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Scale Effects and Correlations in Nonequilibrium Convective
Heat Transfer

DANIEL E. ROSNER*
AeroChem Research Laboratories, Princeton, N. J.

The effect of chemical nonequilibrium on the dependence of heat flux on physical scale is
illustrated for the case of simultaneous gas-phase and surface-catalyzed-atom recombination.
Altitude-velocity regimes in which one can expect appreciable chemical nonequilibrium effects
on the heat flux and its scale dependence are displayed and combined with trajectory informa-
tion for representative hypersonic vehicles. Approximate but rather general correlation equa-
tions are suggested for the nonequilibrium boundary-layer regime.

Nomenclature

cp = specific heat of mixture
Dn = atom-molecular binary diffusion coefficient
G = (d2/Diz)/T, gas-phase recombination rate parameter
H = rz>-A/ichem, eq/A/i/
h — altitude
kn = termolecular, homogeneous atom recombination rate

constant
kw = first-order rate constant for heterogeneous atom recom-

bination8? 28

Lef = Lewis number = -Di2/[X//(pCp,/)]
m = exponent in the power-law relation g"d§m, Eq. (4)
n = total number density or 4 + d lr\.ew/d \nTw
Nu = q"/[\f(Te-Tw)/b]
p = local pressure
Pr\ = Prandtl number for heat conduction = (/*/p)/[X/(pcp)]
PrD = Prandtl number for diffusion = (ju/p)/A2
q" = energy transfer rate per unit area of solid
rz> = recovery factor for chemical energy [Lef for conduc-

tivity cell, (Le/)°-6 for stagnation point boundary
layer]

RB = nose radius of body
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local Stanton number for atom transport
absolute temperature
component of gas velocity parallel to surface
velocity of vehicle with respect to undisturbed at-

mosphere
kwd/Diz = catalytic parameter
mass fraction of atoms
inviscid velocity gradient at nose
recombination coefficient
plate spacing or boundary-layer thickness
total hemispheric emittance
thermal conductivity of mixture
dynamic viscosity of mixture
kinematic viscosity of mixture; JU/P

mass density of mixture
Stefan-Boltzmann radiation constant
recombination relaxation time25 in gas phase
extent of recombination = (ae — aw)/ae

( = A/ichem/A/lchem, eq)
operator meaning change in (across conductivity cell or

boundary layer)
order of magnitude symbol

Subscripts

chem = chemical contribution
D = pertaining to atom-molecule diffusion
e = at hot boundary or outer edge of boundary layer
eq = pertaining to local thermochemical equilibrium
/ = chemically "frozen," i.e. excluding thermochemical con-

tribution
G = at constant G
W = at constant W
w = at wall (gas/solid interface)
X = pertaining to molecular conduction
1 = atoms
2 = molecules
00 = relative to upstream infinity (undisturbed atmosphere)
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Introduction

CONCEPTUAL division of the general problem of non-
equilibrium convective heat transfer into a transfer co-

efficient and generalized recovery enthalpy driving force fails
to confine the dominant influence of fluid dynamic quantities
to the coefficients themselves.2 As one consequence, the
Reynold's number dependence of the energy transport rate
can exhibit very unusual behavior, particularly in the "mixed"
regime in which strongly exothermic gas-phase and surface-
atom recombination reactions are of comparable importance.
With regard to the hypersonic re-entry problem, it is perhaps
not surprising that little attention had been paid to realistic
predictions in this intermediate regime.3? 4 Invariably, such
computations are time consuming, difficult to correlate, and,
regrettably, of uncertain accuracy. However, several ap-
proximate methods have recently been suggested for calculat-
ing and correlating nonequilibrium stagnation point heat
fluxes in the presence of both gas-phase and surface-catalyzed-
atom recombination. l> 2> 5~7 In this paper, based on Ref. 1,
the author wishes to 1) emphasize the scale effects peculiar
to this regime, 2) present a conceptually useful overall picture
of the location of these nonequilibrium domains for hypersonic
entry bodies, and 3) discuss the implications of these analyses
with respect to the development of relatively simple correla-
tion formulas for design work.

