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SUMMARY

< theoretical study is made of the shielding
mechanism whereby the rates of heat transfer are
reduced near the stagnation point of two-dimensional
and three-dimensional bodies when melting and
vaporization occur simultaneously. The problem
18 approximated to its simplest form consistent with
the mass-transfer and heat-transfer conditions.
Simple results are presented which give the rate of
mass loss at the body surface and the thickness of
the liguid layer at the surface in terms of the rate
of heat transfer to the unshielded body.

INTRODUCTION

The shielding of the nose of a body from
excessive rates of heat transfer by melting or
vaporization has been shown to be particularly
attractive in view of the proportion of heat
convected away from the nose in the boundary
layer. (See refs. 1 to 4.)

The extent of the shielding depends on the rate
of mass loss, the manner in which the mass is
removed, and its thermal capacity. Thus, it
may be expected that the properties of the material
in its molten and gascous states, as well as in the
solid state, play an important part in determining
its suitability as an ablation shicld. Since the
rate of mass loss depends on the rate of heat
transfer to the surface, the choice of material is
very important inasmuch as this is the only
control on the ablation rate left to the designer.

Theoretical studies of surface melting have been
made previously (refs. 1 and 2) where the convee-
tion of heat by the molten material provides some
shielding. When vaporization of the liquid is not
considered, this shielding is necessarily limited
to the heat convected by the liquid. When

vaporization of the liquid is considered, however,
the shielding can increase considerably beeause
of the latent heat of wvaporization and because
the gaseous products now diffuse to the regions
of higher (stagnation) temperature and are con-
vected in those regions (refs. 4 and 5). Whereas
it is probably more desirable to have direet
vaporization without a liquid film (since this
precludes possible instabilities in the liqud film),
it may be more efficient from overall heat-capacity
considerations to have a material which, during
ablation, produces both liquid and gaseous layers
near the surface.

This situation is considered in the present
report by an extension of the simple analyses
made 1n references 4 and 5. An important
feature of this more general type of ablation is
the interaction of the gas and liquid layers due
to vaporization at the gas-liquid interface. This
interaction plays an important part in deter-
mining the proportion of total ablated mass
which is vaporized. Ablation with no vaporiza-
tion of the liquid layer is obtained as a special
case of this more general treatment,

SYMBOLS
x coordinate along solid surface
Y coordinate normal to solid surface

with origin at solid surface

Y coordinate normal to solid surface
with origin at interface

2 transformed y-coordinate

VA arbitrary value of z outside gas
boundary layer

u component of velocity in z-direc-
tion

v component of velocity in y-direc-
tion
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free-stream velocity in z-direction

constant in veloeity distribution

constant in velocity distribution
for liquid

temperature

mass concentration of foreign gas

offective mean concentration

pressure

pressure at stagnation point

density

coeflicient of viscosity

thermal conductivity

cocfficient of binary diffusivity

total rate of mass loss per unit
area of wall

rate of vaporization per unit arca
of interface

specific heat at constant pressure

mean effective specific heat of gas
mixture

specific heat of liquid

specific heat of solid

latent heat of melting

latent heat of vaporization

fractions of gas and air in 1 mole of
nuxture

molecular weight

gas constant

constant in Sutherland viscosity
law

x 4T
T usse ber. —— %4
Nusselt number, T—T, 4y
Reynolds number at interface,
Cou,p
M
Schmidt number, —5—
oD

Prandil number, Z Cp 2

skin-friction cocflicient

shear stress

rate of heat transfer per unit area

physical boundary-layer thickness

transformed velocity-boundary-
layer thickness

transformed thermal-boundary-
layer thickness

transformed concentration-
boundary-layer thickness
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An momentum  thickness of gas
boundary layer

A* displacement  thickness of gas
boundary layer

D liquid-layer thickness

g thermal-layer thickness within
solid

Qo. @y, Q,, Qs enthalpy parameters (defined by
eqs. (60a), (60d), (60¢), and
(60f), respectively)

J additional effect due to boiling

(eq. 29(b))
functions of é—‘j”-” (defined by egs.

(60), (63), (64), and (68) or (69))

Qy, Oy, Qy, 4

oy effective heat capacity (eq. (82))
Subseripts:

e external flow near stagnation point
7 eas-liquid interface

w wall

b body

{ liquid

0 no ablation

B value at boiling point of liquid

1 foreign gas

2 air

mar maximum

2-dim two-dimensional

A axisymmetric

THE SHIELDING MECHANISM

The flow configuration cousidered is shown in
figure 1. The coordinate system is fixed in the
melting surface at the stagnation point so that the
interior of the body moves with velocity »,, the
ablation rate, toward the surface. In the steady
state there is a balance within the solid of conduc-
tive and convective heat transfer (due to the
motion of the solid).

For sufficiently high rates of heat transfer a
liquid film is produced by melting, the motion of
which is controlled by the pressure gradient
imposed by the outside stream and the shear
stress at the interface. It is shown that, when
no vaporization occurs, the presence of the liquid
film has negligible effect on the air-boundary-layer
flow so that the interface shear stress assumes
the value that holds in the presence of a fixed
boundary.

As the rate of heat transfer increases, the thick-
ness of the liquid layer changes until the interface
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Fiavre 1.--Flow configuration.

forces are in balance; the interface temperature
increases to such a value that the convective
shiclding by the liquid layer is compatible with
the rate of heat transfer at the surface required
to produce the liquid. As the heat-transfer rate
increases further, the rate of vaporization becomes
sufficiently large to affect the character of the air
boundary layer. This has two important cflects
on the interface conditions: Firstly, the rate of
heat transfer across the interface is partly reduced
because of shielding by the gas products and,
secondly, the introduction of gas at the interface
reduces the interface skin friction. As a result of
this second effect the liquid layer tends to become
thicker with an attendant reduction of gradients
at the wall, although this trend is somewhat

.Gas-liquid interface

diminished and even reversed because the viscosity
of the liquid decreases as the temperature increases.
For a given rate of vaporization it is shown that
the motion of the liquid film has a negligible effect
on the gas boundary layer.

In the gas boundary layer the gas produced by
vaporization diffuses away from the interface and
is convected as a mixture (of air and gas) parallel
to the body surface. For exteme heating rates
this convection can make the major contribution
to the total shiclding, since the gas is raised to the
higher temperatures. This particular phase of
shielding has been investigated in reference 4.

Thus, it 1s seen that the ablation rate is con-
trolled by the net heat transfer to the wall; this
heat transfer, however, is itself greatly influenced
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by the manner in which the products of ablation
arc removed from the wall. The analysis explains
in a more precise fashion the balance of heat
transfer and mass transfer which produces this
shielding phenomenon.

