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Charring Ablators on Lifting Entry Vehicles

E. Arnorp REINIKKA* AND Puitie B. WeLLst
The Boeing Company, Sealtle, Wash.

Char-forming plastic materials are examined for capability of providing thermal protection
of lifting vehicles (L/D = 0.5 to 1.5) entering the earth’s atmosphere from near-earth orbits.
A simplified theory for charring ablation materials is discussed. A rapid means is given for
calculating aerodynamic healing encountered during lifting entry. Design charts based on
these methods are shown for determining thermal protection weights when using miero-
ballooned phenolic nylon. These weights are based on maintaining a controlled environment

for the cabin and load-carrying structures.

Nomenclature

specific heat, Btu/lb-°F

1ift coeflicient

drag coefficient

local acceleration of gravity, ft/sec?
heat-transfer coefficient based on enthalpy
heat of pyrolysis, Btu/lb

enthalpy, Btu/lb

thermal conductivity, Btu/ft-sec-°F

mass loss rate, 1b /ft%sec

heating rate, Btu/ft2-sec

radius of earth, ft

recovery factor

vehicle planform area, ft?

decomposition temperature, °F
temperature, °F

time, sec

velocity, fps

V/Vsat

vehicle weight, 1b

distance, ft

altitude, ft

mass fraction of solid converted to gas, /s const
density, 1b/ft3

blocking function

flight path angle, deg

exponent involved in injection parameter (see Fig. 1)
emissivity

Stefan-Boltzmann constant, Btu/ft*sec-°R
bank angle, deg

char thickness, ft

parameter defined in (5)
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Subscripts

char layer

gag

air

relative

inertial

initial

solid

satellite

final

wall

recovery

freestream condition
unblocked convective input
conducted into plastic
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Introduction

VARIATIONS in cntry missions, and in vehicle shapes
and aerodynamic characteristics, have a strong effect on
heat shield requirements. A rapid means for evaluating these
requirements is desirable for preliminary design studies. A
method employing an “effective heat of ablation” has been
used for designing heat shields of noncharring ablators (Teflon,
Avecoat “A,” ete.), but analysis for char-forming ablation
materials is more involved. The complete mathematical
description of the conservation of energy and mass during the
ablation process requires congideration of such factors as reac-
tion kinetics, the transport of thermal radiation through the
material, char removal by combustion and/or rupture due to
thermal stresses, the thermal equilibrium (or lack of it) be-
tween the gases and the char, and the transient effects due to
heat storage.r™5 Lifting entry aggravates the thermal pro-
tection problem owing to the long times involved at moder-
ately high heat fluxes. This creates a substantial requirement
for insulation.

In the following text an approximate analysis for char-
forming ablators is developed, and trajectory and aerody-
namic heating calculations are then described. These calcu-
lations lead to the development of convenient normalized
heating curves and to design charts for determining thermal
protection requirements for ablation-cooled lifting vehicles
using a char-forming plastic.

Ablation Analysis

In the approach taken here use is made of a relatively
simple mathematical model. The material is divided into two
regions; char layer and plastie, separated by the decomposi-
tion plane (see Fig. 1). The following assumptions are made:

1) All chemical reactions can be grouped into one single
reaction that occurs at the decomposition plane, with one
over-all heat of pyrolysis H,. (Chemical reactions and radia-
tion within the char layer are neglected.)

2) The temperature range over which the reactions occur
can be approximated by a single, mean temperature T’
that remains constant.

With the foregoing assumptions, the energy equation in the
char layer is

oT oT o] ( DT)

PcCe a + ﬁ"/gcppa = Fx c 67 (1)

The boundary conditions at the decomposition plane (X = 0)
are

T(0) = T; = const @

k.QT/02)+0 = mHp + i (3)
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Fig. 1 Ablation process schematic.

where G = k,(0T/dx)~o ((ss 1s the heat flux conducted into
the plastic). It is calculated from the finite difference solu-
tion to the constant temperature-moving boundary, transient
conduction problem in the plastic. Assuming quasi-steady
state conditions, constant thermal properties, and constant
' = m,/m;, Eq. (1) simplifies to

k(d*T /dz?) = mTec,,(dT/dx) 4)
The general solution to (4) is
T(x) = ¢ + coet®/d (5)

where & = mIc,8/k.. Applying boundary conditions (2)
and (3) to (5) and rearranging yields

Ty = Ta+ [HpE/Tep, + Gred/k.1F(E) (6)
where
F £
® = nZ:O (n + 1)! @

From Egs. (6) and (7), the limits are 6 - 0, T = T4 and
aits— 0, T\ ="T 4+ ¢8/k..
For no cbar loss, the char thickness is given by

1-T

sl 8)

In order roughly to account for char removal, Eq. (8) is
used until the char thickness reaches a specified value, after
which it is held constant. For this study, the maximum char
thickness was taken as 0.25 in.

