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Abstract—The net aerodynamic heat transfer into the surface of a vaporizing material depends critically
on the blocking action due to the thickening of the boundary layer and on the heat absorbing capacity
of the chemical species injected into the boundary layer during the vaporization process.

An analysis of the phenomenon of vaporization is presented for hypersonic flight conditions, and
numerical solutions are presented for mass transfer at the stagnation point of an axially-symmetric
vehicle. These results were obtained by solving the pertinent boundary layer equations for diffusion,
convection and thermal exchange, subject to the appropriate physicochiemical constraints arising from
the kinetics of vaporization.

In addition, a universal solution is given, in terms of the most significant independent parameters,
which defines the flight regimes where the vaporization process is diffusion controlled, kinetically
limited, or both.

Utilizing the general correlation formula derived herein, one may estimate the rate of vaporization
of an arbitrary material, subject to hypersonic flight conditions, provided only that one has an indepen-

dent knowledge of certain minimum physicochemical data.

Résumé—Le transfert de chaleur aérodynamique a la surface d’'un matériau qui se vaporize dépend
principalement de ’action de blocage consécutive a I'épaississement de la couche limite et de la
capacité thermique des composés chimiques injectés dans la couche limite pendant la vaporisation.

Une analyse du phénomeéne de vaporisation dans les conditions du vol hypersonique est présentée et
des solutions numériques sont données pour le transport de masse au point d’arrét d’un obstacle de
révolution. Ces résultats ont été obtenus en résolvant les équations de la couche limite pour la diffu-
sion, la convection et ’échange thermique, en tenant compte des conditions physico-chimiques particu-
liéres imposées par la cinétique de la vaporisation.

De plus, une solution universelle est donnée en fonction des paramétres indépendants le plus signifi-
catifs qui définissent les régimes de vol dans lesquels le processus de vaporisation est commandé par la
diffusion, limité par la cinétique, ou les deux ensemble.

En se servant de la formule générale établie ici, on peut calculer la fraction vaporisée d’un matériau
arbitraire, soumis aux conditions du vol hypersonique, a condition de disposer seulement de la con-

naissance d’un minimum de données physico-chimiques.

Zusammenfassung—Die aerodynamische Wiarmeiibertragung auf die Oberfliche eines verdampfenden
Stoffes hingt empfindlich von dem Widerstand der anwachsenden Grenzschicht und der Warmekapazi-
téit des Stoffes ab, der wihrend der Verdampfung in die Grenzschicht gelangt. Fiir Uberschallflug wurde
der Verdampfungsvorgang untersucht und fiir die Stoffiibertragung am Staupunkt eines axialsym-
metrischen Korpers Losungen mitgeteilt. Die Ergebnisse wurden erhalten durch die Losung entsprech-
ender Grenzschichtgleichungen fiir Diffusion, Konvektion und Wirmeaustausch unter Beriicksich-
tigung des physikochemischen Vorgangs, der von der Kinetik der Verdampfung herriihrt. Zusétztich
wurde eine allgemeine Losung angegeben in Ausdriicken der wichtigsten Parameter, welche die Be-
reiche definiert, in denen der Verdampfungsvorgang durch die Diffusion oder Kinetik oder durch
beides begrenzt ist. Die hier abgeleiteten allgemeinen Bezichungen ermdglichen die Abschétzung der
Verdampfungsgeschwindigkeit fiir einen beliebigen Stoff bei Uberschallflug, sofern man eine Min-
destkenntnis gewisser physikochemischer Daten besitzt.

* This analysis is based on work performed under the auspices of the U.S. Air Force Ballistic Missiles Division,
Contract No. AF 04(647)-269.
t Manager, High Altitude Aerodynamics. + Physical chemist.
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VAPORIZATION IN THE HYPERSONIC LAMINAR BOUNDARY LAYER

Abstract—HouBeKTUBHEI nNepeHoc Temla K IOBEePXHOCTH MCMAPAILEroca Marepuaa
XapaKTepuayercd KPUTHYECKON B3aBUCUMOCTHIO WHTEHCMBHOCTH II@PEHOCA OT TOPMO3HOIO
JEeVCTBMSA, CBABAHHOIO C YTOJINEHHEM MOTPAHMYHOTO CIIOA, A TAKME TelmIoNoromanen
cnocoGHOCTI0 XMMHYECKUX BEIeCTB, BBOJUMBIX B MOTPAHWYHLIE CI0# BO BpeMs Ipomecca
UCHApeHUA.

AHanns npponecca HCIApeHUs NPOBOJWTCH JUIA yeaoBuit cBepX3BykoBoro oOTexaHMA.
Jams Y@ciieHHble PelIeHMA MACCONEPEHOCA B KPUTHYECKON TOUKE OCECHMMETPHYHOIO Tela.
OTH PesyJbTaThl IOJYYEHH HPU pelieHun COOTBETCTBYOIMX ypaBHeuuil HOrpasuvHoro Clios
paa Auddysuu, KOHBeKLMM u TerrooGMeHa, KOTODHE NOTYHHAWTCA COOTBETCTBYIOLMM
XHMUKO-QuaMYecKUM nponeccam, 00yCIOBIeHHHM KMHETUKON mcnapeHud.

Kpome toro, gaérca ofujee pelneHme, BHIpaKEHHOE 4yepes BaHellIMe mapaMeTpsl. OTO
pelieHHe OTHOCHTCH K TAKHM DerKUMaM O6TeHaHHHA, B KOTODHIX MpPOIECCH MCMAapeHnA onpe-
pensiorca wan auddysuet, UM KIHETHKOHN, NI ¥ TeM M APYTUM OJHOBPEMEHHO.

Hcnonbsy s KOPPeIAUUOHHY 0 GOPMYIIy, IOJYYCHHYIO B JaHHOH paboTe, MOMHO BEYNCIINTD
CKODOCTb MCHAPEHHSA BeMecTsa, MOJBEPraiiierocs CBepX3BYyKOBOMY oO0TeKaHuio, HMeH

OTIpeeNéHHbIA MUHIMYM QUBNMKOXUMUYECKUX JAHHBIX

INTRODUCTION

IN a paper on heat transfer, which considered
mass transfer due to vaporization processes,
Nusselt [1] credited Stefan with first having
recognized the importance of diffusion in prob-
lems involving evaporation. Stefan [2] pioneered
in the theory of multicomponent diffusion.
Hence, at least several of the aerophysical aspects
of evaporation and sublimation have been known
for approximately 75 years.

Until recently, the major effort in developing
the technology of simultaneous vaporization and
diffusion processes has come from chemical
engineers [3, 4] engaged in the analysis of mass
transfer equipment, and from physicists who
have been interested in low density gas dynamics
[5-7] and interfacial non-equilibria [8, 9, 10].
In many important practical cases, ¢xperimental
data have been successfully correlated in the
form of equations involving the usual dimension-
less groups, such as the Reynolds, Schmidt and
Prandtl numbers, so that effective working
relationships are now available in standard
texts [11].

