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Summary

An extensive series of ballistic range tests have been conducted at the
Ames Research Center to determine precisely the aerodynamic characteristics
(particulary drag) of the Galileo entry probe vehicle. Figures and tables are
presented herein which summarize the results of these ballistic range tests.
Drag data were obtained for both a nonablated and an hypothesized ablated
Galileo configuration at Mach numbers from about 0.7 to 14 at Reynolds numbers
(based on model diameter) from about 1000 to 4 million. The tests were conducted
in air and the experimental results are compared with available Pioneer Venus
data since these two configurations are similar in geometry. The nonablated
Galileo configuration was also tested with two different center-of-gravity
positions to obtain values of pitching-moment-curve slope, C » which could
be used in determining values of 1ift and center-of-pressure 1ocat1on for this
configuration. The results indicate that the drag characteristics of the Galileo
probe are qualitatively similar to that of Pioneer Venus, however, the drag of
the nonablated Galileo is about 3 percent lower (than Pioneer Venus) at the
higher Mach numbers and as much as 5 percent greater at transonic Mach numbers
of about 7.0 to 1,5, Also, the drag of the hypothesized ablated configuration
is about 3 percent lower than that of the nonablated configuration at the higher
Mach numbers but about the same at the lower Mach numbers. Additional tests are
required at Reynolds numbers of 1000, 500, and 250 to determine if the dramatic
rise in drag coefficient measured for Pioneer Venus at these Tow Reynolds
numbers also occurs for Galileo, as might be expected.



Test Facilities

Two ballistic ranges at Ames Research Center are operational and both are
being used in the present investigations. The facilities are the
Hypervelocity Free Flight Aerodynamic Facility (HFFAF), and the Pressurized
Ballistic Range (PBR). These facilities will be described briefly.

Hypervelocity Free Flight Aerodynamic Facility

The test section of the HFFAF is 23 m long and has 16 orthongonal spark
shadowgraph stations evenly spaced (1.52 m) over its length. This facility
is used primarily for aerodynamic studies. Kerr-cell shutters are used to
produce a sharp image of the model and its flow-field on the film. Four
deformable-piston, light-gas guns, having bore diameters of 0.71, 1.27,
2.54, and 3.81 cm, are available for launching a model into free flight.
Each of these guns can operate to muzzle velocities of about 9 km/sec.

Tests in this facility can be conducted from 1 atm to as low as
20 Hg. The facility has an extremely low leak rate, about 10 Hg per
minute. This allows for tests to be conducted in air or in any other
nontoxic gas. Tests have been conducted in carbon dioxide, hydrogen,
helium, krypton, and xenon.

Pressurized Ballistic Range

The PBR is basically a large tank that can be pressurized or evacuated.
It also is used mainly for aerodynamic studies. The test section is 62 m
long and has 24 orthogonal spark shadowgraph stations irregularly spaced
over its length. The station spacing ranges from 2.1 to 4.2 m. A1l of the
optics are internal to the tank, which imposes a maximum model velocity of




about 3.6 km/sec. At higher velocities, radiation from the gas cap around
the model fogs the film, making readings of the model position and attitude
impossible. This facility has some advantages over the HFFAF:

1. A much longer model trajectory is obtained (2.7 times).

2. Tests can be conducted above 1 atmosphere, currently to 6
atmos.

3. More detailed shadowgraphs are obtained, primarily because
of the simpler internal optics system.

Testing in gases other than air in this facility is impractical because of
the large physical volume of the tank.

Galileo Investigations

The ballistic ranges at Ames have supported all of the United States'
probe missions to other planets. These include the 1976 Viking Missions to
Mars and the 1978 Pioneer Mission to Venus. These facilities are
currently being used to support the Galileo Mission to Jupiter. The
Galileo spacecraft consists of two major components: The orbitor, which is
to orbit Jupiter numerous times while achieving close encounters with many
of Jupiter's moons, and a probe, which is’ to enter and descend through the
atmosphere of Jupiter. The probe, scheduled to enter the atmosphere of
Jupiter in 1995, will make in situ measurements as it descends through the
atmosphere prior to its eventual destruction due to extreme external
pressures.

Although some probe aerodynamics were obtained initially in exploratory
tests to support early design studies (Ref. 1), more accurate aerodynamics




are needed for support of The Atmosphere Structure Experiment, carried on
board the probe.

