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ABSTRACT

An approximate analytic solution has been developed for the

ablated volume and shape of a metal sphere at hypersonic speeds
in the early stages of aerodynamic ablation. The process of abla-
tion, due to aerodynamic heating, is a very complicated phenom-

enon because of the possible existence of two layers - gas and
liquid. If the metal surface is molten, then a liquid layer of mol-
ten metal is formed between the boundary layer of gas and the
solid surface. The interdependent factors flight time, flight con-
ditions, and body shape cause a variation of aerodynamic charac-
teristics as a function of the trajectory. Furthermore, the aero-
dynamic ablation is responsible for a change in the shape of the

body. Two cases of aerodynamic ablation were investigated. The
first case considered the melting of body material alone, and

the second considered melting with partial evaporation.

The analysis given in this report is useful to determine the

flight conditions under which the metal sphere may travel with
little or no ablation. With the assumption that the flow over the
sphere is laminar, Newton's impact theory is applicable and the
gas does not dissociate; the total ablated volume and shape of
the sphere can be computed as a function of flight trajectory by
using the analysis developed in this report.

PROBLEM STATUS

This is a final report on this phase of the project; work on
this problem is continuing.

AUTHORIZATION

NRL Problem F04-04
Project HR 009-03-45-5801

Manuscript submitted July 5, 1963.
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ANALYSIS OF THE AERODYNAMIC
ABLATION OF A METAL SPHERE

INTRODUCTION

The natural phenomenon of ablation can be observed at night when meteoroids burn
because of aerodynamic heating and leave luminous trails. The problem of aerodynamic
ablation is an important scientific and technical subject of many aerospace programs.

During hypersonic flight in an atmospheric environment, excessive heat is generated.
Structures intended for high-speed flight must be protected from this intense heating.
Ablation is a heat- and mass-transfer phenomenon, involving a physical and chemical
process which protects the structure from disintegration by effective removal of heat
from the body surface. When the wall temperature of a metallic body reaches the melting
point, the surface material begins to melt, and a liquid layer is formed. The melt is
swept downstream by aerodynamic pressure and shear forces. If the temperature of the
surface increases further, the surface material evaporates and the metallic gas pene-
trates into the surrounding gas layer, reducing the heat flux into the solid body.

A survey of available references on aerodynamic ablation shows that the problem of
ablation has been treated for the most part analytically, since experimental results are
scarce. Goodman (1) developed an analysis of the liquid layer which takes into account
the heat penetration into the solid body. Bethe and Adams (2) and Hidalgo (3) analyzed
the ablation of glassy materials, and Scala (4), Roberts (5), and Goodman (6) solved the
stagnation point ablation problem. Goodman (7) found a particular solution for the abla-
tion of a flat plate with a constant heat flux, and Roberts (8) formulated an engineering
solution for the sublimation of a blunt body.

A sphere is widely used for aerodynamic experiments, and its blunted nose absorbs
a high heat flux. Some experimental data on ablation of metal spheres are available at
NRL. A theoretical analysis of the ablation of a metal sphere is desired. Depending
upon flight conditions, three cases of ablation may occur: ablation due to melting only,
ablation due to melting and partial evaporation, and ablation due to sublimation only.
Roberts (8) solved the sublimation-only case with an engineering solution.

After examination of the available analytical and experimental references on the
problem, an attempt is made in this report to predict the total volume ablated and the
new shape of the sphere, due to melting only, and due to melting and partial evaporation.
The solution presented is limited to the early stages of ablation of a metal sphere. For
the analysis, it is assumed that the gas and liquid flow are laminar, and that the gas flow
is Newtonian. Although, because of the complicated process of ablation which depends on
the characteristics of flow, time, and the shape of the body, only the initial condition of
ablation is analyzed, the developed analytical method is useful to designers and research
scientists because the flight conditions for zero ablation can be determined by this
method. For example, the ambient pressure for flight with zero ablation or the time at
which ablation starts can be computed. For such calculations the velocity and trajectory
are assumed to be known as a function of time. Therefore, a steady-flow analysis can be