One of the current major technological
problems consists in the development of an
efficient thermal shield for hypersonic vehicles.
A metallic skin which behaves primarily as a
heat sink cannot tolerate high heat fluxes, nor
can it absorb sustained hypersonic acrodynamic
heating, Hence, interest has focused on other
forms of heat absorption schemes involving
some form of mass transfer from the surface
{12-18].

The analysis presented is a general study in
which the physicochemical processes in the

gaseous boundary layer are considered in detail,
and results having wide utility are presented for
the phenomenon of stagnation point vaporiza-
tion in hypersonic flow.

SYMBOLS
aB.L. == resistance of boundary layer,
reciprocal of the right-hand side
of equation (52);

av.u. = resistance of  vaporizing
material, v/ QwRM T))/ePM,
A == number of atoms on surface

per square centimeter;

Gy = X Cy(c,)n, frozen specific heat
n
of the mixture;

(co)n = specific heat of the nth species
at constant pressure,

C, == mass fraction of the nth species;

Dy, == diffusion coefficient of the kth
species;

DT == thermal diffusion coefficient of
the nth species;

E, == activation energy for removing
surface atom from the surface;

I == gimilarity stream function;

F == partition function for the sur-
face molecule in its normal
state for all degrees of freedom;;

F* = partition function of the acti-
vated complex in the surface
layer, after removing term for
motion along reaction co-
ordinate;

h == enthalpy including chemical;

] == Planck’s constant;
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= enthalpy of vaporization;

pVi;

Boltzmann’s constant;

frozen coefficient of thermal
conductivity;

equilibrium constant;

P pitti

pCy D1/ K, Lewis number;

¢, DT/K, thermal Lewis number ;
X X,M, mean molecular

weight of gas;

molecular weight of nth species;
interphase mass transfer rate,
(pv)s;

¢,p/K, frozen Prandtl number;
pressure;

heat transfer;

radius of cross-section of body;
universal gas constant;

nose radius of body;
temperature;

velocity in x-direction;
velocity in y-direction;
absolute velocity of nth species;

diffusion velocity of nth species;

co-ordinate along surface of
body;

mole fraction of species #;
co-ordinate normal to surface
of body;

stream function ;

vaporization coefficient
vaporization coefficient defined
for non-equilibrium vaporiza-
tion;

fraction of ablating material
which enters the gas phase;
emissivity;

similarity variables;
non-dimensional temperature;
ENICANTE

transmission coefficient;
coefficient of viscosity;
w(0u/y);

density;

mean free path;

(dujjdx), = 1/Rey/{2(P, — P_)/p.},
stagnation point velocity gradi-
ent.

Subscripts

atoms;

outer edge of boundary layer;
interface;

air molecules;

vaporizing species;

nth species;

stagnation point;

= denotes differentiation with re-
spect to 7;

infinity, upstream of shock;

= sea-Jevel standard.

I

f
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EXAMINATION OF THE PROBLEM

An analysis of surface melting or sublimation
requires a detailed consideration of the vaporiza-
tion processes at the interface between the con-
densed and gaseous phases. Because of current
technological interest, the following discussion
is focused upon a hypersonic environment.

Upon exposure to a hypersonic stream, a
surface will at first behave as a heat sink until
the surface temperature approaches some critical
value. Above this temperature, molecular vibra-
tions will be sufficiently violent to cause a con-
siderable number of particles, at favorable sites,
to detach from the surface. During the micro-
scopic collison processes which follow, a number
of these particles condense on the surface, while
others are transported away by convection and
diffusion in the fluid stream. The result is a net
interphase mass transfer.

Vaporizing species generally are present in
maximum concentration at the surface, which
acts as a chemical source. The vaporizing species
then diffuse into the gaseous boundary layer and
are diluted by the main stream components as
they are swept downstream by macroscopic
convection. When the diffusion thermo-effect is
neglected, the driving force for the diffusion
process at any point in a boundary layer is
related to the local gradient of the partial
pressure of the diffusing species. At the surface,
therefore, the driving pressure differential is pro-
portional to (P,); — (P)e-

During hypersonic flight, the components of
dissociated air which enter the outer edge of the
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boundary layer are generally not the same
species as the gaseous products of vaporization.
Hence, the partial pressure of the latter species
vanishes asymptotically at some finite distance
from the surface, which coincides with the outer
edge of the diffusion boundary layer unless
dissociation of the injected species occurs. Thus,
the driving force for the diffusion of each vaporiz-
ing species (other than oxygen or nitrogen) is
simply the partial pressure of the vaporizing
species at the surface (P,),, which is related to the
mass fraction (C,); by:

(., — B My

TP M

It is noted that certain materials yield oxygen
or nitrogen as vaporization or pyrolysis products,
so that when the behavior of these materials
is analyzed, additional compatibility equations
must be derived at the surface [19]. When pure
sublimation occurs (no liquid phase exists), the
mathematical solution to the ablation problem
consists of the determination of four un-
knowns: the interface temperature T;; the inter-
phase mass transfer r;; the interphase energy
transfer Q,; and the mass fraction of vaporizing
species at the interface (C))..

There are several additional variables when a
two-phase boundary layer forms, that is, when
the solid melts to form a liquid phase boundary
layer, which flows and vaporizes under the in-
fluence of the :nvironmental conditions. Analysis
indicates [18] that only two non-trivial unknowns
are added to the above four required for the
solution to the problem. All other variables of
interest are derived quantities. The two additional
unknowns are the surface viscous shear stress 7;
and the tangential velocity of the interface w,.

For the gas phase, the six unknowns may be
related functionally through the following
equations:

n; = 1y [(Ci)i, T4 @
Qi = QuT, my, u;) (3
7 = 7 (T My, 1) @
(Ci)i = (C)i (T, a, M) ®)

It is noted that for practical materials u; is
generally so small that it has no influence on the

solutions to the gas phase boundary layer
equations and is merely determined a posteriori.

The functional relationships given in equations
(3) and (4) represent the dependence of the heat
flux and skin friction on the mass transfer rate.
These functions are considered at length in
reference [17] and will not be discussed here.
Relations (2) and (5) depend critically on the
physicochemical properties of the vaporizing
species. The relationship given by equation (2)
can be obtained directly from boundary layer
solutions and is derived later, while equation (5)
is a boundary condition which must be obtained
from a consideration of the chemical kinetics of
the vaporization reaction. In a later section it will
be shown that kinetic theory yields as the net
interphase mass transfer:

. aPM
m; = m {(Cileqa — Cic}i ©)

and consequently, (C;); must always be smaller
than (Cj)eq.; When a finite mass transfer occurs,
It is clear then that equation (6) is the specific
representation of the functional relationship
given by equation (5). It is only when equations
(2) and (6) are equated, that one obtains an
a posteriori knowledge of the deviation of (Cp);
from (C})eq,;- Thus, an a priori assumption to the
effect that (C,); = (Cp)eq.; violates the micro-
scopic condition represented by equation (6).
However, it may be considered as a zeroth order
approximation which holds for certain restricted
conditions. These conditions will, in fact, be
determined in a later section, where it will be
shown that (C,); may differ appreciably from
(Cpreq,; during high altitude flight.