A simple expression for mass loss rate of the plastic can now
be formulated by considering the following energy balance for

a control volume which enclosed the char layer:

¢QO - EUTw4 - qks
H, + Tep(Tw — T @

ms =

In Eq. (9), the reduction in convective heat transfer due to
mass injection into the boundary layer is accounted for by the
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Fig. 3 Equilibrium glide paths.

“blocking function” ¥ defined as the ratio of convective heat
flux with mass injection to that without mass injection under
otherwise identical conditions. Thus, ¥qo is the actual con-
vective heat flux to the char surface during ablation. Studies
indicate that for most cases of interest, the blocking function
depends primarily on the parameter (cpg/cpa)’mo(tr — %w)/do-
Figure 2 shows the curves used for the blocking function.
For turbulent flow, the curve recommended by Bartle and
Leadon® for supersonic, turbulent flow over a flat plate was
used. The data of Ref. 7 were used for laminar flow plate.

Trajectories and Aerodynamic Heating

Lifting vehicles entering from near-earth orbits rapidly
establish an equilibrium glide flight with a small flight path
angle v and a negligible rate of change of y. Therefore it can
be assumed that d-y/dt ~0, siny ~0, and cosy ~ 1, and that
the radius of curvature of the flight path is equal to the radius
of the earth. The equations describing such an equilibrium
glide flight are

Viet? 0s¢pCrSp/2 = W(1 — V) /gR. (10)
Vi'CoSpw/2 = (W/g)dV/dt (11)

It can be seen from (10) that W/SCy, cos¢ is the only vehicle
characteristic required to define the altitude-velocity relation-
ship of an equilibrium glide path. Solutions of (10) based on
the 1959 ARDC atmosphere are presented in Fig. 3 for various
values of W/SC, cos¢ and various entry directions, respec-
tively.

Substituting (10) into (11), solving for d¢/dV, and integrat-
ing gives

t R ln[(l — V,) 1+ V):]
L/~ agrye M\ v, )\T =7, ¢ 12
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Fig. 5 Normalized heat-transfer parameters.

This equation is shown in Fig. 4. These equations and figures
show that flight along equilibrium glide paths is uniquely ex-
pressed by defining the entry direction, I cos¢/D, and
W/8Cy, cose.

For lifting entry from orbital velocities, thermal radiation
from the hot shock layer is negligible; therefore only convee-
tive heating is considered here. Furthermore, since boundary-
layer recovery enthalpies ¢, encountered on entry trajectories
are much higher than the gas enthalpy at wall temperature,
the heat-transfer coeflicient H is essentially independent of
wall temperature (and of wall material). Therefore it is con-
venient to deal with the cold wall heat flux ¢ = Hq,, as it is
independent of the wall temperature and thus of the particu-
lar material being used.

For a particular vehicle configuration, attitude, location on
a vehicle, and type of flow, this cold-wall heating rate is only
a function of altitude and velocity. However, altitude-ve-
locity profiles vary with W/SCy, cos¢. Moreover, the time-
history of heating to a number of locations on a given vehicle
(in a specific attitude) must be caleulated to determine over-
all heat shield weights.

Heat-transfer coefficients were computed using Ref. 8 data,
which were obtained by Eckert’s reference temperature
method? 1% in conjunction with heat-transfer formulas for in-
compressible flow over flat plates and wedges. The method
of Fay and Riddell' was used for laminar flow at an axisym-
metric stagnation point. From the results of these calcula-
tions it became apparent that the time-histories of I and i,
form families of similarly shaped curves for various W/SCy,
cos¢. Thus, curves of ¢ = Hi, had similar shapes but dif-
ferent maximum values. It was found that plotting the ratio
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Fig. 6 Thermal protection concepts.

G/Gmax vs t/(1./D) cos¢ essentially produced one curve for
laminar flow and another for turbulent flow (Fig. 5a). It
was then possible to normalize the heat-transfer cocfficient and
recovery enthalpy to their values at the time when the eold-
wall heat flux was a maximum. These are shown in Figs. 5b
and e.

