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AN ANALYSIS OF ABLATION-SHIELD REQUIREMENTS FOR MANNED REENTRY
VEHICLES

By Leoxarp RopErrs

SUMMARY

The problem of sublimation of material and ace-
cumulation of heat fnoan ablation shield is analyzed
and the results are applicd to the reentry of manned
vehicles into the earth’s atmosphere.  The param-
eters which cowtrol the amownt of sublimation and
the temperature dishibution within the ablation
shield are determined and presented inoa manner
useful _for engimeering calenlation. It is shown that
the total mass loss from the shicld during reentry
and the insulation vequirements may be given very
simply in terms of the marimum deecleration of the
velicle or the total reentriy time.

INTRODUCTION

The successful return of a vehicle through the
carth’s atmosphere depends largely on the pro-
vision that is muade for reducing aerodynamie heat
transfer to the strueture of the vehicle.
of the heating experienced during reentry have

Analvses

been made for both ballistiec vehieles (ref. 1) and
manned vehicles {ref. 2).

IFor the purpose of the present report the types
of reentry are eategorized as follows:

(1) Liftine vehieles of constant lift-drag ratio
which reenter the atmosphere at very small angles
{so that skipping does not oceur) and which ex-
perience maximum decelerations less than about
Sy

(h) Nonlifting vehieles which reenter at small
angles and which experience maximum decelera-
tions between 8g and 14¢g

(¢) Ballistic vehieles which enter at larger angles
and experience maximum decelerations  greater
than 14y

The vehieles considered in (1) and (b) are suit-
able for manned reentry, whereas the decelera-
tions ussociated with higher entry angles (tvpe
(¢)) generally exceed human tolerances.

The heating experience of the manned vehicles
also differs from that ol the higher-entry-angle
ballistic vehicle,  For the ballistic vehiele the
maximum heating rates are such that surface
temperatures may exceed the melting temperatures
ol metals which have been considered for heat-
sink shields.  For manned vehieles the flight
duration is much longer and, although the maxi-
mum heating rate s much lower, the total heat
input exceeds that of the ballistie vehicele and the
use of a metal heat-sink shield becomes ineflicient
from a weight standpoint.

As an alternative to the heat sink, consideration
has been given to the use of ablation materials,
The term ablation apphies when there is a removal
of muterial (and an associated removal of heat)
caused by aerodyvnamic heating, and therefore
embraces melting, sublimation, melting and subse-
quent vaporization of the liquid film, burning,
and depolymerization.

Several approximate analyses have been made
of the steady-state shiclding effeets whieh result
from this removal of matertal.  Aerodynumic
melting has been considered in references 3, 4,
and 5, sublimation in reference G, and simultancous
melting and vaporization i references 7 and 8.
A general treatment of the boundary laver with
mass addition has been given in reference 9.
The problem of keeping the vehiele structure at a
suitably low temperature cannot be answered by
investigaling o steadv-state situation, however;

1
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consideration must be given to the problem of
msulation, and the conduction of heat to the
structure is a transient phenomenon.

The suitability of a heat shield (whether heat
sink or ablation material) depends on the weight
required to keep the structure below a given
temperature, and a simple quantity of merit such
as the effective heat capacity or effective heat ol
ablation gives no indication of the severity of the
msulation problem.  The use of high-ablation-
temperature materials such as graphite, for ex-
ample, which has high thermal conduetivity,
could lead to an intolernble heating condition
although the effective heat eapacity is higher than
[t is possible that the

materials  experience

that of most materials.
high-ablation-temperature
less mass loss beeause of radiation cooling, but
this s not necessurily desirable sinee the high
surface temperature makes the insulation problem
nore severe.

It is seen, therefore, that the problem of main-
taining a cool vehiele strueture is twofold: there
must be adequate provision of material for abla-
tion, and there must be suflicient insulation to
prevent the structure from becoming hot.,

The effectiveness of an ablution material de-
pends on its capability to dispose of heat by
convection in the liquid film, as Litent heat, and
by convection in gascous form in the boundary
Iaver. 1t has been shown (refs. 6 and 7) that in
general an ablation shield is most effective when
a large fraction of the mass loss undergoes vapor-
When sublimation takes place there is
no hiquid film; all the mass lost from the shield
undergoes vaporization and subsequent convee-
tion in the high-temperature boundary layer and
thereby removes a large amount of heat. For
this reason a material which undergoes sublima-
tion rather than melting is generally more efli-
cient (apart from considerations of latent heat).

1Zation.

Naturally, the choice of ablation material will
be dictated by the type of vehicle and its heating
history during reentry.  For a nonlifting vehicle
whose dimensions are such that the heating rates
experienced are too high to be balanced by radi-
ative cooling, it is advantageous to use a material
with o low ablation temperature in order to
reduce the msulation problem.  For lifting ve-
hicles, which experience lower heating rates over
most of the surface, the primary means of cooling

would be radiative except at the leading edges
where the limited use of a material with a high
ablation temperature would seem more appropri-
ate: ablation would then take place only near the
peak heating condition.

The materials here eonsidered most suitable for
the reentry of o muanned nonlifting eapsule are
therefere those which undergo sublimation at a
low temperature (say less than 1,500° R) and
have low conductivity so that ne further insula-
tion is required.  The absence of a liquid phase
insures that the material is removed in gaseous
form and therefore conveets a large amount of
heat from the shield, and also precludes the pos-
sibility of liquid-film instability.

The purpose of the report is to develop an
approximate method of solution for such a shield
from which may be determined the total sub-
limation of during reentry and  the
temperature  distribution within the remaining
shield; the ablation temperature is such that
adintion may be neglected. The analysis s

material

directed  toward obtaining  results  useful  for
CNEINCCrIng purposes.
SYMBOLS
A reference area for deag and lift, sq ft
« horizontal acceleration, ¢ units
(' drag coeflicient
¢ specific heat, Btu/(Ib)(°R)
¢y specific heat at constant  pressure,
Btu/(Ib)(°R)
7 gravitational acceleration, ft/see?
1., effective heat capacity, Btu/lh
h altitude, ft
J mechanical  cquivalent of heat, 778
{ft-1b/Btu
k thermal conductivity, Btu/(ft) (see) (°R)
by ratio of local heat flux to that at
stagnation point S
"ip.o
Fi average value of heat flux relative to

¥

. . 1
stagnation-point value, | - 48
S s Gsp0

L latent heat of sublimation, Btu/lh
Lin ratio of lift force to drag foree

{ characteristic length of vehiele, ft

kY mass of vehicle, slugs

m mass ablated per unit area, Ib/sq ft
N, Prandt] number
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N, Schmidt number
Q total conveetive heat absorbed  per
unit area, Btu/sq fi
7 dimensionless heat absorbed per unit
area
q local convective heat-transfer rate per
unit area, Btu/(sq ft)(sce)
G dimensionless heat-transfer rate
n radius of curvature of nose, ft
. Revnolds number, po V4 u.
r distance from center of earth to orbit,
ft
S surface area wetted by boundary layer,
sq ft
T temperature, °R
? time, see
T=t(gge=
; 27
u tangential veloeity component, ft/fsee
", circular orbital veloeity, (gr)"=26,000
t/see
- u
U= -
v,
V total velocity, ft/see
o
v temperature ratio, '}ly;:]f‘i
a1
W weight of vehicle at earth’s surface, 1b
9y outward normal distance from initial
position of ablation surface, ft
A dimensionless function of 7 determined
by equation (4)
z outward normal distance from ablation
surface, ft
a fractional temperature rise of gascous
material
3 atmospherie density decay parameter,
ft-!
€ dimensionless ablation rate
¢ dimensionless heat content
7 fractional decrease in mass loss due
to latent heat
6 integral thickness of heated layer in
solid shield, ft
A latent heat parameter, equation (33)
or (34)
u cocflicient of dynamic viscosity, slugs/
ft-see
» \ 12
£ dimensionless distance, (gh;h) z
A

density, slugs/cu {t
Y A o

p* value of reference density for exponen-
tial approximation to density-alti-
tude relationship, 0.0027 slug/cu ft

T dimensionless time, /¢,

¢ flight-path angle relative to local hori-
zontal direction; negative for de-
sceent, deg

b% conduction parameter, equation (64)

Subseripts:

0 no sublimation

o free stream

1 gas produced by sublimation

2 air behind shock wave

a sublimation condition

b sold shield condition

e external to boundary layer at stagna-
tion point

7 final conditions

% mitial condition

s surface condition

sp stagnation point

Superseripts:

! differentiation with respect to 7
- dimensionless quantity

~ mean value

ANALYSIS
ASSUMPTIONS AND APPROXIMATIONS

The analysis of unsteady sublimation of material
from the nose of a body during reentry into the
earth’s atmosphere requires a knowledge of the
heating experienced by the vehiele.  Throughout
this report the equations which deseribe the motion
and heating history of the vehicle are those de-
veloped in reference 2 the present analysis there-
fore contains all the assumptions stated in refer-
ence 2 in addition to those stated now which
concern the properties of the material and its
behavior during sublimation:

(1) The density py, thermal conduetivity &,
speeifie heat ¢, and latent heat of sublimation L
have constant values

(2) The Prandtl number Ny, and the Schmidt
number Ng, of the gas mixture in the boundary
Iayer and the specific heats ¢, ; and ¢, » are constant

(3) The sublimation temperature 7', is constant

(4) Sublimation leaves a smooth surface and
causes negligible change in the shape of the shield
compared with the seale of the nose

(5) The boundary layer remains laminar for
most of the reentry
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To facilitate a simplification of the conduetion
problem the following approximations are made:

(6) The material is sufficiently thick to allow
use of the “infinitely thick slab™ approximation

(7) Conduetion of heat takes place along lines
normal to the surface

A few remarks in justification of the assumptions
and approximations seem relevant.  Assumption
(1) of constant properties may not always be
appropriate, but it is hoped that the analysis will
give useful results when mean values of py, ¢, and
ko, ave used.  The effeet on the gas-layver shielding
of variations in N, and N, 1s secondary compared
with variations in ¢, and ¢, , (see assumption
(2)); however these specific hieats appear only in
the ratio ¢, /¢, which should have little varia-
tion with temperature.

