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Aerodynamic Study of Stagnation Ablation
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Summary. Present paper gives detailed results of a theoretical approach to stagnation
ablation associated with hypersonic reentry of blunt-nosed bodies of revolution. Funda-
mental equations are derived, under an assumption of sublimating ablation, for a non-
.? ‘ reacting laminar boundary layer flow of binary gas mixture. in which transport properties
" are taken exactly into consideration by use of the atomic kinetic theory of gases.

It is shown that all physical properties concerning the ablating field can be uniquely
» determined under the given boundary conditions by matching of an aerodynamic solution
with a static one obtained from chemical Kinetics. Detailed examination reveals that
error in estimation of Chapman-Rubesin number and Schmidt number across the boundary
layer is most sensitive to the aerodynamic solutions, thus indicating that viscosity and
diffusivity of gas mixture play a main role in controlling the flow characteristics of the

ablating field.

Numerical calculation carried out for teflon ablator shows that the ablation rate in-
creases with increase of stagnation temperature in free stream, while wall temperature
does not rise so much, indicating that teflon is a fairly good ablator as a shield of aero-
dynamic heating for comparatively low enthalpy flow.

In order to confirm validity of the present approach, theoretical results are compared
with experimental data for teflon. Agreement between theory and experiment is fairly
good in the range of stagnation temperature from 800°C to 1200°C.

SYMBOLS
X, Y) orthogonal coordinates system fixed in space
(%, ) orthogonal coordinates system fixed on body surface
{a, 7 components of velocity vector in (X, ¥) coordinates system
(#, v) components of velocity vector in (%, ¥) coordinates system
Tp(X) surface velocity due to ablation
p pressure
o density
T temperature
Z; (i=1,2)  coefficient of viscosity for each pure species
)3 mean coefficient of viscosity
£ (i=1,2)  coefficient of thermal conductivity for each pure species
K mean coefficient of thermal conductivity
D binary diffusion coefficient
R universal gas constant
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(x,¥) non-dimensional coordinates system fixed on body surface
(s, n) transformed coordinates system (see Eq. (4.6))
(1, v) reduced components of velocity vector
p reduced pressure
0 reduced density
T reduced temperature
i (i=1,2)  reduced coefficient of viscosity for each pure species
7 mean reduced coefficient of viscosity
K mean reduced coefficient of thermal conductivity
D reduced binary diffusion coefficient
(ol mole fraction of species i
ro reduced cylindrical radius of body
M, (i=1,2) molecular weight of component gas
M., free stream Mach number
¢ stream function
H total enthalpy function
K concentration function
Re Reynolds number
C Chapman-Rubesin number
P Prandtl number
S Schmidt number
Le Lewis number
l non-dimensional latent heat for sublimation normalized by C ,,QT_ st
Cp, (i=1,2) reduced specific heat at constant pressure for each pure species
C, mean reduced specific heat at constant pressure
7 ratio of specific heats for air
Subscripts;
st stagnation conditions in free stream
oo conditions in free stream
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gas constant for each species

radius of carvature of body

cylindrical radius of body

speed of sound

latent heat for sublimation

specific heat at constant pressure for each pure species
mean specific heat at constant pressure
specific heat for solid material

ablation rate

heat transfer rate

effective heat of ablation

boundary layer thickness

collision diameter

collision integral
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s conditions just aft of shock wave

c conditions at outer edge of boundary layer

L conditions of foreign gas

2 conditions of air

a conditions with ablation

1o conditions without ablation

w conditions at wall

b conditions inside the body

() differentiation with respect to argument
Superscripts :

conditions for non-dimensionalization

1. INTRODUCTION

With the advance of space exploration, aerodynamic heating problems at high
speed reentry of space vehicles to the earth atmosphere have become increasingly
important and a number of investigations [7/],[2],[3] have been conducted to give
informations, indicating that, in the range of altitude at which air is considered to be
continuum, the aerodynamic heating, espccially in stagnation region of blunt bodies,
becomes so severe that some methods of heat absorption or cooling are required.

In case of a steep descent where reentry time is sufficiently short, it is well known
from engineering viewpoint that ablation is one of the most practical methods for
shielding space vehicles from severe aerodynamic heating in the sense that it has
two predominant effects, which may be stated as follows:

(1) Since injected foreign gas species, which are generated through ablation of
surface material, convect in the aerodynamic boundary layer over the surface of the
body by the actions of existing pressure gradient and viscous force and diffusc
further due to concentration gradient, thickness of the boundary layer grows so as
to diminish the aerodynamic heating itself.

(2) A large amount of heat flow from boundary layer is absorbed efficiently in
latent heat required for phase change of surface material such as liquefaction or
sublimation, so that the heat flow conducted inside the body is automatically con-
trolled to decrease considerably even for high enthalpy flow outside the boundaryv
layer.

It is clear that the ablation applied to shield the aerodynamic heating to reentry
bodies is a very complicated phenomenon associated with coupling of a non-equi-
librium chemical process with aerodynamic one. Unfortunately, however, chemical
kinetic theory seems to give poor information on this complicated process at the
present time and, consequently, there does not seem in this field to exist many pre-
vious works on solid materials which are believed to be proper ablators.

On the other hand, the aerodynamic studies have already been developed ap-
proximately by many scientists. Theoretical works proposed, respectively, by
Sutton [4] and Roberts [5] were concerned mainly with melting surface in which a
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90 K. Karashima and H. Kubota

liquid layer flows over the surface. The main conclusion in these works is that the
convective shielding by liquid layer is limited by the temperature at which liquid
boils. When vaporization occurs, however, the convective shield in the gas bound-
ary layer is found to increase considerably.

By taking diffusion effect into consideration, Roberts [51.6]1,[7] further presented
a simple analysis concerning the sublimating ablation. The treatment of the bound-
ary layer being based essentially upon an integral method in which distribution of
physical properties is assumed to be linear across the boundary layer, this approach
may show qualitatively important physical aspects associated with the mechanism of
shielding by vaporization rather than the quantitative information.