When one was interested mainly in re-entry trajectories of
the ballistic missile type or only in an upper bound to the
convective heat transfer rate, the nonequilibrium atom re-
combination problem could, essentially, be ignored. But
now this problem is certainly not academic, since a large class
of manned re-entry bodies will experience peak heating rates
in altitude-speed regions where nonequilibrium atom recom-
bination will be the rule, not the exception (see below). De-
pending on the extent of recombination, available calculations
indicate that the peak heat flux could differ by as much as a
factor of five.8"12 Moreover, a controllable trajectory that in
some sense has been optimized13 on the basis of a convective
heating rate proportional to, say, poo0-%?~1/2Foo3-15 (cf., Ref.
14) may be significantly different from the true optimal
trajectory taking due account of nonequilibrium phenomena.
It has even been conjectured that if nonequilibrium atom
recombination were included in certain design calculations
there might exist optimum nose radii for (locally) minimum
heat flux9 somewhat in analogy to the more familiar case of
combined convective and radiative heat transfer.15 These
considerations have motivated the present preliminary study
of scale effects and possible correlation techniques for heat
transfer in the presence of nonequilibrium gas-phase and sur-
face atom recombination. In view of the current state of
knowledge in these areas and the large number of parameters
involved, it was considered that investigation of a simplified
model for a binary gas would be more enlightening at this
stage than a brute force attack on the multicomponent
boundary-layer equations. For the purposes of the present
discussion, the author has exploited a linearized conductivity
cell ("film" theory) model of the actual process for which the
complete nonequilibrium solution can be written down in
closed form. It should be commented here that application of
film theory to chemical engineering processes involving mass
transfer and/or chemical reaction has a long and successful
history.16? l7 Brokaw,18? 19 Hansen,20 Brian and Reid,21 and
Spalding,22 among others, recently have suggested this modelf
as a valuable tool for rapidly estimating the effects of disso-
ciation-recombination on convective heat transfer in situa-
tions of aerodynamic interest. But, in carrying this through
to the computational stage, a film theory/boundary-layer
theory "dictionary" is, of course, required, i.e., a set of pre-
scriptions for translating film theory parameters into their

corresponding observable quantities for convective heat
transfer. This correspondence may, in fact, be established by
matching film theory results with available boundary- layer
solutions for several important limiting cases. In this paper,
the general implications of the model will therefore be ex-
plored with regard to scale effects. Correlation techniques
for hypersonic, high-altitude heat transfer and two conjec-
tures also are examined in the light of this and previous
boundary-layer investigations.

Linearized Conductivity Cell Model

The continuum model used here is essentially Broadwell's
conductivity cell model23 but generalized to include first-order
atom recombination at a cold surface of arbitrary catalytic
activity.24 f Thus, first consider two parallel plates separated
by a distance 5, enclosing a layer of partially dissociated
diatomic gas through which there is no net mass transfer.
The local atom concentration a is postulated to attain its
equilibrium value at the hot-plate temperature, and the
equilibrium concentration of atoms at the cold-plate tem-
perature is considered negligible by comparison. In addition,
thermal diffusion and other secondary transport mechanisms
are assumed negligible. For this problem, three important
nondimensional parameters emerge, written G, W, H. The
parameters G and H are those appearing in Broad well's
study, the first of these being a gas-phase recombination
parameter and interpretable as the ratio between the charac-
teristic diffusion time S2/Di2 across the film to the gas-phase
recombination relaxation time r. The parameter H is a
measure of the maximum possible chemical enthalpy change
A/ichem, eq across the cell as compared to the sensible (frozen)
enthalpy change Ah/ corresponding to the imposed tempera-
ture difference AT = Te — Tw, but it includes, as a multi-
plier, a recovery factor rD for chemical energy. § The addi-
tional kinetic parameter W ̂  ~kwb/Dii, introduced by finite
rate atom recombination reaction at the cold nonablating
surface, is defined such that W = 0 corresponds to a com-
pletely noncatalytic surface (the case treated by Broad well),
and W —> °° corresponds to the diffusion controlled ("per-
fectly" catalytic, kw -> <») case. Closed-form solutions to the
coupled linear system of ordinary differential equations
governing the steady-state temperature and concentration
fields are obtained readily, from which the heat flux at the cold
boundary is then deduced. In terms of the nondimensional
parameters G, W, H, the explicit result for the nondimensional
heat transfer coefficient Nu, based on the frozen thermal con-
ductivity \f and the temperature difference across the film
thickness 5, is found to be

Nu = 1 + <j>H (1)
where the extent of recombination <t>(G, W; H) is explicitly
given by

= 1 - {(1 + W) - (1 + - J coth?]}-1 (2)

