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Fig. 2 Slant range (——) and aspect angle (– – –) to balloon at mi-
croprobe impact as a function of descent time and equivalent ballistic
coef� cient. Link geometry degrades as descent time increases.

is not compatible with a spherical geometry for these small probes.
Practicable descent durations require vehicle masses of »1 kg.

Signi� cant mass savings are obtained by the use of advanced
insulation. However, a detailed thermal analysis needs to be made
to determineheat leaks through connectors,etc., because these may
compromise the performance of good insulation. Similarly, if the
internal power dissipation (assumed here to be 2 W, compared with
typical10- to 100-Wheat leak throughthe insulationat impact)were
to be more than a few watts, high-performanceinsulation would be
somewhat less useful.

Phase-change materials are not mass ef� cient but can augment
thermal margin to make a robust design (although they are no better
in this respect than increasing the insulation thickness, if that is a
viable option subject to the internal-power-dissipation caveat). The
use of gallium (and, by implication, any mass ballast) as a phase-
change material offersneithermass savingsnor signi� cant decrease
in descent time because its poorer heat absorption characteristics
compared with those of lithium nitrate require thicker insulation.

An increase in the packaging density of the payload itself offers
substantial mass savings. Because of the mass savings (typically
25%), the denser payload does not signi� cantly reduce the descent
time.

In summary, if high-performance insulation is available and the
relay link to the aerobot can tolerate ranges of 150 km and aspect
angles of 70 deg, i.e., descent times of »0.5 h, »l-kg Venus micro-
probes are viablewith payloadsof 0.6 kg or more. Tighter relay link
constraintswould push to more massive probes.

Further study into Venus microprobeswould require careful eval-
uationof theaerodynamicperformanceof the selectedcon� guration
(the CD D 0.3 assumed here is somewhat arbitrary, and appropriate
shaping of the vehicle might reduce this considerably), the relay
link performance (which couples with the antenna design and the
transmitpoweranddata rate), and the thermalperformanceof the in-
sulationwith realisticpenetrations,taking into accountits nonsteady
warming, i.e., its nonzero thickness.A further mission element that
couldbe optimized is the release altitude:If the relay link is a strong
driver, the aerobot might cruise at a lower altitude (where the winds
are weaker and thus the range at impact will be smaller). This would
permit the use of a smaller balloon because the ambient air density
is higher, although the ambient temperature is also higher.
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Introduction

H YPERSONIC � ows over compression ramps, for example,
as used for control purposes on re-entry vehicles, feature a

complex structure of interacting shock waves and include shock-
wave/boundary-layer interactions,which are known to induce � ow
separation. Subsequent � ow reattachment on the ramp causes high
heat � uxes, which must be predictedaccurately to preservethe ther-
mal and structural integrity of the vehicle.

Heat transfer rates from laminar, two-dimensionalnumericalcal-
culationsof a Mach6.85,perfect-gas� ow pasta typicalcompression
ramp are presented. Numerical results are compared with experi-
mental data obtained from the light-piston, isentropic-compression
hypersonicwind-tunnelfacilityat theUniversityof Southampton.1,2

The experimental model consisted of a � at-plate section 155 mm
long followed by a ramp 51 mm long. The tunnel uses nitrogen and
operates at a working-section Mach number of 6.85, a stagnation
temperature ¼ 600 K, and a freestream unit Re ¼ 2.45£ 106 m¡1.
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These were used as the initial (freestream) conditions throughout
the � ow domain in the numerical model, which then was time-
marched to a steady state. Ramp angles of 15, 25, and 35 deg were
considered, all being well above the angle required for incipient
separation.1 Experiments were conducted with and without side
plates to investigate three-dimensional(spillage) effects.

In the numericalmodel, theNavier–Stokesequationsfor a viscous
compressible � ow were transformed into body-� tted coordinates
while the cross-derivative terms in the viscous diffusion operator
were neglected. However, unlike the usual thin-layer approxima-
tions, the streamwise viscous terms were retained. The numerical
scheme adopts a convection–diffusion operator splitting sequence
to account for the inviscid and viscous contributions to the � ow.
The convection and diffusion problems are further split into sys-
tems of one-dimensional partial differential equations along grid
lines. The inviscid solver is based on an explicit Harten, Lax, and
van Leer (Contact) (HLLC) Riemann method; the cross-streamvis-
cous terms are handled implicitly, whereas the streamwise viscous
terms are included explicitly.