Note: Dr. Chang is a faculty member of the Department of Mechanical Engineering, The
Catholic University of America. He is a part time employee of the Naval Research
Laboratory-.
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carried out, because for small time intervals, the characteristics of flow and the shape

of the body may be assumed independent of time. It is further assumed that the gas is

nondissociative. The reasons for this assumption are as follows: Dissociation occurs if

the temperature is high and high-energy molecules collide. For molecules of oxygen and

nitrogen, of which air consists, the dissociation occurs for oxygen at 3000'K and nitrogen

at 50000K, when these molecules collide with others of the lowest minimum relative ki-

netic energy D (9). The values of D/kT for these elements are 59,300/T for oxygen and

113,100/T for nitrogen, where k is Boltzmann's constant (1.38x10- 1 6 erg/molecule-°K).

However, molecules with such high relative kinetic energies are rare, therefore, in order

for dissociation to occur, a considerable time is required. This is especially true for

nitrogen (9). This report deals with short-time ablation in the order of milliseconds;

therefore, dissociation of the gas has been neglected. This analysis is applicable for

very thin liquid layers in comparison to the radius of the sphere and in the range of Mach

numbers M > 6, where M refers to the free stream in front of the shock wave.

THE EQUATION OF THE LIQUID LAYER

From Fig. 1, it is seen that the volume of ablated material depends on the distance
h. However, because h s - •, in order to determine h, it is sufficient to compute s

and ý. Therefore, for the determination of
the thickness of the liquid layer ý, the

LIQUID LAYER equation of the liquid layer has to be
SHOCK WAVE / derived.

When melting occurs, a metallic body
has a definite surface of demarcation be-

tween the metal liquid and the solid, in
R contrast to a glassy heat-shield material

M _which possesses no distinct solid state.
The analytic solution for the total volume
of material ablated and the final shape of

the sphere will be presented for steady-

state ablation and laminar flow.

GAS BOUNDARYLAYER The equations governing the liquid
layer around a sphere are essentially the

A same as those for incompressible fluid
flow around a body of revolution. Initially

h ablation takes place as Fig. 1 indicates,

+x s r where the applicable coordinate system is
/x r also shown. The coordinate x along the

+ surface of the sphere is measured from

+ Ythe stagnation point, and the coordinate .y

is perpendicular to x. At the early stage
of ablation, the loss of mass is small and
the small arc length x may be replaced by
a straight segment on the gas/liquid inter-

face. For the computation the coordinate,
y is assumed to be parallel to h and s.

Fig. 1 - Sphere in hypersonic flight For steady-state incompressible flow,

the governing equations are

Continuity: '(ru) 3(rv)
-a. + - 0

2
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r

(u ýT ýa p (8u' -a (k ýTEnergy: PC -a- a a-+[ 3 + (y - -I 'ay

Momentum: pu Tx + pv y Ty t-)ý -Y

where I is the radiation heat flux.* Roberts (10) found that for a ballistic vehicle the
heat lost by radiation is negligible compared with the heat disposed of by ablation. For
simplicity, it is assumed that the dynamic viscosity I-. is constant. Because the viscos-
ity of the liquid layer is high and the inertia forces of the same layer are negligible, the
terms of pu(au/!x) and pv(6u/-y) in the momentum equation as well as u(<p/ax) and
,(pu/ay) 2 in the energy equation are neglected. The gradient of temperature DT/Ix is
small compared to aT/3y, and since u and v are also small, only the term -T/-y is
considered in the energy equation. Then the governing equations become

ý(ru) i (rv) (1)

hx •y

-(k _6 0. (2)

Equation (2) shows that the heat flux through the liquid layer is a constant; therefore

-2u - P (3)

/y x

From Eq. (1) for the liquid layer

'aru) _ (v
S -- dy =dy

Because the liquid layer is constantly swept downstream and is kept thin, r, the radial
coordinate from the center line to the surface, is regarded as constant. Hence

6 (ru)dy -r [v(s) - v(h)] (4)

and

•hs •f b~(ru) sh

J (ru) dy = dy + u(s)r - - ru(h) -- .ý_x I-ax T x -ax

Since the velocity on the surface of the body is zero, it follows that u(s) = o, and since
in the outer layer the vertical velocity v consists of local and convective velocity com-
ponents,

v(h) = -a + u(h), "3h

*A list of definitions of the symbols follows the main body of this report.
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and