The sublimation temperature 7, is correctly
determined by consideration of the phase equi-
librium between the solid material and its vapor;
in practice, however, 7, varies within a limited
range onlv and assumption (3) is justified. The
assumption of smooth sublimation is actually a
required property of the material if it is to be a
successful shield,

The Reynolds numbers experienced during re-
entry depend on the parameter Wi, for the
vehicle,  For manned-capsule  reentry,  typical
values of the Revnolds number indicate laminar
flow throughout the flight through the upper
atmosphere where the most severe heating s
experienced.

MOTION AND HEATING DURING REENTRY

An analyvsis of shallow reentry into the earth’s
atmosphere, for both lifting and nonlifting vehi-
cles, hns been made in reference 2. The results
of interest for the present application are included
here for completeness.

The  variation  of with altitude  is
assumed to he exponential in form; that is,

density

P —gh
i Y (] )
o*

where p* and 8 have the numerieal values

p¥=-0.0027 slug/eu ft {(2a)
b 2b)
B=as500 1 =

The equations of motion are combined and

written in terms of a dimensionless tangential

NATIONAL AERONATUT €8 AND SPACE ADMINISTRATION

. - " .
veloeity component == "= cand a new inde-
u. o (gr)e

pender ¢ variable

* Stz
= p‘u’(,é) e (3)

in the following form:

_. , YA 1—n?
u[”—(&’*—:
0]

i b
‘Y. og?t iz e
’ 7y tos'e (Br) 5 oste (4)

For rcentry at small angles the tangential com-
ponent of velocity w is approximately equal to
the toral velocity, and cos g=1.

The initial conditions used herein are those
appropriate to entries starting from a circular or
near-cireular orbit at high altitude:

AR (Ha}

70 = (8r) sing; (5h)
al e 1.

All quantities of interest  for example, deceler-
ation, heating rate, and Revnolds number  can
be determined from the solution of equation (4).
The deceleration is given by

Tdu o a—r = .
¥uf—”—lrl, (B P uzZ - 30us (6)

and the elapsed time by

b (By) =27 ]_ () )

e

The froe-stream Reynolds number per unit length
is

W,

vz (®)

£l
el

. Vp. .
TP 7100
/ oo
Asindicated in reference 2, the Reynolds numbers
experinced during satellite reentry are such that
laminar flow mayv be expected to oceur for the
greater part  of the reentry (ty])icu‘l values
W . P [ n
——-=40 and Z=0.5 give —3:1.4‘)110")-
( Dx‘l [ ,
The stagnation temperature of the stream is

given by

1 7’2

g 4 A
¢ [ + N I
.20 = 5] '7!/ »2te
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where T,=432° R. Thus

AT =T =35 (9)

The laminar conveetive heating rate which

would be experienced by a nonablating body is

M

eiven in terms of -, v, and 7 oas
e Al ) )

Mooz
A

g0 K (

where

(e

( . . .
/f1~( T 45 a factor determined by the shape of the
1\‘/1,1)

g . . 1/2
nose of the bedy, and the viscosity law y, ~ 7,7~

ol T—=T.) . e .
|y lvsma compared
o

2 .Jy

) ‘
1s used.  The term -

2

with 7% and is neglected; thus
Gu=u(uz)" (1)

The constant K in equation (10) is that used in
reference 2; that is, K=590. Then

N\ 2 9 .
q.= 590k, ( ,“[ ,) T2 Z)" Btuf(sq ft) (see) (12)
v
The total heat which would be accumulated by

a nonablating shield is found by integration of
equation (12) to be

M N2 - ) v
(21):15,9()()#11 ((', l[’) Q” Blll/Sq “‘ (15)
NI !
where
e ;‘_1: ey =l2
Qu:f_ ni(uz) " Cdu (14)
U
and
R U -
II*S .]s Gip.o S (1'))

The foregoing relations (eqs. (6) to (15)) are used
i the determination of the mass required for
sublimation and the accumulation of heat within
the solid shield.

GENERAL EQUATIONS FOR SUBLIMATION AND HEAT
ACCUMULATION

Before the vehiele reenters the atmosphere the
ablation shield is assumed to have uniform tem-
perature T,. In the early part of reentry the
shield is heated until the surface temperature
reaches the ablation temperature 7, During
this preablation heating period the problem of
conduction of heat through the shield can be
treated without difficulty since the heating rate
is known (eq. (10)).  When sublimation of ma-
terial occurs, however, the conduction of heat
within the material depends on the rate of mass
loss from the surface, the problem hecomes non-
hnear, and the exact solution involves lengthy
numerical procedures.  (See, for example, ref.
10))

It ix not the purpose of this report to obtain
exact solutions of the nonlinear equations; rather,
approximate results are obtained which show all
the important parameters that enter into the
problemt and give estimates of the material re-
quired for sublimation and for absorbing the
heat conducted to the mterior.  Figure 1 is a
diagram of the heat shield under consideration.

The development of the differential equation
and appropriate boundary conditions is given in
the appendix.  For the present it s more useful
to consider a heat energy balanee as follows:

*0

(T--T )z

e TaT) 4 Ll + pyer j
(16)

Qi) =

Heat accumulated by
remaining material

Heat absorbed ” by
sublimafed material

Net heat
input at
surface

Shock

— Solid shield ~ -

N\i&
"“-.Vehicle struclure

Sublimation at the nose.

Figure I.
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When an integral thickness 8 defined as

1’_', dz (17)

@

o)~ [

J @

is introduced into equation (16} the following
equation results:

Q) el Ta=T )+ Lim+p,e(T—T,)0  (18)

Alternatively, equation (18) may be written in
differential form as

dm

QU0 el T T4 L1 pues o ((T=T26)
(19)

An additional equation (a boundary condition
at the surface of sublimation) is written

, ) (lm> : ()’1')
g (0 - L + (A,, o).
(20)

Rate of heat ab- Heat-transfer rate
sorbed in phase

change

Nel heat-transfer

rate to surface to interior

It is important to note that in equations (19)
and (20) the heat-transfer rate (0 s that which
the shield actually experiences and is itself a
function of the rate of sublimation.  Throughout
this report  the quasi-steady  relation for the
reduction in heat-transfer rate doe to the intro-
duction of mass into the boundary layer is used
(see ref. 6):

) Sy
q() — gD =aé (T.—T) (21
dt
where go(H) is the heat-transfer rate experienced
by a nonablating body at the surface temperature
T,

In equation (21) ¢, is the effective mean specific
heat and «(T.— 77,) the effective temperature rise
of the mass convected in the boundary layer.
The expressions for o and ¢, derived in reference
6 for a laminar boundary layer are

L. .
a=1 —,;A\ pr ™0 (22)

and

¢, e, (1—w) (23)

‘NATIONAL AERONATUTI(S AND SPACE ADMINISTRATION

where # is the effective concentration of the
shield material in gaseous form in the boundary
layer and is given as a function of Ny, in referenee
6.

The unknown heating rate ¢(f) is climinated
from equations (19) and (20) by use of equation
(21) to gzive

dm

o=l T T+ L ety (=T )

ot (T =T (29)
ot
and

=1L e =T+ (ST) 29)

A conparison of equations (24) and (25) shows
that

TN o dm
(kha*:/f: “'(n(luflw) it

L o .
+puts 4(/? [(T,—T.)0 (26)
which, vhen integrated, gives

I (A“)I) dt- el To--T Y+ puen(T—T.)0

Equation (27) shows that only part of the heat
transferred from the surface toward the interior
is accu nulated (an amount pue,(Fy— T30, the
remainder being required to raise the mass m
to the ¢ blation temperature.

