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DEVELOPMENTS IN ENTRY VEHI-3LE TECHNOLOGY

By Alvin Seiff
Chief, Vehicle Environment Division

NASA, Ames Research Center, Moffett Field, Calif.

, I .^
Summary

Entry vehicle problems related to Mars entry
of an unmanned probe and Earth entry well above the
escape speed are discussed, and some recent labora-
tory research findings related to high-speed entry
problems are summarized.

Design for steep entry into some of the pro-
posed Mars atmospheres appears to be infeasible
because of the extremely low m/Ĉ A. required for
soft landing. Hence, missions to search for life
on Mars and to make physical measurements of the
martian surface cannot be confidently undertaken
until the questions about the atmosphere are
resolved. Consideration of an atmospheric sounding
probe as the initial Mars entry vehicle is there-
fore indicated. Such a vehicle need not be a soft
lander, but can be a low m/CpA capsule which
measures the properties of the atmosphere in flight.
In the event the minimum pressure atmospheres are
confirmed, soft landing may still be achievable by
use of extremely shallow entry angles, including as
a limit the constant altitude deceleration trajec-
tory. This solution has its attendant problems,
chiefly of requiring much more sophisticated guid-
ance and control than the steep ballistic entry.

For entry into planetarŷ  atmospheres. at_speeds -
"much greater than kO,OQb feet per second, use of
entry- vehicles with all surfaces swept back rela-
tive to the stream (such as cones) is indicated to
prevent radiative heat transfer from becoming
catastrophically large. With optimum sweepback,
lifting and nonlifting vehicles on ballistic and
shallow angle entry can reject to the atmosphere
approximately 99 percent of the entry kinetic
energy at speeds up to twice Earth escape speed.

Items selected from recent research are
related to cone radiative heating at high speeds,
combustion of ablation shields, ablation products
radiation, injected gas interaction with the extej
nal flow, and atmospheric gas radiation_of
carbon-dioxide mixtures.

Introduction

With the entry problems of intercontinental
ballistic vehicles and near-Earth satellites now,
for the most part, successfully behind them, and
with current work apparently yielding needed
answers to problems of entry at Earth escape speed,
entry vehicle designers and research specialists
can look forward to the design of Mars probes and
to the problems of Earth entry at speeds up to
twice escape speed on return from interplanetary
missions. The Mars entry problem is presently com-
plicated by the lack of precise knowledge of the
Mars atmosphere. It is generally agreed, however,
that the Mars atmosphere has a much lower surface
density than that of Earth, and this has a predomi-
nant influence on the design of ballistic probes
for the Mars atmosphere. The other problem, the
major extension of entry speed apparently required
for the interplanetary missions, is primarily a

problem of heating and heat protection. One
wonders how high the entry speed can become before
entry bodies suffer the experience of many meteors
and become totally vaporized during entry. Not
only does the convective heat transfer formula show
a dependence on the cube of velocity, but the radi-
ative heating increases in this range as the 15th
power of velocity, and becomes predominant. It
then becomes necessary to optimize the configura-
tion with respect to total heating to achieve
successful entry.1>2

The ablation shield is very largely responsible
for the success of the entry vehicle efforts to
date. Its processes are very complex, and have
often been treated by semiempirical methods which
have proved adequate for design. Recent laboratory
research, however, has shed new light on the per-
formance of these shields, and shows some effects
which were largely overlooked until now. The
shields made of organic polymers can, and appar-
ently as a rule do, burn in flight. They discharge
gases which glow more brightly, under some condi-
tions, than the air whose radiative component is
carefully estimated while the other gases are
ignored. At high heating rates, they may discharge
gas at such a rate as to affect the external flow
configurations, and measurably alter the gasdynamic^
forces-and-moments.

These effects and one other, the high tempera-
ture radiative property of gases expected to occur
on Mars and Venus, will be briefly discussed in
this paper. We will start, however, with some gen-
eral remarks on the problems of the advanced mis-
sions listed in the opening paragraph. The princi-
pal problem of the unmanned Mars mission being the
low density atmosphere, we will develop its impli-
cations for vehicle design. Also, since it is
clear that the characteristics of the Mars atmos-
phere need to be better determined, a means of
achieving this will be described. Then the optimum
body problem for high-speed entry will be reviewed,
and some estimates of the fractions of entry kinetic
energy going into body heating shown. The results
of an initial evaluation of the problem of tip burn-
off on the optimum conical shapes will be presented.