2 J (ru) a
(ru) dy = X dy + rv(h) - r

From Eq. (4)

-- (ru) dy + r v(s) - 7- 0. (5)
bxh

If there exists a convective velocity caused by the change of density between liquid and

solid, then the normal velocity component in the liquid side of the liquid/solid interface
is given (11) by

V(S) - (1 'a S (6)

Denoting s - h, Eq. (5) is written as

C'b Psol bs(7

(ru) dy + r- r t (7)
ax Iat Pliq

Distribution of the Tangential Velocity

In order to solve Eq. (7), it is necessary to determine the tangential velocity u. The
quantity u is obtained by using the momentum equation

_3 - "a /z 2 .

By integrating and using the boundary condition

'au
j/-- = -T,'ay

at y = h, it follows that

3y = 1 F (s-h) - L (s-y) -y) .

By integrating once more with respect to y and using the boundary condition u(s) - 0 at

y = s, the velocity component in the x-direction becomes

I 'ap 2 i P ) 8

u = y) + [ -x(sh)] (s-y). (8)

Governing Equation of the Liquid Layer

The thickness of the liquid layer, C, can be determined by using the governing equa-
tion of the liquid layer.

4
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Substituting Eq. (8) into Eq. (7),

13 / [ 1 3 pr r - 3 x 3 T 2)+ -a 'F-I
S+ + r r r

2 P liq

This is the same equation as derived by Goodman (6). The right-hand side of Eq. (9) ex-
presses the rate of melt production, which is a function of external heat flux and the rate
of heat penetration into the solid. The effect of heat penetration into the solid due to
aerodynamic ablation is given by Goodman (1) as

p H- = q 1 -. • ] "
sal "at [ (F,v)J

(10)

Then Eq. (9) is reduced to

1 '3 [r (1 3P ý3 + -r2)i -a b q (-i+ + r -- = r (
A~liq ax 3 'ax + 2 q] -a liq H

where 0 is given implicitly in terms of F and v by

F-- 2+ 2(l+v) In 2(l+v) - 8]F = -•2v

F q 2 t p Hk sl*
adt/(PsoHsoI is)

and

(11)

(12)

V = /(Cso-Tis) .

Putting

21T G 1(x, t) (13)

Eq. (11) becomes (for steady conditions, where da/dt = o)

ýliq ax 3 'ax -2 q

qr q Gl(X, t)
Pli qH

Equation (14) may be regarded as the final equation of the liquid layer.

AERODYNAMIC ABLATION OF A METAL SPHERE

In the case of ablation due to melting only, the liquid viscosity is much larger than
that of the gas; therefore the tangential velocity of the liquid is small compared with the
gas velocity. Hence the existence of a liquid layer may be ignored for the evaluation of
property values of the gas layer, at the initial condition of ablation. The pressure dis-
tribution of gas layer over the liquid layer is assumed to be equal to that over the solid
surface. However, if evaporation occurs in addition to melting, then the evaporated
metal gas penetrates into the gas layer, and the gas layer characteristics will change.
This effect is given by shear stress ratio

Ti/To =

and, using Reynolds analogy,

5
C

C7

(9)

(14)



NAVAL RESEARCH LABORATORY

Ti/T0 = qi/q 0 = k (15)

where the subscript i refers to the gas/liquid interface and the subscript o to the non-
ablating body. The effect of gas-molecule dissociation due to aerodynamic heating at
high speeds is neglected in the analysis. This assumption may hold for the short atmos-

pheric flight path of 20 meters and the maximum Mach number of about 16 of the NRL

test facility, because nitrogen dissociation is not expected to be serious if it occurs (12).
The gas and liquid layers are assumed to be laminar.