The behavior of the heat transfer coefficient Nu as a func-
tion of the two nondimensional chemical kinetic parameters G
and W is shown in the isometric drawing, Fig. 1, for the par-
ticular choice H = 9. It is seen that Nu approaches the
plateau value 1 + H for either large G or large W, since the
extent of recombination is complete (</> — >• 1) in either case.
On the other hand, for very small values of the chemical
kinetic parameters G and W or for H-+Q, the heat transfer co-
efficient Nu approaches its "nonreactive" value, unity. As

t An excellent critical review of previous nonequilibrium con-
ductivity cell analyses may be found in Ref. 19.

t And equivalent, therefore, to a specialization of the recent
results of Brokaw,19 Brian and Reid,21 and Chimg.25

§ H plays the same role in this problem as the product of the
Prandtl and Eckert numbers in the constant property compressi-
ble Couette flow problem.26 It is the ratio of the maximum
possible thermochemical contribution to the energy transport
driving force to the thermal contribution.2
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Nu <|

G,W=const

=const
H=9

Fig. 1 Dependence of heat transfer coefficient Nu on the
chemical kinetic parameters G and W; H = 9

one might expect from the existence of generalized recovery
enthalpies, 2> 24 the conductivity cell model also exhibits the
property

(X//c,, /) - (M/5) • [1 + (rn - l)(Mchem/M)]— lV tt'nonrcact — •«•

(3)

However, this does not in itself constitute a solution, since Ah
and A/iChem depend on the chemical kinetic parameters G and
W through the extent of recombination <j> (see below).

Scale Effects Implied by the Model

Now consider the effect of a change in scale or, in the case of
the conductivity cell model, a change in the film thickness 5,
leaving all other quantities (and hence H) unchanged. From
the definition of the heat transfer coefficient Nu, the energy
transfer rate q" will change in accord with

ding*
—

dn£

G
(4)

where the logarithmic derivative m will be recognized as the
exponent appearing in a local power-law representation of
the form q" <x 5m.

In view of the film thickness dependencies G °c 52 and
W a d, Eq. (4) becomes

2(d (5)

where the geometric interpretation of the partial derivatives is
clear with reference to Fig. 1 (which, indeed, has logarithmic
scales). Superimposed on the Nu(G} W; 9) surface are dashed
contours of constant m which have been constructed with the
aid of the following explicit relations, readily derived from
Eqs. (1) and (2):

(6)
(fcoth£) (7)

The form of the Nu(G} W; H) surface drawn in Fig. 1 as well
as Eqs. (6) and (7) suggests that, as the value of the chemical
enthalpy potential parameter H increases, the chemical con-
tribution to m [cf., Eq. (4)] also increases and can become
comparable to unity in absolute value." Indeed, in the limit

1 1 The nature of the dependence of m on both the extent of re-
combination 0 and the .chemical enthalpy potential parameter H
is perceived readily in the chemically frozen flow limit, G —> 0, for
then m can be written as ra = — 1 + (1 — <f>)-[<j>H/(l +

H —> oo } the component m approaches — 1 + (1 -f- W) ~1 for
all G. This indicates that, for small W but sufficiently large
H, broad domains of m near zero will exist on the log (r-log W
plane. In the more familiar extreme H —> 0, the value of m
clearly approaches — 1 for all G, W, i.e., the heat flux becomes
inversely proportional to the film thickness. Consequently,
for any finite value of H of interest, it is instructive to con-
sider the actual variation of m along a line of constant W/G112

passing through some salient operating point (G, W). Under
a contemplated change in the film thickness (d -> d'), both
chemical kinetic parameters G and W would change but in
such a way that the new operating point (Gf, W) would lie
along this line. If df were smaller (say) than 5, then the heat
flux at (G', W) indeed would be larger than at (G, Tf);
however, the heat flux sensitivity to the contemplated change
in d can be very much less than proportional to d~l over an
intermediate part of this line (increasing toward d~1 only for
sufficiently small, or large, 5). Thus the film theory model
offers a convenient method of rapidly estimating the mag-
nitude of the departures from q" <x d~1 which might be ex-
pected in practice. It also is seen that the physical existence
of islands of m > 0 (for nonequilibrium convective heat trans-
fer in the absence of radiation) is doubtful.

