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ABSTRACT

Probes that operate within dense planetary
atmospheres, such as those of Jupiter, Titan and
Venus, pose particular and unusual problems to the
spacecraft thermal designer. In particular, radiation
plays a much less dominant role in heat transfer,
with free and forced convection tending to be more
important. Convection is a much more empirical
process than radiation, and thus ground testing
assumes particular importance.  We review the
design of the Pioneer Venus probes, the Galileo
probe and Huygens. We summarize the in-flight
thermal performance of three missions as
documented by housekeeping sensors.  Some
results from Venera missions are also reported.

1. INTRODUCTION

After the aerothermodynamic challenges of
hypervelocity entry, descent thermal design can be
the second most challenging aspect of a planetary
probe [1].  Were a probe’s internal equipment to
attain thermal equilibrium with the environment, it
would cease to function, and thus descent probes in
these dense (or rather, optically-thick)
environments must operate on a thermal transient.
To a first order, the problem can be stated as an
electrical analogy – the time constant over which
the probe can operate before overheating or
overcooling is given by the product RC, where R is
the resistance to heat flow (pathway length, divided
by conductivity times area) and C is the heat
capacity.  The challenge is then to maximize R and
C within the design constraints of the mission.

The Pioneer Venus probes were sealed pressure
vessels, and used internal multilayer thermal
insulation blankets together with heat sinks
(including the use of beryllium structure and
Xenon fill gas) to keep temperature rise in the
dense, hot Venus atmosphere to a tolerable levels.
The thermal performance of these spacecraft was
excellent.

The Galileo Probe adopted a different approach,
with sealed experiment units inside an unsealed
descent module. The temperature rise rate, and the
associated thermal gradients across the probe,
challenged the accuracy of the scientific
instruments, requiring a lengthy recalibration
campaign post-mission. Nonetheless, the probe
continued to operate to beyond the nominal
specified depth.

The Huygens probe was also unsealed, and
incorporated foam insulation to minimize heat loss
to the cold Titan environment. Fractionally warmer
than predicted, the probe’s internal thermal
environment was very benign and permitted a long
post-impact surface mission. Heat transfer from the
probe decreased markedly at the end of descent,
due to the cessation of forced convection due to the
probe’s descent velocity.

In some cases (such as Galileo), it appears internal
convective heat transfer is substantially higher
during their descent than in laboratory conditions
on Earth. Even though one might expect there to be
little or no effect, it seems that turbulent
fluctuations in pressure and other effects enhance
the flow of gas, and thus heat, between inside and
outside, and between elements inside. In the case
of Huygens, for which data is still being evaluated,
it may be that heat transfer through experiments
exposed to the environment may be a major factor..

2. PIONEER VENUS

The Pioneer Venus mission featured one large
probe (with a parachute to prolong its descent at
high altitudes and extract the probe from its entry
heat shield) and three small probes which retained
their shields. These were separated sequentially on
Venus approach from a spinning carrier spacecraft
to yield different aim points on Venus (the small
probes being “Day”,”Night” and “North”).



The overall design of the Pioneer Venus probes is
described in [1] and [2].  The thermal design of the
large probe is discussed in some detail in [3].

In brief, the interior of the large probe pressure
vessel was lined with 41 layers of aluminized
Kapton MLI to act as a barrier to radiation and
convection.  Structural penetrations of the blanket
were made with Titanium to minimize conductive
shorts.  These features increased ‘R’.  The ‘C’ term
in the equation was maximized by using beryllium
for the equipment shelves. This metal, although
difficult to work with, has a heat capacity of some
2000 J/kgK – double that of Aluminium.

The MLI performance was tested with a nitrogen
atmosphere, and with nitrogen+helium (since one
of the experiments vented helium into the probe
during descent.)  This allowed the analytical
thermal model to be updated, since the
conductivity of helium is much higher than
nitrogen by a known factor.  Other tests showed
free convection heat transfer coefficients for
internal surfaces of 0.5 to 2 BT/hr-ft2-F

The destructive effects of physical simulation to
the full 900F made it necessary to limit tests to
500F : when that temperature was reached the test
was prolonged to permit internal temperatures to
rise to the levels expected during the real descent.
A thermal test model (TTM) was used for initial
design verification. Note that because of the
thermal sealing, electrical tests of the probe were
limited to less than 2 hours [2] except when special
cold nitrogen cooling was used.

During a descent test on the flight unit, some of the
internal heat transfer was found to be lower than
the TTM or analysis suggested. One factor was
believed to be the role of the cable harness in
impeding gas flow [3].

Flight temperature data and the predictions are
shown in figure 1. Data – previously unpublished –
are taken from [4]. Plots  are referred to time of
first loss of signal – data were sent prior to the
short entry phase, during which time the plasma
sheath caused a radio blackout. This forms the time
reference.