Figure 5b shows that for cither laminar or turbulent flow,
H/H.; § mex 18 only a function of ¢/(L/D) cos¢, except for
slight variations for the turbulent case at high altitudes.i
The recovery enthalpy, 4, = i, + rV,%/2, is primarily de-
pendent on V2 which, for equilibrium glide, is only & func-
tion of t/(L/D) cos¢. Thus, it is not surprising that i, is
given by a single curve for either laminar or turbulent flow.

The normalized heating data of Fig. 5a are for polar entry,
but there is very little effect of entry direction. The inertial
velocity is given by Vy = V.1 + 1550 fps for eastward entry,
whereas for westward, V; = V... — 1550 fps. This difference
creates £42/L/D sec in total entry time for equilibrium
glide from 300,000 ft to the ground, which is insignificant for
preliminary design purposes. Thus, the normalized heating
curves are good approximations for any entry direction; the
principle effect of variations in entry direction is that of chang-
ing the maximum value of the cold-wall heat flux, which is
least for eastward entry and greatest for westward entry
(Fig. 3).

Design Charts for Microballooned Phenolic
Nylon

The normalized heating curves for turbulent flow in Fig.
5a provide a means for developing design charts for thermal
protection requirements in lifting entry from near-earth
orbits. The normalized heating curves were modified to in-
clude realistic landing maneuvers for the various L/D’s, be-
cause for the ablation-only concept (Fig. 6) maximum back-
side temperatures occur toward the end of flight. This is due
to the finite time required to dissipate heat stored in the
ablation material. The thermal protection weights are based
on keeping the cabin wall temperature < 200°F. TFigure 6
shows the two thermal protection concepts that wereevaluated.
The boundary condition at the cabin wall is convective cooling
for concept A, whereas for concept B it is constant tempera-

1 It is not feasible to prove theoretically that this normaliza~
tion exists because the equations required to relate the local flow
conditions to the freestream conditions are complicated (flow
across a shock wave), and the required data are available only in
tabulated or graphical form. However, it seems reasonable that
the heat-transfer coeflicient should normalize, because it is pro-
portional to certain parameters, such as the Reynolds number and
Prandtl number, which depend on altitude and velocity, and alti-
tude-velocity profiles are similarly shaped for various equilibrium
glide paths.



76 E. A. REINIKKA AND P. B. WELLS

Table 1 Properties of micro-ballooned phenolic nylon

Char
pe Density, 1b/ft? 20
k. Conductivity, Btu/ft-°F-sec 8.9 X 1073
€ Emissivity 0.85
Plastic
ps Density, 1b/ft? 30
Cs Specific heat, Btu/1b-°F 0.44
ks Conductivity, Btu/ft-°F-sec 1.8 X 1078
H, Heat of pyrolysis, Btu/lb 600
Ty Temperature of decomposition, °F 1400
T Mass fraction of solid converted to gas 0.73
Gas
Cpg Specific heat, Btu/lb, °F 0.78

ture. The properties of the ablation material are shown in
Table 1.

It is recognized that the simplified ablation analysis only
approximately accounts for char-layer removal (due to com-
bustion and/or mechanical errosion) and the reaction kinetics
of the virgin material decomposition. However, the following
thermal protection design charts could be generated using a
more sophisticated ablation analysis and/or different ablation
materials. This procedure would affect the magnitude of the
weights, but it would not affect the general method presented
here.

Thermal protection weights per unit area and the major
items that comprise these total weights are shown in Fig. 7 for
the two heat-shield concepts. They are plotted as functions
of cold wall ¢max for lift/drag ratios of 0.5, 1.0, and 1.5.
Safety factors of 1.25 for material ablated, 1.0 for plastic re-
maining for insulation, and 1.10 for water coolant have been
incorporated in these curves.

Figure 7a shows that total entry time, which is proportional
to L cos¢/D, has a considerably larger effect on total thermal
protection weight than variations in ¢w.x. The amount of
material ablated (for minimum total weight) is independent
of;the manner in which the cabin wall is cooled. Therefore,
the comparison of concepts 4 and B involves a trade between
the amount of ablation material remaining for insulation in
concept A with the insulation weight plus water and cooling
system weights in concept B. The water-cooling system
weights in Figs. 7d and e, respectively, are based on use of a
water-glycol solution which runs through a heat exchanger
where heat is dissipated by water; the resulting steam is
dumped overboard. The cooling system weight is inde-
pendent of L cos¢/D, because its minimum weight occurs at
approximately the same maximum heating rate into the water
in all cases. The water weight is directly related to total heat
input, which increases with decreasing heating rates, because
the ablation mechanism becomes a less efficient means of dis-
sipating heat as the heating rate decreases.