BOUNDARY LAYER CONSIDERATIONS

It is assumed here that the gas in the hypersonic
laminar boundary layer is a ternary mixture of the
products of dissociated air and the vaporizing
species. Thus, at any point in the fiuid, the mean
mass motion depends on the contribution of
the air atoms A, the air molecules M, and the
vaporizing species k. At the surface of the
condensed phase, the interphase mass transfer
by convection and diffusion in the gas phase is
expressed by:
m; = (Z ppvy); = (pava + pmom + prvp);  (7)

n e
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When the gas phase atom recombination rates
are of the same order of magnitude as the rates
of diffusion, heterogeneous atom recombination
occurs, and the surface then acts as a sink for
atoms and as a source of molecules, which
requires the mass balance:

(pava); = — (pmom); (3)
Introduction of the latter into equation (7)

yields the simple result:
m; = (pylr): )

Noting that by definition, the summation of
the diffusion fluxes is zero, i.e.

n

(10)

the introduction of the latter into either
equation (8) or equation (9) followed by re-
arrangement, yields the identical constraint:

my = (jih {1 — (Ci)i 37t (1

The diffusion flux of a particular species
depends rigorously upon the concentration
gradients of all the species present in the gas.
However, for a good first approximation, the
diffusion flux of a species present in moderate
amount is given by Fick’s law, so that:

oC,.
Je= = PP o (12)
Thus equation (11) becomes:
oC,
== oD 0 = co]

This expression relates the interphase mass
transfer n1;, to the concentration gradient
(9C,/8y); which depends strongly on the surface
concentration (C,);; this relationship can be
obtained by solving the boundary layer equations.

Conditions in the gas phase are assumed to be
quasi-steady, since a transient response in the
overall mass transfer rate is dependent primarily
on the temperature response of the condensed
phase to a particular heating cycle, and not on
gas phase processes. It is also assumed that the
third species k has the same transport properties
as air molecules. For convenience, it is further

assumed that the surface is fully catalytic, while
gas phase reactions are frozen. Note that it has
been shown [13, 16] that the relationship between
heat transfer and mass transfer is virtually the
same for frozen and equilibrium stagnation point
boundary layers, provided only that the surface
is fully catalytic.

SHOCKWAVE

Uglx}

TYPICAL U~
VELQCITY
PROFILES.

r(x)
- ‘ -
TYPICAL e
TEMPERATURE
PROFILE
TYPICAL V-
VELOCITY
INFLUSCID \ PROFILE CONDENSED
FLOW
FIELD Velx) \ PHASE
EDGE OF \_3 INTERFACE

BOUNDARY LAYER

FiG. 1. Co-ordinatesystem and profiles for vaporizing
boundary layer.

The governing equations may then be written
for a body-oriented co-ordinate system (see
Fig. 1); conservation of atomic species A:

ot 386; T opp (};"_‘ _ 63 (IPDM aaC)‘}A n
L

Conservation of vaporizing species k:
= I E
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where two diffusion equations are required for a
three component gas, since the global con-
servation of mass replaces the third diffusion
equation.

Global continuity:

7] 17]
2x (pury) + ?y (pvry) =0 (16)
Conservation of momentum:
ou ou oP é ou
Puajc—'r Pv“a; = " %x + 3y (”'B—y) a7n
oP
&y =0 (18)
Conservation of energy:
_/er or\ P ou\?
PCy u7x+vﬁ)_u5§+“@ +
2 oT oC;
o (K5) + 2 e (on G+
i
DT 9T\ eT
Al | el
T O
Equation of state:
R
P (20)
where _
M=XX,M, @

is the mean molecular weight of the gas.

On introducing the following similarity vari-
ables which include the Mangler and Dorodnitsyn
transformations [20]:

pette ¥ p
= < | --red 22
TS V@ J p oY @
¢ :J PaptiMel *dx (23)
0

and defining a stream function:

¥ = (262 f(n) (24)
such that:

oY Y 95
puro———a—;, Pvro—_g; (25)

the boundary layer equations are reduced to
ordinary non-linear differential equations at a
stagnation point.

The conservation of atomic species may be
written:

{}fr Le (CA)"}n +f(Cq, =0 (26)

and the conservation of the kth species becomes:

-

)
{prLe @} +7C, =0

which implies that thermal diffusion can be
neglected in first approximation. The conserva-
tion of momentum becomes:

@7

o+t + 4 (% —13) =0 @)

and the dominant terms in the energy equation
are:

(o) +rat=0 @
which implies that the conduction and convection
terms are more important than the diffusion
terms in the frozen energy equation, when the
specific heats of the species in the gas are nearly
equal.

These equations constitute a coupled ninth-
order system of non-linear ordinary differential
equations with split boundary conditions, with a
functional behavior shown in Fig. 2. However,
since it is assumed that the vaporizing species

1.0
T fn .
e
o I
1.0
T .5 | |
Te
0
1.0 .
c, [~ M
2JCK e
0
0 1.0 2.0 n

F1G. 2. Gas phase boundary layer profiles.
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have the same thermochemical behavior as the
air molecules, it is not necessary to consider the
diffusion equation for the kth species explicitly
during the solution, as demonstrated below.
And, it is seen that the system of equations
reduces to a set previously solved in a binary
mixture analysis {17] (in which the transport and
thermodynamic properties of the gas were
variable, i.e. they were calculated in terms of the
local temperature and composition of the gas).

Before listing the boundary conditions applic-
able to the analysis of this problem, it will be
shown how the dimensionless concentration
gradient (C,),,; may be related to the non-
dimensional temperature gradient, (6.,);.

Upon defining the function.