Notation
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lift-drag ratio
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rate of mass injection or ablation
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atmospheric pressure

total pressure at stagnation point

heating rate due to ablation product
radiation

heating rate at zero ablation

total heat input on trajectory

body radius of 'cross section

tip radius

body nose radius

limit value of Reynolds number based on
local flow properties

average weight of structure and heat shield
per unit surface area

temperature

velocity component normal to shock wave
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inverse scale height, —
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"atmospheric 'density
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flight-path angle below horizontal

cone half-angle

energy to melt and vaporize unit mass of
ablator

Subscripts

b body

e boundary-layer edge

E entry

p parachute deployment

s satellite

S+HS structure plus heat shield

strat stratosphere '

t terminal

W body surface

o zero altitude

2 behind bow shock wave

may maximum

00 free stream

Mars Probe Design

Best current estimates are that' the ground
level pressure at Mars is in the range of 1 to
2.5 percent of Earth sea-level pressure, and there-
fore corresponds to pressure in the Earth's atmos-
phere at altitudes between 80,000 and 100,000 feet.
Since proposed probe missions generally require the
soft landing of an instrument package on the planet
surface, the vehicle must be designed to decelerate
to nearly zero speed in the low density atmosphere.
Now the equation governing the deceleration to low
speed on ballistic entry is, to a very good order
of approximation, the equation of Allen and Eggers,3

B _ CDPA CpA p
V _ ~ 2 P _ _ Pm sin QE _ ~ m g sin QE f-,\— e - e ,- e ^i;
VE

which relates the value of m/Ci)A to the velocity
ratio, V/VE, required at a given level of atmos-
pheric density or pressure. It is well known that
equation (l) does not hold during the final stages
of descent, in which the neglected weight force
becomes comparable to drag force. There, the vehi-
cle may approach terminal velocity, the velocity at
which weight force equals drag force,

(2)

It can easily be calculated that the terminal veloc-
ities obtained in the Mars atmosphere with values
of m/CuA .usually considered are much too high for
soft landing. Hence, a parachute or other retard-
ing device is required. The parachute, like other
drag generating elements, loses effectiveness in
the low density atmosphere, and for minimum system
weight must be deployed at a rather high altitude.
Equation (l) is then applicable to calculating the
value of m/CpA needed to bring the probe to para-
chute deployment velocity at the specified altitude,
hp. The results of such a calculation are shown in
Fig. 1 in terms of the presently uncertain atmos-
pheric parameters po and H, where H, the scale



height, is equal to l/(5. Parachute deployment is
assumed to occur at 0.05 YE, corresponding to about
1,250 ft/sec for typical Mars entry velocities, and
at 30,000 or 50,000 feet altitude. The v£Lue of
m/CpA required is presented as a function of
po/sin &g. For vertical entry, the abscissa is the
ground level atmospheric pressure and may be corre-
lated with the tick marks indicating the G, I,
and J model atmospheres of the Jet Propulsion
Laboratory.

Some very low values of m/C]>A. are required
with some of the assumed atmospheres. For example,
on vertical entry with parachute deployment at
50,000 feet, p0 of 10 millibars, and H of 25,600
feet, m/Cj)A is 0.02 slug/ft2. Furthermore, the
variation in the design value of m/C]}A corre-
sponding to the surface pressure range of 10 to
1(0 millibars and the scale height range indicated
is greater than an order of magnitude. This is
perhaps the greatest effect of current Mars atmos-
phere uncertainties on entry probe design.*

Now to appreciate what is represented by these
very low values of m/CpA, consider the correspond-
ing vehicle densities presented in Fig. 2. The
vehicle bulk density, total weight at Earth divided
by total volume, is plotted as a function of frontal
radius for spherical bodies. Note that the scale
maximum is less than one-tenth of the density of
water, and the smallest value plotted is one-
thousandth the density of water. The significance
of this is clear. The vehicle is largely empty, .
and is itself little more than a balloon decelera-
tion device. For the middle curve on this figure,
_m/Ci>A _= -0.1, -the-total-weight_for-all-radii-is- that—
of an aluminum skin of 0.05-inch thickness, with no
weight remaining for payload or other purpose. For
the lower curve, the totaj.-weight aluminum skin
thickness becomes 0.01 inch. It can safely be con-
cluded that the design of such vehicles is no more
than marginally possible.