The thermal protection weights for ablation only (concept
A) were determined by the method presented in Fig. 8. It was
assumed that an internal environmental control system pro-
vided force convective cooling of the cabin wall with an
average heat-transfer coefficient of 1 Btu/ft*hr°F for a mean
internal gas temperature of 70°F.

Thermal protection weights for concept B were optimized
in the manner presented in Fig. 9. It is interesting to note
that minimum weight occurs when the weight of ablation
material remaining for insulation approximately equals the
sum of water system and coolant weights.

The total (unblocked) input heating rate, go = H(@ — 7.),
and the various ways this heat input is dissipated are pre-
sented in Fig. 10 as functions of entry time for turbulent flow
with L cos¢/D = 1.0 and (mex = 50 Btu/ft? sec. A very
small percentage of the input heating actually goes into de-
composing the ablation material. A significant portion, (1
— ¥)ds, is blocked by the injection of gases into the boundary
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layer. The difference between the remainder ¢, and the re-
radiated heat flux, eaT.?, is only 1 to 2 Btu/ft? sec, which is
dissipated by the actual process of decomposition, heat con-
duection into the plastic, and heat absorbed by the gases
passing through the char layer.

A comparison between weights for laminar and turbulent
flow vs maximum char thickness for concept A is shown in
Table 2. Maximum char thickness was varied due to the
unknowns in the mechanisms of char-layer removal. Ref-
erence to Fig. 5 shows that, for a given maximum cold-wall
heating rate and L cos¢/D, the total heat load (Btu/ft?) is
greater for laminar flow than for turbulent flow, whereas Fig.
2 shows that the blocking function is more efficient for laminar
than turbulent flow. For the case of 0.25-in. maximum char
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thickness, these two effects tend to cancel one another, with
the net effect that the weight for laminar flow is slightly
greater. When no char is allowed to form (Bmax = 0), the
trend is reversed, because the mass loss rate for pure ablation
is quite sensitive to the particular blocking function used
(re-radiation from the 1400°F surface is relatively small).
The case where 6max = 0.10 1n. is between these two extremes,
and the weights are nearly equal. It should be noted that for
any’ particular location on a vehicle, the maximum cold-wall
heating rate usually would be different for laminar or turbu-
lent flow.

The normalized heating curves and design chart were used
to determine the thermal protection requirements for two
lifting entry vehicles X and Y with L/D’s of 0.75 and 1.00, re-
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Table 2 Effect of char-layer thickness and type of flow on
thermal protection weight for concept 4 (L/D cos¢ = 1.0;
Qmax = 50 Btu/sec-ft?)

Total weight/area, 1b/ft2

Omax = 0 6max = 0.10 amux = 0.25
Flow type Q:, Btu/ft? in. in. in.
Laminar 60,500 14.3 11.1 8.2
Turbulent, 51,000 17.0 10.5 7.3

Table 3 Effect of vehicle L/D and attitude on thermal pro-
tection weight for concept 4—polar entry; turbulent flow

Plastic weight, b

Vehicle Attitude  (L/D) cos¢ Ablated Insulation Total
X CLpax 0.60 170 1080 1250
(L/D)max 0.75 480 1240 720

Y CLimax 0.51 220 680 900
(L/D)max 1.00 800 970 1770

spectively (Table 3). Weights required to maintain 200°F
cabin-wall temperature (ablation only, concept A) are given
for flight at maximum hypersonic L/D (low vehicle attitude)
and maximum lift coefficient € (high vehicle attitude). The
weight ablated and weight remaining for insulation are
shown; the latter predominates because there are large areas
(upper surfaces) subjected to relatively low heating rates
(on the order of 10 Btu/ft? sec or less) where very little abla~
tion occurs. A large percentage of the aerodynamic heat is
conducted into the plastic. This necessitates rather large
thicknesses of plastic to maintain low backside temperatures.

Conclusions

1) A convenient method for presenting normalized con-
vective heat-transfer parameters for lifting entry from near-
earth orbits was found.