Atmosphere Structure Experiment

The Atmosphere Structure Experiment is designed to determine the state
properties (density, pressure, and temperature) of an unknown planetary
atmosphere as functions of altitude from measurements made during the entry
and descent of a probe. The experiment consists of a three-axis
accelerometer, plus pressure and temperature sensors. After the probe
slows down to subsonic Mach numbers, a parachute is deployed and the
pressure and temperature sensors can make near-ambient measurements.
However, during the high-speed portion of the trajectory, from an entry
velocity of 47 km/sec to sonic speed, direct measurements are impractical.
The temperature sensor would be burned up and dynamic pressure effects
would render the pressure readings useless. The accelerometers alone must
yield the state properties during this high-speed phase, and this in turn
requires the precise knowledge of the probe aerodynamic characteristics, in
particular drag and 1ift. These characteristics must be known accurately
over a wide range of both Mach number and Reynolds number. The ballistic
ranges at Ames have proven to be excellent facilities for obtaining this
aerodynamic information over wide ranges of Mach number (0.5 - 20) and
Reynolds number (250 - 107).

Galileo Data

The Galileo probe at entry into the Jovian atmosphere is shown in
Fig. 1. It is basically a blunt 45 deg. cone. However, during the
high-speed part of the entry, massive ablation takes place. As much as 40%
of the vehicle mass at entry is expected to be ablated away, mostly in the
nose region, and even the maximum diameter will be significantly decreased.
Hence, tests must be conducted not only of the entry configuration but of
hypothesized ablated configurations as well. '




A sketch of the hypothesized ablated Galileo configuration used in the
present tests is shown in Fig. 2 compared with the nonablated
configuration. This ablated geometry was derived from heating studies
performed in support of the Galileo probe mission by researchers at Ames
Research Center, General Electric Company, and others, and is considered to
be a reasonable choice for the purpose of the present investigation.
(Sensors embedded in the heat shield will help to define the ablated shape
during and after the actual entry into Jupiter.)

The models used in the HFFAF tests were homogeneous, machined from
either a sintered tungsten alloy (Mallory 3000), steel, aluminum, or
polycarbonate plastic (Lexan), which gave a center-of-gravity location
xcg/d = 0.414 from the nose. Two model sizes were used namely, d = 1.02 cm
and 2.03 cm. The models used in the PBR tests were also homogeneous and
were machined from brass. These models of the nonablated and ablated
configurations had maximum diameters of 5.08 cm and 4.90 cm respectively.
The ablated configuration had a center-of-gravity location of xcg/d = 0.375
from the nose. Unless specifically stated otherwise, the experimental data
presented for Galileo in this report will be for the nonablated
configuration (Fig. 1).

A large data bank was available for the Pioneer Venus probe. That
configuration was similar to Galileo, as shown in Fig. 3. The nose,
corner, and afterbody geometries are all slightly different, but as much
use as possible is being made of all Pioneer Venus data to minimize the
number of Galileo tests required.

Figure 4 shows some of the Galileo drag data obtained in the present
investigation compared with available Pioneer Venus data at the same
conditions of velocity and Reynolds number. Open symbols denote Pioneer
Venus data and solid symbols are Galileo data. Not surprisingly, the
Galileo data are not greatly different from those of Pioneer Venus; the
Galileo data are approximately 3 percent lower than the Pioneer Venus data




at the lower angles of attack. However, the differences are real and are
important. A 1% error in the knowledge of the probe drag coefficient
becomes a 1% error in the density of the atmosphere of Jupiter at that
point in the trajectory. This induces a similar error in the derived
atmospheric pressure and often errors of many degrees Kelvin in
temperature. The success of the Atmosphere Structure Experiment depends on
the precise knowledge of the probe aerodynamics which is the driving reason
for the many ballistic range tests required.

Ballistic range tests have been conducted for both the nonablated and
ablated Galileo configurations to obtain drag data at Mach numbers from
about 10 to as low as 0.7. The drag data from these tests are presented in
Fig. 5 as a function of Mach number. The Galileo data are the symbols and
the line represents a fairing of existing Pioneer Venus drag data in this
Mach number range. The open symbols are data obtained in the HFFAF and
cover the Mach number range from about 10 to 2.0; the filled symbols are
data obtained in the PBR and cover the Mach number range from about 3.5 to
0.7. The drag data obtained at Mach numbers from 2 to 0.7 are required
since the probe parachute will not be deployed until the probe slows down
to subsonic Mach numbers near 0.8. Since for the most part only one flight
was obtained at each Mach number, it was not possible to extrapolate the
drag data to obtain values of drag coefficient at zero angle of attack.
However, all flights obtained had angles of attack less than 12 degrees and
drag coefficient is essentially constant in this angel-of-attack range (see
Fig. 4). As stated earlier the flight trajectory for tests in the PBR is
much longer than in the HFFAF. Therefore, these flights were divided into
2 or 3 consecutive portions and analyzed separately to give a more detailed
definition of CD vs Mach number, for the same number of flights. This
approach is very useful here since large changes in CD occur with small
changes in Mach number below a Mach number of 3.5.