In order to solve equations (24) and (25) the

[ AR

relatior ship between (lﬁ, ()~) and 6 must be
N o L=

known: the exact determination of this relation-
ship wonld involve the solution of the nonlinear
condue ion equation (as shown in the appendix).
T[u this report only approximate relations between

(5 30)

v r=1

and 0 are used.

Befo e attempting to take account of the con-
ductior of heat within the shield it is useful to
make a simple analysis of the sublimation to obtain
express ons for the total mass loss during reentry.

SUBLIMATION OF MATERIAL FROM THE SHIELD

The purpose of an ablation shicld is to reduce
the heat-transfer rate at the swrface from the
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rr-

o7
O?:.,);Au by pro-

viding material which absorbs heat (through laten:
heat of sublimation) and conveets heat in the gas
boundary laver; this situation is reflected in equa-
tion (25). If this process is successful, then

acrodynamic rate ¢, to a value (l‘,,

<]fh 7()":) < Tor most of the reentry and an
v Sz=0

upper limit to the rate of mass loss ¢an be ob-

tained by neglecting heat conduction in the solid.

N . . oT"

From equation (25), with (kh a:) =),

S0

dm 0 (2%)

5, T 41 7 —~
dt  L4oé (T, —T)

Alternatively, if it is assumed that the rate of
accumulation of hieat

d ,
W [Pn(n( s /m)t‘)]

1s small compared with the rate of disposal of heat

[('/,(T,,* T{N) af 1‘([1 T,, J 1//};1
equation (24) becomes

dm o )

dt (T, —T )+ Ltaé (T,— e

Equation (29) is the quasi-steady expression Tor
the rate of mass loss but is not, in general, an upper
limit, Substitution for g, and T,—T,=T,—7T,
from equations (12) and (9), respectively, and use
of the relation

dm dm r/u dm :
Wt du odie 2T uz dn (30)
gives
M R
dm ( ,,Alln) dm .
77 =8k = 6 Ih/sq ft (31)
o
('1:,‘.’
where
(/’/Z:_(]__ ! (?l/ ﬁl/) (:;2)
and
L
Tus ey (33)

S43501 61 2

FOR MANNED REENTRY VEHICLES 7
when equation (28) is used, «

]J+(l1(7vu ’I'u)
2 T -

bus

2Jg e,
V\In\nnmn mternal shielding enthalpy (34)
Maximum external shielding enthalpy '
when equation (29) is used.

Equation (31) shows immediately the impor-
tance of the parameter

o
(,‘( "1,;11.’,) _ Heating coeflicient
¢p (iax shielding coeflicient
(.11,2

which (1(‘])011(]\‘ on the vehicle size and shape
172
through ) and the properties of the gas
(,,All‘
boundary laver. Tt is seen that the mass loss ¢an
bhe reduced by that
MO, AR s small (low mass, high drag, blunt nose)
and by choosing an ablation material having a high

designing  the vehicle so

shiclding coeflicient &+ The factor « depends
Cp2

o the nature of the boundary layer and is given
in equation (22) for a laminar houndary laver.
The specifie-heat ratio é,/e, . is given in equation
(23) in terms of ¢,,/e,, and it is scen that this
ratio should be Lurge in order to reduce the mass
loss,

A second parameter, the enthalpy ratio

[,j‘ .\hl('](hnu (]m' to Iatent heat

R T Z~ ,,W
2 J(/ Cos

sas-Liver conveetive ~luol(hnw

shows the effeet of the latent heat L in reducing

¢, . . .
the mass loss; when a " is small the effeet of

”.2

latent heat beeomes more timportant,
Mass loss.—An upper limit 1o the total mass
loss is obtained by integration of equation (31) as

Moy
m=1. 18.11(('»!(‘/{)

»

e db/sq it (35)

where

_— .Eﬂ
o= (
Ji,

)(u/)’”du (36)
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and 7, and 7, are, respeetively, the values of 7
when sublimation begins and ends.

Equation (35) with A= 1 gives the mass loss at
the stagnation point, and the f:u't()rku;-ng g8

D JGsp.0

maodifies this mass loss according to the variation
of heating rate over the surfuce of the shield.  The
analysis of reference 2 does not apply at the condi-
tion 7=1 and it is necessary to assume a value
<1 as the upper limit of . The nominal value
T=0.995, used in reference 2, is also used here as
the value at which sublimation begins.  The
lower limit depends on the ablation temperature
of the material, since ablation will cease before the
staznation temperature of the stream falls below
the ablation temperature. The value %, 0.05
{which corresponds 1o a stream temperature of
about 200° 19 is used throughout this report; this
value 1s vonsidered sufficiently Tow to inelude any
material now under consideration,

Thus 77 can be written

= (1—7) (37)
where
m[ @y (39)
MAURIN
and

MR )\ _

' e (uZ) " V=du
g tE R (39)
] Ry v
J0es

Equation (38) shows that, even when =0 (no
latent heat), there is a limiting value of the total
mass loss, whereas equation (39) gives g(\), the
fractional deerease in mass loss due to latent heat.
The evaluation of the integrals in equations (38)
and (39) ean be carried out when the appropriate
Z-funetions are inserted. The dependence  of
these functions on L1 and — ¢, has been discussed
in detail in veference 2,

Effective heat capacity. -When comparing an
ablation shield with a solid “heat-sink™ shield (for
example, copper or beryllium) it is convenient to
introduce an effective heat capacity defined here by
the following ratio:

Totul heat which would be absorbed
by a nonablating shield

I,

Total mass loss from ablation shield

The total heat absorbed @y is given by equation

NATIONAL AERONAUTI(S AND SPACE ADMINISTRATION

(13) as
M N -
(o= 15,900k (?',§i17?,) @0 Btuysq ft
where, from equation (14),

_ 0,995
(J..:J DR AREETT)

0.03
and the mass loss is given by cquations (35)
and (36,

Wher these expressions are used the following
result ix obtained:

T, = 13,500 r(_f'i 71,,, Btujlb (40)
7,2
where
n(“f‘f: (’/_[-e‘jj))\zn (l—=n)"! (410)
and
V0,095
3 J T (L) VAT
(FL = - — (41h)

Y090 :
j AR
.

0.05

Equaticns (40) and (41) show that 1/, depends
only or: the properties of the ablation material
{throug & /¢, , and X) and on the vehicle trajectory
(sinee (70, 1 a funetion only of trajectory),

Relat:ons between mass loss, deceleration, and
time of reentry-—It is scen from equations (30)
and (3) that the maximum sublimation rate

depends on the value of A, sinee

iy

For large vadues of A this maximum oceurs when
TTAY Y Is greatest that is, at peak heating
(sce eq (111 and when =0, it occeurs when
WA s greatest that is, at peak deceleration
(as seen from eq. (6)). Thus, in general, the
maximt m sublitmation rate occurs between peak
heating and peak deceleration.

In goneral, the total mass loss will depend on
the total time tuken to complete reentry since
Tiace 15 a funetion of the trajectory. It 1s of
extremc interest, therefore, to determine how the
mass loss may be reduced by allowing the vehicle
to complete reentry i a short period of time hut
with the reservation that the maximum decelera-
tion be kept to a tolerable level.
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The relationship between the total mass loss,
horizontal time of reentry
becomes apparent when equations (6), (7), and
(38) ure recalled:

deceleration, and

—a=(BrV*uz

_ *0.995
;o J (W) 0T

003

and

{1,995
]M:":J AN

0.05

Sinee T4 L (UA) par it 15 seen that

~12
— —yar -
i ,Z .
0 [(6/')1“)
and since

1 2 ~1
[ J (ﬁZ)-l/‘-um] < J AR
0 (4]

(by a simple application of the Schwartz integral
inequality), then

Ninay S 1

Thus, in general, Ma.q satisfies

1 -z A\
I:;() (_amu.r)] S = <f27>

(where the numerical values of (87! and (8g)'*
inserted), a result independent  of
When an

have been
vehbicle characteristies or trajectory.

-, L ._. .
average value of 22 equal to (W) maz 18 Used, the

following simple rule may be expected to hold:
— 1 —(t,,,,u> Sl
=| —{ — 2
M=o [3“< 5 (42)

The total mass loss raries inecersely as

That 1s,
Rule A:
the square root of the marimum horizontal decelera-
tion.
Alternatively, comparing the integral expres-
sions for ¢ and Ma_y leads to the following relation:

{ 1/2
Mr=o™~ (2 7)
That is,

Rule B: The total mass loss earies as the square
root of time for reentry.

The foregoing relations between mass  loss,
deceleration, and reentry time provide very simple
expressions for the sublimation during reentry.

Application to particular vehicles.-—The simple
approximate rule A is investigated by comparing
exact results for 7z, _, (both analytic and numer-
ical) with equation  (42).
appear in equations (38), (39), and (41b) are
evaluated for the following types of vehicle:

(a) Lifting vehicle at zero reentry angle

(b) Nonlifting capsule at small entry angle

(¢) Ballistic vehiele
Although the decelerations experienced by type
(¢) vehicles usually exceed human tolerances, it is
nevertheless of interest to compare the results
with those for types (a) and (b).