Since, as pointed out by Swann [8], the aerodynamic mechanism of shielding by
vaporization can be considered to be equivalent to that of the boundary layer flow

with mass injection except for the effect of latent heat required for phase change of A
the material, comprehensive reviews [91.[70] and studies [77].[121,[73].[14] have o
been made of the convective heat transfer with mass addition. The main conclusion

in these papers is in that the transpiration of foreign gas with light molecular weight t

may reduce the aerodynamic heating remarkably so far as the convective heat trans-
fer is concerned. Moreover, the effects of transport properties on boundary layer
behaviour involving chemical reactions such as combustion and dissociation were
examined, respectively, in detail by Libby [/5] for hydrogen injection and by
Koh [76] for ammonia addition, indicating remarkable results that the effect of dis-
sociation of the coolant with an associated heat absorption is to reduce the coolant
flow rate required to maintain the surface at a specified temperature, while the pre-
diction of analysis based on simple transport properties may be in serious error.
Scala [77] further developed an analytical approach to sublimating ablation of
graphite, in which effects of dissociation, recombination and combustion were in-
cluded. Mass loss rate being relatively small even for high enthalpy flow, it will be
found from Scala’s results that graphite may become of a proper ablator in more
advanced reentry technique.

Notwithstanding that the transport properties have serious effects on boundary
layer behaviour as has been just mentioned above, it seems that there has been de-
veloped few theoretical work on boundary layer flow concerning ablation in which
transport properties are exactly evaluated. This circumstance requires a more
rigorous method of analytical approach to the aerodynamic relation, which is of a
primary importance for clarifying the mechanism of ablation.

Present paper has a purpose to give an analytical approach to sublimating stag-
nation ablation associated with high speed reentry of blunt-nosed bodies of revo-
lution, in which transport properties are taken exactly into consideration by use of
the atomic kinetic theory of gases, and to show that the ablating field can be unique-
ly determined under the given boundary conditions by matching of a static relation
from chemical kinetics with a dynamic relation from boundary layer theory. For
the purpose of simplifying the analysis some assumptions are introduced such as
non-reacting laminar boundary layer of binary gas mixture, etc. These assumptions,
however, do not degenerate the essential feature of the problem.
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Numerical calculations are carried out for teflon ablator and the results are com-
pared with experimental data.

2. MECHANISM FOR DETERMINATION OF ABLATING FIELD

As has been already mentioned briefly in the last section, ablation under con-
sideration is a very complicated phenomenon associated with coupling of a non-
equilibrium chemical process with an aerodynamic one and, therefore, it may be of
a primary interest to clarify the mechanism for determining the ablating field.

Since ablation rate 77 (mass loss rate of solid material per unit surface area and
unit time), which is one of the most characteristic quantities for predicting the

- ablation phenomenon, is, essentially, a kind of chemical reaction rates, it can be
@ ‘ considered to be expressed in terms of two thermodynamic variables of state in a
form

m=FT,, D), 2.1

where a functional form F' may be determined from chemical kinetics. It must be
noted that Eq. (2.1) includes substantial characteristics of solid material implicitly
and may be considered to give a static relation necessary for all the fields where
ablation occurs. In applying this relation to the problem under consideration, how-
ever, it will be easily found that Eq. (2.1) is insufficient to predict the ablating field
in a closed form, since surface temperature is not known a priori. This circum-
stance requires a complemental relation between ablation rate and surface temper-
ature, which will be derived aerodynamically through consideration of heat transfer
balance at the ablating surface.

As is well known, the solutions of boundary layer equations, which are parabolic
type from mathematical point of view, require either temperature or temperature
gradient at the wall to be known a priori. This characteristic together with con-

‘ servation of heat transfer at the ablating surface suggests clearly a possibility to
‘E ’ derive an aerodynamic relation between # and T,,, which may be expressed as

m=G(T,, N), (2.2)

where N means a number of parametric boundary conditions such as stagnation
conditions in the free stream, body shape and substantial properties of the material,
etc. Eq.(2.2) indicates a dynamic relation permissible acrodynamically for an
ablating surface.

Since Eq (2.2) is independent of Eq. (2.1), these two equations can be con-
sidered to be simultaneous equations with respect to variables # and T w- The so-
lutions thus obtained satisfy both static and dynamic relations at the same time and,
consequently, ablating field can be determined uniquely under the given boundary
conditions.

This document is provided by JAXA.



92 K. Karashima and H. Kubota

3. FUNDAMENTAL EQUATIONS FOR BOUNDARY LAYER FLOW

Being mainly concerned with a rate of phase change of the surface material, ab-
lation phenomenon is essentially a non-steady problem involving change of body
shape with time. However, if the rate of phase change is assumed to be either
independent or dependent very slightly of time, then, the problem may be reasona-
bly reduced to steady (or quasi-steady) ablation. From experimental point of view,
the steady ablation seems to exist approximately near the stagnation region of blunt-
nosed bodies of revolution after a certain transient time is passed. Therefore, the
present approach is developed under several assumptions as follows;

(1) steady sublimating ablation,

(2) non-reacting laminar boundary layer of binary gas mixture,

(3) boundary layer thickness is very small compared with radius of body

curvature,

(4) radiation is negligible.

It must be noted that the additional assumptions from (2) to (4) are made only
for the purpose of simplifying the analysis and do not degenerate the essential fea-
ture of the problem. If chemical reactions and associated radiation are involved in
boundary layer of multi-components gas mixture, the problem can be treated in
quite the same way by adding the terms representing those effects to the funda-
mental equations.

Shock wave

Shock layer

BN
Boundary layer

+
Mo U ¢
i - - /
%m
Fi1G. 1. Orthogonal coordinates system

Let the origin of orthogonal coordinates system (X, ¥) fixed in space be taken
at the stagnation point of blunt-nosed bodies of revolution at a specified reference
time, X-axis being taken along a meridian line of the surface as shown in Fig. 1,
then, the boundary layer equations for binary gas mixture may be written as
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. where H is total enthalpy defined by the equation
H=C,T+ +U°. (3.1f)

From the assumption of steady ablation, since surface velocity 7, is independent
of time, it is easily known that Eq. (3.1a) to (3.1f) can be interpreted into steady
equations expressed in an orthogonal coordinates system (X, y) fixed on moving

body surface by use of a transformation of variables such as

i=X, \
y=Y —T,(%)t,
u=U,

D=V —7,(X) .