2) Design charts for estimating weights of two types of
thermal protection systems involving char-forming ablators
were developed. These charts were based on a simplified
ablation theory and estimated material properties for micro-
ballooned phenolic nylon. The same techniques could be ap-
plied with other materials and/or a more refined ablation
analysis.

3) The difference in total thermal protection system
weights without (4) and with (B) water cooling was small;
A was slightly better for ¢m.x = 20, and B was slightly better
for (max = 40 Btu/ft? sec.
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Range Maximization of a Surface-to-Surface Missile with In-Flight

Inequality Constraints

Wavrer F. DENHAM*
Raytheon Company, Bedford, Mass.

The use of aerodynamic lift during (planar) re-entry is considered in maximizing the range
of a surface-to-surface missile. The attitude history (which also gives thrust direction) from
launch through re-entry is optimized by the steepest-ascent pracedure to maximize the surface
range at impact. Two inequality constraints are included: 1) a limit on the pitch rate during
boost; and 2) a limit on the normal load during re-entry. The results show that a substan-
tially different maximum-range trajectory is obtained with modulated lift rather than with
purely ballistic re-entry. The range increase for a 2300-naut-mile ballistic missile is signifi-

cant if the normal load limit is over 5 g’s.

Introduction

HE optimization of rocket vehicle trajectories has been

and continues to be of active interest. One major division
considers the (vertically launched) surface-to-surface missile.
Probably the most common measure of performance is the
range capability with a given payload or, conversely, the
payload achievable for a specified range. For ballistic re-entry
vehicles this problem is one of ascent trajectory optimization.
Over a two-dimensional nonrotating spherical earth, the
trajectory is cutirely determined from the vehicle’s (pitch)
attitude history during boost. This case has received ample
investigation. Generally speaking, the optimal ascent con-
sists of an initial pitch-over period followed by an essentially
gravity turn. The particular optimization depends largely
on the model assumed for the pitch-over. The use of aero-
dynamic lift during re-entry offers two advantages: range
can be increased, and some measure of interceptor evasion
may be gained through mancuvering. We shall consider only
the range maximization problem.

We include two inequality constraints that are felt to be
particularly relevant to this problem. The first is that the
pitch-rate during boost is limited to a maximum value. The
missile flies vertically for a prescribed interval and then begins
piteching down. We anticipate that the initial pitch-rate will
be the maximum value, but this is not demanded. The second
constraint is a limitation on the normal force that may be per-
mitted during re-entry. In this investigation the vehicle at
re-entry is the same as it is at booster burnout. A vehicle that
was designed to have additional lifting surfaces during re-
entry could withstand greater normal loads and thus could
achieve a greater range increase.
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In this two-dimensional analysis the lift is determined by
the vehicle’s attitude (and, of course, the dynamie pressure).
Hence, the entire trajectory is determined by the attitude, or
the equivalent angle of attack which we shall actually use for
convenience, program. The angle of attack gives thrust
direction and aerodynamic forces during boost and the aero-
dynamic forces during the glide. Our goal is to obtain the
angle-of-attack history (the control program) which maxi-
mizes the impact range while satisfying the inequality
constraint relations.

For this problem the necessary conditions for the desired
optimal solution are readily avallable, going back as far as
Valentine in 1937.% Until recent years, however, these would
have been only of academic interest. The currently available
digital computers make iterative solution of many variational
problems now within reach. Although more than one method
has been used successfully in certain problems, the steepest-
ascent (or gradient) method has been most useful to date in
atmospheric trajectory optimization. This scheme, origi-
nated independently by H. J. Kelley and by A. E. Bryson Jr.,
has become a well-known optimization tool. Relatively little
has been published thus far with inequality constraints, and a
major purpose of this paper is to present an interesting prob-
lem including them.

In the steepest-ascent technique as described in Refs. 1-3,
cach successive improvement is the greatest attainable for a
selected value of the integral of the control variable change
squared multiplied by a time variable weighting function.t
The weighting function, which to a large extent determines
the efficiency of the iteration procedure, has yet received little
attention. In this problem the sensitivity to angle-of-attack
changes is many times greater in booster than in re-entry.
The steepest-ascent method without the weighting function
would have poor convergence properties for the re-entry
angle-of-attack program. The weighting function is used to

t The integral involves a quadratic form in all of the control
variable changes if there is more than one.