ANALYSIS
HEAT TRANSFER IN THE SOLID
For a solid moving with constant velocity n,

toward the surface y=0, the transfer of heat is
governed approximately by the following equation:

d(, dT _ _dT )

d_y » dT/ = me, (E )

Diffusion of heat
to interior

Convection of heat
toward surface

Equation (1) neglects temperature gradients
parallel to the surface and is therefore a good
approximation when the thickness of the solid
ablation shield is large compared with the thickness
of the thermal layer @ within the solid (near the
surface) in which the temperature changes rapidly
from its value at the wall T, (the melting tempera-

ture) to its valuc at the far iterior 7. (See
fig. 1.)
Equation (1) has the solution
mesy
T=T,+ (Tu—To)e ® 2)

which satisfies the condition T= 7, at y=0 and
the condition T=T, as y—>— o (with T, and T,
constant).

The thickness of the thermal layer near the sur-
face is defined as follows:

of

In order to confine the high temperatures to a
thin region near the surface, it is desirable to have
a material of low conductivity &, and high specific
heat ¢;.

The rate of heat transfer away from the surface
toward the interior at y=0 is oblained from equa-
tion (2) and is written

T , .
(kh E)w_:CD(‘Tw—TD)m (4)

TT, .k
T Y e ()

where the subscript w— denotes that the surface 1s
approached through negative values of y. The
rate of mass loss m is unknown at this stage and
must be determined by consideration of the liquid
layer and the gas boundary layer.
THE BOUNDARY CONDITIONS

The method employed in the following sections
assumes that the detailed variation of the velocity,
temperature, and concentration profiles is of sec-
ondary importance so that they may be approxi-
mated in the simplest manner. Tt is important,
however, that the boundary conditions which de-
scribe the transfer of heat and mass at the melting
surface and at the gas-liquid interface be carefully
formulated and respected.

Melting conditions.—The heat-transfer condi-
tion at the wall is

dT . .
(k%) = Lan  +  aTeToi
Ay /
Heat transfer  Latent heat Body heat

to wall of melting

The last term of equation (5) is given by equation

(4) and is the heat required to raise the mass m to

the temperature T, in unit time, before melting.
The mass-transfer condition is

PV =M (6)
Liquid produced

Pols =
Solid lost

from which the ablation rate ¢, is found when the
rate of mass loss is known,

A third condition 1s that which states that the
liquid produced has no component of veloeity along
the wall, since at the wall the heat transfer, and
thercfore the melting, takes place along lines nor-
mal to the wall; thus

Uy, =0 (7

Finally,
T=T,=—Constant (8)

reflects the assumption that the melting tempera-
ture T, is constant along the wall.

Gas-liquid interface conditions.—The rate of
heat transfer through the gas-liquid interface and
the skin friction at the interface control the rate
of melting at the wall and the manner in which the
liquid is removed. These interface values, how-
ever, are themselves influenced by the rate of mass
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transfer across the interface and careful considera-
tion of the boundary conditions is necessary.

Tt is first shown that the motion of the liquid
parallel to the wall has negligible effect on the gas
boundary layer in general and on the interface
values of skin friction and heat transfer in par-
ticular.

The pressure distribution imposed by the out-
side stream is

1 a1 2,2
puhp:i pe[“ =§ pe(y X (9)
and the pressure in the liquid at the interface satis-
fies the relation

1 1
pa_p?éé qul,f2=59101212 (10)

Equation (10) is a statement that the decrease in
pressure along the interface away from the stag-

1
nation point exceeds the dynamic pressure 2p,u, 2

because of the presence of viscous forces; the
equality sign holds only when the viscous forces in
the liquid layer arc negligible.

In order to match the variation with 2, equa-
tions (9) and (10) require that'!

i

5 pe(7

2 Plpl (] 1)
The velocity along the gas-liquid interface is, from
equation (11),

U, 1= 0@——‘(’[ U= (pe) [T (12)

For most liquids the density ratio p./p, is less
than 107% under the temperature conditions
at which ablation can take place; therefore,
w,,/ U<1072%

The effect of liquid motion on the interface skin
friction is estimated very simply by the following
approximations: The shear stress at the interface,
for no motion of the liquid, is

GRS

! More precisely, it is the normal stress component that should be matehed
but at the interface this differs from p by a constant so that equation (11} is
true exaetly.

MELTING AND VAPORIZATION . 5

and, when the interface velocity is u; 4, 18

()

(Here & is the thickness of the velocity boundary
layer in the gas.) The difference in stress ex-
pressed as a fraction of the value for no motion
of the liquid is u; /7 and therefore may be
neglected.

The effect on the rate of heat transfer across
the surface is also easily estimated. The convec-
tion of heat in the gas boundary layer parallel to
the interface is given by

5
f pe,(T—THudy’
o

If simple profiles
T-T. _y
-7, 3

e

’

¥

™=
|

are assumed when there is no motion of the liquid
layer and an average value of pc, is assumed, then
the convective heat transfer in the boundary layer
parallel to the interface is

so0e,(T—T)U
is u;; and the

When the interface velocity
assumed velocity profile is

then the convective heat transfer 1s increased to
1w, ; -
+'__ 69 p(T TZ)(

3 U" thatis, it may

be neglected, and the corresponding reduction in
heat transfer across the interface is negligible.

The interface conditions can now be written
without reference to the motion of the liquid.
The mass-transfer condition is simply

pili= My (13)

Gas introduced

The fractional increase 1s thuc

Pt =

Liquid lost
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The heat-transfer condition is

dT
("«Ty, .

Latent heat of
vaporization

L, (A" T (14)

Heat transfer away
from interface

Heat transfer
to interface

A third transfer condition is that which states
that no air crosses the interface; thus,

m" . ,
—(pn,,‘dJ = A-W)m, (15)

Convection of air
away from interface

Diffusion of air
toward interface

that is, there is a balance of diffusion of air toward
the interface and convection of air, of concentra-
tion 1— W, away from the interface.

The concentration of foreign gas also depends
on the external pressure and is such that the
partial pressure is compatible with the interface
temperature. Thus if 1 mole of the binary

ixtm‘(\ of air and gas at tho interface consists

mole of air, then

of — ' - mole of gas and
1+ 2 nl—{-n

the partial pressure of the gas is

VAN
P Mt

and the mass concentration W, is given by

n 13‘[;

I‘ iznll"[l‘i“ 712;‘[2

The partial pressure p, and the interface temper-
ature are related by the (simplified) Clausius-
Clapeyron equation:

L, 1 1 )
Il—gRl T;

P

where Ty i1s the boiling temperature at the
pressure p,.