This fact is further amplified in Fig. 3>
where the weight available for structure and heat
shield is expressed in pounds per square foot of
surface for perhaps the most efficient shape, a
flat-faced vehicle like the Apollo. A 100-pound
payload is considered. For a specified value of
m/Cj>A, both the vehicle weight and the surface area
increase directly with the frontal area. Increasing
the vehicle radius therefore results in an asymp-
totic approach to limiting values of s as shown.
For m/Ci>A of 0.5 slug/ft2, the asymptotic value
8 lb/ft2 available for structure and heat shield is
well within present design capability. The asymp-
totic value diminishes directly with m/CjjA, becom-
ing, for example, 1.6 lb/ft2 for m/Cj)A of 0.1,
and 0.32 lb/ft2 for m/CftA of 0.02. One can imag-
ine a boundary line extending across the lower part
of this figure, separating attainable from unattain-
able structures. This line, presently ill defined,
slopes upward to the right since vehicle rigidity
diminishes with increasing size.

It might be gathered from the above that the
design of a soft-landing ballistic-entry probe for
Mars is marginal if not impossible within the pres-
ent uncertain definition of the Mars atmosphere,

*The results shown in Fig. 1 are applicable to
other values of scale height and parachute deploy-
ment altitude, as long as the ratios hp/H remain
the same.

since, as-in all design problems, the design must
cope with the worst conditions to be expected. Two
lines of action should result from this conclusion:
One is the study of light-weight structural con-,
cepts, including unconventional concepts. Pressur-
ized structures may play an important role, for
example, just as they have for rocket boosters.
Second, we should find out more about the Mars
atmosphere to reduce the uncertainty and eliminate
the necessity to design for atmospheric conditions
worse than may actually exist.

If the surface pressure of the Mars atmosphere
is as low as the lowest of the current models, the
question then raised is whether a probe vehicle of
useful density can in any way be soft landed by gas-
dynamic braking. Equation (l) shows that m/C])A
may be increased for small values of 0%. In the
limit, SE = 0> there is the possibility of dissi-
pating the vehicle energy in horizontal flight.

Such constant altitude deceleration trajec-
tories were discussed in reference 2 for manned
vehicles and can, in principle, be applied to
unmanned probes as well. The controlled use of
lift is required to maintain this trajectory, but
for Mars, the values of L/D are very small (less
than O.l) at speeds up to 2.5 times circular.

The altitude selection is to a degree arbitrary,
since there is no absolute acceleration limit for an
unmanned payload, and Reynolds numbers tend to be
below values for turbulent boundary layer. Very
high altitudes, for example, above 100,000 feet,
can be selected to be sure of ground clearance and
-to -allow-room-for final-descent-by-parachute^
although high altitudes lead to greater total heat •
input than low altitudes, if laminar, boundary layer
is obtained at both. The minimum velocity to which
circular flight paths can be maintained depends on
the altitude selected, m/CuA, and (L/DJmax, but is
generally a small fraction of satellite velocity.
Below this speed, a shallow-angle descent is fol-
lowed to the speed of parachute deployment. Mars
entry in terms of such a trajectory appears feasible
for the lowest pressure atmosphere now proposed.
However, this solution is not without penalty, since
the guidance and control problems are much increased
for this flight path compared to simple ballistic
entry.

In terms of the above discussions, the need
for data on the density structure of the Mars atmos-
phere is clear. The question then posed is how to
obtain data of the required accuracy. Although
remote measurements from a spacecraft flying by the
planet may provide it, the most direct method of
measuring the atmosphere is by use of an entry
•probe. From the arguments already given, it is
evident that this atmosphere sounding probe cannot
be dependent on soft landing for its function. How-
ever, as has been discussed in reference k, it is
possible to measure the atmospheric properties while
the probe is in hypersonic flight.