Results are presented only for the 15-deg case; further details of
the numerical method and results for different ramp angles (which
are broadly similar to those presented here) can be found in Ref. 3,
which also describes grid re� nement tests that were carried out.
Note that, because of a postprocessing error, the results presented
in that paper for the heat � ux and the shear stress on the ramp are
in error (by a factor of 2), although the values given for the � at-
plate portion of the body are correct. However, neither the overall
calculationprocedurenor the trends exhibited were affected by this
error, which now has been corrected.

Results
Density contours of the � ow past the 15-deg ramp are shown in

Fig. 1. Note that a length scale equal to that of the � at-plate section
(155 mm) is used as a characteristiclength for nondimensionalizing
distances. A region of recirculation at the corner is well illustrated,
as are the shock waves generated by the leading edge, the separated
� ow, and its subsequent reattachment on the compression ramp.

Numerical and experimental surface heat-transfer-rate distribu-
tions over the � at plate and ramp are shown in Fig. 2, presented in
terms of the Stanton number
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Fig. 1 Density contours for � ow over 15-deg ramp. (Axes are nondi-
mensional length scales.)

Fig. 2 Numerical and experimental surface heating rates for 15-deg
ramp.

Fig. 3 Comparison of preseparated numerical and experimental � at-
plate heating rates with the Eckert correlation.

where the surface heat � ux is given by

qw D k
¶ T

¶ g

and the recovery temperature is de� ned as
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1
2 [( c ¡ 1)/ 2]M2

1

where k is the gas thermal conductivityand g is the distance normal
to the wall. Pr is the Prandtl number, assumed to be 0.704 for ni-
trogen. Subscript 1 refers to (tunnel) freestream conditions.Other
symbols have their usual meanings.

Experimentaldata with and withoutside plates,which were intro-
duced to prevent lateral � ow spillage, are shown in Fig. 2. The max-
imum uncertainty in the experimental heat � ux data, including the
effects of uncertainty in freestream conditions, has been estimated
to be of the order §20% (Ref. 1), although the good agreementwith
an empirical theory for the � at-plate � ow (noted later) suggests that
the uncertainty is, in fact, much less than this.

The surface heat transfer rates show � at-plate heating charac-
teristics up to the separation point, after which there is a decrease
relative to the � at-plate trend.This variationis consistentwith a lam-
inar separation.4 The heat transfer rates on the ramp face increase
steadily beyond the corner to a much higher value compared to the
� at-plate heating levels, with peak heating in the reattachment area
caused by boundary-layer thinning. The predicted separation and
reattachment lengths are in reasonable agreement with the experi-
mental values, though slightly overestimated,particularly at higher
ramp angles.3

On the � at-plate section ahead of the ramp, there is a small but
systematic discrepancy (within the estimated level of uncertainty)
between the heat � uxes measured experimentally and those pre-
dicted by the numerical model, although the latter agree very well
with results obtained using Eckert’s empirical correlation5 (Fig. 3).
However, the discrepancy is much larger on the ramp, becoming
worse at high ramp angles,3 and cannot be accounted for by experi-
mental error.Variouspossiblereasonsfor this havebeen considered.