The integrals that

- . L ’
(a) Lifting vehicle (7j>l;_¢i:(),)

The appropriate Z-function is written

Z:-L_L'“ (43)
30 U
D
From equation (38),
_ . L)]J‘J U — g
/nhﬂf(.{() D J“"m (1—u?) =V
—1.418 (-m r]i)w (44)
AN /) :
and from equation (39),
YOG x _ N -
= (1—u*) "V du 1
fJU-@,«L,,”Z?”,‘,( (2 )l“ (45)
= 0,905 AN 9

J (G—w)- v T

0.056
(W]u-n the limits of integration are 0 and 1,

NS ‘
n= ('l ‘ }\) ) From equation (41b),
A

T, 985 _

J T W) VT
(111‘//))\:\)j'79'-“(;’_9957' Tt T T T z‘_) (4“)
J (1— )~V dT
.05

. - 1 .
(Again, (II(,,)A:”E2 when the limits are 0 and 1))
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The maximum deceleration is

oy =, Ly -
—par ™ '{”( ZIA)IIIVIIT(ﬁ) (4()
and equation (42) gives the approximate result

_ I ANCE
Mipe =202 (:m 1)) (48)

A comparison with equation (44) shows that
the error is less than one-half of 1 percent.

(b) Nonlifting capsule (f)::();~¢,<5°)

The Z-functions for nonlifting vehicles at small
reentry angle 0 —¢,<753° are tabuluted in refer-
ence 2, together with associated funetions of Z.
These functions, which are included in table 1 of
the present paper for easy reference, are used to
eviluate 77, 9, and (), , by numerical
integration and the results are given in table 11,
together with those for cases (a) and (¢). For
case (b) the agreement between the results for

iy _o given by rule A and the exaet values is again
o]

. | .
good exeept for —e: =5, where the erroris 10

pereent,

The quantities (T7,,), _, and 7 for case (b) agree
almost exaetly at —g;=0 with the corresponding
values for the lifting vehicle,  As —g, increasoes
from zero, however, both (IT,,),_, and g change,
but approach constant values independent of ¢,
when —eg,>5° as shown by the following con-
sideration of case (¢),

- . 'L o
(¢) Ballistic vehiele (‘—[)::();—wf>:)°)
The required Z-function is now
Z=30 sin(—p)u(—log, %) (49

which is inserted into equation (38) to give

{0995 _ Y
Trixo=[30 sin{—¢,)] ’“"j (= log, w) du

0.05

TR0 . H I/2 ;o
=3.32 [30 sin(—¢,)] (50)
The maximum deceleration is also casily obtained
as

1 du _30%in(—g,)

— (51)

o dt Jpar 2e

Uy ==

and equation (42) gives
Trzo=3.30[30 sin(—g,)] " (52)

A conaparison of equations (50) and (52) shows
that the error incurred by the use of the approxi-
mate relation (42) is less than 1 pereent.

Evaluation of the integrals in equation (41b)

gives
(3)
2 ' (53)

(”"f)kzn"“':;\.:;z
which is independent of —¢,.

The function 3(N) is also independent of —¢,
for —¢,>5° and is evaluated numerically from
equation (39).  Table IT shows that
A= for all eases.

n—1 as
Also, us A—o |, the effective
heat capueity 7., must tend to a limit L, the
Iatent heat, or

[—Iu,rff (Eff)hz()(] —n) 1N

This behavior may be verified for case (1) where

— NG
ULy (1=m) I:E?I:]_(I%LX) j] =\

It is seen that I1,-=X because the exponent of

A — - .
Y is »qual to 11, <:_)) This behavior sug-

o

. AN
gests that 5, which is equal to (T+X) for

case (1), should be more generally

(A N ;
"*(1 +>\,) (54)

and in fact a comparison shows that this result
agrees w th those in table 1 to within T percent.

The foregoing results for 7y, (I .s)s_y and
7 are shown in figures 2, 3, 4, und 5; in figure 2
the values of the maximum deceleration required
for equation (42) were obtained from figure 6(a)
of refereree 2 for 0= —¢,<6°, and from equation
(51) of tae present report for — ¢, >6°.

In figire 3, the values of the maximum de-
celeration were taken from figure 10 of reference

2 for ();5'[[5§1, and from equation (47) of the

present report for —1[1)>1 .
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TABLE 1- -VALUES OF 7 AND RELATED QUANTITIES FOR LiD=0 AND 0= —¢,=5°

\ — : - i —
‘ 7 ‘ 7 ‘ G | hsee 7 ‘ 7 TG tysce| 7 G Gn ‘r,sopg
* ; : i
a - - - -
e 0 A : e 10
‘ e L 2 &
S _ o B | . ]
995 | 0.00058 | 0.0238 0 n! 0. 00131 | 00357 | 0 0| o2 | 00501 | 0 0
.99 C00165 | L0396 L 156, 140 00270 | L0507 | L1130 72| L0053 | L0710 | L0801 37
.08 COO467 | L0650 L A38 1 238 L 00603 | LOTBS | 265 140 | 0108 | GOS8 | 191 1 73
L96 CO1315 | 1035 550 | 309 LOLAT L1090 | R0 199 L0220 | L1366 342 | 108
ol C0241T 0 LIB30 0 L6884 L0253 0 U363 | 503 2200 L0361 | L1628 | 451 | 128 |
.92 0369 1559 | L7921 360 L0378 | U578 | G695 248 L0505 CART LMD
- 90 0515 | L1M7 U8TS | BTI L0519 TR | 7T 2620660 609 | 152
S85 0939 | 2040 L 1030 | 396 L0931 L2036 | 032 281 . 1002 750 1170
- 80 C135 | J2I6R 1140 | 411 L 1a20 L2058 | L0420 298 1580 D833 183
.75 D1991 | D2iTa 223 | 420 L1970 L2162 | L1260 309 0 202 T033 | 192
ST0 - 260 S2000 | 1288 | 429 257 5078 1101 317 L2790 | . S996 | 200
LG5 324 T1939 10340 | 436 321 V030 | 2an o324 | oE3s | 1066 L 047 | 207
60 D392 TIT46 0 L3S1 L 442 389 1740 | L 285 . 330 | 398 | L1759 0 1088 | 213
.55 163 C1526 1415 | 448 160 IS0 L3181 336 | 466 | 15310 1122 | 218
.50 536 12040 L2 | 453 533 1200 | L3460 341 | LA3T | L1205 | 10140 1223
15 L610 C106L | 1461 | 458 L 607 T1058 | LB67 0 346 | L 608 | L1060 | 1170 - 228
S0 L6834 COR3T | 1481 | 463 . 681 0835 | D385 351 | L 680 | L0834 | IS8 233
L35 AT L0631 | 1495 | 168 | 7h4 C0629 | 10399 | 356 | 752 | L0628 | 1202 238
S30 L8217 COIN | LA05 | 473 s CO4AT | LH09 | 361 | L82T | o447 | 10212 2
25 - 892 0205 | 1513 | 470 C8D0 L0205 | 1417 | 367 | C88b | L0204 | 1220 249
L0 - 949 CO171 L5190 486 | . 947 0174 | 423 | 374 S042 | 01T | 10226 256
E S 992 C0087 1523 193 | . 991 CO087 | 1427 | 382 | 086 | L0086 | 1230 264
10 1009 L0032 1325 501 | 1009 T0032 | 1429 | 302 | Loos | L0032 | 10232 275
S05 S 958 C0005 1527 521 | . 958 T0005 | 431 400 | 1956 | L0005 | 1234 202
025 | .82 JO00T | LB2T BIT | L 825 TO00T | 1431 | 425 1 L8201 L0001 | 10234 307
— T 2° ‘—(Pi::‘)io ! _‘15‘1'""40
995 | 00052 0.0712 | 0 00,0078 | 0.0872 | 0 0| o 0105 | o 0 0
S99 C0105 0009 | 057 I8 | L0157 | L1222 | o470 12| L0209 040 9
- 98 C02100 L1378 | L1860 87 | L0313 | L1682 | L0111 | 24| L0316 097 18
- 96 CO422 0 LUSHH | 246 55 | L0620 | L2256 | L2001 | 37 | L0827 175 | 28
S94 COG38 L2064 | L3270 66| L0931 | L2618 | L268 | 44| 1233 233 |33
S92 COR8 L E3TR | 303 | T4 | L12a3 | D862 U323 | 500 L1633 281 | 38
- 90 CI0R0 L2525 | 449 | 80| L1550 | 3025 0 .370 | 54 203 LR
-85 CI65L L2706 | 560 | 92| 231 T3201 463 L 62300 X TTXO
- 80 Sy 2700 | 646 | 100 | 306 T3166 ) LA36 0 68 393 1069 | 52
75 S 281 2506 | LT14 | 107 380 T3003 | 595 T4 L A2 521 | 56
S70 CRI6 L2 |69 | L TOTAG | L64R T8 U568 | L3089 | 564 | 59
L 65 S99 L2178 | U815 | 119 D464 | 683 82 L6490 | L2740 | 1599 | 63
- 60 et 1o | ss2 | o CS1ad | LTIT 86 L7260 IT6 | 630 66
- 55 - 538 C1645 L8830 128 CIRI8 | T4 90| D797 L2003 | 655 0 69
- 50 L6503 JI373 0908 | 133 TI501 | L7670 94| Lses L1642 | 676 72
15 L 668 SINI0 L 929 137 T1200 | L7870 98| S922 | 104 | (693 75
10 LT COR66 1 L0161 142 | 838 0926 | 802 102 | L9701 | L0999 | .708 79
S35 L 791 C0646 11959 | 147 . 890 T0684 | L8165 106 | LOIS | L0731 | 719 82
S50 | 853 0455 | L9069 | (52 936 ' L0477 | L8201 110 | 1052 | 0506 | (720 86
25 907 C0208 | L9770 15T .97 . 0309 | .832 | 115 1076 | L0324 | .736 . 91
- 20 054 COUTA L0983 164 1005 ¢ L0179 | .838 | 121 1086 | .0IS6 | L7411 97
RE - 989 CO0RT U987 172 1021 C0088 | U841 120 0 LOT9 | L0091 | L T45 104
101002 00321980 I82 101G | 0032 | U84 139 LOIS | 0032 | L T47 11
05 L0952 C0005 L9091 200 | .952 L0005 | L8145 | 157 | 960 | L0005 | 748 131
025 | Ls22 SO0 205 KA 0001 | 85 172820000 LT
|
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TABLE 11, TABULATED VALUES OF THE MASS-LOSS PARAMETERS
} Dimensionless mass Inss, EA o 7
Vehicle Fniry | - |
cnele, Rule A, Rule BB, [”‘”’x . ; |
—, dor Fya ot i 1 (;":"w -1y O54qey1ee A=0:A=0.05 A=.1 A=020A=050 A=1.0i A=
! [:m 2 )] |
| o
) Liftine, ; 0 LN Loy Loy : . P -
LY g A A4 LD M 0,302 00447 ML RTT TS0 *
e } I.ll'\(il) “) IHI( 30 l)) 11!(5!)“) L) ) 218 *0.30 0. 44 i (LETT *0.507
n ! ‘
i N
] 2,70 3460 08000 0 228 00805 0470 1 0580 0707 1
I 2.72 3.7 80| 28 819 s s IS 1
by Noulifting 1 2.70 2,76 SRR 0 MY BT N2 N ‘ I N
pstile, | 2 2,57 2,29 120 TE R U 11 L6331 . 7h0 1
—u | 3 2,30 2,038 A0 R ) 63 LT 1
! % 2.13 1,85 L3R 1 L3602 it NI ) 1
|
e Ballistie, | —¢ 76 | 3.82[30 sini —¢ 3]0 33030 8inf— @ 37T 32230 sin( - |12 (1. 351 } 0330 | 08 | 0LAT2 0. 0L TRS 1
i s . i : ; ; i
I‘:n ' i I ' |
D ; |
3 |
A NI A ”—1,«‘“ =)
n= ( l+.\' ) for case (w); n== (LF}\) maore penerally,
| !
|
|
; .
_d
= } |: L amaxﬂ 2
A=0 30 2
G ‘\ i
|
——
| i
I 1
L ‘ J
2 4 6 8 10 12 14