If the vehicle does not" soft land, then it must
communicate all its data prior to landing. For a
blunt vehicle,* there will he a period of communica-
tion blackout, so that the period available for com-
municating the trajectory data begins after blackout
and ends at surface impact. This time must not be
allowed to become too short, and the means of pro-
tracting it Is, again, the reduction of m/Ci)A.
This is illustrated by Fig. k. For two atmospheres,
one of which is completely isothermal and the other
of which has a falling temperature up to a tropo-
pause, like the Earth1s, there is shown the avail-
able communication time as a function of m/Cj)A
and surface pressure. These results are for the
most stringent case, vertical entry, and they indi-
cate that for 10 millibars surface pressure, com-
munications time in excess of 15 seconds will be
obtained for a vehicle m/CpA of 0.2 slug/ft2.
Communications blackout has been assumed to end at
10,000 ft/sec in these calculations. In 15 seconds
with a communications rate of 100 bits per second,
such as might be provided by relay link to the
parent spacecraft, the equivalent of 250 numbers of
2-percent accuracy can be communicated. Hence, such
a communication period is compatible with sending a
useful amount of data.

Measurements to be made with such a vehicle
include (Fig. 5): deceleration, which provides a
means for deducing atmospheric density and tracking
of the vehicle velocity; static and pitot pressure,
which, at the time of impact, define the surface
pressure and terminal velocity; atmospheric tempera-
ture, which Is measurable in low-speed flight during
terminal descent; and certain elements of the shock-
layer emission spectrum, which can be used to iden-
tify atmospheric gases and their concentrations.
Since detailed discussion of these measurements is
not appropriate here, reference k will be augmented
by a report now in preparation.

Vehicle parameters which appear suitable for
use in such a probe are indicated in Fig. 6. The
intent here Is a minimum weight device which can be
considered as one experiment of several carried by
the spacecraft. (Others could, in fact, be entry
vehicles differing in instruments and design, to
increase the probability of some successful measure-
ment of the atmospheric structure.) The weight of
the instruments and electronics including data
storage and communications equipment has been esti-
mated as being as little as 12 pounds. For an
m/Ci)A of 0.25 slug/ft2, weights corresponding to
radii of 12 and 15 inches are 23-7 and 37 pounds.
Thus, a reasonable allowance for structural and heat
shield weight is available in these sizes. The
capsule volume is largely empty, even for the 1-foot

*The use of a slender vehicle to avoid comnumi-
-cations blackout has been proposed. However, the
slender vehicle can maintain communications only
when its angle of attack is of the order of a few
degrees or less, because at^larger-angles of attack
it is no longer "slender." 'Since this is difficult
to insure on a vehicle which/is .--launched remotely
and under difficult conditions, th'e possibility that
no data will be obtained must be considered. In,
addition, the slender vehicle does not lend itself
to the use of accelerometer measurements except at
very low altitudes. Since it does not decelerate
appreciably, the time of transit of the slender
vehicle through the atmosphere, from 250,000 feet
altitude to impact, is of the order of 10 seconds.
This is the total period for data acquisition and
transmittal.

radius, consistent with earlier conclusions. The
choice of a spherical configuration permits more
exact treatment of angle-of-attack effects within
the limitations of the total data quantity imposed
by communications. (The advantages of spherical
geometry were pointed out by Victor Peterson at
Ames Research Center.) Work on this atmosphere
sounding probe concept is continuing at Ames
Research Center.

Earth Entry at Up to Twice the Escape Speed

Turning now to the topic of very high-speed
entry vehicles, such as will be required on return
from interplanetary missions or entry into some of
the planets, we note that the predominant heat
transfer to blunt vehicles is the intense radiation
from hot gases in the shock layer. The speed
dependence of this radiation is such that in the
velocity range from satellite speed to twice satel-
lite speed, an order of magnitude increase accom-
panies a velocity increase of 1.5 km/sec. A summary
of theoretical data for normal shock waves in air
is presented in Fig. 7. The luminous power per unit
volume of gas ranges over 11 orders of magnitude as
the velocity ranges from 1 to h times satellite
speed for the altitude range from 20 to 70 kilo-
meters. Note that straight line segments can be
used to represent these data very adequately. The
radiant power varies as u15'45 at speeds from
8 to 13.7 km/sec and as u5'05 at higher speeds.1

The theoretical curves are experimentally confirmed*
within a factor of 2 out to a velocity of 13 km/sec,
but are unconfirmed at higher speeds.