Thus, by introducing non-dimensional expressions

.7? ik D J—/ . fo a
x=-"—"—(X*=R,), —_ =, Fo= —, U= ,
)e S A A
p: p ) #: p N T: _T N H: F = e H__
ﬁs [—13 Tst H* szTst
Cp: 91’ R K= ;’E , D= 53 E, D= _.1—).«.9’
Copo Ko s psu™=
together with an additional condition
—w [ ARy \¥
Pr= (_ft__Tb) ,
Dot

the boundary layer equations can be reduced to the forms

d(purg)  X* 3(pvry) —0
ox y* ay ’

(3.2)

L (3.3)

3.4)

(3.52)
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where H=C,T+ 1 u'-’zi , (3.56)
2 H’
and w,=1— S (3.6)
Cpo

4. EQUATIONS NEAR THE REGION OF STAGNATION POINT

Continuity equation, Eq. (3.5a), may be accounted for by introducing a stream
function defined as

3k

==, pe=oun. @D

However, before presenting the detailed formulations, the inviscid flow conditions
at outer edge of the boundary layer must be first specified near the stagnation
region. In the present approach it is assumed that the inviscid flow conditions are
given by the constant density solution for hypersonic flow past a sphere [18],
although they may be evaluated exactly by use of a numerical method proposed by
Van Dyke [19]. Therefore, the velocity along the body surface is expressed by the

equation
__ [8 1 3
i, =1, hd x+0(x%), 4.2)
\/3 O
i Po _ =DML2 (4.32)
Ds (r+ DM,

where 2, is a ratio of shock-detachment distance to the radius of body curvature
at stagnation point and is given by

Ao= s .
’ 1+\/-8§~—s

(4.3b)
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Density and viscosity at the outer edge of the boundary layer may also be expressed

in non-dimensional forms as

pe: l + 0(«“2) 0
pe=14+0(x%). } (4.4)

Moreover, since the body is blunt at its nose, its contour may be given by the

equation
ro= .%h_ — x4+ O3 (4.5)
Introducing a well-known Lees-Dorodnitsyn transformation
' (4.6)

L
S:f Pepreridx n= ﬁ"%“— re dy,
0 § 0 pe

then, gives a relation between 2 and s near the stagnation point such as
4.7

x=33s5 4+ O(s) .

By use of Eq. (4.7), Eq. (4.2) can be reexpressed as
_ 8 1 2
d,=u,3% o —~__sh4+0(). (4.8)
JE Hoshrow
Therefore, it will be found convenient for subsequent manipulations to choose #*,
which is used for normalization of the velocity components, as
8 . (4.9)

Thus, velocity, density and viscosity at the outer edge of the boundary layer can be

" written, respectively, as
'e
U= st + O(s) ,
p.=1+0(%), (4.10)
pte=1+ 0(5‘3) .

If the stream function is assumed to have a form
¢:sm+kf0(7])+q1s.m.+lc+nf1(77)_|_ cee, (411)
-, etc. are constants, velocity component « in the boundary layer can

where q, - -

be expressed as
(4.12)

u=s(n) +qus** fi(n) + - - - .
By comparing Eq. (4.12) with Eq. (4.10), it is easily found that the power indices

k and n must be, respectively,

'R )
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1 2
k=, n= =, 4.13
3 3 (4.13)
and, hence,
u=s¥fip) + O(s) . (4.14)

In quite the same way, detailed examinations reveal that Taylor expansions of the
total enthalpy function and concentration function consistent with a set of equations
given by Egs. (3.5b) to (3.5¢) must have forms

H=g,(p)+0(s%) ,

K=24() +0(s), (4.15)

where a power index, m, involved in Eq. (4.6), which is also consistent with the set
of equations, has been found to be

1

m= —.
3

(4.16)

Since average specific heat for constant pressure of binary gas mixture is given by
the equation

o

A [CnK+Cp(1-K)] =1 - ek, (4.17)
p2

Cp=

!

P2
the temperature may be expressed by use of Eqgs. (3.5f) and (4.17) as

H~—1~u2 TQ

T 2 TH
(l—afzK)<He__-1_u§ urs ) ’ (.18
2

which is further reduced, by use of Eq. (4.15), to

T 9 ot 4.18b
T, Hi—agy ¢ (4.180)

where

H=1-T1"1.41, (4.19)

and is considered approximately to be unity for hypersonic flow.
An expression of density is a point of interest. It may be obtained from the
equation of state for each component species by the following procedure;

K

1—-K
Ph=p,R\T= M eRT, Po=pR,T=

1 2

pRT,
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al K I—-K a1
then )=p+p.—=pRT[—=" - ): RT,
P=DP(+P.=p M, - M, 0 M,
. 0, T
Hence, Ho=l=-a,K) -
0 T,
= U=m@de | o) (4.20)
1“(}'2:0
M.
where = 1l— 7 421
491 M, ( )

Estimation of the transport properties involved in Egs. (3.5b) to (3.5¢) is an-
other point of interest. 1t can be done exactly by use of the atomic kinetic theory
of gases and each transport property is obtained as a function of total enthalpy and
concentration, which may be further expanded into a power series of s as well. The
procedure for evaluation of the transport properties is shown in Appendices A and
B in detail.

Substitution of Egs. (4.1), (4.10), (4.14), (4.15), (4.18b) and (4.20) together
with series expressions of transport properties developed in the appendices into
Egs. (3.5b) to (3.5¢) and equating like power of s yields, as leading terms, the fol-
lowing simultaneous equations with respect to f,, g, and 2,, which may predict the
boundary layer flow near the region of stagnation of blunt-nosed bodies of
revolution;

2 17 — yé 9
O e s R J=0.-
3 3 "‘0.'22.0 _
Co N, 2., N
(?9" g") + gfogo"}‘(sbozo) =0,
C0 ’ 2 - (4.22)
(—5;’— za) + 5 fots=0,
by @200 (So—Py)Cq
1““&2Z0 POSO

b

where C,, P, and S, indicate the leading terms of Taylor expansions of Chapman-
Rubesin number, Prandtl number and Schmidt number with respect to s and are
expressed as a function of g, and z,, respectively (see Appendix B).