é
0=-214
(e

and noting that ¢, is a slowly varying function of
7, for moderately high surface temperatures,

(30)

c@
0, = G b (31

and hence equation (29) becomes:

!
(o), 160 =

In order to obtain an equivalent form of the
diffusion equation for the kth species, we note
that to a very good approximation, the Lewis
numbers are nearly unity in which case we may
write:

(32)

l
(3 €0n), +7€, =0 @
in
Since equations (32) and (33) are identical in
form, it is only necessary to ensure that they
have identical boundary conditions.
At this point, the boundary conditions are:

7=0: C(0) = (Cy)
80) =6, (34)
(C‘j,), —
00 =), =@
7 = oo: lim. C, = (Cy),
7 ® (35)
iim. 8§ =1lm & =10

Introducing the new variables:

0 =6 — 1 (36)
(Co)i — Cy }
Cy =60% 1t — 37
k=9 { €=l O
we obtain the new boundary conditions:
n—0: o0 — g _1—6r (8
( 3‘))8
C10) = 6
n = oo: lim. @* = lim. Cf =0 (39
n— w n—rx

so that the boundary conditions are identical in
terms of the new variables, while the differential
equations become:

!
e * *
(Pr @n)n+f@n =0 (40)
i
[ +rear—o @y
and hence one can now conclude that:
OF = (C¥ (42)

i.e. the two derivatives obey the same equations,
and have the same boundary conditions. We are
now in a position to determine the eigenvalue
(Ci)yy: in terms of the temperature gradient
(8,);-

Differentiating equation (37) and introducing
equation (36) we obtain:

~ (Cw *(C)e

and upon introducing equations (30) and (31)
and rearranging equation (43) we find the
general relationship between the dimensionless
temperature and concentration gradient:

(Cr)i — (C k)e Cp
{Cn/(cﬁ)e} o — (Cp)a

Since the mass fraction of the vaporizing species
other than oxygen or nitrogen vanishes at the
outer edge of the boundary layer, then by
definition (C,). = 0, and thus at the wall one

(Cn)y (Ci)y = 07 =6, (43)

(Ci)n = 44
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obtains for vaporizing species (other than
oxygen or nitrogen):

(Cw)i (8,);
0i - (C-'p)e/ (Ep)i

Thus, solving the binary mixture equations (26),
(28), (29) and obtaining the eigenvalue (6,); as a
function of the flight conditions, the dimension-
less wall temperature 6,, and the dimensionless
mass transfer rate — f;, also solves equation (27)
implicitly by means of the relationship given in
equation (45).

The results obtained are now combined with
equation (13). The similarity transformation
requires:

@), =P (@)} ), @

and equation (13) becomes:

. V{2 pilps) (du./dx) } p:(D Im)i(ck)'q,i

(45)

(Ck)nn' =

m; =
{1 — (Cai}
47
. n Le
Since Dy, = o Pr
equation (47) also may be written:
. du Le (Ck)
m; = — 2 i mt
{ Pk (dx) ( )} =)
(48)

and since the mass transfer rate also may be
written in terms of the non-dimensional stream

function:
- - J 2 e (1) }ﬁ )

the compatibility condition becomes:
m;

V{2 pops @u jdx)}

(Le/Pr)i(Ck)n,i
1—cn 0
where (Cy),; is given by equation (45).
When the correlated eigenvalues and properties
[17] are substituted into equation (50) one
obtains the typical results shown in Fig. 3.
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NORMALIZED INTERPHASE MASS TRANSFER

FiG. 3. Mass transfer of vaporizing species at

100,000 ft altitude and Mach No. 20.

Since the normalized interphase mass transfer

of ) )

appears to be almost a linear function of the
mass fraction of vaporizing species at the inter-
face, (C,);, and since du,/dx is inversely pro-
portional to the nose radius Rp, this suggests
that a useful form for representing all of the
data, for the full range of hypersonic flight
conditions, is the function r1; v/(RB)/(Cy);.

Results are shown in Fig. 4 for the evaluation
of the function m;4/(Rp)/(C,); for various flight
speeds, altitudes and surface temperatures at a
value of (C,); = 0-4. It is seen that the interphase
mass transfer function correlates directly with
the boundary layer density. That is, a decrease
in altitude (an increase in free stream density),
causes a logarithmic increase in #1;,4/(Rg)/(Cp).
Either an increase in flight speed, or a decrease in
wall temperature acts to increase the mass
transfer function since the density of the
boundary layer rises for each of these effects.

When the results of a large number of in-
dividual calculations at various flight speeds,
altitudes and wall temperatures are correlated,
the result is:

RB 172 s
ETPO] = 0-40 + 0-115 x 10-%h, — h;)
(51

when the enthalpies 4, and h; are expressed in
British thermal units per pound, Rg in feet and

@l
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010 e |
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FLIGHT SPEED x 10”3 FT./SEC.

F1G. 4. Mass transfer rate vs. flight speed.

m; in pounds per square feet seconds. Equation
(51) represents all of the data within 25 per cent
error.

For routine calculation, it is convenient to
express the interphase mass transfer function in
terms of altitude, flight speed and surface
temperature. An equation which represents all
of the data within a 15 per cent error may be
written as the product of three factors.

17/ R
VRS 119333 — 66667 x 10T;] x
(Cr)

X [10—(4-3243 + 3-9668 x 10-6 Au.)] x (52)

X [V (09976 = 1201 x 10- Alt)]

Here T is expressed in degrees Rankine, the
altitude in feet, the flight speed ¥V, in feet
per second and the other symbols have the same
dimensions as in equation (51).

Obviously, for best results, the data appearing
in Fig. 4 should be used directly.

ANALYSIS OF THE VAPORIZATION PROCESS
A. Vaporization in equilibrium systems

1. General considerations. In an equilibrium
system, the net rate of vaporization is identically

zero, and the condensation rate and the forward
rate of vaporization must be equal. Furthermore,
from statistical theory it may be shown [21], that
in a system in chemical equilibrium,

iy = i = o (Pen [ (g ) 69

Thus, the forward rate of evaporation for an
equilibrium system may be calculated precisely
if each quantity appearing in the right-hand side
of equation (53) is known.

Most refractory substances yield several
different gaseous molecules during vaporization.
Carbon, for example, produces the following
equally important species [22]:

k

C(s) = C(g) (54a)
2C(s) = Cy(g) (54b)
3C(s) = Cy(g) (54c)

Different values of M, a and (P,)eq Will be
associated with each reaction, so that a different
equation (53) must be written for each. In most
cases an increase in temperature leads to a more
extensive polymerization of the equilibrium
vapor [23]. Particular care must be taken
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therefore in extrapolating low temperature vapor
pressure data, because other more complex
molecular species, whose presence is not
suspected, may become the major constituents
of the equilibrium vapor at high surface tem-
peratures.

Let us discuss in greater detail the above three
quantities which appear on the right-hand side
of equation (53). 1t is clear that once the va-
porizing species has been identified, its molecular
weight M, is immediately known, and hence the
molecular weight requires no further discussion.

2. The evaporation or condensation coefficient.
The evaporation or condensation coefficient a is
defined here for an equilibrium system as the
fraction of gaseous molecules of species k which
condenses on collisionwith the surface. Obviously
o cannot be greater than unity. No general
theory has been developed for obtaining the
quantity o from fundamental molecular data,
and relatively little reliable experimental data
have been obtained even for vaporization
reactions of the simple type illustrated by
equation (55) below.