Lateral � ow spillage from the rather low-aspect-ratio model
(width/overall length ¼ 0.5) may invalidate the assumption of two-
dimensional � ow. In some experiments, side plates were added to
contain the separated � ow but, although increasing the separation
and reattachment lengths and reducing the discrepancybetween ex-
perimental and numerical results slightly, this did not fully resolve
the observed differences. Spillage off the trailing edge of the ramp
(with consequentboundary-layerthinning) also was considered,and
the numerical model was re� ned by adding a second (sharp) cor-
ner to the grid at the location corresponding to the trailing edge of
the experimental model. However, although the heat � uxes were
increased near the corner, the effect was found to be very local-
ized, and elsewhere the overall agreement between experiment and
prediction was not signi� cantly improved.3
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As described earlier, the reduction in heating at separation in-
dicates that the � ow remains laminar up to that point; however, it
is well known that separated � ows are particularly prone to tran-
sition in the shear layer.6 In this case, transition is most likely at
the higher � ap angles and could reduce the separation length while
substantially increasing the heat � ux at reattachment.7 Transition
therefore could help explain the observed discrepancies between
experimental results and numerical predictions.Similarly, the pres-
ence of Görtler-likevorticalstructuresin the reattachmentzone also
must be considereda possibility.Evidence for such structures,both
in the initially laminar interactions reported here and in higher-
Reynolds-number � ows where the interaction is known to be tur-
bulent, has been obtained in experiments involving liquid crystal
thermography.1,8 The observedspacingof these structureswas such
that it is quite possible that at least one crossed each gauge in this
region, causing an increase in the local heat � ux.

In an attempt to resolve these differences, numerical modeling
of this type of � ow� eld at a higher Mach number and a lower
unit Reynolds number9 was carried out. Under these conditions,
the � ow� eld is more likely to remain laminar and free from three-
dimensional effects. The preliminary results obtained (not reported
here) were compared with experimental and computational results
reported in Ref. 9. In this case, our numerical results slightly over-
predict the experimental heat � uxes but agree well with the other
computational results, supporting our view that unaccounted-for
three-dimensional and/or transition effects were present in the
Southamptonexperiments.Furtherdevelopmentsof the code are be-
ing planned to allow the investigationof � ow� elds involving these
phenomena as well as other, more complex, three-dimensionalfea-
tures in hypersonic � ows.

Conclusions
Numerical simulations of a laminar, two-dimensional � at-plate/

compression-ramphypersonic� ow havebeen carriedout. It appears
that the general � ow features, which include a large region of sepa-
rated � ow, aremodeledcorrectlybut the separationand reattachment
lengths are slightly overpredicted. Although good agreement with
experimental heat � ux data is apparent on the � at-plate surface, the
heat � ux is underpredictedon the ramp and, in particular,in the reat-
tachment area. Reasons for the discrepancies are discussed, and it
is concluded that three-dimensional effects, possibly accompanied
by transition in the free shear layer, are probably responsible for the
observed differences between numerical and experimental results.
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Introduction

A S the new millennium approaches, there is increasing expec-
tation that routine but limited space travel will be a reality.

Travel beyond the solar system is likely to remain for now a very
distant idea due to the well-known physical laws or the way such
laws are understood at this time. Regardless of the nature of space
travel, risk is a fundamentalconsideration.There is often a negative
relationship between the cost and the risks of the mission. If suf� -
cient risk is accepted, a mission may cost a fraction of the amount
needed for a much less risky one. As travel distances get larger,
risk analysis becomes even more relevant. A new probability tool,
distribution of the greatest critical differenceof component lives or
simply the rangedistribution,is suggested,possiblyfor the � rst time
in reliability literature. This study considers a reliability concern of
spacecraft,given that each of their engineshas a life that is a random
variable with known or estimated parameters. If each engine has a
random life at some speci� ed operating conditions, such as speed
and temperature, then the probability of failure and the failure rate
will increase over time in the absence of preventive maintenance.
Decision makers can install a � xed number n of such engines, some
or all of which are needed to keep the spacecraft � ying. Assume
that it is possible to keep the spacecraft � ying if one or more of the
engines have failed. The proposed methodology can be applied to
spacecraft structure scenarios in variousdecisionstages, especially,
for example, the prephase A stage used in NASA’s decision pro-
cess. In a 4-out-of-4 system (where all enginesmust be operable for
the spacecraft to � y), the system life distribution is the same as the
distributionof the minimum life component.On the other hand, the
1-out-of-4 system (where only one engine is required to power the
spacecraft) has a life distribution that is the same as the distribution
of the maximum life component. Sarper1 has shown analytical and
simulation results for the distribution of the extremes in the four-
enginecase.This study showsanalyticalsolutionsfor rangeanalysis
using the 1-out-of-4 case. Then simulation is used and is validated
against the analytical solution.This validation is used in suggesting
that simulation-only results for other cases should be valid too.
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