S. BouUNDARY CONDITIONS

It is clear that, in order to obtain the solutions to Eq. (4.22), seven boundary
conditions are required. Unfortunately, however, there seem to exist only four ex-
plicit conditions such as a non-slip condition at the wall and other three conditions
to make boundary layer flow compatible with outer inviscid flow. They are

=0 at 2=0,

=1, go=1, z,=0 at p=oo. SR
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The final condition in Eq. (5.1) indicates an additional restriction that convection
and diffusion of the foreign gas species must be confined to inside of the boundary
layer.

The other three boundary conditions required for Eq. (4.22) can be derived
from discussions on relations associated with physical quantities at the ablating
surtace. It is evident that distribution of wall temperature consistent with the de-
velopment of the boundary layer equations mentioned in the last section must have
a form {

Tlv - Tw() + O(Si) . (52) 1

where 7., denotes wall temperature just at the stagnation point and is unknown a
priori. Substitution of Egs. (4.15), (4.17) and (5.2) into Eq. (3.5f) and equat-
ing like power of s yields, as a leading term, a boundary condition indicating a re-
lation between wall enthalpy and surface temperature at the stagnation point, that is

gou':(l _‘azzow)Two . (5'3)

In quite the same way, the physical condition that there is no net mass transfer of
air into the wall gives a relation

B (pﬁ %)w:(l—Kw)(pg)w’ (5.4

which may be further reduced, near the region of stagnation point, to

Co ., 2
("S’:‘ Zo) w = —3“ (1 —Zozu)wa . (55)

It remains to discuss the final condition. It can be obtained in such a way that
heat transfer from the boundary layer must be equal to sum of the heat absorbed in
latent heat for sublimation and the heat conducted inside the body, that is {‘

(_ oT
E ———

“8)7 )i«—-+o:_(pmw+(zb o )i:—o. (5.6)

9y

In order to reduce this equation, the heat conducting inside the body must be
clarified. For this purpose it is assumed that the temperature gradient in X-direc-
tion is negligible inside the body compared with that in p-direction. With this
assumption, the heat conduction equation can be written as

_ 0T __ = oT __ = oT oy
=5,C =3,C, %t 9V

B T Ty T T
'—'—Pbébﬁb =
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Consequently,

_ 0T . = 4T
Ky — - =mC, , 5.7
"oy "oy 0
where M= —p,0,=(p?),, (5.8)
and the boundary conditions are given by
T=T, at y=0 }
T ’ 5.9
T: Tl) at )7: —_ o0 ., ( )

Therefore, the solution to Eq. (5.7) appropriate to Eq. (5.9) can be obtained as

t. T'=T,+T.-T, exp < Cym P) ) (5.10)

Ky

Thus, by use of Eq. (5.10), Eq. (5.6) may be summarized near the region of
stagnation point as (see Appendix C)

P (L 00 ) 2py (G gy

I— ®1Zg TwO 1 — O/

L

p'.’Tst

= _ , (5.11)

!

where P. denotes Prandtl number for air and E\(zy,) is given by Eq. (A.2.9) in
Appendix A.

Here an attention must be paid to the fact that the fundamental equations,
Eq. (4.22), and the associated boundary conditions, Egs. (5.1), (5.3), (5.5) and
(5.11), does not involve any perimetric condition except for T,, and T,, since
T,=1 for any hypersonic stagnation flow. This clearly indicates that the solutions
to Eq. (4.22) can be obtained uniquely irrespective of the perimetric conditions

.);E . associated with the outer inviscid hypersonic flow.

6. DYNAMIC RELATION FOR ABLATION RATE

In the last two sections, the boundary layer equations and appropriate boundary
conditions have been derived on the basis of the Taylor expansion of physical prop-
erties with respect to ¥. In quite the same way, the aerodynamic relation for
ablation rate can be obtained near the region of stagnation point by the following
procedure.

Since ablation rate is defined as the rate of mass loss of surface material per unit
surface area and unit time, it is expressed as the mass flow rate of surface injection,
that is

M= (00) = P,ii* (00)y, »

th i
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and this may be reduced by use of the stream function defined by Eqgs. (4.1) and
(4.11) to a series expansion form

§ b

Therefore, the ablation rate at the stagnation point, i1y, can be obtained as

= 2 ais o ( P >%
Py = — =-39p ™ | — =5 w 6.2
Lo lo psﬁ*Rb f() ( )

which may be further reexpressed by use of conditions in free stream as

o= 246 3m L5 4 6.3
my —“‘-3—“ ( oc) \,Re“ pé'{,aslfows ( . )

where p,, and @,, denote density and speed of sound at stagnation in free stream,
respectively, and Re is a Reynolds number defined by free stream conditions and
radius of body curvature as

Re= PolRo (6.4)
i,

J(M.)) denotes a function of free stream Mach number expressed by the equation

JM )= (,\/ 8 __},,_&) MM — i — it . (6.5)

3 ) a — L\
P2 Do w2y (14 T D)o

where ¢ and 2, are given by Egs. (4.3a) and (4.3b), respectively.

It must be noticed that. since f, in Eq. (6.3) can be obtained as a solution of
the boundary layer cquations. wall temperature, T . is included implicitly in it.
Therefore, Eq. (6.3) may be considered to correspond to a representative form of
the dynamic relation between ablation rate and wall temperature such as expressed
by Eq. (2.2).