Elimination of p,/p, and n,/n, from the foregoing
equations gives the following relation between

W,and T

W —[“LM‘ (;{ (”‘ﬁ;)_l)] - ao)

Tn addition, there are conditions for the con-
tinuity of the components of stress at the inter-
face; that for the normal component has already
been given and yiclds

o (o )" ;
Cé(Pl.) (1 ‘>

Continuity of the tangential component of stress

gives
ou ou
GIRGN 18)

and, finally, there is no slip along the interface so
that
(19)

Equation (19) was tacitly assumed and used to
show the negligible effect of liquid motion on the
gas layer,

When vaporization occurs, both m; and T'; must
be determined as part of the solution. If melting
does not oceur (that is, when the wall vaporizes
directly with no liquid phase), then m=m,,

The stress condition given by equation (18) is
required to determine the magnitude of the liquid
velocity u;,;, which has an important effect on the
liquid-layer shiclding (even though it has a negli-
gible effect on the gas layer).

External stream conditions.—It is assumed that
the following conditions hold outside the gas
boundary layer:

Ui—Uq

u=U=Cr
T=T,
(20)
pP=0p,
W=0

These are the usual external conditions for stagna-
tion-point flow; the last condition is a statement
that there is no foreign gas outside the boundary
layer.

INTERFACE HEAT-TRANSFER AND SKIN-FRICTION
RELATIONS

Heat transfer.—Since the motion of the liquid
layer has negligible effect on the gas boundary
layer, the situation at the interface is exactly that
which prevails when a solid surface vaporizes.
The heat-transfer and mass-transfer results for
such a problem are given in references 4 and 5 and,
therefore, only a brief summary is presented
herein.

The heat-transfer relations are found in terms of
the Nusselt number Ny, ;, Reynolds number Ry,
and Prandtl number N, , which are defined at
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the interface as follows:

IT
Ahui T 17 ((

i\ Pr, 1—k ('p 2
i

In addition, the Schmidt number is defined as

The rate of heat transfer to the interface g, is then
given by

d 1 Ny,
q1:<kd—y- ==Cp, z(T T)(Plﬂtc)”z:\};r‘ ]’vllf

1)

The following results (eqs. (22) to (29)) are
taken directly from the analyses of references 4
and 5 (where the subscript 0 denotes no vaporiza-
tion):

For axisymmetric flow with constant pu,

1 “ T,
m( )V1/2i> [076)-0060(1~—4>] P

(22a)

and for two-dimensional flow with constant pg,

1 /Ny, - TNTr -
N, T?%)]:[o.mow.oes <1—T;>]A,,,_i 0.6

(22b)
For axisymmetric flow with variable py,
1 ]Vv 04
) o (32) o ve e

and for two-dimensional flow with variable pu,

0.4
Nu, i Pekle T 0.6 .
ANPr H ( 1 ]/2> =0.570 (pz}"i> ]\IPIJ (Zdb)

Equation (23a) is essentially that used in refer-
cnce 6 for an equilibrium gas with a Lewis number
of unity. Results given by equation (23a) are
compared with the exact results of reference 7 in
figure 2. The cffect of mass transfer by vaporiza-
tinn across the interface is given by

504999 -60-—2

s
o Ref. 7 (Sutherland viscosity low)

(8]

/2

My
A

o
T

- ---Present report
(eq. (230); Mp, ,=0.7)

o

Heot-transfer parameter,
W
T

1 1 | ]

0} .2 4 .6 .8 1.0
PeHe
Pk
Figure 2.—Variation of Ny with 225 Axisymmetrie
Ri” pikti

stagnation poini; no vaporization.

u,t *\* u, i —_
APr i ]{)\1/2 _( Pr i N > (]_ A 0.6)
 f Co1 it mmi
[1 ( 1> " :] (piﬂic’)lﬂ

where W is the mean concentration of foreign gas
in the boundary layer and is given in reference 4 as
a function of Ng, ;. Equation (24) is valid for
both two-dimensional and axisymmetric flows,
The last term in equation (24) represents the
reduction in the rate of heat transfer due to the
shielding effect of the mixture of air and gas in the
boundary layer. A comparison of the resulis
given by equation (24) with the exact results of
reference 7 for the special case ¢, 1=¢, 2 is shown
in figure 3 for both variable and constant ppu.

The thickness of the velocity boundary layer
with no vaporization 8, ¢ is given in dimensionless

form as
CON\V2: /N, 0 -
Bu0 (" : =6 (ﬂ .t (25)
My Ri 0

(24)




8 TECHNICAL REPORT R—10- NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

>
1
| ~

s Ref. 7:
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o Ref.
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lk—-—— Present report {egs. {23b) and (24))

SR
Sl 4\

5 \

2 AN

RN A\

J’L_’ * \A

@

RN

5

8 2_ \\ \

T

: Q 1
0 5 .0 1.5
N my
Rate of vaporization, 72
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Ticrre 3.—Effect of vaporization on heat-transfer param-
cter for two-dimensional flow. ¢, 1=¢5,2; Npr,:==0.7.

where the superscript (1) denotes Ny, =1. The
increase in boundary-layer thickness due to mass
transfer across the interface is given by

2m,

6 ‘_‘au 0+ (26)

The thermal-boundary-layer thickness ér and
the concentration-boundary-layer thickness 8y are
given in terms of the velocity-boundary-layer
thickness §, as follows:

3

BT —-0.3

T Np
6" T, 1

(27)

A7 -0.3
= N1
u

The concentration of foreign gas at the interface
¥, is given by

W= (28)

Z\’YNu,i W 1 ml
(1511/2>0 +3 (Pt#in)lﬂ

From equation (28) it is seen that W, increases

with — Gadl" C’)”‘ and reaches the value of unity when
E’M) it
my _ R /g
(Pi#ic)”2

]\’TSC, 10. B—T];

When W,=1, however, cquation (16) shows that
T,=Tyg, that is, the liquid at the interface has
reached the boiling temperature. Since W, cannot
increase above unity (by definition), equation (28)

ceases to be true for
(Z\(T (43}
R 172 )
172 >-

(pin (”)
i i\TSC‘ fD.ﬁ'—

M

T omO)

Ll —

The boundary condition given by equation (15)
C)”Z and W,
when W,=1 since equation (15) is satisfied for
arbitrary values of m, This is to be expected
physically when the boiling temperature is reached.