1t might be expected that o is a function of the
temperature of the system, of the crystallo-
graphic face under consideration, and of its
previous history, as well as the vaporization
reaction under investigation. In general, how-
ever, in many simple vaporizations the average
effective value of « lies between 01 and 1, and
is not affected appreciably by the temperature.
Values of o less than 0'1 are observed when
considerable molecular rearrangement occurs
during the vaporization process. Detailed dis-
cussions of the dependence of the a of individual
substances on temperature and on the crystallo-
graphic face can be found in the literature
[24-31].

Finally, it must be pointed out that contamina-
tion of the surface, caused either by the pres-
ence of impurities within the material or by
reaction products from the gas phase, may
lead to large decreases in the rate of vaporization
[32] and thus to smaller effective values of a.

3. Simple vaporization reactions. The simplest
class of vaporization reactions is represented by:

a A (condensed) = 4, (g) (55)

where 4, may be any gaseous atomic or mole-
cular species having the same empirical formula
as the condensed phase. The reactions given in
equations (54) are typical.

For vaporization reactions of the type shown
in equation (55), the vapor pressure (Ppleq is
identical with the equilibrium constant K, and K
can be calculated directly from fundamental
thermodynamic quantities which are generally
available.

Familiar substances which boil at moderate
temperatures, such as water, nitrogen or mercury,
have a (P,)eq which is known precisely at all
temperatures up to the critical point. On the
other hand, the vapor pressure of substances
which boil at temperatures higher than 2000°C
is subject to uncertainty, particularly if several
complex molecular species are important com-
ponents of the equilibrium vapor as in the case
of graphite. For such materials, the probable
error in (P,)eq is generally no smaller than
4+ 20 per cent and may become as great as a
factor of 10 [33].

4. Complex vaporization reactions. In more
complex types of vaporization reactions, the
empirical formula of the vapor molecules differs
from that of the condensed phase, and a new
condensed phase may appear at the interface.
In such cases the choice of an appropriate
value of (P,)eq and of o presents greater
difficulties. Two examples of such types of
reaction are discussed briefly here.

The first example is characterized by an
equation of the form:

XY(s) = X(g) + Y(s) (56)
In this type of reaction the equilibrium vapor
pressure Py is again identical with the equili-
brium constant K, which is again only a function
of the temperature. During the course of the
vaporization process, however, a layer of Y
builds up at the interface, and eventually the
net rate of vaporization may become controlled
by the rate of diffusion of gaseous X through
condensed Y. Great care must be exercised
therefore in choosing the value of a, since a will
depend on the thickness of the layer of ¥ and on
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the diffusion coefficient of X(g) in Y. Illustrative
of this type of vaporization reaction are:

SiC(s) = C(s) + Si(g) (57
CaCOy4(s) = CaO(s) + COy(g) (58)

The second example is characterized by:
XY(s) = X(g) + Y(g) (59)

which is another commonly encountered type
of vaporization reaction. In such cases the
equilibrium condition is:

PxPy =K (60)

If no excess X or Y are present from other
sources in the equilibrium gas, then Px = Py and

(Px)eq = (Py)ea = VK (61)

In the more general case, when excess X or
Y are present, equation (60) must be utilized
since the simplification to (61) does not apply.

In such a case severe difficulties are encountered
in determining a. Even when the macroscopic
forward rates of vaporization of X and Y are
equal, so that no buildup of a new phase is
encountered, it is probable that the stoichio-
metric composition of the surface layer is not
identical with the composition of the bulk
condensed phase. Thus, the extent and nature of
the chemisorbed layer of X and of ¥ may affect
greatly the value of a.

As apparent from equation (60), although the
product of (Px)eq and (Py)eq is well defined, the
individual values of (Px)eq and (Py)eq are not,
sothatequilibrium vapor atany given temperature
does not have a definite composition.

The composition of the chemisorbed layer
will vary as the ratio of the pressure of X(g) to
Y(g) varies from zero to infinity. Therefore, the
values of a at any given temperature will vary
also with the gas phase composition, and X(g)
and Y(g) must have different values of o. In
such cases the vaporization coefficient becomes
an indeterminate quantity, and this approach
is not applicable. A more fruitful approach in
this instance is to rely on reaction rate theory, or
perhaps use the concept of o which will be
introduced as avap. An example of such a reac-
tion is:

MgO(s) = Mg(g) + 304(2) (62)

B. Vaporization in non-equilibrium systems

1. General considerations. In general, the net
rate of a vaporization reaction is the difference
between the rates of the forward and reverse
reactions:

() = (my); — (M), (63)

The system cannot truly be in equilibrium
when net vaporization takes place and thus the
rate equations discussed in Section A are not
necessarily applicable. Two major assumptions
must be made in order to obtain a rate equation
during non-equilibrium vaporization:

(a) Not only is the forward rate of vaporization
assumed to be independent of the partial pres-
sure of foreign gases, it is also assumed to be
independent of the partial pressure of the vapor-
izing species.

(b) The fraction of incident molecules which
condense on colliding with the surface is
independent of the partial pressure of foreign
components and of the vaporizing species.

As a consequence of assumption (a), the
forward rate of vaporization is exactly the same
as that obtained during equilibrium vaporization.

M,
(1) = @ (Pi)ea J {m}

where the a appearing in equation (64) is the
equilibrium condensation coefficient. In general,
the rate of condensation is given by:

G = o @/ (17)

where o is the fraction of sticky collisons, and
(P); is evaluated one mean free path from the
surface and is not necessarily the equilibrium
vapor pressure appearing in equation (53). As
a consequence of assumption (b), the a appearing
in equation (65) is equal to the equilibrium con-
densation coefficient, and hence, on substituting
equations (64) and (65) into equation (63), the
net rate of vaporization is obtained:

(i) = a J () (Poa = Pe)e (69

2. The evaporation or condensation coefficient.
Before proceeding with a discussion of equation

(64)

(65)
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(66), one should consider the errors introduced
in the calculated rates of vaporization of non-
equilibrium systems by the assumptions that
the rate of vaporization and the condensation
coefficient « are independent of the gas phase
composition.

Attempts have been made in recent years to
develop a theory which relates the forward rate
of vaporization to the partial pressure of the
vapor. This was done by relating the concentra-
tion of active sites for the vaporization process
to the rate of diffusion of molecules on a surface
[34, 35]. Difficulties are encountered in giving
an adequate physical description of even an
idealized surface, and these theories are still
qualitative in nature. For some types of cubic
crystals, it has been estimated, for example, that
the forward rate of vaporization may vary by a
factor of 3 as the partial pressure is varied from
zero to the equilibrium pressure {34]. The best
experimental work on this subject has been done
by Hock and Neumann [26], on single crystals
of potassium. In this case a definite dependence
on partial pressure has been obtained for both
the rate of vaporization and the condensation
coefficient, The observed total variation in the
rate of vaporization was approximately a factor
of 2. No such variation was observed for molten
potassium [27]. Less precise experiments indicate
that the vaporization rate of other metals has a
dependence upon partial pressure which is no
larger than that found for potassium. Thus, the
errors introduced by the assumptions that the
effective condensation coefficient and the rate of
vaporization are independent of the partial
pressure, are of the same magnitude as those
which enter into the determination of o under
equilibrium conditions.