7. NUMERICAL CALCULATION FOR TEFLON ABLATOR
AND RESULTS

As has been already mentioned in section 5, the boundary value problem de-
veloped in the present approach is a closed one and the solutions to Eq. (4.22)
can be, in principle, obtained under the given boundary conditions—four explicit
conditions and three physical conditions.  However, since Eq. (4.22) denotes very
complicated non-linear simultancous cquations. it seems that only a numerical
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method of integration is available. Moreover. it must be noticed that a direct inte-
gration of Eq. (4.22) can not be made readily starting at »=0. This mathematical
difficulty clearly arises from the fact that the present approach is of a two-points
boundary value problem having its boundary conditions both atp=0 and = oo,

In order to avoid this difficulty some mathematical manipulations are introduced
for starting numerical integrations outwards from the body surface, which may be
done by the following procedure. First. three explicit conditions at y= oo are to
be excluded from the boundary conditions. These are

f6:1 . -(10:1 s ZO‘_“O at n=0o0. (71)

On the other hand, for the purpose of making up for shortage of the boundary con-
ditions just excluded, other three boundary values such as fows fow and z,,, are then
assumed at »=0. These assumed values, in turn, turn out three appropriate
boundary conditions of Jows 20w and g, for a fixed value of T, by use of Egs.
(5.3), and (5.5) and (5.1 [), respectively. Consequently, it will be easily found
that these six boundary values together with the non-slip condition, f;,=0, give a
set of boundary conditions sufficient for starting of the numerical integrations from
7=0. The excluded conditions shown in Eq. (7.1) may be, therefore, used as
conditions for convergency of the solutions in the present approach together with
additional conditions

f[;/: 6”: g’:ga’:zs:za’:o , at = 0 ., (72
0 Vi

It must be noted that these additional conditions may, at a glance, seem to result
in over-determination of the solutions. However, this difficulty might be found from
detailed examination of Eq. (4.22) to be avoided reasonably for the reason that the
solutions to Eq. (4.22) have an exponential, asymptotic behaviour when » tends to
infinity and, therefore, Eq. (7.2) must be satisfied automatically by the solutions
required. Thus, Eq. (7.2) should be considered to be used as conditions for more
rigorous justification of convergency of the solutions.

The actual calculation was carried out for teflon ablator by use of a HITAC 5020
high speed electronic computer. Integration of Eq. (4.22) was made step by step
outwards starting from the body surface by assuming a proper set of boundary
values (fou, fo/w> Zow). If the solutions did not satisfy Eq. (7.1) for large value of
7, then, these assumed values were slightly adjusted and the integration was carried
out again. This trial and error method was continued to repeat again and again
until the solutions converged sufficiently to satisfy both Eq. (7.1) and (7.2).

The reason for choosing teflon ablator as an example is clearly due to the fact
that it may be a proper material satisfying all assumptions made in the present ap-
proach. For example, the volatile products from pyrolysis of polytetrafluoro-
ethylene (teflon) cited from Madorsky [20] are shown in Table 1. As is seen in
the table, the volatile products from teflon mainly consist of C.F,-gas and, con-
sequently, the present assumption of non-reacting binary gas mixture may be con-
firmed approximately in the temperature range from 500°C to 800°C. Moreover,
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)

TaBLE 1. Volatile products from pyrolysis of polytetra-
fluoroethylene (in per cent weight (ref. 20))

Component 500°C 800°C
HF ‘ 0 § 0
CF, 1.5 1.6
CiF, | 94.8 92.5
CsFy 1 3.7 | 5.9
Vpyrolysis 0 , 0

Total 100.0 : 100.0

the static relation between 7 and T',, for teflon has already been proposed by Rashis
and Hopko [21] such as shown in Fig. 2.

2. sec' )
o

o)

T

-

% 10° (grcm?-sec

o
e}

m
>
o

3.0

2.0

0.0 L
500 550 600 650 700 750 q"

T (°C)

Fic. 2. Static relation between m and T, for teflon (ref. 21)

The substantial properties for air, C2F'y-gas and solid teflon, which are used in
the present calculation, are

air
M,=29
C,.=0.28 cal-gr-*-deg™*
3,=3.62 A
QED*=0.79
C,F,-gas
M, =100

C,=0.32cal-gr ! -deg™
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d,=5.00 A
QD% = (.90
teflon

C,=0.22 cal-gr-t.deg-!

0y=2.19 gr-cm3

#p=06.00X 10" cal-cm~!.sec~!.deg-!
L =35 kcal -mol-1

Figs. 3a to 3d show several examples of the solutions of Eq. (4.22) for T,y=
0.15, 0.45, 0.65 and 0.90, respectively. It must be noticed here that T,, in the
figures denotes non-dimensional wall temperature defined by the ratio of wall
temperature, T,,,, at stagnation point, to stagnation temperature, T,,, in free stream.
In Fig. 4 are presented variations of fows 1o’ w> Zow With T,y which are the most im-
portant results in the present approach. As is seen in the figure, (—f,).», Which
corresponds to the surface injection of foreign gas species due to ablation, tends to
increase as T, decreases. This clearly indicates a physical fact that the ablation
rate must be increased in order to keep the ablating surface at low temperature,
since a small value of T, corresponds to a large temperature difference between
ablating surface and outer inviscid flow and, consequently, this may cause a large
heat transfer to the wall.

Now that the solutions of boundary layer equations are obtained, the aero-
dynamic relation for ablation rate can be calculated under given perimetric con-
ditions by use of Eq. (6.3). Thus, by matching of Eq. (6.3) with the static re-
lation shown in Fig. 2, the ablation rate can be determined uniquely. Fig. 5 shows

fo fo
6.0 6.0
gulz.

5.0 5.0 1.0
4.0 4,0 0.8
3.0 3.0 0.6
2.0 2.0 0.4
1.0 1.0 0.2
0.0 0.0 0.0
~1.0 -1.0

FiG. 3a. Solutions to Eq. (4.22). T,,=0.15 FIG. 3b. Solutions to Eq. (4.22). T,,,=0.45

T,=0.233, teflon T,=0.233, teflon
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fo I— T fo

6.0 6.0

90'10 go' z°
5.0 — 1,0 5,0 1.0
4.0 0.8 4.0 0.8
3,0 0.6 3.0 0.6
2.0 0.4 2.0 0.4
1.0 0,2 Y 0.2
0.0 0.0 0.0 p " 0.0
8 10 L]
! |
iy | o

FI1G. 3c. Solutions to Eq. (4.22). T=0.65
T,=0.233, teflon

variation of ablation rate with stagnation temperature in free stream, in which the
radius of body curvature at stagnation point is included as a parameter. The figure
shows that the ablation rate increases gradually with increase of stagnation temper-
ature, while it decreases as the radius of body curvature grows. However, this trend

0.8

Fi1c. 3d. Solutions to Eq. (4.22). T4=0.90
T,=0.233, teflon

(~fole,fou: Zow

0.7

0.5 —

fa,

0.4

0.3

0.2 -

0.l

0.0

0.0 0.2

0.4

FiG. 4. Variation of fow, fow and zg,, with T, for teflon
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Fic. 5. Variation of ablation rate with stagnation temperature in
free stream. Teflon, Mw=5.74, ps;=1 atm, T, =0.233
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Fic. 6. Variation of wall temperature with stagnation temperature
in free stream. Teflon, M«.=5.74, ps;=1 atm, T3=0.233

This document is provided by JAXA.