The three small probes clearly had a higher
area:volume ratio. Accordingly, they needed
thicker thermal blankets (61 layers).  On both large
and small probes the MLI blankets were held in
place against the high entry g-loads by Titanium
retainers. A second measure to decrease the

internal heat transfer was the substitution of Xenon
for nitrogen as the fill gas.

Figure 1. PV large probe temperature history for
the forward and aft shelves. Solid line are actuals –
dashed are predictions. The probe started off
slightly warmer than predicted (see Huygens later)
but the temperature rise was slightly lower than
expected.

 Xenon, with a high relative molecular mass, has a
low thermal conductivity.  (Its breakdown potential
is quite low, which would be problematic for the
high voltages associated with the large probe’s
neutral mass spectrometer : the large probe retained
nitrogen as the fill gas.)

Figure 2. Small probe 2 (day probe) temperature
history – the probe failed an hour after impact,
with temperatures at 115 and 70C.

The pressure inside all of the probes increased
during their missions. The temperature rise of the
gas, were it at the shelf temperature, would account
for an ideal-gas pressure rise of only ~10-25%. The
increase of ~50% implies the gas itself was
considerably hotter than the shelf (as expected)
although possible outgassing from materials (e.g.
mylar may lose ~2% by mass as water) or small
leaks may have also been a factor.



Figure 3. Internal pressure histories of the probes.

It is notable that small probe 2 (the Day probe)
survived for some 70 minutes after landing. As the
probe internal temperature increased, the battery
voltage rose to 30.8 Volts. However, the current
consumed dropped, together with the signal
strength of the signal received on Earth, suggesting
that a power amplifier component failed [2].

Figure 4.  Voltage/Current history of the day
probe, suggesting transmitter failure as ‘cause of
death’.

3. VENERA

The Russian Venus probes faced the same design
challenges (indeed, more severe ones, since
operation after impact was desired).

The Veneras [5] incorporated insulation both
internal and external to the pressure vessel, and
phase change materials (lithium nitrate trihydrate)
to further buffer the temperatures, especially
adjacent to units with high power dissipation.

A fan maintained circulation of the air inside the
pressure vessel to ensure even distribution of
temperature and the efficient function of the phase-
change heat sink.

The insulation used on the exterior was a bonded
porous silica material (which would remain rigid,
and insulating, in the face of mechanical loads
during entry and descent). A special coating
(presumably something like a sealant) was applied
to minimize the effect of ventilating the insulation
during the descent.

The density of the Venus atmosphere, together
with the earth-like gravity, leads to fairly high
Reynolds numbers during descent. Heat transfer
coefficients were therefore very high, of the order
150-1000 Wm-2K-1 and the temperature of the
probe surface was therefore almost exactly the
same as the ambient air.

As can be seen from fig.5 , the internal temperature
fell well within the region expected from ground
testing.

Figure 5. Venera 14 internal temperature history.

The designers note [5[ that towards the end of the
probe’s operational life on the surface, the
temperatures in the upper hemisphere of the
pressure vessel exceeded those in the lower
hemisphere by some 70-100 oC.  Also, in the
‘scientific apparatus container’ (which did not have
forced ventilation by a fan) some hotspots
developed : some hotspots also formed in the
instrument container where structural components
required the insulation to be thinner than elsewhere
– these spots were 20-35oC warmer than their
surrounds.

4. GALILEO

The Galileo probe, although owing considerable
heritage to the Pioneer Venus experience, adopted
a different thermal design approach : rather than
build a probe that is a pressure vessel, the probe
itself was open, and individual equipment boxes
were sealed.  A brief review of the probe design is
given in [1].



Scaling of pressure forces suggests this approach
has some design merit – smaller boxes of a given
wall thickness can withstand higher pressures. It
also conveniently transfers the problem of
sampling aperture and window design (a major
challenge in Pioneer Venus, which needed sapphire
and diamond windows) from the probe contractor
to the individual experimenters.  Note also that the
Galileo probe did not have to endure pressures
nearly as high as Pioneer Venus.

Some of the thermal testing associated with
Galileo, as well as a somewhat obscure heating
effect (namely heating by adiabatic compression,
as air progressively leaks into the probe volume
and raises its pressure) are described in [6].
Additional discussion of testing and flight
performance is presented in [7].

Some Galileo Probe housekeeping temperatures are
available on the Planetary Data System (PDS) via
the Atmospheric Structure Instrument [8,9]. The
relevant data product is ASI.PDS.F.HK.02 and are
plotted in figure 6 at the end of this paper.

The temperature labelled ‘Taero’ is from a
temperature sensor mounted on the inside of the
Descent Module outer skin.  This was to provide
some sort of back-up to the ASI atmospheric
temperature sensors : it followed the ASI sensors
with a lag of ~ 1minute or <10K.