In some cases it has been found that the pres-
ence of small amounts of some foreign molecular
species can lead to a large change in the rate of
vaporization, by acting as a catalyst for the
vaporization process. This situation is most
likely encountered in vaporizations having a low
value of a, where there is an appreciable excess
activation energy of vaporization so that
catalytic effects can become most important.
The best known example of this type is the
increased rate of vaporization of ammonium
chloride in the presence of moisture [36].

3. Vaporization into a vacuum. The experi-
mental determination of the net rate of vaporiza-
tion is generally carried out in a vacuum.
Therefore, some authors have found it con-
venient to define the evaporation coefficient, as
the ratio of the experimentally determined net
rate of vaporization to the Langmuir expression
for the forward rate of vaporization

_ (m1,); (vacuum)
W T (Pieq v/ {M[2nRT;}

(67)

Thus, ayap is intended as a measure of the error
in the Langmuir expression

.
#12); = (Pidea J {mff}

Note the tacit assumption by these authors that
the forward rate of vaporization and the net
rate of vaporization are identical, if the material
vaporizes into a vacuum. It is clear that at high
rates of vaporization, the vacuum is partially
destroyed in the immediate vicinity of the surface
so that care must be exercised in the use of
equation (67). That is, the reverse reaction
{condensation) may not necessarily be negligible.

The subscript “vap” has been added to o
in equation (67) to emphasize that this definition
of the vaporization coefficient is not necessarily
equivalent to the equilibrium condensation
coefficient a. It is considered that the use of a,
which is rigorously defined for equilibrium
vaporization, is preferable to the use of avap
defined for non-equilibrium vaporization, since
only for equilibrium vaporization systems is the
forward rate of vaporization related unam-
biguously to the rate of condensation through
the equilibrium constant. When « is defined by
means of equilibrium vaporization processes, it
has physical meaning in that it is the ‘“‘sticking
coefficient” of the equilibrium vapor, whereas
ovep is merely a measure of the error in the
Langmuir expression and cannot be directly
related to the fraction of sticky collisions during
non-equilibrium vaporization. While « must lie
between zero and unity, avep can exceed unity.
Under the special conditions when the forward
rate of vaporization is independent of the partial
pressure of the foreign and vaporizing species,
avap and a are identical.

(68)
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In view of the discussion presented in Section
B(1), one may, within the framework of assump-
tions (a) and (b), use avap and « interchangeably,
although it is clear that both aysp and the
“sticking fraction” will actually have some
dependence on P,.

4. Complex vaporization into a boundary layer.
For net vaporization into a boundary layer, as
will be discussed in the following section, the
partial pressure P,, evaluated at one mean free
path from the surface, depends partially on the
rate of convection and diffusion into the boun-
dary layer.

For simple vaporization reactions no added
complications are anticipated. As an example of
what may occur in a complex (but not over-
complicated) vaporization reaction, consider
equation (59). In the simplest case, already dis-
cussed, where no chemical reactions take place
to remove either species X or Y from the gas
phase and where no X or Y is normally present
in the boundary layer, under -equilibrium
conditions, equation (61) still applies.

If a chemical reaction occurs which consumes
either X or Y, or if species X or Y are compon-
ents of the free stream which enter the boundary
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layer, the quasi-equilibrium gas composition
may exist nevertheless. Hence, equation (60)
still is valid, but in such a case Px =~ Py since
Px and Py are affected by the presence of the
free stream components and the products of
reaction. A further relationship between Px and
Py can be established by introducing the
equilibrium constant of the chemical reaction.

If preferential diffusion occurs due to unequal
diffusion coefficients or due to unequal con-
centration gradients, but if a quasi-equilibrium
vaporization process is still assumed, again
equation (60) applies while (61) does not. Now,
in addition to the equilibrium constants, an
added relationship between Px and Py must be
sought in the conservation of mass at the
interface (chemical source-sink considerations)
[19].

Finally, for a non-equilibrium vaporization
process, one must have a precise knowledge of
the forward rate of vaporization since the pro-
cess is no longer diffusion controlled.

C. Summary of available experimental data
Experimentally determined values of « and

avap are given in Tables 1 and 2 for a number of

materials. Since data on the rate of vaporization

Table 1
Substance Gaseous avap . Temperature | Reference
molecule ‘ O |
White phosphorus ‘ P, ~1 ‘ [23]
Red phosphorus P, 10-8 23]
Arsenic As, 5 % 10~ f [23]
Iodine I, 0-037-0-005 —56-35 [30]
Rhombic sulfur S 0-7 i 16-32 A [24, 25]
Potassium (liquid) K 1 | 67-119 : 271
Potassium (solid) l K 1-7-0-9 50-63 [26]
Many metals, solid and liquid } atoms ~1 [32, 43]
Graphite ‘ C 0-4 ! 2400 [22]
C, 0-3 i 2400 [22]
| C, 0-1 \ 2400 [22]
‘ Cs <10-3 | 2400 [22]
Arsenolite i As,Og ~1 [46]
Claudetite As,Oq 10-8 [46]
Water and ice H,O ~1 [47}
Potassium chloride KCl 0-72 407469 [29]
Potassium perrhenate KReO, 0-7 780-853 [48]
Many organic acids !
alcohols and hydrocarbons | 0-36-1 [31, 47, 49, 50]
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are available only for a limited number of sub-
stances (most of which appear in the tables) no
effort has been made to select materials of
interest for hypersonic flight, and further, no
distinction is made between a and ayap in these
tables.

Table 2
Sub- Products of avap 7 | Refer-
stance vaporization (°C) | ence
Na,COy | Na(g) + Oqe) +
CO,(g) + Na,O(g) | 002 | 881- | [51]
1107
BN B(s) -+ Ny(g) ~10~% {52]
AIN Al(g) + Ny(®) ~10-¢ [52]
Mg;N, | Mg(g) + Ny(g) “vlery [53]
OW”
NH,Cl | NHy(g) + HCI(g) 0-003- | 118- | [28]
0-0004 | 221 [54]1
TaC Ta()) + C® ~1 [54]
wcC W@ + C@) ~1

The rates of vaporization from which the
value of the vaporization coefficient was com-
puted were usually obtained under vacuum
conditions, and so are generally avap for which
no attempt has been made to determine the
effect of the partial pressure of the vaporizing
species. Since o is temperature dependent, the
temperature at which the experiments were
conducted is listed for most of the substances.

Table 1 lists values of a for simple vaporization
reactions of the type illustrated by equation (55).
Table 2 deals with complex reactions which are
listed individually in the table.

It should be apparent from the scarcity of
data that much remains to be done in this field.