Initial reentry angle, S deg

Fiauvre 2.—Dimensionless total mass loss for nonlifting vehieles,
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AN
N
N
|
>
o
—
ol
8|
e
|
n SQ
2
—
]
rol—

Lift-drag ratio, ﬁ

Frovre 3. -- Dimensionless mass loxs for lifting vehicles.
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50 o T
] e

Dimensionless effective heat

! 2 3 a 5 &
Initial reentry angle, P deg
Ficure 1.

-Dimensionless  effeetive  heat  capacity  for

nonlifting vehicles,

T O
106~

@
8
3

50 : |

o

1 i -0
i

Fractional reduction in mass loss, 7

o
4 :
‘ O
Ls) oy =
2 D>|,LP/ 0
o %= 0; O<- ¢ <5°
‘ ; a] 5=O;—(p/>5°

o] ! 2 3 4 5 6

Initial reentry angle, - ¢, , deg

Fravre 5.- Fractional reduction in mass loss due to
Iatent heat, for lifting and nonlifting vehicles.

The values of (77,,,),-, and 5 found numerieally
Lerrin=o n A

. L .
for the case of I):f(l and —e,=0 are in good
. . . L
agreement with the analvtieal results for 1)>1
and —¢,—0:
— 1
(T, =

and

as seen in table II and it is inferred therefore
that

7}/,:() and ¢,=0.

In general it is seen from figure 4 that 0.35
S )a=0=0.5 for nonlifting vehicles, the low-
er limit corresponding to — g, >5°.

these values are valid for all cases where

It is to be
expected that (J1,),, deereases as — @, increases,
since a greater part of the reentry is spent in the

lower etmosphere where the gas-layver shielding
effect is less.

A check on the approximate rule B is made as
follows:

For (a) lifting vehicle (]lj>1 ; @l:());

f, 0,45
=307
27 Ty 0.03

g L1y, THET
=130 7 [2 log, 1 —77]«.05
’ L)
=204 (:
04 (m“

R A
fir=o (2.94')'«*‘2(\27

(1— )%

Thus

N2 J

v
—0.83 (\27)

and is independent of L/D,

For (b) nonlifting capsule (—]]—)f:(i; ()§¢l<:’)o)y

Numeorical values of ¢,/27 show that the ap-
proximate relation

_ T
M=o 0.83 (‘3%)
o

is aceurate except for —e ;5

=

1;2

where the orrors

are more than 10 percent.

For () ballistie vohiulo(ij

) — P )

0).49495
{130 sin —%f (— 7 log, W) ~'dii
< €

“ ik

=14.67 [30sin (—¢;)]

{f 172
27

N f,r~ 12
—0.84 (27)

and is independent of —g,. The exact expres-
stons for M-y are compared with the approximate

relation
_ IANE
,,IA;O:().84 (T)—
27

[hus
332
M (14672

(55)
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in table IT and shown in figure 6.

In the foregoing analysis, expressions for the
total mass loss and the effective heat capacity of
the shield have been obtained by assuming that
sublimation starts early during reentry and that
the accumulation of heat is negligible compared
with the disposal of heat.  Both assumptions lead
to conservative values for the total mass loss
(that is, values that are too large).

An analysis of the heat-conduction problem
within the shield is desirable in order to justify
these assumptions and also to estimate the amount
of insulation required to keep the structure cool,

reducing heat transfer to the vehiele structure is
measured finally in terms of the mass required to
keep the structure below a given temperature.
[t has been shown in the previous scetion that
the mass loss due to ablation is virtually inde-
pendent of surface temperature when 77> 7',
The mass requirements for insulation, however,
depend eritically on the ablation temperature,
and it is to be expected that the use of materials
with  low ablation temperatures will reduce
considerably  the insulation problem with rel-
atively little inerease in the total mass loss,

In order to estimate the insulation required,

ACCUMULATION OF HEAT WITHIN THE SHIELD | lation 1 ’A 27T |
The  effectiveness of an ablation shield in the unknown relation between ( "o: )Z,L‘, and @
1.0 1 /1
/
/
/
/
{
8 e
//
1 //
/‘
? |
E‘ &l | : //
H , s
P ‘/7)\=0=0.B4<2—f -
E /
g S
[ =
» . a
: s ‘
a / 1 i
/ ‘ A é> ||-<pl:0
S o}
: £.0,05-p <5°
/O/ | ! i !
o | 05:0i-%>5
2+ -—0/ ! ‘
/ !
A :
e
/
i :
0 2 4 6 8 10 2

I8
Reentry time parameter, <2_’7)

Freuvre 6.—Variation of mass loss with reentry time.
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discussed earlier in the report is assumed to be

(Alb %T[;‘);:ﬂ;kh( 'I'S; 1 iIQ

Although this equation appears at first sight
to be at most a erude approximation, one should
expeet a relation of the form

. oT A 'I‘M"(T‘;f,:lju?), =6
(An a:-):;”_‘tm . (56)

where L1(H) is a slowly varving dimensionless
parameter. It is shown in the appendix that

5

)
2 < AH<T.
m

Squations  (24) and  (25) are now  written,
respectively,
dm
dt

d o -
—}—p,,(’,,;/-"[(l,\,A[&)B] (A7)

() =len(Te—T.) =+ Lad (T, —T))]

and

e e e dm k(T =T
I =L@l e gl Ty S TS AR
oD =Lt (T, T 4 F T ) )
which may be solved for the unknown quantities

dm .
T, and @ when ——=—0 (before ablation) or for m
{

1t
and 8 when 7= T, (during ablation).