Ablation Due to Melting Only

In order to solve Eq. (14) of the liquid layer, the liquid-flow properties contained in

this equation are determined through the gas-flow properties around the sphere. Since

the thin liquid layer is essentially a boundary layer, and since the static pressure of the

liquid is equal to that of the ambient gas, the pressure distribution of the liquid layer can

be formed by that of the gas around the sphere. The Newtonian impact theory at hyper-
sonic velocities yields the pressure coefficient around the sphere as c = 2 sin

2 6,

where 5 is the angle between the tangent to its local surface of the body and the stream
direction. Lees (13) proposed a modified Newtonian theory, which consists in scaling
down this result so as to be exact at the stagnation point of a blunt body, at which point

the correct value is known. Then the modified Newtonian relation is,

p = s - Po Cos •

This simple equation is in a very good agreement with experimental data in the region

o < x/R < 1.4. Hence, the pressure distribution around the sphere is determined from
Eq. (16):

P - Po. - (Ps-P.) cos
2 

(x/R)

Then

x - R snlR.

Shear Stress in the Liquid Layer

It is necessary to evaluate the shear stress in the liquid layer in Eq. (14). This

value can be, however, expressed by the shear stress of the gas layer. The shear stress

in the gas boundary layer can be computed if the thin liquid layer is ignored and the ve-

locity profile is assumed to be the shape of the dashed curve in Fig. 2. However, such a
velocity distribution deviates from the real velocity distribution in the gas boundary

layer, so the real shear stress is given by

"rrg -- igT K

where Trg and rig are real and ideal shear stresses in the gas and correspond to the

shear stresses of the velocity distributions of the gas boundary layer shown by full and

broken curves respectively in Fig. 2. K is a factor to be determined. Van Driest (14)

shows that for laminar gas flow, for a sphere,

"Tig = (2.64V ) 1 /2 (p .2 ) e .

6
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C

7

r

Accounting for heat transfer, -ig may be writ- <ý
ten as 

C

/ _________GAS BOUNDARY LAYER
Tj g (p ~l3//I */* P

2
)e/

(17) LIQUID LAYER

1.2 p./ýig ~ SOLID

where the superscript * refers to the property
values evaluated at the reference temperature
(15)

2 Fig. 2 - Velocity distributionT*/T, = 1 +0.03S Me + 0 .4.5 [ (T,,./T,) - 1. (17a)

The Mach number Me along the sphere surface behind the detached shock is approximated
(16) by

3 x (18)Me ;ý j R *

Using the isentropic flow relationship in the region between the shock wave and the body
surface,

ae = as 1 + 9 x 21

Then for a diatomic gas, y 1.4 and

3 27 3 X( 27 x2')9ez • - - a s -• To- R
eig 8 R

3  
R

and for diatomic gases at temperatures higher than 20000 K,

,u1 1/2

-ref (T/T re f) •

Therefore, from Eq. (17)

Tg -2.425 (aS/R) 3/ 2 x V(1 0 (pL) ex gas (T*/T) 3 / 2 
. (19)

For laminar flow, the ratio of shear stresses may be written as

T liq /I liq

- f
Trg N•gas

where

f = / II

lIiq 1 L [Ugas]
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The dynamic viscosity of molten metal is given by

log 1 0 (1- poise) A-+ B (20)

where A and B are constants. For aluminum A = 705 0 K and B = 0.474, and for iron

A = 1690 0 K and B = 0.854 (17).

Since

AIl iq [ AL
Lgas -ýejg 9/ /Ls ' ' ga' s

then

Tg [ li' (1 +rliq = Trr ýg , kb gas] 2 1Me 2)1/ f.

For a diatomic gas

Tliq = 2.425 (a- 3 / 2 -
27 x 2 \ IT. (1+ 9 x2)"1/

2 f tliq
j6 R2 fI•L, gas

where

2.425 _ (E)s gas Iliq fx

(i+~ 9 ) -2 27 x 2 \\(T* )32=cz G(
R2ý(14-40- -2,/\T 

2

2.425 2Pliq f
V 's , gas

(21)

(21a)

G 2 (x) = x 1 + • R2)

Differential Equation of the Liquid Layer and Determination
of the Liquid Layer Thickness

If in addition to the information of the preceding section the heat flux over the sphere

is known, then the differential equation of the liquid layer can be derived. The heat flux

around the hemisphere is given (18) by*

q -= qs J[ - 8 sin x(si] n x I/[Fa (X) + 8F 1/2(2
k (22)

= qsg ( )

where /3 = l-(p'/ps) and p' is the static pressure at the shoulder, and where

*The power 1/2 in Eq. (22) was erroneously omitted in Ref. 18.