106 K. Karashima and H. Kubota

may be easily recognized from the result of thc conventional laminar boundary
layer theory that the surface heat transfer rate is inversely proportional to squarc
root of Reynolds number referred to the radius of body curvature.

In Fig. 6 is presented variation of wall temperature with stagnation temperature
for teflon ablator, in which the radius of body curvature is involved as a parameter.
The figure clearly indicates a remarkable result that the wall temperature does not
rise so much as the stagnation temperature increases, thus giving an quantitative
evidence on effect of ablation shielding that a large amount of heat flow from
boundary layer is absorbed efficiently in the latent heat required for phase change of
the surface material, as has been already mentioned in section 1. Fig. 7 indicates
alternative results for ablation rate in order to clarify the effect of body curvature.

Fig. 8 shows the effect of free stream Mach number on ablation rate. As is seen
in the figure, it decreases with increasing Mach number. This trend, however, is
clearly due to the fact that the heat transfer rate is proportional to the density in
boundary layer which decreases with increase of Mach number, if the stagnation

7.0

)

10° (gr-cm?: sec

Me X

0.0 .
0.5 1.0 1.5 2.0 2.5 3.0

Ry (cm)

Fi1c. 7. Variation of ablation rate with radius of body curvature.
Teflon, M..=5.74, pss=1 atm, Tp=0.233
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e conditions in free stream are fixed.
4 Thickness of the boundary layer and the associated heat transfer rate to the ablat-

ing surface are other points of interest. The former can be evaluated by use of
Egs. (3.4) and (4.6) as

0=4 ﬁeﬁea, (7.3)
where
5=13-% 7 (1—ay20) g, dy, .
0 ] —O.’EZQ l 7 4
ﬁ-_-(_i%_)*f (14 2)H2r M — = DI {(r— DM + 211 | (74
{ ) 8 34+ DMY

In Fig. 9 is presented variation of boundary layer thickness for T ,,=0.65 with
stagnation temperature, in which d, and d,, denote boundary layer thickness with
and without ablation, respectively. The thickness with ablation is found to grow
by 33 per cents than that without ablation, as is seen in the figure. Fig. 10 shows
an example of relative decrease of acrodynamic heating itself due to boundary layer
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{ grenmi®sec™)
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FiG. 8. Effect of free stream Mach number on ablation rate
Teflon, Ry=1cm, ps;=1 atm, T5=0.233
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Fi1G. 9. Variation of boundary layer thickness with stagnation temperature in
free stream. Teflon, Mo =5.74, ps;=1 atm, T, =0.65, T, =0.233
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FiG, 10. Relative decrease of heat transfer rate. Teflon,
Mwo=5.74, ;=1 atm, Ry=1cm, T,=0.233
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growth. In the figure, §, and g,, indicate heat transter rates with and without ab-
lation, respectively, which may be defined by the equations

¢ a~=@3§) =|CT—Ty)+Llm, (7.5)
oy fw=se
. — ] 5 . . o~ .71 ” 0.1
J {no= sz 9"76—(Te - Tu')((orﬂl'uo)z (Q:fﬁ"él“z‘") » (7'6)
Py’ Delle

where =1 \/_8_: 1 (7.7

3 (4R,

It must, however, be noted that, in Fig. 10, the heat transter rate without ab-
lation, §@,,, is estimated under the same wall temperature that will be obtained when
ablation occurs. Since the heat transfer rate with ablation is essentially different in
L physical feature from that without ablation and resulting wall temperature may be
v different from one another, such a comparison as shown in Fig. 10 might, exactly
speaking, be non-sense, although it may be of a tentative measure for relative re-
duction of the heat transfer itself due to growth of the boundary layer thickness.
Any way, those results presented in Figs. 9 and 10 might be considered to be a
quantitative confirmation on shielding effect of boundary layer growth mentioned in
section 1.

In Fig. 10 is also presented the effective heat of ablation defined by the equation

i, = (7.8)

Although the effective heat of ablation may have been used in many existing papers
for the purpose of representing the effectiveness of the ablators, it seems that such a
definition as expressed by Eq. (7.8) might lead to no rigorous quantitative infor-
mation about the effectiveness of the ablators, since §,, (which is defined as the
Q' heat transfer rate without ablation) and 7, can not be defined at the same time.
: Furthermore, if it were to be done, another curiosity arises that g,, can not be
single-valued in the sense that it depends upon the choice of either material or wall
temperature or both. Therefore, the effective heat of ablation should be considered
as representative measure of the effectiveness of the ablators.