Preablation heating.- -Before appreciable abla-
tion occurs (when the mass-loss rate has negligible
effeet on the heat-transfer rate), equations (57)
and (58) reduce to

d e M(T—T,) .
Qo =PoCr 1y (T, —T.)8]= g e (59)
and elimination of 8 gives

%»(J(»jpn('f,]fg(’llx'*‘ ’['m)'.' ((i())

When sublimation begins, 7=%, and T,=T,;
equation (60) then becomes

o (Ez)Qn(iu )= Ph('bll'zr( Ta— T. )2 (t”)

which is written in dimensionless form us
- = \TT = 1.07 Ph('bkb
Go(U)Qu(Uy) =77 —55
10( ) JO( ) kl IfII 7 4‘[_'77
('pARR

(T,—T.):(077)  (62)

(Strietly speaking, sublimation occurs at all

values of the surface temperature and 7T, s

related o dm/fdt through the phase relation which
deseribes the equilibrium of the solid material
with its vapor. In practice, however, dm/dl is
negligible except when 7 lies within a limited

. : 42l
range which includes the mean value 7, used
here.)

. 1.07 . . .
Sinee —Irxl, it is seen from equation (62)
bk
that,
Fo(T) Qo) = x*(1077) (63)
where
Cokn)' .
e e (T (64)
(;(',,117/);,)
Equation (63) determines whether sublimation

will oceur during reentey,  If
(ﬁn—(?u)ma:<)(2(IU"T’) (“5)

sublimation will not occur, since equation (63)
cannot be satisfied and the maximum value of
T, will remain below 7, throughout reentry.  In
terms of 7 and 7, the condition that sublimation
will not oceur is written

IS

M1, 445
X0 [nf(ﬁzw [_ ﬁ'—’(ﬁZ)*W(lﬁ] (66)

mar

and it vall be shown that the bracketed expression

in this inequality is virtually constant (approxi-

mately 0.2) and is independent of L/ and ¢,.
Whe x is written

preo(Tu=T2) (:)

ar R
(( 'lJA’1 lli)

1t 1s secn that sublimation cannot occur if

M N .
(1) the parameter ('(,ﬁ”l,) , which deter-
D+

mines the level of the heating rate, is too small
(2) the thermal capucity pye(T,—7T,) 15 too
large, or

o by N2
(3) the thermal diffusivity (7’) 1s too large
PiCh

X .=

The materials under consideration in this report
have lew ablation temperature and low thermal
conduciivity; more specifically, the materials
under serious consideration have properties with
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orders of magnitude: p,=0(10%)
Btu/(Ib)(°R), k,=0(107%) Btu/
W= 00102 10%) °R; for
_ M -
considered  here (,D—A”,/ 10
x<_10? and sublimation will occur,

Lt is of interest to determine what fraction of

the following
Ih/ceu ft, e,=0(1)
() (see)(°R), and T,—171

vehieles Thus

the total flight time passes before sublimation takes
place.  The ratio 4./t 18 found as follows:

If t=0 when 7—=0.995, then,
inereasing function of @ during the early part of
reentry,

since gy 18 an

G”(ﬁu) ,\/60((] 995)

and
Qu(770) > 1470(0.995)
Therefore
(L)) >0 (0.995)T,
Also

_ 0,995
= J AR

0.05

so that

’41 fl ’10( "n)(z" H!I) 0. 005 —ry 1 = -1 -
/ AN N 1
tr ff © qef(0.99 5) 0.05 (Z) =Ml (67)

where the right-hand side of equation (67) is
approximately equal to

0005 —1
[2(0.995)[ (rzzrum,] X(10°7)

J0.65

The ratio 7,/#; is evaluated in a later section by

mserting the appropriate Z-funections, and it is

1.
shown that =" < 1.
ty

Total accumulation of heat. -In the analysis
that follows an upper limit is found for the accum-
mulation of heat during reentry by assuming that
the surface of the shield is raised instantancously
to the temperature T, at -0, (Although this
assumption implies an infinite heating rate at
t=0, 1t 18 nevertheless o good approximation
except for small values of #/1,.)

Equations (26) and (56) are first combined to
give

d piks dm
I; 4 YE js
ool gy (pall) = o PP (6%)

and the last term is then neglected to give

(mﬁ) Pk
b

(69)

Integration then gives the following upper bound
for o:

2 172
p,,e<(° P 4 (70)
The accumulation of heat at time ¢ is therefore

Q=pye (T T N0 (2pseik )2 (T=T NtV (T1)

and, when /=14,

Qr< pueske ) (10— T )M

This upper limit is independent. of , and

M
(AR
for given material properties depends only on the
total time of reentry. When @ is expressed as a
fraction of (), ; there is obtained

s

Q, 0467,
s~ fn —Qu.f

.495 172
! U (T/Z)"‘:/ﬁ]
f . o 05 ;m—
( T 'U‘JU:) T - (".;)
Ws j ARG
Juos

and is evaluated by
Z-funetions.
Application to particular vehicles.—-The results
of the previous two sections are summarized
briefly before specifie application is made:
The quantity

X(10-%) (72)

where

inserting the appropriate

(ph(h/lh ”( [(l*,l, )
AL\
(‘(',,;liju’)

was shown to be an tmportant parameter of the
numerically x<10° for
materials

heat-conduction probletn;

the lTow-temperature low-conductivity

considered herein,

Sublimation will not oceur during reentry if

X108,

where

AL
V= u‘-’(uZ)””J u“(uZ)”‘“//u:I (74)

[® z ax

The ratio #,/t; satisfies

L 1p-me,
ff
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where
1

(WZ) *wn] (75)

MUt

F [:Z(u.m).»')) [
o/ B85

The ratio ¢,/6), , satisfies

Qr sy g
-0
Qo. s ;

i t0L 405 12
5 [ l (uZ)*‘(lujl
], i JU0S
$CT T Toanaes T T
TR VAR

JO 05

S 0.46 1. ’
(\\'h(-rv it 1 assumed that _l._—)z in eq. (72) )

where

(76)

11 2

The numerical values of Fy, Fy, and Fy depend
on the particwar Z-funetions.  In each case, how-
ever, the combination of functions s such that the
total power of Z is zero and the factors L/D and
sin( ¢,) which enter into the evaluation finally
cancel, giving results whieh are independent of
LD and - ¢, as shown below,

() Lifting vehicle (75 1:—¢,-0)

A
R A ,
With wZz IE Iy, F,, and Fyare evaluated as
30
| 0

Fi= 02, F,=:34, and Fy=1.1, and are independent
of LD

(b) Nonlifting capsule ( ‘=0;0< —‘p,-;‘;’)")
X2 ,
Numerical evaluation of the integrals gives the
o tal
following average values: F,--0.2, £,- 50, and
™ ¥ 1
1"3—71.3—).
!/

(¢) Ballistic vehicle (71).-:_();-—%{:/5")

Svaluation of the integrals by using
7 30 sin{—g)u(—log, @)
vives =02, F,— 14, and Fy—1.5.

It is concluded from these numerieal values that,
for cases (n), (b), or (¢):

(1) Sublimation will not oceur during reentry if
x*>>2%10%  (This condition does not hold neces-
sarily il the shield is a composite slab of different

materials; in such a case the factors pye(T,— 1)

| P .
and { — = which appear in the parameter x
Py
would be replaced by the analogous composite
quantities,)
(2) The ratio

t, Preablation heating period

i Total reentry time
satisfies

L5y (1079 x2
ff

(3) The ratio

),  Heat accumulated by ablation shield

Q.,  Heat aceumulated by heat sink

satisfles

Q"f-f:(l.;'))(ur“)x
W

The : ssumptions, made in the analysis of sub-
limatior, that sublimation begins soon after the
initintion of reentry (when w=0.995) and that the
accumuation of heat is small compared with the

T -7 0.05 and
tr

disposal of heat ave justified, sinee

Q- (15 for x 102,
@o.s
Insulition requirements. -The method of the

preceditg section gives an estunate only of the
amount of heat accumulated by the solid shield
at the completion of reentry.  The temperature
distribution through the shield is also of interest,
howeve s, and an approximate analvsis from which
this distribution can be obtained is desirable.
The nonlinear differential equation and boundary
conditic ns are derived m dimenstonless form, to-
gether with the approximate method of solution,
in the appendix.  The results so obtained are
summatrized briefly and discussed below.

The emperature distribution at the end of re-
entry is

T ety —t
,ll, ;{1, ecrt l‘—“) erfe EI‘ E‘) +_ l‘l'f(‘ﬁf' 2 (77)

where
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and
(’7 M\
o, \(" AI",) ey \Y? ,
=0 1Thy 2 (1;17)(" ’7) (78)
Cp \phkl)
atr
(‘[!,2
The ratio ’l':'l'm' is shown as a function of & in
"

ficure 7. (The more general expression for tem-
perature distribution during reentry is given in
the appendix.)