These results are translated most readily to the case of
laminar boundary-layer flow at the forward stagnation region
of blunt-nosed bodies. # Comparing the foregoing film
theory results with the axisymmetric stagnation point results
given in Ref. 28 for chemically frozen boundary-layer flow but
arbitrary catalytic activity immediately leads to the identifi-
cations

[0.763(/3/iO
rD -* (Le/)°

W

(8)

(9)

(10)

whereas the gas-phase recombination rate parameter G is
clearly related to the corresponding parameter of Ref. 29, with
the notable difference that G must, in general, include the
degree of dissociation ae at the outer edge of the film. Since
the stagnation point inviscid velocity gradient /3 appearing in
Eq. (8) depends inversely on the nose radius RB, it is seen
that G oc RB} whereas W « RB

112. In this case, following the
arguments of the preceding section, the dependence of heat
flux on nose radius may differ markedly from the familiar
RB~IIZ behavior predicted by laminar boundary-layer theory
for the nonreactive (or <£ = 1) case. Thus, a reduction in nose
radius by a factor of four, say, need not be associated with
doubling the heat flux (m = — 1) but could, in principle, be
accompanied by no change in the heat flux (m = 0). It is
therefore of interest to investigate the spectrum of exponents
m which might be encountered in practice.

Nonequilibrium Regimes in Hypersonic Re-Entry1

One can make rapid estimates of the magnitudes of G, W,
and H encountered in atmospheric re-entry by collectively
drawing on the work of Refs. 8-10, 12, 29, and 30. A certain
amount of perspective can be gained by first constructing
contours (level lines) of constant G} W, and H on the altitude-
velocity plane, on which typical re-entry trajectories then can
be superimposed. In practice, it is useful to be able to "stack77

these drawings in such a way that all level lines can be seen at
once; however, this cannot be attempted here. Instead, in-
dividual sketches of the relevant contour maps are given in
Figs. 2-4. Because of the methods of construction, these are
expected to be quantitatively correct only in the range

# A nonequilibrium Couette flow model of the type investi-
gated by Broadwell,23 Glarke,27 and Chung25 would be required for
locations on the body at which viscous dissipation must be ac-
counted for.
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10 $ Fco ^ 30 kft/sec and 100 $ h ^ 300 kft, but they should be
qualitatively correct outside this range. Figure 2 is obtained
from a crossplot of Whalen's calculations30 of a gas-phase re-
combination parameter, whereas Fig. 3 derives from the cal-
culations of Goulard8 for chemically frozen flow at 200 and 250
kft with a wall temperature of 700°K. Numerical values on
each set of contours correspond to a body with 1-ft nose
radius,** and the recombination coefficient 7 has been chosen
at the intermediate value 10 ~2. (Thus, in practice, a factor of
102 in either direction is possible, depending upon whether the
nose material is a very good or a very poor atom recombina-
tion catalyst.) Estimates of the chemical enthalpy potential
parameter H were derived from crossplots of Grier's and
Sand's calculations9 of the maximum possible heat flux re-
duction associated with a completely noncatalytic (<j> = 0)
wall. Numerical values in this case pertain to the choice Tw
= 1000°K, but H could be higher in practice if higher surface
temperatures are allowed (e.g., of order 10 for high-tempera-
ture ceramic nose materials). Superimposed on these contour
maps are three representative trajectories, corresponding re-
spectively to ballistic sallellite ($) entry,31 intercontinental
ballistic missile (ICBM) re-entry,31 and a boost-glide hyper-
sonic vehicle (BGV) re-entry.30 The point on each trajectory

10 20
VELOCITY, kilofeet/sec.

Fig. 2 Contour map of gas-phase recombination param-
eter30 on the altitude-velocity plane (Rs = 1 ft)

at which the product Pco0-57co3-15 passes through a maximum
is marked with an open circle. (This would be the point of
peak convective heat flux, q"ma*, to a cold wall in the case of
complete recombination with rD ~ 1.) Figures 2 and 3 also
include dashed contours of constant maximum laminar con-
vective heat flux (#"max) to a strongly cooled surface, as calcu-
lated from the Detra-Hidalgo correlation.14

Before commenting on the implications of these drawings,
several important limiting factors should be mentioned. First,
there are altitude limitations10 set by the breakdown of
boundary-layer theory (h ~ 250 kft for EB « 1 ft) and the
process of shock layer dissociative relaxation (which, in the
velocity range of interest, may be important as low as 200 kft
cf., Refs. 10 and 32-34). Second, it should be remembered
that equilibrium radiation heat transfer to the surface35 will
begin to contribute significantly (>10%) to the total stagna-
tion point heat flux for the region roughly characterized by
g"max > 103 Btu/ft2-sec on Figs. 2 and 3. Finally, at super-
satellite velocities, ionization phenomena must be accounted
for in calculating both convective and radiative heat flux.36' 37

10 20

VELOCITY, kilofeet/sec.

