnation-point heat-transfer rate for hemispherical

probe
<?sa=0 = stagnation-point heat-transfer rate for model at zero

angle of attack
Rb = base radius of model (Fig. 1)
Rc = corner radius of model (Fig. 1)
Rhem = radius of hemispherical probe
Rn = nose radius of model (Fig. 1)
Rem,d — freestream Reynolds number based on maximum model

diameter
z ~ radial coordinate in pitch plane of model (Fig. 1)
a. = angle of attack (Fig. 1)

Introduction

N UMEROUS tunnel tests have previously been made to
determine the heating to the conical afterbody of the

Apollo command module (see, e.g., Refs. 1-5). However,
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Fig. 1 Apollo Block II model.
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Fig. 2 Heat-transfer variation along z axis of base.

subsequent to these tests, the apex of the conical afterbody
was removed to form a flat base section for docking purposes
(see Fig. 1). No base-heating data were available for this
new "Block II" configuration. Neither are any theories
available for a satisfactory analysis of the complex three-
dimensional base flow for this configuration at angle of
attack. Therefore, the present shock-tunnel investigation
of the heating to the base of the Apollo Block II command
module was conducted to provide information necessary
for a preflight assessment of the base heating and to assist
in the analysis of the actual flight data. The test results
are also of interest for the general study of base heating to
blunt bodies at angle of attack. To eliminate any model-
support interference effects on the base measurements,
free-flight telemetry techniques6"9 were used for this investi-
gation.

Experimental Method

The tests for this investigation were performed in air in
the Ames 42-in. shock tunnel at a nominal Mach number
of 15, Reynolds number of 1.4 X 103 based on maximum
model diameter, and total enthalpy of 4000 Btu/lbm (9.3
Mjoule/kg) with hw/Ht = 0.03. Test times were approxi-
mately 20 msec. The facility, a combustion-driven shock
tunnel, has a 10° half-angle conical nozzle (0.4-in. throat
diameter and 42-in. exit diameter) and a 42-in.-wide hex-
agonal test section. The basic facility configuration, ex-
cept for the nozzle and test section, and its instrumentation
are the same as those described in Refs. 10-12. The tunnel
calibration procedures are identical to those presented in
Ref. 13.

The Apollo model tested is shown in Fig. 1. The model
contained an FM telemeter circuit for each of three thermo-
couples located (see Fig. 1) on the thin-skin base at three
radial positions of z/Rb = —0.75, 0, and +0.75 along the
pitch plane through the model axis. The leeward and wind-
ward directions along the base surface are indicated by —z
and +2, respectively. Data were obtained for the flight
angle-of-attack range of interest at a = 15°, 20°, 25°, and
33°.

The telemetry system used for these tests was basically
the same as that described in Refs. 6-8, with the improve-
ments noted in Ref. 9. Each of the three telemeter units
within the model consisted of a thin-skin thermocouple
heating-rate sensor and a differential amplifier which con-

trolled the frequency of an rf oscillator. The rf energy
radiated directly from the oscillator tuned-circuit induc-
tance. To isolate the telemeter units from electrical noise
effects due to the hot conducting gas in the bow-shock layer
and wake of the model, the model nose wTas made of brass and
the telemeter units were completely enclosed within an
electrostatic shield (see Refs. 8 and 9). The receiving system
for each telemeter unit consisted of a loop antenna mounted
directly on the tunnel test-section window, a vhf preamplifier,
and an FM telemetry receiver with a wide-band (±1.5 MHz)
frequency discriminator. The demodulated signal was re-
corded on a high-speed oscillograph.

For each test, the model was suspended at a given angle
of attack in the tunnel test section by fine nylon threads
which broke at the start of the flow, thereby releasing the
model into free flight. The model inertia was sufficient to
insure negligible model translation or rotation during the
relatively short test time. The heating data were trans-
mitted from the FM telemeter units in the model to the re-
ceivers and recording oscillograph located outside the tunnel.
Stagnation-point heat transfer to a hemispherical probe was
also monitored during the quasi-steady tunnel flow to provide
a reference for the base-heating measurements.