Figure 5 shows that the drag coefficient of the ablated configuration
is about 3% less than that of the nonablated configuration at Mach numbers




from 10 to 3.5, but that the drag of both configurations is the same at
Mach numbers below 2.5. The variation of drag coefficient with Mach number
for Galileo is qualitatively similar to that of Pioneer Venus, however some
significant differences are evident, i.e., the drag of the nonablated
Galileo is lower by about 3% at a Mach number near 9 but as much as 5%
greater at Mach numbers between 1.5 and 1.0. In addition it appears that
peak values of CD for Galileo are reached at a somewhat lower Mach number
than for Pioneer Venus. Comparison of the drag data from the two
facilities at the same Mach numbers show excellent agreement as expected.
The data shown in Fig. 5 for the Mach number range from 0.7 to 1.5 are also
presented in Fig. 6 with a greatly expanded Mach number scale. This figure
also shows the actual Pioneer Venus data obtained and the fairing used to
represent these data.

The nonablated Galileo configuration was also tested with a further-aft
center-of gravity location. The primary purpose of these tests was to
obtain accurate values of pitching-movement-curve slope which could be used
to help determine values of 1ift and center-of-pressure location for this
configuration. (Lift is relatively difficult to obtain accurately in these
tests since for this configuration, namely, a 45° half-angle blunted cone
at small angles of attack, the 1ift is very small) As shown in Fig. 7 a
bimetallic model was used for these tests. The forebody was constructed of
aluminum and the afterbody was machined from phosphor bronze. The two
materials were threaded together using a 4-40 screw which was machined
integral with the forebody. These bimetallic models had an xcg/d = 0.476
compared with 0.414 for the homogeneous models.

The data obtained from these tests and other tests using homogeneous
models at a velocity of 3.1 km/sec are presented in Fig. 8 where values of
pitching-movement-curve slope, an , are plotted as a function of the
root-mean-square resultant angle of attack of each flight. As can be seen
there is Tittle effect of angle of attack on Cma_and that the forward cg
location gives values about 44% greater than those for the aft cg location.



Although the Reynolds number for these tests are different by a factor of
7, both are sufficiently large to insure similar flow conditions over the
models (continuum flow) so that it is not expected that Reynolds number has
any significant effect on these data. This difference in Reynolds number
resulted because the bimetallic models, being less statically stable, must
be tested at a higher static pressure in order to obtain the minimum number

of cycles of angular oscillation (1 1/2 to 2 cycles) to yield accurate
results.

Ballistic range tests were also conducted to pracisely define the drag
characteristics of the Galileo probe at a velocity of about 4.6 km/sec at
Reynolds numbers (based on model diameter) from about 1 million to as low
as about 500. Current plans were to conduct tests at Reynolds numbers of
106, 105, 104, 103, 500, and possibly 250, for which Pioneer Venus data
exists for direct comparison. The importance of obtaining drag data at
these various Reynolds numbers is evident in Fig. 9, which shows Pioneer
Venus drag data (for zero angle of attack) down to a Reynolds number of
about 250. The drag coefficient increases continuously below a Reynolds
number of 1 million, but the increase becomes most dramatic below 1000
where the slip-flow and free-molecule-flow regimes are approached. Earlier
ballistic range tests of Pioneer Venus models at Reynolds numbers of 1000
and Tess proved to be difficult, but techniques were developed which led to
successful tests. These same techniques were used in the present low
Reynolds number tests conducted in the HFFAF; however, the tests were
largely unsuccessful due to the models tumbiing or achieving high angles of
attack (near 90°) during the flight, so that no useful drag data could be
obtained. This occurs because these tests must be conducted at very low
static pressures (approximately 100 to 200 Hg), and any significant
angular disturbance imparted to the model upon emergence from the gun
muzzle, either by separation from its plastic sabot or by gun blast, cannot
be overcome by the low pressure forces acting on the model during flight.

The models then pitch up to large angles of attack and even tumble during
the flight.