The heat-transfer relation given by equation
(24) is modified when m;>m; » and is now ob-
tained by the method of reference 5 as follows:
The integral equation (13) of reference 5 is first
written in the dimensionless form

w0 B 7o
u u Te T L

also shows that o , are not related

( LYo
‘p 2 au 0 11'1 Te_ Tt [JY =

Nyw.i (Cp.l 1) m; m
A‘Pr,l np s Cy,2 (i V2 (puu C)1°

Substitution into this equation of W;=1 and

—6 PiC ”2 N 06(1 N\ul) 1 my
Prt I\rPr

RIZ )y 73 (o O)1
(from eqs. (23), (24), and (26) of ref. 5) and the
linear profiles given by equations (21) and (38) of
reference 5 yields
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1 NNu,t: 1 _iu_ A
Np o B \Npeyw R o
1 m
—(1—=N,, %)
( gt (pim O)112

(@) nrv—(02)
Cpg

KNSc i [ ATSC 1 o 6 (plc 172 (p M 0)1/0]

my

where K is defined by equation (40) of reference 5.
Finally, substitution for K from equation (42) of
reference 5 gives the form

l ]\TNu 1 < Nu 1)
NPr : R‘1/2 AVP : ]')11/2
T —0. c W1 mt
(1_— srend 06) [1+<C:2 1) W Ao, )12

where

o
e (), e
_(1_;_15. r,,,,i—o-e) W] (29b)

and represents the additional effect due to the
boiling; the term is positive for ¢,,, >¢, . and nega-
tive for ¢,,<<¢, 2.

Skin frietion.—The value of the skin friction
which results when there is no mass transfer across
the interface is first obtmned by utilizing available
exact solutions.

The integral form of the momentum equation
near the stagnation point is for axisymmetric flow

ou\ |, pi ¥
01/) +pe U

(29a)

_1 1 dU © | M
L‘r 1.13 (3Am+A )] L

and for two-dimensional flow

iy i i ¥
P U(d,:: (2Am+A*)]~L¢‘ ) L8 z

which may be written

G T (st
b p,mC’)”2 bJ U (mu;C’) 7

(30)

where for axisymmetric flow

A,  A*
I=3 '5:+g (31a)
and for two-dimensional flow
*
[=2 %4»?— (31b)

In equations (31),

Z u
zZ
- f (1W) dz— f (1_~)d~
1]
3
6,,=f ﬂ_dy’

— dy’ and Z is some arbitrary value

and

where z—f

of z outside the boundary layer. The quantity
A,, 1s the momentum thickness and A* is the dis-
placement thickness, based on a reference density
pi.  The dimensionless ratios A,/8, and A*/5,, and
henee I, are independent of the reference density,
however.

Tt is seen that I is a dimensionless quantity
which depends on the details of the boundary-
layer profiles; the method used herein to determine
the effcct of mass transfer on the skin friction
(similar to that used in refs. 4 and 5 to determine
the effect of mass transfer on heat transfer) avoids
the evaluation of 7. Firstly, it is convenient to
express equation (30) in terms of the Reynolds
number and skin-friction coefficient

%)

Ty a.'/ i 2

Cf_' 1 2_' 1 s (3" a)
Y PtU 5 PiL“

Equation (32a) can be expressed by use of the
definition of R; in the alternative form

1

1 ye—_Ti -
g Ol = O Cz

(32b)

With these dimensionless coefficients equation (30)
becomes

1 1 ™,
IZRP—C’— [sommsgigm] o
i
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] 1/2
The dimensionless thickness §, (p’0> is already

Hi
known and is given by equations (25) and (26).

. . 1 .
The skin-friction parameter <§ U,Ri”z> isknown
0

from exact calculations (ref. 7) and was found to
satisfy approximately the following equations:
For axisymmetric flow with constant pg,

G C‘,R}”) —1.312—0.489 (1 —-ﬂ‘) 34)
2 0 je
and for two-dimensional flow with constant pu,
1 ‘ T,
Lorim) =1.233—0.626 (1—”,“ (35)
2 /o T,

where the subscript 0 implies no mass transfer,
The small variations with Prandtl number in this
parameter have been neglected.

A simple power law for the variation of the skin-
friction parameter with pu was sought, similar to
that for the heat-transfer coefficient (eqgs. (23a)
and (23b)) and valid in the range

T,=10,000° R (0.5<»1T'?‘<0.05>

and

T,—2,000° R (().5<%<0.2>

372

.S ; e e
(The Sutherland viscosity law u oc T Su with

Su=200° R was used.)

The following results were obtained from the
exact solutions of reference 7 (and from inter-
polation of these solutions):

For axisymmetric flow with variable pu,

1 p P\ "
—ﬁRlﬂ):l.m(—) 36
<2 s 0 Pl (36)
and for two-dimensional flow with variable pg,
i ) et \*'8
o) e ()
<2 7 0 Pil: (3/)

In figure 4 is presented a comparison between the
results obtained by use of equations (36) and (37)
and those of reference 7.

The reduction of skin friction at the interface
as a result of mass transfer across the interface

1.4
o Axisymmetric
o Two-dimensional ref. 7
.2
q
o 1.0
S

1
2

Present report (eq. (36))-~

“Present report (eq. (37))

Skin-friction parameter,
o

2
{ I I\ ] J
0 .2 4 6 .8 1.0
PeFe
Prks
Ficure 4.—Variation of skin-friction parameter with
Lele No vaporization.
pilki

is now found. It is assumed that, when mass
transfer takes place, the momentum thickness
and the displacement thickness are increased

. . . . A
in proportion to the increase in 8,; thus, == and

By
*
5 and henee 7, are assumed to remain unchanged.
u

Equations (26) and (33) then give

1”_ Hi 172 (1 1/2)
0u0 (P10 2 CfRi 0

1 m
5 Ot

! )12
— . p 7 (piﬂi 23,:1’ (38)
8y = —
a ( 2] +(P1‘M1‘0)”2

When expression (25) with the relevant equation
1/2
of equations (22a) to (23b) is used for 8, (p—‘%)
i

and the relevant equation of equations (34) to
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. 1 ” .
(37) i1s used for (20,Ri‘/“>0, then equation (38)
gives the following expressions for the skin-
friction parameter »IQC,R}” with mass transfer

across the interface:
For axisymmetric flow with constant ppu,

1 TR — ( _L
5 (/RI#=1.312—-0480 (17

T,
" B 1.312—0.489 <1_7‘;)

. = (39)
TR 172 .
(puwsC) 3 0.765—0.065 (1 —f)
|.O£
8F
o
T g
S
__IN '6 -
5
@
3
g i .05
c Te g
o
5 a4t
5
£
&
2
| . }
0 5 1.0
(P/#/C)Vz

TFreere 5.—Effect of vaporization on skin-friction parameter for two-dimensional flow.

and for two-dimensional flow with constant pu,

l 1/2__ _ __zZ)
S O RIA=1233 0.626(1 A

. 1.233—0.626 (1—?"
R T o)
(N2 :
(paps ) 3 0.570—0.065 (1 —?)