Results and Discussion

The heat-transfer distribution along the z axis of the base,
for various angles of attack, is shown in Fig. 2 and the base
heat-transfer variation with angle of attack, for various base
locations, is shown in Fig. 3. The data are presented with
the base heating rate, % normalized by the stagnation-point
heating rate of the model at zero angle of attack, g.Sa=0. The
value of <?sa=s0 was obtained for each test from the hemi-
spherical probe heating rate, gw, with the correction for the
difference in stagnation-point velocity gradient [q*a=0 =
1.09 (Rhem/Rn)11* q_hem', see Refs. 14 and 15]. The data points
are averages for several test runs. On the basis of all in-
strumentation errors and data scatter, the estimated maxi-
mum error in the measured g&/gSa==:0 is ±15%.

For the z/Rb locations shown in Figs. 2 and 3, at a given
angle of attack the heating rate decreases from the leeward
to the windward side of the base with minimum heating,
except for a = 33°, near the base centerline. The higher
heating rate on the leeward side could correspond to a move-
ment of the reversed-flow stagnation point to the leeward
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Fig. 3 Base heat-transfer variation with angle of attack.
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side of the model centerline at angle of attack. The exact
cause was not determined because of limitations on flow-
visualization methods.

The data of Fig. 3 indicate a decrease in base heating with
increasing angle of attack, except for the slight increase
from a = 15° to a = 20°. The increase might be explained
by flow attachment occurring along the windward side of
the conical afterbody for a near 20°, as reported by other in-
vestigators.3'4 The base heating-rate levels are comparable
to the levels previously measured by other investigators for
the leeward separated region of the conical afterbody and
show the same trend of decreased heating with increased
angle of attack (see, e.g., Ref. 4).

Also shown in Figs. 2 and 3 are flight data for a = 20° and
the same freestream Reynolds number as the tunnel tests, f
For the hypersonic tunnel and flight test conditions, the base
phenomena are expected to be primarily dependent on the
Reynolds number and not the Mach number because of the
"Ma-ch number independence principle"16 for blunt bodies
at hypersonic speeds.17 As with the tunnel data, the flight
data indicate highest heating on the leeward side of the base
and minimum heating near the base centerline. The agree-
ment between the tunnel data and flight data is better than
might be expected considering the fact that the tunnel model
is a much "cleaner" configuration than the actual flight
vehicle with its numerous surface cavities and protuberances.
However, the results of Ref. 5 also showed no apparent
difference in the heat transfer to the leeward conical after-
body with and without surface perturbations.

In conclusion, the results of this investigation have indi-
cated highest heating on the leeward side of the base and a
general decrease in base heating with increasing angle of
attack. Also, the base heating-rate levels are comparable
to levels previously measured for the leeward separated
region of the conical afterbody. Finally, flight data for
a = 20° and the same Reynolds number as the tunnel tests
are in general agreement with the tunnel data and also indi-
cate highest heating on the leeward side of the base.
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ICRPG Measurement Uncertainty
Model for Liquid Rockets
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ASURVEY of the rocket industry in 1966 showed that,
among the twelve companies responding to the survey, at

least six different methods of treating measurement errors were
in use. The Interagency Chemical Rocket Propulsion Group
(ICRPG), through its Experimental Measurements Com-
mittee, sponsored the development of the ICRPG Uncertainty
Model,1 which has been accepted as a standard for the liquid
rocket industry. The basis for the uncertainty model lies in
the nature of measurement error, which has two components:
1) a fixed error called bias, and 2) a random error between re-
peated measurements which is called precision error. An
index of precision error is defined

12 (1)S = { [2(Xi - Xy}/(N - I)}1/2

where N is the number of measurements (Xi), and X is the
average of the measurements.

An index of bias is not easily defined. Bias is the fixed, re-
peatable difference between the measurement and the true
value of the parameter (as defined by a standard at the Na-
tional Bureau of Standards). Because there is no statistic to

t These flight data are for entry of S/C 101 of Apollo-Saturn
Mission 205 and were provided by D. B. Lee of NASA Manned
Spaceflight Center.
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