Above the escape speed from Earth, the radia-
tive heating to blunt ballistic entry vehicles
becomes prohibitive. Relief from this heating is
afforded by sweeping back the bow shock wave,1'2'6'7

since the temperature behind a shock wave is a
function of the component of velocity normal to the
wave. The effect of sweepback on total heat trans-
fer, sum of convective and radiative, has now been
calculated for three classes of trajectories, bal-
listic,1 a constant altitude deceleration, and a
constant Reynolds number descent. Preliminary
results for the shallow angle trajectories were
given in reference 2. Other unpublished results
have since been obtained by my colleague Michael
Tauber and myself. Representative results are
shown in Fig. 8, for an entry velocity of 2.k times
near-Earth satellite velocity. Note that the total
heat Q entering the body on the trajectory is,
for optimum cone angles, less than 1 percent of the
entry kinetic energy, but for higher and lower cone
angles, it can become much larger. The slope of
the curves at 14-5° cone angle indicates the severity
of the heating problem of the unswept blunt body.

For all three classes of trajectories, the
optimum cone angle is between 25° and 35°• That

*The available experimental measurements do
not include the vacuum ultraviolet region of the
spectrum, but have1 been compared with theory in the
visible and infrared. In a recent paper, Breene5

has, recomputed' the power in the wavelength region
from 800 to 1100 A generated by the deionization
reaction of H+, and obtained an appreciably higher
value than earlier calculations. While all of the
theoretical values shown in Fig. 7 include this
reaction, there is some uncertainty about the magni-
tude of its contribution to the radiation.



this optimum is not the same for every trajectory
is due to the differences in velocity-density rela-
tionship. For the 'ballistic trajectory, for exam-
ple, the maximum radiative input occurs at
V = 0.9 VE, while for the constant altitude deceler-
ation, the radiation is maximum at V = Vg. This
tends to increase the importance of radiative trans-
fer for the constant altitude trajectory and to
drive the optimum to smaller cone angles.

It can be shown from the heating equations that
the constant Reynolds number trajectory is an opti-
mum or near optimum trajectory. .The numerical
results bear this out by showing the least value of
total heating of the three classes considered. At
optimum, the total heating is in all cases predomi-
nantly convective (85 percent or more of the total).

All of these trajectories have been selected to
restrict the Reynolds number below a specified limit
to remain in the flight regime where laminar bound-
ary layers may occur. Now the correct value for
this limit is not well established and may, in fact,
depend on some particular choices such as the choice
of heat shield material. Based on available experi-
ence, the limit value of 10 million has been applied
in these examples, but changes in this value can
easily be inserted in the analysis. The constant-
altitude trajectory is also restricted to a 10 g
acceleration limit, and it is noteworthy that with
large entry bodies both the acceleration and
Reynolds number limits can be met while still
obtaining nearly the same heat input energy frac-
tions as in ballistic entry where the accelerations
are far beyond human tolerance. The total heat
input curve for the constant-altitude trajectory is
discontinuous at the optimum ~point~7 which" marksT'tHe
intersection of the Reynolds number "limited curve
(to the left) and the acceleration limited curve
(to the right). The optimum point always occurs at
this intersection, that is, at a point where both
the acceleration and Reynolds number limits are
reached.

It is a feature of the results that the optimum
bodies are always near 30° cone half-angle. The
angle tends to diminish with increasing speed, but,
up to three times satellite velocity, a 30° cone
could be used with little penalty. Bodies of this
near optimum geometry are shown in Pig. 9- The
ballistic body is the complete cone. Since lift is
required on the shallow angle trajectories, lifting
configurations generating L/D of 0.5 which might
be used for these cases are also shown. The lifting
configuration is formed by cutting off the cone
asymmetrically, at the left by the method of Eggers8

(removing part of the cone upper surface with a
plane cut through the apex) and at the right by the
method of Shapland9 (base plane -skewed relative to
the cone axis).