The results given by equation (40) are compared

with the exact results of reference 7 in figure 5.
The relations derived for constant pu (egs.

(39) and (40)) are presented only for the purpose

.0
v Ne,;=1.0 two-dimensional (ref. 7)
[a] /Vp,',' =07
Present report (eq. (40))
.81
N
@
S
-lv 6
5
k)
€
e
o
a
<
E]
5 4
b
£
2
7
.2
0 .5 1.0
m;
(P/'P-/C)Vz

pu constant.
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of comparison with exact solutions as an ad-
ditional check on the validity of the simplified
approach used in this report. In the rest of the
report only those expressions in which pp is
variable are used.

For axisymmetric flow with variable pg,

(‘v Rir=1.21 (Pel‘e)
Pl

AN

o))

Skin-friction porameter, —CrR;'/2

7. = 1,000° R
4 7; = 500° R
2F
1 J
0 5 1.0
my;
(PI'PI'C)VZ

and for two-dimensional flow with variable pg,

1 ot \'®
Lopir=1.02 (_)
2 Pik1

My lL, petts )
—(psz)‘”[ 3 0.57 (pmi) ] (42)

A comparison of the results given by equation
(42) with the exact results of reference 7 is shown
in figure 6. Again it is scen that the present
method gives numerical results accurate enough
for engincering calculations.

1.0
D Ref. 7
Present report (eq. (42))

.8
N
«©
A
%)
—jo 61 = 10,000° R
oy 7; = 500° R
@
€
2
O
a .
c
Q
S 4r
*r
€
X
)

2r a)

O
| . J
0 .5 1.C
m;
(p/,u./C)I/z

FiGURE 6.—Effect of vaporization on skin-friction parameter for two-dimensional flow. Np, i=0.7. pu variable.
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Now that the heat-transfer rate and skin frie-
tion are known in terms of m; attention is turned
to the liquid layer.

FLOW IN THE LIQUID LAYER

The mass balance in the liquid layer is written
for the axisymmelric case as

. A u .
m:"’(j‘ pr — ([ermi (43)
Jo Uy 1
and for the two-dimensional case as
. ‘D u .
m = 01J P (]:l/ + m; (44)
0 Uy, ¢

Mass transfer
across interface

Mass convected
in liquid layer

Mass lost
by solid
In equations (43) and (44), I is the thickness of

the liquid layer.
The integral is evaluated by assuming a linear

and for the two-dimensional case,

q: = Lm, + (T, —T)m;
ITeatihg before

vaporization

Latent heat of
vaporization

Heat transfer
from gas layer

where

Qu=m[Ln+cy(T0o—T))] (49)

The integral in equations (48) is evaluated by
use of the assumed linear temperature profile

T—Tu_y
T=—T.”D

1

(50)

Insertion of equation (45), cither equation (46) or
(47), and equation (50) into equation (48a) or
equation (48b) gives the following result:

g.=Lm+c¢,(T— Tyym,

+E (T T) Gt + (LT Tli (51)

that is, the mass m—m, removed as a liquid is
raised through an cffective temperature difference

0f§ (T,—T,) during convection. Equation (51)

is valid for both two-dimensional and axisym-
metric flows.

velocity profile

w., D

v Y (45)

so that equation (43) for axisymmetric flow re-
duces to

m—mizczl)zn (46)

and equation (44) for two-dimensional flow

reduces to
. .1
’m'—mz=§ Cip.D (47)
The heat-balance equation in the liquid layer
is treated in a similar way:
For the axisymmetric case,

q:':Lvmt_*'cl(Tt’ﬁTw)mi
D
+20‘f0 eplT—T) g dy o (458)

D
+ f eorT—-To) " dy + qu (48b)
0 Uy, ¢

Heat transfer
to wall

Convection of heat
parallel to wall

The rate at which mass is convected away from
the vieinity of the stagnation point in liquid form
depends on the velocity at the interface u;,;=Ciz
and the thickness of the liquid layer I as shown by
equation (46) or equation (47). These quantities
depend on the shear stress at the interface which
is approximated by

__( EB{) oy, M X
7= ”ay l'i""“l,t D_‘Ml,i D

A comparison between the results obtained by
use of the linear relation (52) and those obtained
by using higher order profiles was made in refer-
ence 1 and showed virtually no change in the
shielding effect of the liquid layer.

The relation between heat transfer across the
liquid layer and the temperature difference is
written in the approximate form as

(52)

IC; (Ti_Tw)

5 =5 (gt a0) (53)
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which results from the assumption of a parabolic
temperature profile. Tn equation (53)

.2
(ll,i:Cl(Ti—Tw)mi+§ e (1

- Tw) (7h—7hl) +Qw
Gu= [Lm+cb(Tw— Tb)]rh
that is, ¢,, and ¢, are, respectively, the rates of

heat transfer to the liquid layer at the interface
and from the liquid layer at the wall.

APPLICATION OF THE INTERFACE BOUNDARY CONDITIONS

In the preceding sections expressions have been
obtained for the shear stress and rate of heat
transfer evaluated at both sides of the interface.
The boundary conditions which relate correspond-
ing quantities on either side of the interface are
now applied.

From equations (14), (21), and (54),

N u,i
&l L= T o (= 317

=[Lo+e(Ti— Tw)]m'i+§ (T~ Ty) (m—m)

+[Lm+cb(Tw"‘ Tb)]rh (55)
and from equations (18), (32), and (52),

5 ORI (o u ) " Cr= (56)

”11D

The concentration W is eliminated from equa-
tions (16) and (28) to give

Nuw i)m 1w

Ri7 )y T3 w0 _ m( Tn)_1)
m;

A, .06 i

et (Pillio)llz

(57)
when T,<Ts.
Equations (53) and (54) are combined in the
form

"—(T—DQ ST T.,,)(2m+ mi>

Thus, equation (46) (or eq. (47)) and equations
(55) to (58) are five equations from which m, m;,
T, D, and u; ,=Cz can be determined since the

r
1 Nyy:
APT i Pillz

. m,
are already known in terms of (oo, C’)‘7 through

dimensionless parameters

and 1 5 iRt

equations (23a) (or eq. (23b)), (24), and (41) (or
eq. (42)).