A comparison of the theoretical results with experimental data is another point of
interest in order to confirm the validity of the present approach. In Fig. 11 are
plotted the unpublished experimental data for teflon obtained by Kawamura, Kara-
shima and Sato [22] together with theoretical results for comparison. As is seen in
the figure, the present approach agrees well with the experimental data over wide
ranges of stagnation temperature in free stream and the radius of body curvature,
thus giving an experimental evidence on validity of the theory. A slight deviation
of the experimental data at comparatively high stagnation temperatures may be due
to the error in measurement of the stagnation temperature.
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Fic. 11, Comparison of theory with experiment. Teflon,
M..=5.74, pss=1 atm

For the purpose of clarifying the effect of transport properties on boundary layer
behaviour concerning the ablating field, numerical calculation was further carried
out, as an example, for T,,=0.764 by keeping either Chapman-Rubesin number
Cy, Prandtl number P, or Schmidt number S, constant across the boundary layer at
their wall values obtained from exact calculation, respectively, and the results for
fow are shown in Table 2a to 2c together with its exact value for comparison. It 18
clear from the tables that a simple evaluation of Chapman-Rubesin number and
Schmidt number results in a serious error in solutions of the boundary layer equa-
tions, while Prandtl number has less influence. In order to examine this circum-
stance in more detail, variations of C,, P, and S, with concentration 2, are plotted
in Fig. 12. As is seen in the figure, a small change of concentration leads to a re-
latively large change of C, and S, rather than P,. Since average viscosity and
thermal conductivity of binary gas mixture have the same trend of dependence on
concentration, the effect of change in concentration on Prandtl number seems to be
cancelled to keep its value almost constant across the boundary layer. The reason
for slight dependence of solutions of the boundary layer equations on a simple
evaluation of Prandtl number may be, therefore, laid on this point.
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TaBLE 2a. Effect of simple evaluation of Chapman-Rubesin number
on a solution of boundary layer equations

(‘“f())w [ Error
Exact ; 0.120 '
|
CQ"——’—'Cow E 0-134 I +11-7%

TABLE 2b. Effect of simple evaluation of Prandtl number
on a solution of boundary layer equations

~fw | Error
Exact 0.120
Py=P,,, | 0.123 : +2.50%

TaBLE 2c. Effect of simple evaluation of Schmidt number
on a solution of boundary layer equations

l‘if ‘ (—fo)w Error
Exact | 0.120 |
So=50,, | 0.110 | —8.34%
P, So
Cogd
1,4 g
1.2 13.0
; 1.0
o
: 0.8
12.0
0.6
0.4
0.2 1.0
0.0

0.0 0,2 0.4 0.6 0.8 1.0
< 2,

Fic. 12. Variation of Cy, P, and S, with z, for CyF,-air mixture
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8. CONCLUSION

An analytical approach has been presented to stagnation ablation associated with
hypersonic reentry of blunt-nosed bodies of revolution, indicating that all physical
properties concerning the ablating field can be uniquely determined under given
boundary conditions by matching of an aerodynamic relation with a static one ob-
tained from chemical kinetics.

1t was shown that a simple evaluation of transport coeflicients except for Prandtl
number results in serious errors in solutions of boundary layer equations, thus indi-
cating that viscosity and diffusivity of binary gas mixture play a main role in con-
trolling the aerodynamic characteristics of the ablating field.

Numerical calculation carried out for teflon ablator showed that boundary layer
thickness with ablation grows larger than that without ablation and the associated
heat transfer rate decreases considerably. This trend together with a remarkable
result that the wall temperature does not rise so much as the stagnation temperaturc
in free stream increases clearly gives a quantitative evidence on the effects of shield-
ing the aerodynamic heating by vaporization.

From the practical point of view, the efficient ablator seems to be so defined as
the material that can keep its surface at comparatively low temperature by means
of ablation with small mass loss rate even for high enthalpy flow outside the bound-
ary layer. With this definition, it can be easily found from qualitative examination
of the aerodynamic shielding mechanism that there exist several substantial factors
coming into play in controlling the shielding characteristics, which may be sum-
marized as follows;

(1) light molecular weight of generated gas,

(2) large latent heat for sublimation,

(3) large specific heat and small thermal conductivity of solid material.

ACKNOWLEDGEMENT

The authors express their sincere gratitude to Prof. R. Kawamura for his valuable
advices and instructive comments upon this work.

Department of Aerodynamics

Institute of Space and Aeronautical Science
University of Tokyo, Tokyo

April 18, 1967

This document is provided by JAXA.




xiy

Aecrodvinamic Study of Stagnation Ablation 113

APPENDIX A TRANSPORT COEFFICIENTS

A-1. Coefficient of Viscosity

For a pure gas species ¢ the kinetic thcory gives

71:=266.93 %X 10‘7.%{1;“ (gr-cm-t.sec1), (A.1.D)
g
where o;=collision diameter (}&) ,

Q¢»* =non-dimensional collision integral.

By use of Eq. (A.1.1), Wilke [23] gives an expression for mean coeflicient of
viscosity of a gas mixture containing y-components as

v v -1
= ;7, (1 +A.};1Gg,ﬂ fl"-) (gr-cm~t.sec7!), (A.1.2)
K#i g

where ¢; denotes mole fraction of species i defined by the equation

K‘t( Ki)” A.1.3
=ty R 1.3)
and
() () T
G, = fx Mi} . (A.1.4)
2%<1+_M_L>'
M,

Therefore, for a binary gas mixture Eq. (A.1.2) can be reduced, together with an
additional assumption that each species occupying the same space has the same
temperature, to

-fL:[ 1K 1=K ](T> (A.1.5)
v LGGrU—iGK " 1T+ mG—DK I\T,

i

where

G=G,,, =t ﬁq:ﬂ?_,
M (A.1.6)

K:Kl, Kg':—l‘—K.

This additional assumption enables to evaluate the ratio of viscosities for each pure
species as

= 3 G (-Ml )5 (_@—)2 Qo —=const . (A.1.7)

2,2) 5%
1t Qeo*

gy
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Taylor expansion of Eq. (A.1.5) by use of Egs. (4.15) and (4.18b) leads to

M= Ef(z)gd 4 Os3) (A.1.8)
e
where
Ez)= b t S SR Sk S _] , (A.1.9)

A-2. Coefficient of Thermal Conductivity

The kinetic theory concerning thermal conductivity for polyatomic gases is not so
complete as for monatomic ones. However, if certain assumptions are made in
order to apply Chapman-Enskog theory available strictly for monatomic gases at
low temperature, the theory may be reasonably extended to gas mixtures of poly-
atomic molecules. It can be shown that there exist many cases in which velocity
distribution function for particles having no internal energy can represent the ve-
locity distribution function for the ones having internal energy. Dorrance [24] sug-
gests from detailed examinations that almost all simple polyatomic molecules may
belong to such cases.