8

(, 27 )2 3/2
4 0 _ ) ( *
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F. (x~) = (' (X ) + sin s M

and

Fb(~ - 1{(X)2 -(I) sin (c)[+ n2 (xi)] + 3 sin2 (x)+ ~sin4 ( x

For M > 6, /3 = 0.96.

The stagnation heat flux is computed from Ref. 19:

qs= . 6I(,D 1/ 2 , )1/2

pro. 6 \U,/ \P-u. D

Taking 8, = 1.1 (u./D) for a sphere,

Pe)- 1/2 (Y 1/2(P. 2: P. UCp (Tr - Tw).

1/2 -1/ 2
_ 0.8 ( eL

s= prO. 6 \•P
ALe\l/2 (23)Pý uc p (Tr - Tw) "

After substitution of Eqs. (16), (21), and (22), Eq. (14) becomes

A'L-q dx (12 ý + 14)
+C2(f 

+ 3)

where

3R [CO (- P )Co sin (2) +

qsg(x/R)
rPliqH Gl(X, t)

2 cos 2x) sin (i)

( I 2 (x) + dG 2 (x)

=aR sin (x) G2()

In order to estimate the magnitude of each term, a numerical computation is carried
out at the sonic point (see Appendix A). The following assumptions are made: a 4-cm-
diameter aluminum sphere travels at M = 15 for 0.003 sec in a standard atmosphere;
the thickness of the liquid layer is • = 0.001 cm. The results show the following orders
of magnitudes:

1= O(=05) , 62 = 0(105) -S3 = 0(0), and 64 = 0(1).

Since the magnitudes of the terms 63 and 64 are about 10% of the terms 61ý and e2ý,
the terms 63 and f4 are neglected. Physically 63 and •4 correspond to shear resist-
ance; on the other hand f1 and f2 express the pressure distribution around the sphere.
From these numerical examples it can be seen that the streamwise decreasing pressure
plays a much greater role in sweeping away the molten layer than does the shear force.
Equation (24) is then reduced to

(24)

( .......

r ......

•,,,,

9
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d-- + 6(X) 77(xt) (25)

where

'(x) = 1i/2

and

1X, t) -_ RAýliq qs sin (x/R) g(x/R) G1 (x, t)
PliqH 12

By taking time t as constant, i.e., by fixing t, - becomes a function of x only, and Eq.

(25) can be integrated. Its solution is given by

1F 3  3f-.1/3

= 3 (fe7f~dXdx + c1) (26)

The constant cl may be determined by the boundary and initial conditions, • = 0 at
x = 0 and t = 0. The thickness of the liquid layer can be calculated by Eq. (26) at con-
stant time t. The shape of an ablated sphere is determined by

h = s-

where s is obtained by integrating Eq. (10) as

S = qg(x/R) t - 2 J+)+ G3(x) + C2 (27)

PliqH f0)

The boundary and initial conditions are at t = 0, for all x, s = 0. These conditions can
be satisfied if G 3 (x) is constant. Therefore

G 3 (x) + c 2 = c.

Then

S q(x/R) t - 2 +t) +

The volume of ablated material V* is at the fixed time t

v~ 2 TLh dx = 2iiJ Lsc [R-(; sin R) dx. (28)
0 0

Thus far ý, h, and v* have been expressed by stagnation conditions. However, the stag-
nation properties are determined by the free stream values in front of the shock and by
normal shock relations. Hence, the total ablated volume and shape of the sphere are
evaluated by the trajectory at any specified time t.

The physical meaning of the equations derived is summarized as follows: If the ve-
locity of the sphere is zero, but a heat flux exists, the molten layer s increases with
time t and the thickness C is equal to s, since no ablation occurs under such conditions.
However, if the velocity of the sphere is not zero, then the molten layer is swept away
because of the pressure decrease in the streamwise direction, and h increases with time.

10
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In other words ý will decrease. As Eq. (28) shows, with decreasing thickness of the
liquid layer, the ablated volume increases accordingly. The thickness ý can be deter-
mined by solving Eq. (24) as a closed form of Eq. (26) as a function of x, if the time is
fixed. Therefore, it is possible to calculate numerically, using Eq. (28), the total ablated
volume at any fixed time of the trajectory. The determination of the ablated mass at a
fixed time is in practice very important, for example, for problems of heat transfer, de-
sign of high speed vehicles, impact of bodies traveling at hypersonic speed, and intensi-
ties of luminous trails and ionization behind bodies.