The rates of mass loss m and m; have been made
dimensionless by the factor (pu,C)'7? in order to
compare the present method with previous ex-
act results, Tt is more convenient, however, to
use the quantity (p.u.()'2 for this purpose; as will
be seen later, the use of (puC)'* leads to some
simplification of the analysis and presentation.
Accordingly, cquations (46) (or eq. (47)) and (55) to

. . m m;
58) are rewritten in terms of ) ey
( Gt O GO

T, andD< C) Thus, from equations (55),
(29), and (23a) (or eq. (23b)),

_p (m—m)
QO_QI ( Dot (7)1/2+(Q2+Q3) ( 0)1/2 (59)

where

Qu:alNPr,z_o'eﬂp,z(Tc_ T (60a)

and, for the axisymmetric case,

-0.1
a,=0.765 (ﬂ) (60b)
Piky
and, for the two-dimensional case,
—-0.1
ay=0.570 (M) (60¢)
Pikky

and
Q=eTe— T+ Lt oeT—T)  (60d)
Q=cTem T+ Lt e(T—Ta)  (600)
Q=T+ @t ey ) 1=y Npp, 4 (T—T)) (60D
where

To=c, Wt e, ,(1—W) (61)

and, for T,< T4,
J=0

It is seen that €, is associated with the rate of
heat transfer to a nonablating body at a surface
temperatare T;; @, is the total heat absorbed when

unit mass of liquid is removed, %(Tr— T.) being
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the mean temperature rise, @, is that absorbed by
unit mass before vaporization, and 5 is that ab-
sorbed during and after vaporization.

Elimination of €, from equation (46) (or eq.
(47)) and equation (56) with the aid of equation
(41) (or eq. (42)) gives

1—
T (et )1 (Pel‘e(—y) 2 []’ (ﬁ)lﬂ]—? (62)
m—my M,
(pe#ep)llz

where, for the axisymmetric case,

0.1
a=1.21 (ﬁi‘—> (632)
Piki
for the two-dimensional case,
0.1
a,=0.51 ("-“) (63h)
Pily
for the axisymmetric case,
L L2 oy
30. /()n) iMi
= il (64a)
1.21 ("—“)
Piky
and, for the two-dimensional case,
1 1.0 (mm)"'?
A3= 30 Putli (64]))

1.02 (M¢>M
Pilki

Equation (58) is written by use of the definition

w4
Np, 1= ]: as
1

T
ATPr.l,i M i Pele 6 (pe“e )1/2

Ly Lpteo(To=Ty) ] m  o,
+[3+ CI(T Tw) (peﬂr )1/2 (60)

and equation (57) becomes

M‘( #(rm) 1) o)

a‘+5 (p.,.ueC)”2
m;

Ns., & —
et (pe#eC)”’

where «; is defined by cither equation (60b) or
equation (60c).

From equations (59), (62), (65), and (66) the

m
Gy 1o ond

four quantities

m

G T

D( ) can be determined.
Mg

The detailed results obtained from these equa-
tions depend on the numerical values of the
thermal and diffusive parameters involved; how-
ever, some general results are casily obtained
upon examination of the equations.

RESULTS AND DISCUSSION
INTERFACE TEMPERATURE T;

It is noteworthy that for small values of

m; . | \ . . .
PRI that is, for the lower range of T, thereis

a single relation between the external temperature
T. and the interface temperature T'; which holds
for both axisymmvtric and two-dimensional flows.

This is seen whe N is made equal to zero in

0)1/1
equations (59), (6"), and (65) and the quantities

———-—@—”5 and D( ﬂ) are eliminated; the resuls
(pere () M,
(T —T5)

is
( ptﬂe > A
e TumT)+ Lty ei(Tem T ¥

—a Ner® ',,, T —Ty) T
4 7, 1 /3 1
NP b eo(Tp— Tb)‘*‘Lm‘*‘g(’z(Tt—Tw)

(67)
where, for the axisymmetric case,
¢! 01)1/3 >0 133
=705 (o %)
and, for the two-dimensional case,
—(051)113( )0 133
0570 \ o 69

The numerical factors in the expressions for a,
are both 1.4 (with an error of less than 1/2 percent);
thus equation (67) with a,=14 (i"—‘":ey‘m is a
single relation between T, and T sincieithe quan-
Pebe o4 Pebe

Py, ¢ Piki
Furthermore, in the range of high values of

titles — depend only on T, and T,.
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T,— T, where the condition

Cb(Tw—Tb‘)jLLm'Jf_Cl(Ti_Tw) 1
epa(T—T}) <<

applies (but (7)1 ;2 18 not no;:hg,lbh) the terms

Q, and @, may bo neglected and equation (59) has
the approximate form, for T'<Tp,

AYPrli-—-O.GCp'E(Te_ T!) :[Lv‘.LFp <1

~3 LN ) (T,— T):I s (70)

Equation (66) is written

1 m, L, i_,‘,)
3 a(pu.0)'? M NS )
=y 37, )

Noe. oy (pep 0)'2
. e - . my .
and climination of the quantity ——=" - gives
! Y (o012 8

a relation between T, and T'; which is independent
of ; and is therefore valid for both axisymmetric
and two-dimensional flows; that is,

L,, (—}A_L
Lu 1‘[2 681 T, Ty .
cp'?‘(T‘—Ti)AYPr,i_O'G_ﬂ[X

- 1 c - -
"l"(x‘?\ Sc,i0'6—3>_ip_ (A‘Pr,io'ﬁ—]g (72)

[

(Even when the dependence of N, ; and Np, ; on
W, is considered, it may be shown that W, itself
m;
al(PeMec)liz
thus, a, is eliminated with 7, and equation (72)

still does not contain a;.)

It is therefore expected that in general the inter-
face temperature T, (for a given material) depends
only on the external temperature 7, and is the
same for both axisymmetric and two-dimensional
bodics.

depends on through cquation (28);

LIQUID BOILING

Another result of importance is obtained when
it is noted that equation (72) gives the conditions
under which possible boiling of the liquid occurs.
As T,—Tpg, cquation (72) reduces to

L, (v\ 05
Cp, 2(T T)APV 1 se. 3 3

1 -
cp2<\’1’ri -3 (73)

From equation (73) it is scen that it is not
always possible for boiling to occur, for if

1
—_ f\‘TScf'B'—“
Cp 3
e 74
Cp,2 T 0.6 1 (74
+¥pPr,i 3

the right-hand side of equation (73) assumes nega-
tive values and the equation cannot be satisfied;
thus, equation (74) gives the condition under which
boiling cannot occur--that is, when
(a) € /e, is sufliciently large or
(b) NP, ; 1s sufficiently large or
(¢) N, qis sufliciently %mall
These condmons are precisely those which give
maximum shiclding by the gas layer (vel. 4).
It is noteworthy that the condition for boiling
depends only on the thermal and diffusive prop-
erties of the ablation material in the gascous
state; it is independent of the nose curvature, the
pressure, the heat-transfer parameter, and the
boiling temperature of the liquid.
Figure 7 shows the range of Np,; and Ny ¢
in which boiling is possible. For any given value
of £2:1 boiling is possible in the region above the

Cp. s
line but is not possible below the line.  The effec-

tive specific heat ¢, is given by equation (61) and
the dependence of W on N, . and N, ; is given
in figure 8 of reference 5. In practice a desirable
ablation material would have a high value of
Z,le, ; and the boiling temperature would not be
reached.