The accumulation of heat is

9
(//:#172 (prr('/:l-"l;tf)l"')(’['rz* )¢ (79)
where
E— et r‘.’,“]__ﬂ.hz € ('I'l‘(‘ f:[_+_7r”2 (‘l'f Ef
YT T g 20 2

The funection ¢ is shown in figure 8; it may be

IO i A - T T T v R
i
‘ ———v=e€’6

a

. 8 e
2 € ! '
2 |
[=]
5 ¢]
2 6 — ' f +-
1
b
a
2 4 —
c
e
w
o
E 2 - ]
o

0 5 10 1.5 2.0 2.5 30 35 4.0
Dimensionless distance from ablation surface, ¢

Frevre 7. Temperature distribution within the solid

shield.

A ‘ i
N
T,l Tm > kl,/r

Heat-accumulation parameter, {

0 5 1.0 B} 20 25 3.0 35 4.0
Average rate of mass-loss parameter, €,

Fiauvre 8-—Variation of ¢ with ey,

1/2

. m™
verified that ¢< 1 and ¢ >, - for large values of ¢
~€f
(in practice, e >2).
The mass loss rate dmfdf will be small through-

out reentry if the latent heat is large, since

dm G ]

dt ™ . ,

[4+C¥ N ? (71171141)
n.2

Thus, for a low-temperature shield (for instance,
where x< 10%) which also has sufficiently large
latent heat, most of the acrodynamic heat input
is lost in boundarv-laver shielding and in the phase
change, whereas the amount of heat conducted
from the surface to the interior is sufficient only
to keep the surface at the ablation temperature

. Lo dm e .
T.. TIn the limiting case when Jdt =0 and To=1T,
throughout reentry, the conduction problem s
deseribed onee more by a linear equation which
has the solution (as e >0)

:I (80)

e [

Equation (80) actually furnishes an upper limit
to the temperature distribution, sinee when abla-
tion takes place the heat content of the remaining
shield is reduced.

An upper limit to the heat
material 1s obtained as

&

o

content of the

73 Ifal " ’[‘4 Vl‘m
(ijh(.”( I”* l u) ' "l' . ’l' : ([':

which is simply
2 R Ry
W= o) AT = T
At the end of reentry, 1=/, and
9
Q=15 (paeok) (T~ Tt (81)

This exact limit is about 20 pereent less than the
approximate value given in equation (71).

The behavior of the solution for large values of
e; at the end of reentry is written

gt
T—

Ksal {:L z(/‘_ff
]vlilm

M O\Y?
o)

—oxp | 0.17ky —(1—), ff (82)
hts

i
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Cquation (82) shows the effect of the sublimation
R ‘)‘f"-’
Ol

parameters - and 7 on the tempera-

ture distribution within the shield.

The insulation  requirements that iz, the
amount of material which should remain when
sublimation has ceased m order to maintain the
structure at some design temperature below the
sublimation temperature  will depend primarily
on the thermal dilusivity of the material &,/pe.,
the total time of reentry ., and the ablation
The required insulation thick-
from

temperature 7.

determined

equation (77) or figure 7.
For engineering purposes the curves of figure 7

ness  can be approximately

are casily approximated by

(e

o “id (83)

where 6 is chosen in such a way that the heat
content s correct; that is,

it 9
it j (r—T. )413;715 (ootuhot VT, — T (e)

Evaluation of the integral using the profile of
equation (83) gives

2
e

5 ( /)l £ ) (84)

™ pe

Therefore the amount of insulation —pz ahead of
a station having temperature 7' is, from equations
(R3) and (84),
2 hn\' 2 7,—T
- P h) 172wy o it -
—po= ;" 1206, log, 20 0 (85)
P W],_((,h S/ ;(! b [‘1dlj ( /
The miportance of the shield material parameters
pebpiey and T, s evident fromt the foregoing
expresstons. It is seen also that the amount of
insulation varies as #,%2
BISCUSSION
In the preceding analysis, the primary objective
has been to obtain simple useful expressions to
deseribe the sublimation of material from, and the
accumulation of heat by, a low-temperature low-
conductivity shield suitable for manned reentry.
For the sake of simplicity several approxima-

tions Lave been made, but they are of such a
nature as (o give conservative results, since upper
lintits have been obtained for the total mass loss
due to sublimation and for the total heat ac-
cumuls ted during reentry.,

It hes been shown that the total mass required
for sublimation depends primarily on the para-
maters

( M ‘)“"
At/ Heating coeflicient
N é, Gas-shielding cocflicient
Cp
and
WLl 1)
- 2

Maximum internal shielding enthalpy
nalpy

~ Maximum external shiclding entl

This definition of X gives the quasi-steady result,
whereas conservative results are obtained when
/
A
U2 e,

I
29" ey

- . . I
It1s evident that the correet interpretation of @ -%
.
p.2
is impertant in the use of these parameters; the
quantity arises when the convective shielding in
the bovndary layer is considered and is correcetly
interpreted as

ththalpy of gases convected
¢, in boundary layer

o2 Enthalpy difference across
boundary layer

In reference 7 this ratio has been replaced by
‘[‘)‘ 0.26
an emp rical factor 0.68 (\IM) »where M s the
Ardl
molecwlar weight, whereas in reference 6 simple
rived under the assumption of constant e, and
€0 ANC appear as equations (22) and (23) of the
present report.

approximate expressions for o and ¢,/e, » were de-

In practice, however, ¢,; and
¢y are funetions of temperature and the average
values used should be consistent with the foregoing
physical interpretation,
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Furthermore, a—1—

1 L N

3 Np ™% s an approximate constant value, the
exact theoretical values for a depart from this
when the internal shielding enthalpy L+e, (T,—
T.) is small compared with the gas-laver shield-

although  the quantity

ing vn(lmlp.\'_ (See the (Ilsvusmon of S=1 on
page 7 of rvef, 6.)  This situation may oceur in
the (-ul\ part of reentry if the latent heat of the
material is small enough, and the use of a value
of a that is too large would lead to an under-
estimation of the shield requirements,

Although the simple expressions (22) and (23)
are used herein it is understood that an experi-
mental verification of the ratio

lunlhalp\ of gases conveeted in ]mund.n\ layer

K nth.llp\ difference aeross l)()un(LU\ Il\(‘l'

for the particular material under consideration is
desirable,
The total mass loss during reentey ean be written

G

m==1.18k - P = mio(1—n) Ibjzq Nt

l.p, 2

where mius, depends only on the vehicle tra-
jeetory. The exaet values are given in table 1T,
although wi_y is given approximately by

— 1 Toer |
[ (1]

or

- WA
Tin_n~0.84 <,,7)

The quantity 5, primarily a function of A, repre-
sents the fractional reduction in mass loss due to
Iatent heat

The relation between total mass loss and maxi-
mum deceleration shows immediately the weight
penalty incurred as the price of limiting the
maximum deceleration to a low value, and it is
concluded that the use of a material with low
ablation temperature is not appropriate to vehicles
which have high lift-drag ratios. 1t is seen in
figure 3, for example, that the value of -y for

L . . .1
zj—().,) i1s about twice that for ﬁ—wﬂ‘

The effeetive heat capacity of the ablation

material is written

I7,,,= 13,500 ;""f (7,0, (1=t Bru/lb

b2
where (0, _
not vary appreciably with trajectory, as seen in
figures 4 and 5. Even when =0 (negligible
latent heat) the effective heat capacity of the
material is

_,nd g oare dimensionless and do

13,5000 (f'" (U1, _,
P2

where
9= (T
035 pp), <05
; s
Again theimportance of a2 js seen:when a2 ==,

Cp.2 (,, 2
for example, the effective heat capacity is be-
tween 2,650 Btu/lh and Btu/Ib even when
the latent heat is negligible,  When this range of
effective heat capacities is compared with that
for heat-sink metals of the order of 1,000 Btu/Ib
the reduction in shield weight is quickly realized.
Morcover, since the foregoing comparison does
not depend on the ablation temperature, the
advantage is enhanced when materials with low
ablation temperatures are considered view of
the attendint reduction in insulation require-
ments

For an ablation shield to perform successfully
dispose  of, rather than  accumulate,
The preablation heating  period

it must
heat  energy.
should therefore be small compared with the total
reentry time, and the heat accumulated should
be a small fraction of that which would be ae-

cumulated by a heat sink.  Here, the deciding
parameter is
o :A 4 I(l_ l‘,,
X == (Pr! 1) ( O )
(7 M )
AR

It has been shown that sublimation will not
oceur if x*>>210% that the ratio

Preablation heating period _

“Total heating period

“5(107%)x2

and that
Heat accumulated by ablation shield

- Z1.5(107H)x
Heat accumulated l)\ heat-sink shield ™ (1079)
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i . ) 11 )
For the lifting vehiele ( 55>5» say ) the mass loss
e D2

will be large if ablation is allowed to tuke place
during most of the reentry. Since such a vehicle
would be eooled primarily by radiation, the use
of a high-ablution-temperature material at the
leading edge seems more appropriate.  In such
a design the ublation temperature should probably
be near the mean radiation temperature of the
vehicle, and the parameter x should be near the
eritical value 23100 if ablation is to take place
onlv near peak heating.  The behavior of the
ablation material during this long preablation
period may be of concern, however.