The Galileo data obtained in the present investigations at the various
Reynolds numbers are also presented in Fig. 9 and show some anomalies.
First, it should be noted that the drag data shown for Galileo at a
Reynolds number of 106, which agrees closely with that of Pioneer Venus, is
for a velocity of 3.4 km/sec (see Fig 4). No additional tests were
conducted at 4.6 km/sec since at this relatively high Reynolds number,
velocity is not expected to be a strong factor. Several successful Galileo
flights were obtained at this higher velocity (4.6 km/sec) at Reynolds
numbers of 105 and 104. Comparison of these data with Pioneer Venus in
Fig. 9 shows that the drag for Galileo is about 3 percent lower than for
Pioneer Venus at a Reynolds number of 105 but nearly 12 percent lower at a
Reynolds number of 104(f1agged symbol) which is considered unlikely. The
actual drag data obtained at these two Reynolds numbers from which these
values of CD at o = 0° were obtained, are presented in Fig. 10, plotted as
a function of angle of attack. As can be seen the data at each Reynolds
number appear to be entirely consistent with little scatter, however, the
large unexpected difference in drag is evident. A probable explanation is
that the instrument used to measure static pressure in the test section,
developed a slight leak during this series of tests and gave erroneously
high readings. An error in pressure of about 0.2 mm Hg out of
approximately 2.4 mm Hg (i.e., the nominal pressure desired for these
tests) would account for this difference. However, it is surprising that
this error must have been essentially the same for each of the five
separate tests conducted at this Reynolds number over a period of about a
month. This however, must have been the case, since as mentioned earlier,
the drag data presented in Fig. 10 show little scatter and extrapolation
to o = 0° is accomplished easily and accurately. Tests by other
researchers conducted both immediately prior to and after the above series
of Galileo tests, were at one atmosphere of pressure in the test section
and so an error in pressure of 0.2 mm Hg would not be discernible in the
data. The faulty instrument was replaced and a new system was installed
which gave redundant measurements of pressure. A successful flight was

obtained at this Reynolds number (104) later in the program during another




series of tests designed to obtain Galileo drag data at Reynolds numbers of
1000 and less. As mentioned earlier these tests were largely unsuccessful.
This one flight (no. 1766) unfortunately achieved relatively high angles of
attack and so the drag coefficient obtained and shown in Fig. 9 is for an
angle of attack of 19.6 degrees. An approximate extrapolation of this one
data point to o = 0° was accomplished using the variation of CD versus
angle of attack obtained for Pioneer Venus at the same test conditions.
This procedure gave a value of CD of 1.06 for this Reynolds number, which

as can be seen in Fig. 9, is again only about 3 percent less than that of
(Pioneer Venus.

No successful Galileo flights were obtained at a Reynolds number of
500, and only one successful flight was obtained at a Reynolds number of
1000. This flight (no. 1762) also achieved higher than desired angles of
attack and the value of CD shown in Fig. 9 is for an angle of attack of
14.7 degrees. Extrapolation to (X = 0% was accomplished, again using
existing Pioneer Venus data at the same test conditions, in the same manner
as just described for flight no. 1766. However, in this case the resulting
value of CD of 1.06 is seen to be far below the value obtained for Pioneer
Venus at this Reynolds number.. It is believed that no firm conclusions *
should be made here on the basis of only this one flight. Additional tests
are required at Reynolds numbers of 1000, 500, and 250 to determine
reliably if the dramatic rise in drag coefficient measured for Pioneer
Venus at these low Reynolds numbers also occurs for Galileo, as might be
expected.
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«< 2/d = 0.732 »

~ ,

Rn/d =0.176
N

AFTER
ABLATION

Figure 1.- Galileo Entry Probe Configuration.




Ablated Galileo forebody coordinates
dimensions in inches

X Y

0 0
0.002 0.936

.057 1.913

.192 2.957

.378 4,142

.550 4.787
1.020 5.706
1.513 6.45]
2.853 8.208
4.326 9.830
7.365 12,981
10.468 16.068
13.612 19.113
16.785 22.130
18.792 24.028

r (full scale) = 24,900 inches (0,632 m)

nonablated
L9€65 r

Figure 2.- Comparison of Galileo nonablated and ablated geometries.
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Figure 3.- Comparison of Galileo and Pioneer Venus geometries.
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< f/d = 0.732
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Rn/d = 0,176

N
I ] ||+: -
T
AFTER
ABLATION
™~ Phosphor Bronze
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Figure 7 .- Galileo Entry Probe Configuration, bimetallic model, Xcg/d = 0.476.
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Low Reynolds number sphere drag data
and additional relevant fiqures
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