Ablation Due to Melting with Partial Evaporation

The occurrence of evaporation may be determined by the wall pressure or conduc-
tion parameter. For an ice sphere immersed in high-speed air, it is known that for a
given recovery temperature there exists a value of wall pressure at which the wall tem-
perature is just at the melting point of the ice. For wall pressures above this critical
pressure, the ice melts, but if the pressure at the wall is less than the critical pressure,
then the ice does not melt but evaporates (20). The dimensionless conduction parameter
-Y is given (8) by

1/2
(pCk) b (Tsub - T.)

[ m/(CDAR)] 1/2

where the subscript b refers to body. If x > 2 x 03, then no sublimation occurs. Bethe
and Adams (2) worked out the theory for aerodynamic ablation with partial evaporation,
and their formulations are applied here.

For partial evaporation, V, the ratio of shear stress or heat flux at the gas/liquid
interface to that for a nonablating body, Eq. (15), is an important parameter. In a strong
evaporation

Vh

0.26 - f 1 (x)" (29)
h, + 0.68 M1  (hl.-hlh)

The metal vapor pressure at the gas/liquid interface is

Pi P, (30)
1 + qsg(x/R) 06 . 7 4

+~ O . 68 M1
PliqVi (hl - h 1 ) H

The quantity v. , the normal velocity of evaporated metal perpendicular to the sphere
surface at the gas/liquid interface, is determined as follows: Since, in addition to Eq.
(29),

~ 1-0680.26 (1
0 68 M' (hl -h 1 i) pliqvi/qsg(x/R) (31)

the two equations for ¢ are equated to give

1 - hv/[hv + 0. 68 M' 2 6 (h.- )] (3v. -"_ _(hls-__ __ __ _ hli__ __

06 = 2  h I R)(32)0.68 M•"2 (hl.- hli) pliq/qsg(x/R)

11
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Substituting Eq. (32) into Eq. (30),

PS (33)

~Vi 0.260.68 M 06-0.74

0+6 h, 0.68 M1

H - 0.2
0. 26I

h, + 0.68 M1  (hl.- hi)

Thus Pvi is a function of x.

With this information, Eq. (14) is reduced to the following form if small terms are

neglected:

d- - - - sin (x/R) /ALiiqt qsg(x/R) (2 )
d-x 62 + 61 2 plý-iq H •

where

- a p~i X 1 ____

1= - IPxCOS (i),+ s (s)(--nx)]

and a bar over a symbol refers to ablation with partial evaporation. Then it follows that

d -+ = -2 (34)

dx

where

61 3ct(R) ~'av Pvi
i2 R 3 -x 2 I x

and

R ý,liq •q sq g(x/R) (2
S_ PliqH -d-Pv -(

dx

For a fixed time, the solution of Eq. (34) is

f [ e3fdx e3fJdx -dx + c4)

The aerodynamic heat flux is balanced by the energy of evaporation and the heat capacity

of the liquid and solid phases. Thus

,Pqo = qabsorption + qevaporation = Pliq (vwht + v ihhv) (36)
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Using Eq. (32),

q evaporation P liq v hV

qs g(x/R) hv

0.26 _hl
.68 M1 (h i)

0.26
hv + 0. 68 M1 hl,-h 1 )ij

The absorbed heat can be computed by

qabsorption = ýqo - qevaporation'

The mass loss is caused by evaporation and absorption, so

m=S + b o
evapo rat ion absorption

62Jt) +C-9q evaporation t
evaporation Pliq Hevaporation

Sabsorption

Hence, the shape of an ablated sphere with partial evaporation is determined by

h _s q vaporation

)q )evaporation
The total ablated volume V* is

L =

V*=2r7 hrldx=

+ absorption
Hbsorption

C7) - ý

2ir JL -T [R (s-•)] sin (x) dx.
0

Hence, the total ablated volume and shape can be computed based upon the trajectory at

any specified time.