The critical question which cannot be ignored
is the degree of tip burnoff which will occur with
these pointed entry vehicles. Allen has suggested
the use of a cusped tip or a rod fed through the
tip to combat tip burnoff. However, until now, no
calculations had been made to determine the extent
to which tips of the best available ablation mate-
rials would be ablated on entry trajectories. My
colleague Michael Tauber has programmed our heating
equations for the tip and solved them numerically
on the IBM 709̂  computer. His results are shown in
Fig. 10 for constant altitude deceleration. (Results
for ballistic entry, not shown, are even more

favorable.) For entry speeds up to 3 times satel-
lite velocity, the tip radius would remain less
than 10 percent of the base radius for a graphite
tip, according to these calculations. A vaporizing
quartz tip (no liquid runoff) is nearly as good,
while a Teflon tip could not be used above about
VE/VS of 1.8. These calculations and these mate-
rials require further study and experimental con-
firmation.

The calculated results, however, are encourag-
ing with respect to the prospects for retaining
highly swept bow waves over most of the vehicle
surface. It is to be noted that rounding of just
the tip.will reduce convective heating over most of
the vehicle while subjecting the tip to increased
radiative heating.

Other Topics From Current Research

Some preliminary work aimed at providing
experimental confirmation of sweepback theory for
computing shock layer radiation on cones was
reported.6 This work has now been completed by
Compton and Cooper,10 and is shown in Fig. 11.
Total radiation from the shock layer of a 30° half-
angle cone is plotted as a function of equilibrium
air density in the shock layer. The interpretation
of the data has been complicated by the occurrence
of two effects: (l) radiation from the products of
ablation comparable in magnitude to the air radia-
tion, and (2) sizable contributions of nonequilib-
rium radiation over most of the density range of
the experiments. These contributions are apparent
in the data. The ablation products radiation was

"studied experimentally by'use of~models~of "differ- ~
ent materials, including, for limited conditions,
nonablating metal models. With polyethylene models
(circular symbols), the measured radiation was from
1-5 to 3 times that expected from the air. With
the nonablating metal models (square symbols), and
the polyformaldehyde models (triangular symbols),
radiation in agreement with the predicted total of
equilibrium plus nonequilibrium air radiation was
measured in the visible spectrum.

The nonequilibrium radiative contribution was
estimated by Compton using a sweepback theory to
convert results from low-speed normal shock waves
to. conical flow conditions. His procedure is
apparently reasonably successful in predicting the
total air radiation. One can conclude that the data
support sweepback theory when allowance is made for
ablation product radiation and nonequilibrium air
radiation.

For flight conditions, analyses1'2 have shown
that nonequilibrium radiation contributes negli-
gibly to the heating. It is likely true,-however,
that ablation products radiation will, for some
materials, remain comparable to or greater than air
radiation for optimum cones in flight. Attention "
has recently been given to predicting ablation prod-
uct radiation on cones.11

A subject which has received prominent atten-
tion in the last two years because of its impor-
tance for planetary entry is radiation from gas
mixtures of nitrogen and carbon dioxide, believed
to occur on both Mars and Venus. Cyanogen radia-
tion in the vicinity of 3883 A is very intense in
these mixtures and at moderate flight speeds
increases the radiative heating considerably above



that of air." James Arnold of Ames Research Center
'has teen acquiring new data by free-flight tech-
niques in the speed range around 30,OCX) ft/sec, and'
has prepared a correlation plot to show the inter-
relation of all the measurements which have now been
published12'13 for mixtures containing 7.5 to 9 perr
cent C02, reproduced here in Fig. 12. At the lower
speeds, the C02 mixtures generate between 1 and 2
orders of magnitude more radiation than does air,
for equal gas density. As the speed is increased
and the cyanogen dissociates, the gas mixture radia-
tion approaches that of air, and above 10 km/sec is
comparable to air radiation or perhaps slightly
;below. The two theoretical lines in this figure are
by different authors (solid line, Spiegel; dashed
line, Breene), and are thus more representative of
different theoretical assumptions than of different
gas compositions. Experimentally, the effect of
Changing from 7-1/2- to 9-percent C02 is small (see
I data of James). The way in which the free-flight
'data correlates with the shock-tube data13 in this
'figure is very satisfactory.

The relatively level region in the C02 mixture"
data between 6.5 and 9-5 km/sec has some interesting
and somewhat important implications. One pointed
out by Arnold pertains to the distribution of radia-
tive intensity behind a curved shock wave. The
radiation will not fall off as rapidly with distance
from the stagnation point in the C02 mixture as in
air, because the radiation is nearly independent of
speed in this region. Also, it is clear that in
choosing optimum cones to minimize radiation, some-,
what smaller angles will be required in these mix- .
tures than in air. An example of this for Mars
entry has been given in reference 2.