When equation (74) is satisfied, equation (72)
gives a limiting temperature 7 n.. above which
the liquid temperature cannot be raised. Equating
the right-hand side of equation (72) to zero (as
T.,—T; becomes infinitely large) gives

1 R, M, nr os
Ti,ma.r TB+ 1 { +1‘[ Sc 1

2 ()]} o
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This situation results from the shielding mecha-
nism of the gas layer; each of the conditions (a),
(b), and (c¢) tends to increase the shielding by the
gas layer (as explained in detail in refs. 4 and 5)
and, thus, restricts the amount of heat available
for transfer across the gas-liquid interface. As
the maximum temuperature is approached and
larger amounts of liquid are vaporized, any addi-
tional heat made available by increasing T, is
absorbed by the gas layer (since this layer must
be heated in part to the high temperature 7))
which results only in additional convection of
heat parallel to the gas-liquid interface without
further inerease in the heat transferred across the
interface.

1 | i 4

20
1.5
3% 10k
EU)
kol
0
FilcUrE
.5
N
= .4
Q1 x
<L

Dimensionless water-layer thickness, D(

MASS-FLOW RATES

5 1.O 1.5 2C
Ner, i Asymptotic expressions for the rates of vaporiza-
7—Conditions under which boiling is possible. tion for large values of T,—T, arc also easily
/
_/
AN A 4A_\/\—-A————
D, otm
o |
&8 4
o 8
I L 1 L ! I IJ\ I )
500 1,000 1,500 2,000 2,500 3000 3,500 /13,500 14,000

External temperature, 7., °F

T1aTRE 8. --Variation of water-layer thickness with external temperature for axisymmetric flow.



18 TECHNICAL REPORT R—10—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

obtained from equation (59) as

: —0.6
my alVPr i

(Pe.“eo)uz ¢ (1 — N —-0. ) (76)
Cp . Pr,i

which depends only upon the gaseous properties
of the ablation material. Thus, a relation of the
following form is expected for large values of

Tg'_—T’:

'lhz‘

(Pe#co)lﬂ] 2—dim (a1)2 dim__ = y
: =0.745
[ e ] Ditin_0745  (7)
(,Pef‘ec) 172 4

For small values of T,—7T,, where m; is neg-
lected, equation (59) reduces to

m _ ayc, o T,—T)Np,
o le 1/27 ] 92
(ote O o Tum T+ Lt 0 (Ti— T

(78)

and therefore, again,

m
[@U ) ‘72] 1—aim
_m
I:(pel‘e ) ]/2] A

since there is a single relation between T, and T,
The relations (77) and (79) can be expected to
hold approximately in the entire range since they
reflect the dependence of the mass-flow rates on
the relevant heat-transfer coeflicients.

_fedecam _g 745 (79)

(0‘1) A

LIQUID-LAYER THICKNESS

Since the relations (77) and (79) are approxi-
mately valid in the entire temperature range, they
lead to a similar ratio between the values of the
liquid-layer thickness. Equations (65), (78), and
(79) give the following result:

(@Y,
Mt —Me—qim__(y 74 ]
[p cp,)m] s 0745 80)

M, 2—dim

As a check, cquation (62) with (p#mm:() gives

()], )],
O T T T

=0.752

The variation of the liquid-layer thickness
depends largely on the variation of viscosity
u,; with temperature and on the rate of vaporiza-
tion. For low heating rates, when

i

(Pcl‘co) 12

m
< (Pel‘eC)UQ’
equation (62) shows that

D(Q&)llzo([wmr-hf _"_’i] 1/2
M, w (pel‘eO)Iﬂ M,

For most liquids, however, the viscosity decreases
as the temperature increases and this effect may be
sufficient to cause D to decrease for part of the
range of heal-transfer rates. When appreciable
vaporizalion occurs, the interface shear stress
imposed by the gas boundary layer is reduced
(as evidenced by eqs. (41) and (42)); as a result
the liquid layer adjusts itself by inereasing the

. . . U .
thickness until the interface stress p; 4 —IL)'! again

balances that of the gas boundary layer. The
detailed behavior of the liquid layer depends on the
balance of these opposing cffects—that is, the
increase in the rate of liquid flow and the reduction
in shear stress which tend to inerease the thickness
and the reduction in liquid viscosity which tends
to decrease the thickness,

EFFECTIVE THERMAL CAPACITY

A measure of the effective thermal capacity of
the ablation material is given by

where ¢ is the rate of heat transfer to a non-
ablating body at a suwrface temperature 7'; that is,
from equations (21), (23a) (or (23h)), and (60b)
(or (60¢))

gi0=at1(pettcC) %y o(Te— Tt)Npy, =

The paramecter I, is herein defined as the total
amount of heat absorbed by unit mass of the
material in solid, liquid, and gascous states and
should be as large as possible; 71, depends on
T,— T, rather than on 7,— T, although in practice
T,— T

———Te_ T. ~ 1.
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Equation (59) may thus be written

2 s

gi.0=leo(Tw— To)Jer‘Fg e(Ti—Typ)]m
1 \ -

+ e To+ Tt G,

Tep) (1= No, ) (7= 1) Jine 1)

Equation (81) shows that in unit time an amount
of heat ¢, causes a total mass loss m of which m,
1s vaporized. The total mass loss m absorbs a
quantity of heat ¢,(T,,— 7,)+ L,, In the solid state

2 .o .
and 3 c{Ti—1T,) as a liquid — that is, the average

temperature rise in the liquid layer is i (T,—Tu);
the amount m, is further raised through a tempera-
ture difference —l— (T,—T.) to T, and absorbs an
amount of heat L, during vaporization and an

additional amount (¢,+J¢, 5) (l —% ] ‘Y,,,’,-‘O-"> (T,

equations (59), (62), (65), and (66):

—T,) as a gas. The latter contribution is the
gas-layer shielding and because of its dependence
on T,— T, is usually the most important effect.