DISCUSSION

Aerodynamic ablation is a very complex phenomenon, because the change of body

shape due to ablation also causes changes in gas and liquid flow characteristics along the

body. The approximate analysis presented here is for steady-state aerodynamic ablation

of a sphere, assuming that the flow characteristics are those on the sphere and neglecting

the change of shape. Hence, this analysis is applicable for a flight condition with small

ablation. This method is especially useful to determine the flight conditions under which

the sphere can travel without any ablation. However, if considerable ablation occurs, the

front part of the sphere deforms to a cone shape (Fig. 3). No attempt has been made to

confirm the deformation to a cone by analysis. The computation of change of shape due to

ablation will be possible only when a high-speed computer is used. If the moving bounda-

ries for melting and subliming are considered, then the problem is more complex, and

Goodman's "heat-balance integral" (21) may be useful to solve the problem of ablation

with changing shape.

r,

q absorption t - 2

Pliq Habsorption 0

(37)

(38)

13
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Fig. 3 - Recovered ablated
aluminum sphere (original di-
ameter, 0.635 cm; initial ve-
locity, 16,000 ft/sec)

FLIGHT DIRECTION

The unsteady aerodynamic ablation due to the thermal impulse has been treated by
Goodman (7), who found that total ablation will be increased if the unsteady ablation is
considered. Photographs taken at early stages of flight at NRL show a luminous trail as
seen in Fig. 4. This trail is caused by burning and excitation of material which is ablated
from the surface. This material collides with air molecules, and oxidation results (22).

Fig. 4 - Luminous trail of an aluminum
sphere during hypersonic flight

There is an indication that this luminous trail is connected with the unsteady heat-impulse
phenomenon. An estimate of time to reach a quasi-steady state of ablation during flight
in an environment (6) is given by the following order of magnitude:

F ~2 7
H j iqpsolksoI T1 5 Csol

tq = 0

where

3u2 24-U - (1 - 0.252 M 2 - 0.0175 M 4

The subscript 2 refers to the values immediately behind the normal shock. Test condi-
tions at NRL show that during the first 3 milliseconds the sphere is subject to unsteady
ablation due to thermal impulse. This time amounts to the order of 10 percent of the
total flight time. Hence, the analysis presented may yield a total ablated mass which is
less than the measured value.

14
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SYMBOLS
•.,

A Reference area for drag

c Specific heat

CD Drag coefficient

cf Skin friction coefficient

CP Specific heat at constant pressure

D Diameter of the sphere

F Nondimensional time

H Latent heat of fusion

Hevap Latent heat of evaporation

h Distance between the original surface and the gas/liquid interface (h ± gas/
liquid interface)

h 1  Enthalpy

ht Energy absorbed by heat capacity (cDT)

hv Energy absorbed by evaporation

I Radiation heat flux

k Thermal conductivity

L Rear endpoint of the ablated layer

M Mach number

M1  Molecular weight ratio (gas to metal vapor)

m Mass

p Static pressure

p' Static pressure at the shoulder of the sphere

Pr Prandtl number

q Heat flux

R Radius of the sphere

17
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Re Reynolds number

r Radial coordinate of the body of revolution

r, Radial coordinate of the body for the center of h (see Fig. 1)

s Distance between the original surface and the ablated surface (s i solid surface)

T Absolute temperature

T. s Initial temperature of solid below melting temperature

T, Stagnation temperature

Tr Recovery temperature

Tsub Sublimation temperature

Tw Wall temperature

t Time

u Velocity component in x-direction

V* Volume

v Velocity component in y-direction

vW Ablation velocity (normal to wall)

x Coordinate along the surface, measured from the forward stagnation point

y Coordinate normal to the surface

,8 8 = 1 - Pl/Ps

'8i Stagnation velocity gradient parameter

y Ratio of specific heats

C Liquid layer thickness (C = s - h)

/I Dynamic viscosity

v Nondimensional parameter H/(Tis csol)

p Density

T Shear stress

x Conduction parameter

qp Ratio of heat transfer with and without mass injection

18
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SUBSCRIPT

8 Stagnation point

e Edge of the gas boundary layer

0 Nonablating body

ref Reference

Free stream in front of the shock

2 Flow conditions immediately behind the normal shock

b Body

liq Liquid

sol Solid

i Gas-liquid interface

SUPERSCRIPT

- Ablation due to melting and partial evaporation



Appendix A

ESTIMATES OF THE VALUES OF ell -2, e3, AND e4

In order to estimate the values of 3, 12, , and which are found in Eq. (24),

the following conditions are assumed. An aluminum sphere 4 cm in diameter travels
at M. = 15 under standard atmospheric conditions. At the sonic point (Me = 1), the
thickness of the liquid layer is ý = 0.001 cm. For the estimate this thickness is re-
garded as constant over x. The flight time is 0.003 sec.