•r For blunt as well as conical bodies, radiation
from ablation products can be a source of consider-
able radiative heating of the vehicle. • One of the
materials which has been studied in the laboratory
for which this is very pronounced is the polycarbon-
ate, Lexanj* laboratory data14 showing the radiative
heating of models by the ablation products are shown
in Fig. 13. Analysis of the data has shown that
the radiative heating is proportional to the abla-
tion rate, m, and to the boundary-layer edge temper-
ature Te

3-5, both of which dependences are intui-
tively appealing. The data shown were obtained at
velocities from It.5 to 7-6 km/sec and at ambient
.pressures from 0.02 (circles) to 0.2 atmosphere
;(diamonds). A systematic effect of the level of
pressure or density found to be present can be cor-
related for this range by the factor (pg/p,-,)0'18

'which is incorporated in the ordinate. The influ-
ence of the ambient density is to change the equi-
.librium composition of the products of ablation and
the rate of approach to equilibrium. The dependence
on body radius shown on the abscissa was analyti-
cally derived by Craig and Davy, and is critically
dependent on the assumption that the profiles normal
to the surface of ablation products concentrations
and of velocity remain similar and of corresponding
thickness with change in body radius. All the data
shown here were obtained with small models
(R = 0.508 cm), and no verification of the linear
.dependence on R is available. The significance
of this predicted dependence is that large vehicles
tend to have large values of the abscissa and hence
large ablation products heating. Further work is
required to verify or replace these sealing rules.

*Results obtained with this material vary
-greatly from batch to batch. Differences in molec-
ular weight and perhaps other chemical differences
cause some lots of material to radiate much more
brightly.than others..

A fact brought home by these investigations
has been the possible importance of choosing abla-
tion shield materials whose products do not radiate
strongly. The polycarbonate material is the most
intense radiator which has been found. Other mate-
rials show lower intensities by an order of magni-
tude or more. William Borucki at Ames Research
Center has been studying the spectra of the abla-
tion products radiation to identify principal
radiators. His preliminary results indicate that
cyanogen and C2 Swan bands occur prominently with
Lexan and polyethylene ablators. The cyanogen is
produced by reaction of carbon from the ablator

- with nitrogen in .the air. The equilibrium and rate
of approach to equilibrium of this reaction is thus
an important determinant of the amount of radiation
produced. It is also possible that small solid
particles are discharged or formed in the boundary
layer and radiate as approximately black bodies.

Chemical interaction, between heat-shield mate-
rials and the air or other atmosphere has also been
measured in studies of the behavior of heat shields
in various atmospheres. While the possibility of
heat-shield combustion has long been recognized,
particularly in relation to carbon shields, the
early analysis and application of heat shields has
generally ignored this effect. The degree to
which it can affect heat-shield performance is
shown in Fig. 1̂  for a phenolic nylon shield in
laboratory tests.15 Tested at identical stream
conditions in nitrogen and air, the heat shield
assumed temperatures as much as hOO° F greater in
the air, and suffered 60 percent more mass loss.
Nick Vojvodich has analyzed data of this kind for
a range of conditions and concludes that chemical
reactions are generating heat quantities equal to
or greater than the expected convective transfer.
He further finds that about 1/3 of this occurs from
combustion of the solid char, while 2/3 occurs in
gas-phase reactions. Char loss was experienced in
nitrogen and in argon as well as in air, but at 30
to 1(0 percent the rate experienced in air. Later
experiments by John Lundell have shown that char
loss also occurs under purely radiative heating of
the shield in vacuum. Although char loss under
these conditions may be due to spallation, John
Parker has suggested that it may also result from
chemical consumption of the char by ablation pyrol-
ysis gases percolating up through it.

A relationship quite clearly exists between
the problem areas treated in the last two figures.
Of the additional heating caused by ablation prod-
ucts chemical reactions, some part will be by
radiative transfer. Theoretical studies have
shown18 that chemical reactions to be expected
include the formation of CO and CN by interaction
of atmospheric gases with carbon in organic shield
materials. These processes are exothermic and, in
the case of CN, yield a product of high radiative
output. These studies are concerned with effects
which are of first-order importance for heat
shields, but which have been neglected till now.
That we have been able to successfully design
shields without understanding these factors can
only be attributed to the conservatism of the
designs. These effects will be expected to lead
to differences in heat-shield effectiveness for
atmospheres of differing composition.