When the heat conduction problem is consid-
ered, an upper limit to the accumulation of heat
is found as

9
Q,r‘i;r:,@ Conerkent V3T, —T.) Blufsq

This result is independent of the vehiele charace-
teristies and heating experience except as they
affect ¢, The temperature distribution satisfies
the relation

T, PPANE
A =
A [ 2\ kot

where the right-hand side is the limiting solution
for negligible mass loss.  From the foregomg
expressions for @ and 7"it is seen that the amount
of insulation will vary as ¢

Thus, for a given vehicle the total shield weight
required for sublimation and insulation ruries
approximately as the square root of the reentry
time, or inversely as the square root of the maxi-
mum deceleration.  For ballistie vehicles (—e¢; >
5°) and manned eapsules (05 —p<5°%), there-
fore, the ablation shield offers an efficient way to
dispose of heat continuously during  reentry.
For the lifting vehicle a high-ablation-tempera-
ture material which would allow radiation from
the surface for the greater part of reentry appears
to be more appropriate; ablation would  then
take place for a limited time near the maximum

heating condition or in case of an emergency
maneuver.

CONCLUDING REMARKS

An approximate analysis has been made of abla-
tion-shisld requirements for reentry vehicles. The
type of shield considered was one of low ablation
temperature and low thermal conduetivity which
produces no liquid film during ablation. It 1s
shown that

1. The total mass required for sublimation de-
pends primarily on parameters which are funetions
ol the ratios
Heating enthalpy
Gas shiclding enthalpy

and
Shielding due to latent heat
yas-layver shielding

2. For a given vehicle and shield the total
mass loss varies as the square root of the total
time for reentry or inversely as the square root of
the maximum deceleration.

3. The heat accumulated s a small pereentage
of tha accumulated by a heat-sink shield, the
pereenage being determined by a single parame-
ter wh ¢h combines the effects of the heating level
expericnceed during reentry, the thermal capacity
of the remaining shield, and the diffusivity of the
materil.

4. The amount ol insulation material also var-
jes s _he square root of the time or inversely as
the sq are root of the maximum deceleration.

From the foregoing dependence of sublimation
and i1 sulation requirements on deceleration and
time of reentry it is concluded that the low-
ablation-temperature shield should dispose of heat
very efficiently for nonlifting vehicles, but the
limited use of a high-ablation-temperature shield
at the leading edges is more appropriate for lifting
vehiel s, where the primary means of cooling would
be raciative.

Laxcr iy Reskarcn CENTER,
NAT ONAL ABRONAUTICS AND SPACE ADMINISTRATION,
L. nGLEY Fienn, Vao, October 1, 1959,



APPENDIX

FORMAL DEVELOPMENT OF THE DIFFERENTIAL EQUATIONS AND BOUNDARY CONDITIONS

The heat conduetion problem in a semi-infinite
slab 1s represented by the following equation and
boundary conditions.  The heat conduction equa-

tion Is

of o*T

PrCh a, ::A‘h 0:2' (A\])
The mitial condition 1s
T="T_ (t=0, y-0) (A2)
The boundary conditions are
oT , .
=K, - —{} < BT
f[(f) Ab O]/ (1/ { ’ ! \fu) (‘\;])
1T—-T, (- >— o, t<71,) (A3D)
and
’ m )
=T, Y == —y f)»fu) Ady
(\./ oot (\\a)

oT | , dm ' m )
o=k S AL (y=— f\f) Adb
/( ) ha”+ (i / Ph’ ~ ¢ ( )
T—T, {(Ade)
The heat-transfer rate ¢{f) is, in general, un-
known and must be determined by an analysis of
the acrodynamic heat-transfer problem,  As stated
in the body of the report the expression used

(.’/7 @, f\/\fﬂ)

here s

dD=q, () (1) (Ada)

dm N

HO=q,(N—at, (T—T)" I (>1) (A5D)

where ¢o(f) is the acrodynamic heat-transfer rate

to a nonablating body and «é (T.,—T,)

dim
repre-
(

It

sents the shielding effect of the gas boundary layer.

, . mo.o o

Fhe moving boundary y=—-— s first elimi-
Pn

. . m
nated by choosing a coordinate z=y4-—- so that
)

z=0 15 the surface.  Then  the

equations are made dimensionless by the intro-

sublimating

duction of new variables:

- T-T. ot et X

P S A V) LA
Equations (A1) to (A4) become

or | fet N dm or O -

or (p,ﬁ,,) dt o oF (A7)

P—0) (r=0, £<0) (ASa)

r—>{) (E »— o, T>()) (A\SI))

_ (10(7') . ‘(‘hf/.yl/‘z,,op — <Eu s
r,,('l'r’l;)(\ph/m.) ot (\E—l),rsz) (A9)

. QU(T) (ll)fj\ 172
e(Te—T.,) (pnﬁ‘h,>
Lo bty oty
705 ('l,(yva_]‘a.) ‘p,,k,, ([’

(e=0.7>) ()

N !

- (g=0.7>) (A
N S

< t -
For r<?’5, dm/dt is equal to zero and the problem
7

is the conventional one of finding the temperature
distribution when the heat-transfer rate at the
t oy
For -r)*f, however, the differ-
i
ential equation (A7) is nonlinear and there is an
additional boundary condition corresponding to
- . Cept A\MEd m
the additional unknown quantity { —*) -, --
) _pp/x'h dt
The following approximate method is used to
solve the foregzomg system of equations. A mean

surface is given,

6
Py
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ot N d
value S =g s used and the inear equa-
ph/l l[f

tion which results from equation (A7) is solved
to give r(&.r.e), and eis then regarded as a function
of 7 in this solution,

As o further simplifying approximation it 1Is
assumed that the preablation heating period i
small compared with the total time of u-mm_\,

that is, (“<<1. Then »-=1

i
where f=0 when 7=0.995,

al £=0 for 0 ¢4,

. . . “ent NYE dm
Equation (A7), with e replacing ( b f)

Pl (H’
hecomes
or or O ‘1
+ or o (A12)
with
el (07771 (A13a)
or
o W (g @, 0 07 (Al3h)
AR (r =0, £70)  (Al3e)

The solution to equation (A12) is obtained by
conventional Laplace transform methods and s

written

" |:]~(Ii< ( T ”—}-275[;2\)]

1 oy . R
+2 erfe (; Tl""——);sl ,) (:\14)

The dimensionless heat-transfer rate is obtained
from equation (A14) as

R 1 e )
(,o() =i x_;-m-f(-e—rlf-we (A15)

Ot/ g AwT) 2

The third term e represents the dimensionless rate
at which heat is absorbed Dy unit mass of material
during its temperature rise from ¢#= 0 to r—1 and
does not contribute to the heat content of the re-
maining material,  This heat content in dimen-
sionless form is simply

T <, € € 1
=1 T T e 2
’“ (mr)= V¢ 3 ) erf 97 dr
7 orfi

T\ _¢, e € ., 1 € Lo ik
7'77(-”) ¢y Ter 'QT""+;l‘l'f§TI" (A16)

‘NATIONAL AERONAUTIC3 AND SPACE ADMINISTRATION

When t=t,, r=1,
reduces o

and e=¢, cquation (A14)

ry :mi( 1——J erfe - fj E)—I— erfe £ E (A17)
which, a3 g0, has the limiting form
r,=crfe (—g) (A18)
The asyvmptotic form for large e, is
ometst (A19)

LEquation (A16) for e= ¢ can be written

IS

() 2 /1 ) w2 e T e
= (_) et —n e orfe T4 - erf
(ph('hkhtf) R S N4 4 2 2¢ 2

s (A20)

102

[P aw R . n _7{'"
where & =1 as e~ and ¢ - e

s € > O,

. (».f dm
The qantity e_,—~ f ( ) is now replaced

,DI) b f[t
by
(Ol m
€ (;‘ph/\'l») t/
(7 \[ )1-
1[! e, 2\
c 01Ty o T ( A21
' - Co. ( m) ~Pn/fo) )
Cyp2

by using the relations
(' 7‘[ ‘)];".’
(
o VAR — o ’l.l)'ﬁ* 1"

ll’. -
Cpe

and
n=10.84 (0_ (1—n)

derived 1 the analysis of sublimation.
The product of dimensionless heat-transfer rate
at the surface and the dimensionless heat content

of the material (the quantity .1 which appears in
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eq. (56)) is found from equations (A15) and (A16) It mav be verified that vl,_,__g when 7—0 for all
) A :

and is
vidues of € and .1-=>1 as 7> for all values of e

e Thus it may be expeeted that
| oy, T T e & .
A= (7"‘1’) e 3 erfe ST‘ ﬂ’e
2 2 9
<l
. T -
% (T‘)l‘eﬁ ,,: T € o € 1M+l of € 4
; — 7 oerfe VAot 7 . . . . . .
K ‘ 27 27 € 27 That is, .1 is a slowly varving function of 7.
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