CALCULATION OF el AND 62

Initially the values of e, and e2 are computed. From Eq. (24),

(P -1 = 3 Cos - sn + 2cos (2x) sin R~)

and

62 = p,-. sinj-) sin (x

The value of x/R at the sonic point (Me = 1) from Eq. (18) is

x 2

The pressure at the stagnation point Ps can be computed by using normal shock relation-
ships. Then

61 = 0.561× 10 5

-:2 z 1.74x10S.

ESTIMATION OF e 3 AND 64

From Eq. (24)

dG)
-3 2 LS()G()+R SI R ) dx j

aR sin (j-)G()

20
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G2(x) = x (I + 2 R2 2 0 - Te

In order to estimate the values of e3 and ý4 it is necessary to
Eq. (21a):

a = 2.425 (-.)
3 2 (E) 4liq f .

compute a from

(A5)

The value of f is estimated as follows:

"rliq _ (/ liq f

7'r 9 •rg /
( tliq

bJ'ig )

or

Tliq _ Cfliq Pl/q (Uljq)2
Tr Cf P•ig Ujg I
-rg rg

where c f is the skin friction coefficient. In laminar flow

cf f • c
Cf N= - CyV/7t

where c is a constant and t is the length of the gas boundary layer or liquid layer.

Therefore,

/2 ( Uliq )/2
U.ig

1/2 1/2
Pliq I -ig K.
Pig/ \_) /liq/

For the estimation of f, the right-hand terms of this equation are computed as follows:

_ _ ( ý / 
2 1/2 8 6.21 •

From Eq. (20)

Pzliq = 1.704 centipoise.

Since AL. = 0.018 centipoise,

( Iig 1/2iLl iq/
= 0. 2565

Pig = Ps,gas (l+ 0.2 Me2) 5/2

where
r

p;

(A6)ig
f=

= 4P_ .
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Therefore,

(l q 1/2

pliq 1 23.75.

By assuming the total length of molten surface L to be L = 5 •,

L = (Uliq) .... get = 5

or, for t - 0.003 sec and C = 0.001 cm,

(Uliq) (Uliq) ..... geA - 1.667 cm/sec.

Also

Ujg = Me ae = a (I + 0.2 Me) "1/2

= 2.09 x 10-5 cnVsec

Therefore
3/2

(liq3/ = 7.75 x 10-9\Uig )

For further compuitation of average values, the length of the molten surface is assumed
to be

L

tliq "

Then

f = 1.09x 10 7 K.

Because the average value of uliq is very small, the liquid layer can be considered to
be frozen, so K , 1 and

f = 1.09x10-7. (AM)

Another term of Eq. (A5) to be evaluated is

(~)s ~ P- = A- 63 ()/

Since tt/p. = 14.9x10-2 cm 2 /sec at 15'C,

=aS - 2.5 sec 
1/ 2/cm .

(A 8)

22
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Finally

a = 2.425 x (3.89x 107) x 2.5 x 0.01704 x (1.09 x 0-7) = 0.438. (A9)

For computation of the values of e3 and e4, the terms of

G2(x) = x ( + 5 R2 V(1 27 T,

and dG2(x)/dx are calculated.

Using Eq. (17a):

T- = 1 + 0.035 M2 + 0. 4 5 T,-_ 1

and, assuming T, is equal to the melting temperature of aluminum, 933 0 K,

Te 3/2 = 0.493 .

Then

dG2 ( x)
G2 (x) = 0.544 and dx -0.351.

From Eqs. (A3) and (A4) and the values computed in this section,

63 0

e4 0. 294

* * *