For a pure monatomic gas of species ¢, Chapman-Enskog theory yields for
thermal conductivity

_ 15 R _
= ; (cal-cm~.sec™'-deg™). A2.1
£ 1 Mi# ( g7) ( )

Here an assumption is introduced that the thermal conductivity denoted by Eq.
(A.2.1) can be considered as that of the idealized polyatomic gas having no inter-
nal energy mode and the thermal conductivity of actual polyatomic gas k; may be
given by use of a correction factor of Eucken as

¥=rEu;, (A.2.2)

where

Eu;=Fucken factor=0.115+0.354 R}’i . (A.2.3)

Q

Therefore, the thermal conductivity for a gas mixture containing v-components may
be expressed as

v v -1
F=3 E§(1 +1.065 ) Gl _CL) (cal-cm~1.sec-1.deg-l), (A.2.4)
i=1 k=1

c,
ki t

where
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By use of Eq. (A.2.4), the mean thermal conductivity can be obtained for a
binary gas mixture as

i - !
L {\ "ET ST ;hK___H_] (_l) , (A.2.6)
Ko _1G'+ (1 —pGHK I +(mG — 1K T,

where

F= K Bl My

Ky &y Eug My 70.1151?-1—0.354M1C_',,1
i\‘é K;-_] Eug Ml Ha 0.115R+0.354M262,2 ’ } (A.2.7)
G'=1.065G;, .
Thus, Taylor expansion of Eq. (A.2.6) yields
Foo B gy oes, (A.2.8)
Ke N _“CYQZ()
where
) k2 1—-2z
E( :t 52 v 1% ] A2.9
2 () WG +(1—aG)hz, 1+ (mG —1)z, ( )
APPENDIX B NON-DIMENSIONAL CHARACTERISTIC NUMBERS
B-1. Chapman-Rubesin Number
Chapman-Rubesin number is defined by the equation
Cc=P¢ . (B.1.1)
Pette
Substitution of Egs. (4.20) and (A.1.8) into Eq. (B.1.1) leads to
C=C,+0(s%), (B.1.2)
where
CO_—_— \ll"‘CYgZO l: ;tZO + i 1""'20 :Ig(;é' (B.1.3)

B-2. Prandtl Number

Prandtl number is defined by the equation
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p= S, (B.2.1)
KN
and is rewritten as
o C,- " va_,_.'iv
P= ( q"’i) e —p, M
K ¢ K - K ’
KNe Ke

where P. denotes Prandtl number for air, since it is defined by conditions only at
outer edge of the boundary layer where concentration of foreign gas species
vanishes. Substitution of Egs. (4.17), (A.L.8) and (A.2.8) into the above equa-
tion gives

P=Py+0(s%), (B.2.2)
where
Po(1 ——(VZZO){:._.—_B,Z_O—:_ —— + ...,w,i:_i“_.__]
P,= _ ftG—i- (1—-1G)z, 14(nG— Dz, - ' (B.2.3)
,CZO ]'__ZO

+ _
WG 1 (—aG),  1+(mG =1z,

B-3. Schmidt Number

Before presenting the expression of Schmidt number, binary diffusion coefficient
must be first defined. [t may be given by the equation (see ref. 24)

D =262.8x% 10—5—-”17%‘3*@”;?1)—;—” (sz'SeC"l) s (B.3.1)
12

where G1o=

Q. V% —non-dimensional collision integral .

By use of pressure given by the equation

P=pRT (~——+ '
Eq. (B.3.1) can be rewritten as

D=D - ""*—— (B.3.2)
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where

(J_‘f’,}:.tM : ) :
S i e ns \ 2M M,
b=262.8x10 5#](7332?)(1.'13*“'

Schmidt number is defined as

S=_I" B.3.3
5D ( )
Rewriting visocity coefficient as
=Lt g, =15, T, (B.3.4)
e Ue
M}

jie=266.93 % 10-7_

E%Qg‘lvz)*

, (B.3.5)

and substituting Egs. (B.3.2) and (B.3.4) into Eq. (B.3.3) then leads to

S= Ml _(1—qK) (_T) '
M,D pe N\ T

It is clear from the above equation that the term [{e/Mgf) denotes Schmidt num-
ber defined for pure air, S., since S must tend to S. as the outer edge of the bound-
ary layer is approached. Therefore,

S=Sy(1 —a,K)L (Ie_y . (B.3.6)
pe \ T

Taylor expansion of Eq. (B.3.6) gives

) S=S,+0(s%), (B.3.7)
qfﬁ’ where
\ Y |-z ’
. Sy =So(l —a,z [~ o o 1-% J (B.3.8)
1=3a(l — o) pG+(1—iGz, 14+ (G—1)z,

B-4. Lewis Number

Lewis number is defined by the equation

Y
Le="_. B.4.1
S ( )

Taylor expansion of Eq. (B.4.1) leads to

Le_—:% +0(sh), (B.4.2)

0
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where P, and S, are given by Eqgs. (B.2.3) and (B.3.8), respectively.

ApPPENDIX C

Each term in Eq. (5.6) can be rewritten, respectively, after some manipulations

as

_oT ) _ 3%T.0.T. (_L) [__a_( T )]
(IC a}_) P _)—7* P w0t " “i;: ot ’ (C. 1)
fz(p'l_)‘) w— " ﬁr“{f& P2 ‘-‘"l”“‘ (¢'.v)w ’ (C2)
y PwTero
. aT ) TCeT.nPwT(! T T P Cb l-
Cp — - — = e e w— Q- )w - C3
(ho af y=-0 _)_/* ( b) CpQ .owTerO (Sb ) ( )

Substitution of these equations into Eq. (5.6) gives

T P, C
T K L NSt
e e wtelo P2

where 1 (¢.), may be expressed as
ry

L :_L( 9 , 0p éz) 05
(@ o) re \ os + anp ds /v ox

Fo
2 -
= Pe#ero[—:{s %fow + -g—Q15%f1w+ v ]

— 3} _i_pefow-l—O(s%) . (C.5)

Therefore, substitution of Egs. (A.2.8), (4.18b), (5.2) and (C.5) into Eq. (C.4)
and equating like power of s, yields after some manipulations,
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