The effective heat capacity is then

2 A
Heff:cb(Tw'“Tb)‘{_Lm_{_g ('1<T1_Tw)

1 ) . -
+[§ T T+ T+,

+Je,) (1—;15 / f,,,,;ﬂ-ﬁ)(Te—T,.)] (s2)

Equation (82) shows thal I7., increases rapidly
with the rate of vaporization m, since the dominant
term is that which contains the factor T,—T;
thus, a liquid of low boiling temperature is desira-

. m, . .
ble in order to make ’ﬁ; as near unity as possible.

APPLICATION TO A PARTICULAR EXAMPLE

The results of the analysis are now applied to
the melting and vaporization of ice; the following
numerical values were used in the solution of

To: _800 F

322120 F

(p:=1 atm)
c,=0.5 Btu/Ib-°F

Ln—144 Btu/lb

4\7])1, i— 0 .

~1

“[1:18

When these numerical valueseare
found to be 0.925 and ¢,/e, 5 is found to be 1.925;

also,
AT 0.6 _1
+vVSe, 1 3
i =0.69
A‘\Tpr, i ’_"g

used, T is

T,=32°F

Tp=290°F
(p;=4 atm)

¢;=1 Btw/l1b-°F

Tp=325°F
(p,=8 atm)

L,=1070—0.5(T;
—32) Btu/lb

‘\'Sc, =0.5

A‘[2:29

T mar=195° T
Tt'mar:265o F

(p;=1 atm)
(p.=4 atm)

¥

and

Tf,mar:3100 I (p,:S atm)

The relation between 7T, and T; was found to be
the same for the axisymmetric and two-dimen-
sional cases (with errors less than 1 percent in T;)
for cach of the values of p;.  The ratios of dimen-

Thus, the inequality of equation (74) is satisfied
and boiling cannot oceur; the limiting temperature
at the gas-liquid interface is given by equation

sionless mass-loss rates and dimensionless liquid-
layer thickness were approximately equal to 0.745
as suggested by equations (77), (79), and (80);
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these ratios were always in the range from 0.737 to
0.757. In view of the relation between axisym-
metric and two-dimensional results only the
axisymmetrie results are shown (figs. 8 to 12).
The variation of liquid-layer thickness is par-
ticularly interesting.  As seen in figure 8, initially
pi O\

the dimensionless water-layer thickness 1) (P-

Lw
inereases rapidly with external temperature T, and
thereafter the thickness maintains an almost con-
stant  value, although the rate of liquid flow
continues to increase (fig. 9).

For values of p, less than 4 atmospheres the
boiling point is low enough for the effects of
vaporization and increasing mass flow to dominate
that of the decreasing viscosity, and the water-
layer thickness continues to increase slowly. At
a value of p; of 4 atmospheres these effects just
balance and the thickness remains constant at
0.338 between 500° F and 14,000° F. At pres-
sures greater than 4 atmospheres the boiling point

is high enough for the decreasing viscosity to cause
a local maximum before appreciable vaporization
takes place; thereafter, the thickness decreases
slightly and then slowly increases again as vapori-
zation increases. For each of the three pressures
considered the variation in water-layer thickness
is small in the temperature range 1,000° F
< T,<214,000° T,

The dimensionless rate of vaporization is vir-
tually independent of the interface pressure p; as
scen in figure 10. The total rate of mass loss,
however, does vary with p;; it decreases as p,
increases (fig. 9).  This effect is due to the inerease
in interface temperature with p, (fig. 11), which
reduces the rate of heat transfer from the outside
stream (proportional to T,— 7)) and also increases

the average temperature of the liquid % (T,—T.)

4+ 7T,. This increases the liquid shielding and
reduces the heat available for melting.
Tn figure 12 the eTective heat capacity is seen

]
14,000

20r
£, atm
g o |
1.6 s 4
& r\)m [S] 8
4
]
=
5
T
£ 12K
e
(=}
a
wv
v
o
2
g 8-
G
® .
(=]
i
t
S
4t
L L ] 1 i |
0] 2,000 4,000 6,000 8,000 10,000 12,000
Externol temperature, 7, °F
Fravre 9. Variation of total-rate-of-mass-loss parameter with external temperature at
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various values of p; for axisymmetric flow.

to increase with 7, and also with p,; the latter
efTfect is a result of the reduction in total mass loss.
The greatest contribution to I, is made by the
vapor, especially in the higher range of external
temperatures where the shielding by the vapor
layer increases while that due to the water layer
1s virtually constant and makes a maximum con-

tribution of % AT mar—To) to Iy

CONCLUDING REMARKS

An approximate analysis has been made of
steady melting and vaporization due to acrody-
namic heating near the forward stagnation point
of blunt bodies,

The shielding mechanism of the liquid and gas
layers which form over the body is discussed
qualitatively and quantitatively and numerical
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Figrre 11. -Variation of interface temperature with external teinperature at

various values of p; for axisymmetric flow.

results for a specific example, the melting and
vaporization of ice, show that the greatest contri-
bution to the shielding is made by the water-vapor
layer when the heat-transfer rate is high enough.
Tt is shown that, for any material which melts,
the liquid layer cannot attain the boiling tempera-
ture if the specific heat of the gas produced by
vaporization has a high enough specific heat- -that
1s, if the condition
A‘YSc, 1[).6___%
1

[
¢ .2 . .
» 4\?1-,, 1o.n_§

is satisfied (¢, is the mean effective specific heat of
the gas mixture and the subscript 7 refers to the
gasdiquid interface). In particular, when the

Schmidt number N, is equal to the Prandtl num-
ber Np,, this condition is satisfied if the specific
heat of the gas produced ¢, 1s greater than that of
air ¢, .. Thus, since ¢, 1>¢,,» is desirable in order
to increase the gas-layer shielding, it is unlikely
that the liquid layer will reach the boiling temper-
ature when a desirable ablation material is used.
A genceral conclusion is that shiclding by the gas
layer is much more effective than that of the liquid
layer because of the large enthalpy difference
across the gas layer.

The rate of ablation is shown to depend on the
behavior of the liquid and gas layers and upon the
interaction of these layers through the conditions
relating rate of heat transfer and shear stress at
their common interface. In particular, the effect
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of the rate of vaporization in reducing the inter-  hand, tends to reduce the layer thickness. These

face shear stress has an important effect on the  effects are displayed in the results for the example
behavior of the liquid layer. The rate of melting  of melting ice.

of the solid and tho. I'(‘dl'l(:ll()n in mt'erfa'co shear ;1 ‘olmv Ressarci CENTER,

stress causc the thickening of the liquid layer; NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
the reduction m liquid viseosity, on the other LanGLEY TI1ELD, Va., November 18, 1958,
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