The curves labelled ‘Shelf T1’ and  ‘Shelf T2’ are
from temperature sensor mounted on the coupling
nut connecting the inlet pressure manifold to the
high range (P3) pressure sensor and from a
temperature sensor mounted on the instrument
mounting shelf adjacent to the science atmospheric
temperature sensor mounting position respectively.

The temperature rise in the probe was higher than
indicated in ground tests, and the temperature rates
and gradients were such that some instruments had
to be recalibrated on the ground. (Some, such as
the Helium Abundance Detector, did not as it had a
particularly robust thermal design – a beryllium
structure with a foam insulation thermal blanket.)

This enhanced heat transfer has several
contributing factors [7]. One is that the  pre-chill
procedure that could be implemented on the ground
was warmer but longer than in flight. Jupiter’s
higher gravity may have enhanced internal
convection, but the dominant factor was probably
probe buffeting during descent (leading to
mechanical agitation) and pressure fluctuations

driving flow through the various penetrations of the
probe hull. These aspects are of course challenging
to test on the ground, and their importance (except
gravity) not immediately obvious.

The probe battery temperatures rose from 0 to
about 49oC (Battery 3 only 30oC). The processor
temperature range were about 10oC further in each
direction.  Transmitter B was lost at 49 minutes :
even though transmitter A had been tested to only
60oC, it continued to operate to 59 minutes, when it
failed at 115oC [7] –  the same temperature as PV2!

5. HUYGENS

The Huygens probe [10,11,12] differs
fundamentally from the previous two examples in
several respects : first, the atmosphere has a
relatively benign composition (N2, CH4, no
corrosive gases) and pressure, such that sealing is
not necessary, and second, that the Titan
environment is fundamentally a cold one, in
contrast to the hot, deep atmospheres of Venus and
Jupiter. An additional related aspect which affects
the structural design is the large scale height of the
atmosphere, leading to modest (~15g) entry loads.

The Huygens probe structure is essentially two
honeycomb equipment shelves (these have only a
stiffness function, not as thermal ballast). The top
platform, exposed to the outside after the heat
shield has been jettisoned, carries the parachutes,
mortar, and antennae.  The larger experiment
platform forms the core structure to which most
equipment (CDMS, power, experiments etc.) are
attached. This is linked to the top platform by a set
of three rods.  A thin (~1mm) aluminium fore
dome defines the aerodynamic shape, and is
attached to the experiment platform via three load-
bearing but thermally isolating fibreglass standoffs.
The fore dome is linked to the top platform, and the
aerodynamic shape completed, by a stiffened
aluminium alloy frustum.

Apertures such as experiment inlets (linked
mechanically to the experiment platform) are
sealed to the foredome by flexible metal bellows.
A 6 cm2 vent hole on the top platform serves to
equalize pressure during launch and descent.

The flight performance was excellent (figure 7) –
internal temperatures remained benign throughout
the mission. Temperatures at the start of descent
were fractionally warmer (~7C) than predicted, a
factor which probably improved the battery
performance substantially. This warmth may have
been due to unmodelled solar reflections on the



back of the heat shield which was illuminated
during the coast.

Cooling by forced convection increased
progressively during descent as the air becomes
denser. After landing, the heat loss from the probe
slows appreciably, allowing a constraint to be
derived on near-surface windspeeds [12].

There is some evidence that the heat leak through
some experiments was higher than budgeted.
Forced convection effects not reproduced in
ground tests may be responsible, although the net
impact was not significant.

6. DISCUSSION - COMMON THEMES

An exotic arsenal of techniques have been applied
in thermal management of probes, including use of
beryllium, phase change materials and a variety of
insulation types. Although in retrospect some
thermal designs could have been improved (e.g.
Galileo) they have generally met all requirements.

One striking, but not widely-reported, finding
herein is that convective heat transfer inside vented
probes is often substantially higher during their
descent than in laboratory conditions on Earth.
Even though one might expect there to be little or
no effect, it seems that turbulent fluctuations in
pressure and other effects enhance the flow of gas,
and thus heat, between inside and outside, and
between elements inside.

This and the other difficulties of thermal design
underscore the difficulty and importance of thermal
testing. Probes are engineering experiments as well
as scientific platforms.
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Figure 6. Galileo Temperatures from the ASI instrument – most of the probe system equipment such as
computer and batteries most closely follows the benign shelf temperature T1.
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Figure 8. Huygens Probe temperatures (external sensors saturated at -80C)  Notice the DISR sensor head
temperature rises after impact (at 8870s) due to the drastic reduction in convective cooling on the ground.
Internal temperatures (battery, transmitter) show a small change in slope at this time but are always benign.