There are thus a number of important ways in
which ablation shields can affect heating, other
than by their intended mechanism of heat absorption



•and blockage. Still another major effect has now
teen demonstrated by Syvertson and McDevitt.17'18

It is the first contribution in a field that may be
called interaction between ablation and external
gasdynamics. Shown in Fig. 15 are their data on the
initial static pitching stability and normal force
of a slender cone with transpiration of gas through
the rear 82 percent of the surface length. First-
order effects on the initial slopes of the stability
and normal force curves are observed, for mass
injection rates of the order of a few percent of
the free-stream mass flow intercepted by the cone
base. These are attributed by Syvertson to the
formation of a low-energy gas layer over the sur-
face of the cone, consisting of injected gas and
having about the same effect as a separated flow
layer. It provides a path for equalization of pres-
sure between the windward and sheltered meridians.

For an ablating cone, the variable on the
abscissa can be related to the heat-transfer rate.
Using Allen's heat-transfer coefficient, CH, which
is the fraction of the stream kinetic energy con-
verted to heat,1 we can show that

where £ is the energy per unit mass to melt and
vaporize the ablation material (expressed in mechan-
ical rather than thermal energy units). This rela-
tion shows the importance of velocity in producing
this effect. A cone of the geometry tested, in
flight at 20,000 ft/sec and 100,000 ft altitude,
attains values of the abscissa around 0.01 and 0.0k
"for̂ laminar and̂ turbulent boundary "layer 57 respec-
tively, depending on the value of C, assumed and
other particulars. Thus the effect is of real sig-
nificance for slender vehicles. Its importance for
vehicles of lower fineness ratio is not yet known.

It has been pointed out that the dynamics of
an entry vehicle can be affected by the changes in
static properties shown in Fig. 15. Thus, just as
changes in dynamic pressure with altitude on ballis-
tic entry affect the spring stiffness of the pitch-
ing oscillation and produce apparent damping and
divergence, variation in the static pitching stabil-
ity coefficient along the trajectory resulting from
changes in CH and V can affect the dynamic con-
vergence of oscillations. Syvertson and McDevitt
have discussed these effects.18

Concluding Remarks

The forefront of the field of entry vehicle .
design now lies in the area of design for inter-
planetary missions, including return from those
missions. For Mars entry, the principal problem is
that the atmosphere is unknown to a degree that
leaves the ballistic parameter of soft-landing
vehicles uncertain by an order of magnitude. For
the lower limits of atmosphere density, design of
steep entering ballistic probes is either ma.-rg-inB.lly
possible or impossible. Shallow angle lifting entry
can probably be achieved with the lowest pressure
atmosphere now envisioned, if the stringent require-
ments on guidance and .control can be met. The
necessary first step in the exploration of Mars is
to measure the atmospheric density structure, which
seems to require sending in a probe vehicle.

Return to Earth from planetary missions at
speeds up to twice the escape speed can probably be
achieved with pure aerodynamic braking, thereby
saving the considerable weight penalty associated
with rocket braking. Unlike the situation at lower
speeds, successful entry at these high speeds
requires the use of optimum bodies, which are
approximated by pointed cones of about 30° half-
angle. The penalties of departure from near the
optimum can be very severe. Based on calculations,,
it appears possible that by use of appropriate
ablation materials, the cone tips can be kept suf-
ficiently sharp throughout entry to keep the radia-j
tive heating low over most of the body.

It has now been observed that the ablation
shield used to protect the entry body from heating
can, depending on the materials used, also con-
tribute to the heating, either by radiation from
the ablation products or by exothermic reactions
with the atmospheric gases. Furthermore, in cases
of high ablation rate, the gas flow from the sur-
face can alter the external flow gasdynamics suf-
ficiently that the forces and moments on the entry
body are affected. These observations add to the
understanding of entry body processes and study of
these effects should improve our capability for
designing future systems.
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Fig 11 - Gas radiation from 30° cone

Fig 10 - Theoretical ablation of conical lip
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Fig 14 - Effect of chemical reactions on heat-shield performance
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