D. Vaporization kinetics

When adequate data are not available for
(P)eq and for «, it becomes necessary to obtain
the forward rate of vaporization n, from kinetic
expressions containing other molecular para-
meters. A large number of general expressions
have been proposed which require more or less
detailed data about the system in question, and
which are only partially successful in predicting
the few accurately known rates of vaporization.
Only the most widely used expressions are given
here. The following three equations:

(m); = AMv exp( — %,) [37, 38] (69)

(i) = 2 AM v i—;,exp ( — ﬁ—T) [39] (70)

-

) kT F* E,
(}ifc)i =AMk 5 €Xp ("‘ ITT)
[40, 41, 421 (71)

all rest on three basic assumptions:

(a) Each molecule at a surface is exactly
equivalent to every other, so that any molecule
will have an equal probability of vaporizing.
(b) The activation energy of vaporization is
equal to the enthalpy of vaporization.

(c) The vaporization reaction is a kinetically
simple one-stage reaction.

The first two equations contain other added
assumptions and may be considered as special
cases of the third one, but'they contain fewer
parameters and are relatively easy to apply.
Generally, they cannot be expected to yield
anything more than an estimate of the order of
magnitude.

The last expression, given in equation (71), has
been used with considerable success to calculate
the rate of vaporization of potassium chloride,
benzene and sulfur. It is difficult to apply,
however, since the partition functions F are
sensitive functions of many uncertain parameters.
Furthermore, it is difficult to estimate the re-
liability of the three assumptions mentioned
above.

As a consequence of the first assumption all of
these equations predict that the forward rate of
vaporization is independent of the partial
pressure of the foreign components of the
vaporizing species. Attempts [34] to refine these
models in order to make them consistent with
known behavior of surfaces have not yielded any
quantitative results as yet.

E. Conclusions

It is concluded that the value of the vaporiza-
tion coefficient may vary over very wide limits,
and that it is unsafe to assume that it is close to
unity for refractory substances except when
dealing with a highly restricted group of sub-
stances. In most cases the rate of vaporization
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may be predicted to within one order of magni-
tude only when detailed knowledge of the
mechanism and the rate of the evaporization
process are available.

The following factors tend to favor a large
value of a, (¢ > 0-1):

(a) The presence of a liquid rather than solid

phase.

(b) The necessity of little molecular rearrange-

ment during vaporization.

(c) The absence of impurities at the vaporizing

surface.

THE RATE-DETERMINING STEP CONTROLLING
MASS TRANSFER

The curves shown in Fig. 5 are helpful in
visualizing the effects considered in the preceed-
ing sections. Kinetic theory (equation (6)),
predicts that the interphase mass transfer is a
decreasing function of the mass fraction of
vaporizing species (L), (evaluated at one mean
free path from the surface). Thus, when (Cy);,
is identically equal to (Cjleq,; the gas is in
equilibrium with the surface and the net inter-
phase mass transfer is zero. This is shown in
Fig. 5 by the curves labeiled ‘“‘kinetic theory”.

Boundary layer theory, equation (51), or
equation (52) predicts that the interphase mass
transfer is an increasing function of the vaporiz-
ing species (C,);, which is evaluated at one mean
free path from the surface. This result also is
shown in Fig. 5 by the curves labelled ‘“boundary
layer theory”.

In the steady state, the vaporized gas is
transported away from the interface by con-
vection and diffusion at a rate equal to the net
rate of vaporization. Thus, the intersections of
the curves shown in Fig. 5(a) and 5(b) represent
the condition of microscopic compatability
between kinetic theory and boundary layer
theory.

In Fig. 5(a) it is seen that for a given material,
at a given surface temperature, the vaporization
process will be either diffusion controlled,
rate controlled, or in the transition regime
between the two, depending upon the slope of
the boundary layer theory solution which is a
unique function of environmental conditions.
In Fig. 5(b), it is seen that, for given conditions,
the vaporization process will be again either

diffusion controlled, rate controlled, or in the
transition regime depending on the slope of the
kinetic theory expression, which depends
primarily on the magnitude of «.
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Fic. 5. Relationship between interphase mass
transfer and equilibrium mass fraction.
(a) Effect of environment on net rate of vaporization.
(b) Effect of vaporization coefficient on net rate of
vaporization.

In either case the magnitude of (C,); ob-
tained at the point of intersection determines
whether the slowest, and hence the rate-deter-
mining, step of the vaporization process is
diffusion or the vaporization rate.

It is perhaps interesting to draw an analogy
between the mass transfer process and ohmic
flow. One may write the boundary layer solution
in the form:

(Cy); = an.L. mi\/RB

where a1, represents the resistance of the
boundary layer to the diffusion and convection

(72)
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of the vaporizing species. Similarly, the kinetic
theory expression may be written:

(Co)i = (Crleq,i — av.m. m; (73)

where av . represents the resistance of the
material to the vaporization process. Upon
eliminating (C,); between equations (72) and
(73), one obtains:

(Cilea,; = m; (ap.L. VRp + av.m) (74)

Equation (74) shows that the boundary layer
diffusion and convection process, and the
vaporization process may be thought of as two
resistances in series. The interphase mass
transfer 71; is analogous to the current and the
equilibrium mass fraction (Cj)eq,; is analogous
to the driving force. Then (C,), is the voltage
drop due to the boundary layer resistance, and
the total resistance is the sum of the two resis-
tances .ap.1.A/Rp and av.m. The boundary
layer resistance, as.L.4/Rp, appears as an
increasing function of body size, while the
resistance of the material to vaporization, is
independent of body size. It is seen also that
since the magnitude of av.m. is inversely pro-
portional to the vaporization coefficient, the
two limiting values of the interphase mass
transfer are:

o (Cheq,i

Jm. e = i/ R @)
Crleq,i

lim. i, = m (76)

a—0 av.M.

That is, as a approaches infinity, the rate-
determining step of the vaporization process is
diffusion and convection in the boundary layer.
As a approaches zero, the vaporization process
becomes kinetically controlled. For intermediate
values of a, the overall process is governed by
the kinetics of the vaporization process and the
resistance of the boundary layer.

The parameter o has been singled out for
special attention in equations (75) and (76)
because, as shown previously, the vaporization
coefficient is generally the most difficult physical
quantity to evaluate with sufficient accuracy.
While equations (75) and (76) are mathematically

correct, it is not necessary to go to the limits
zero and infinity, since the process becomes
practically diffusion controlled or kinetically
controlled for finite values of a. The problem
consists of the determination of the conditions
which define the two limiting regimes and the
transition regime. Therefore, two critical values
of a can be defined, one at each end of the
transition regime. However, the larger of these
is of greater practical interest and will be defined
here by the following expression:

= Qcrit

{(Ck)i =09 (Ck)eq,i

acrit 1S therefore the value of a for which the
resistance of the vaporization process ayv.m. is
10 per cent of the total resistance

(77

av.m. + aB.L.v/Rp.

When a = agrit it may be assumed that

(Ck)i = (Ck)eq,i

without introducing an error greater than 10 per
cent in the calculated value of m,, and the
vaporization process is an “equilibrium” process.
For higher values of a, the “equilibrium” assump-
tion will lead to errors smaller than 10 per cent
and so if this accuracy is sufficient, the quantity
a need not be used for determining the net inter-
phase mass transfer, since equation (52) suffices.

The value of acrit i, of course, a function of the
other parameters, which are the precise environ-
mental conditions, the molecular weight of the
vaporizing species M, the surface temperature
T, the mean molecular weight of the gas at the
surface M, and the geometric scale factor
v Rs.

It is therefore of considerable interest to
determine the value of ocrit for various flight
conditions as a function of these other para-
meters. This is done by introducing the relation
given in equation (1) into equation (6) and
obtaining

e/ (Re) —
av/Rp PM
| Sonm ot (o — il 9



20 S. M. SCALA and G. L. VIDALE

On letting {C/(Cr)eq}; = 0'9 and rearranging
equation (78), one obtains:

(a4/RB)erit =

A/ (Rg) vV (M, T,)
9( (C): )\/(2 B ~peit, PeM,

which is a completely general equation.

If one now selects a particular altitude and
flight speed, the value of the stagnation pressure
P, is obtained from normal shock tables for
dissociated air, and the value of

{mi '\/(RB)/(Ck)i}

is known from the boundary layer solution pre-
sented previously. Thus, a general relationship
between (a+/Rp)erit and the environmental con-
ditions (altitude and flight speed) can be obtained
for any specified value of the mean molecular
weight M; and of M, T,.

Notice that the value of {#;v/(Rp)/(Ci):}
calculated earlier does depend somewhat on
(C:); and T;. This dependence appears to be
small, however (see Fig. 3), and is neglected
here.

Fig. 6 shows this general relationship graphic-
ally, and is a plot of (a4/Rp)erit vs. flight
altitude. The effect of varying the average
molecular weight M, 23 < M,; < 33 is shown
approximately by the width of the bands shown

(79
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FiG. 6. Critical limit of vaporization coefficient,

in Fig. 5. Separate bands are drawn for each
of three different values of M ,T;; these three
values were chosen to cover the region of
greatest interest where the values of particular
interest are usually 5 << M, < 100, and

1000° < T; < 5000°R.

Finally, the effect of ﬂxght velocity is shown by
plotting two bands for each of the three values

of M,T;, one band being for a Mach number of
12, and the other for a Mach number of 20.

The curves have been plotted for constant
M ,.T, and Mach number as a matter of con-
venience. In considering the behavior of a
particular material during the flight of a hyper-
sonic vehicle along a given trajectory, the value
of T;,, M,, M, and the velocity will change with
altitude. The time dependent behavior of a
single material on a particular flight path will
cut across the curves of Fig. 6. These curves
show the value of (av/Rp)erit defined by
{C/(Crleq}s = 09 for the full range of hyper-
sonic flight conditions.

When a > Qerity {Ck/(ck)eq}l > 0'9, and the
vaporization may be considered to be “equili-
brium” vaporization since the process is diffusion
controlled. When 0:012 acrit < a << 09 acrit,
then 0-1 <{C./(Cyeq}: <09, and the net rate
of vaporization is determined both by diffusion
and by the kinetics of the vaporization process,
and the value of a must appear explicity in the
equations.

When o << 0-012 aerit, then

{Cr/(Crleq}s < 01

and the boundary layer resistance can be neg-
lected with respect to the material resistance
and the net rate of vaporization may be con-
sidered equal to the forward rate of vaporization:

apM

\/(21TRM T) (Ck)eq,i (80)

m; =
An approximate formal expression for the
curves shown in Fig. 6 is obtained as follows:
The introduction of equation (48), followed
by some dimensional analysis shows that
(a4/RB)erit varies inversely as the Schmidt
number, inversely as the square root of the
stagnation pressure, directly as the square root
of M,T;, and directly as the fourth root of the
stagnation temperature,

(av/RB)crit ~ (ii) J (MkT) (THV* (81)

One can anticipate, as verified by the results
shown in Fig. 6 that the region is which (C;);
deviates from (Cjpleq,; iS ome in which the
stagnation pressure is low and the product
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M T, is large. Thus, at low altitudes—10,000 ft
or less—for instance, the ratio {C./(Cyleq}:
deviates from unity only for very low flight
speeds and very large values of M, T;. At higher
altitudes, this ratio may deviate from unity
even at higher flight speeds (Mach number ~ 20).
Notice that if the nose radius is small, this
also will increase the tendency for the ratio
{Cu/(Creq}; to deviate from unity. The ratio
(Le/Pr); has been evaluated as a function of
flight conditions, using the properties of dis-
sociated air, for which the ratio is of the order
of 2. Actually, this ratio depends critically on
the molecular weight of the injected species.
For light particles, i.e. M; ~ 5, the ratio
(Le,/Pr); can exceed 5: however, this effect is
minimized by the reduction in M ,T;. Since the
curves shown in Fig. 4 were determined using the
transport properties of dissociated air, which
ignores the effect of foreign gases, an additional
correction for extremely light or heavy gases
would involve multiplying acrit obtained from
Fig. 6 by the ratio (Le,/Leair);.

An analysis has recently been performed in
which the relationship between the interphase
mass transfer and the vaporization coefficient
has been established for the non-equilibrium
vaporization of a refractory oxide at high
altitude [55]. The dependence of the effective
mass fraction at the surface upon a+4/Rp is
shown in Fig. 7. Note that three vaporization
regimes are clearly demarcated, which are the
specific representation of Fig. 5(b).

0.08

CRITICAL LIMIT OF
VAPORIZATION

TRANSITION
GIM

Ki

1 “EQUILIBRIUM"
§ VAPORIZATION

LOGo(@vRyg)

Fic. 7. Dependence of the non-equilibrium mass
fraction of injected species upon the vaporization

coefficient,
Altitude = 200,000 ft P /P, = 0192
Vo = 23,600 ft/sec ¢;/Rp = 0-50 ft1/2

CONCLUSIONS

When a material is subjected to severe heating
conditions, the net rate of interphase mass
transfer during vaporization may be diffusion
controlled, kinetically limited or both, depending
on the magnitude of the vaporization coefficient
a.

The flight regimes where the vaporization
process is diffusion controlled, kinetically limited
or both, are defined by a universal solution,
utilizing the most significant independent para-
meters.

One may estimate the rate of vaporization of
an arbitrary material, subject to hypersonic
flight conditions, utilizing the numerical solutions
or the general correlation formula derived
herein (provided only that one has an independ-
ent knowledge of certain minimum physico-
chemical data).

In addition, an extensive summary is given of
the available experimental data regarding for-
ward rates of vaporization.
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