Fig. 3 Contour map of the catalytic parameter W on the
altitude-velocity plane (Rs = 1 ft, Tw = 700°K, -y = 10 ~2)

Bearing these limitations in mind, however, the following gen-
eral features can be extracted from simultaneous considera-
tion of Figs. 2-4:

1) Unless effective nose radii very much larger than 1 ft
are contemplated,ft #"max for satellite and glide vehicle re-
entry typically occurs in the near-frozen (G « 1) regime f t at
values of the chemical enthalpy parameter H which can ex-
ceed 2.0 and in regions where equilibrium radiative heat
transfer from the shock layer can be neglected. Thus, surface
catalytic activity can be very important for such entry
vehicles, particularly those with appreciable aerodynamic lift.
Since Fig. 3 shows that in this range the catalytic parameter W
is of order unity for 7 = 0(10 ~2), one could, in principle, realize
either </> ~ 0 or 0 ~ 1, depending upon whether a catalytic
(7 ->• 1) or noncatalytic (7 —» 0) surface were used. In the
absence of appreciable dissociation relaxation effects in the
shock layer, the case <j> ~ 0 would correspond to heat fluxes as
small as | or | of g"max. The consequences of this behavior

10 20
VELOCITY, kilofeet/sec.

Fig. 4 Contour map of chemical enthalpy potential pa-
rameter H on the altitude-velocity plane (Tw = 1000°K)

** Using the facts that G^RB and W ^RB
lt2 values correspond-

ing to any other nose radius are constructed readily from Figs.
2 and 3.

f t In accord with crossflow theory, a hypersonic delta wing at
large angle of attack will behave like a series of two-dimensional,
flat-faced stagnation regions ("strips") with very large effective
nose radii (toward the position of maximum span).

tt A tendency that is accentuated by the use of high surface
temperatures.10? 12
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for radiation-cooled entry vehicles§§ are discussed in some
detail in Refs. 38 and 39.!in

2) For manned parabolic entry, g"max probably will occur
in the domain12 24 < Vm < 35 kft/sec, 150 < h < 240 kft, the
lower right-hand corner of which is in the range of nonnegligi-
ble equilibrium radiative heat flux. But this entire domain is
in the range of maximum H (» 4 to 5 for Tw = 1000°K), in-
termediate G, and intermediate W (for y = 10~2). Thus;
considerable departures from a RB~IIZ laminar heat flux/nose
radius dependence are possible (e.g., it is not reasonable to
expect -R#~0-2, which outwardly resembles a turbulent sonic
point heat flux correlation.40 This also may be of interest in
certain aerothermoelastic problems in which the nose radius
dependence of the heat input plays an important role in de-
termining stress levels, or even static stability, of leading edge
structures.41

3) g"max for ICBM re-entry occurs in the regime of near-
equilibrium flow in the boundary layer (0 « 1). Regardless
of the nose radius, in this region of the h-V^ plane H is rela-
tively small, so that surface catalytic activity is not likely to
be as important on both counts. Peak heat fluxes for such
bodies are larger in absolute value (by some 1 to 2 orders of
magnitude) than those corresponding to satellite and boost-
glide vehicle re-entry, and, moreover, radiative heat input
cannot, in general, be completely neglected.

Correlations in Nonequilibrium Convective
Heat Transfer2

The nonequilibrium heat transfer correlation formula that
would appear most likely to succeed for a laminar, axisym-
metric stagnation point boundary-layer flow is of the general
form suggested in Ref. 28:

q* = 0.763 X

+ 0 -1] (H)

where in this case the extent of recombination <j> is not only a
function of the catalytic parameter W^i.e., G of Refs. 28 and
38) but also depends on the gas-phase recombination parame-
ter ## G and somewhat on the chemical enthalpy driving force
parameter H as well [cf., Eq. (2)]. Actually, the most im-
portant effect of 0 is not** contained in its explicit appearance
in the (bracketed) nonunity Lewis number "correction"
term*** but is to be found instead in establishing the magni-
tude of the total enthalpy difference A/i = he — hw across the
boundary layer, since

Ah = (he - hf>w) - (I - (12)

As an interim measure for approximating the extent of re-
combination, <j>(G, W; H), this writer had suggested use of a
simple "combining rule" having the requisite limiting
"behavior2- 44

§§ If ceramic nose caps or leading edges are considered for
operation at temperatures of the order of 2500° to 3000 °K, then
one cannot, in general, neglect the equilibrium degree of dissocia-
tion aeq(Tw; pe) as compared with otej cf., Refs. 38 and 39.

1 1 1 1 The scale dependence of the steady-state temperature Tw
of an aerodynamically heated/radiation-cooled element of surface
is readily found to be39 c) \uTw/b ln§ = m/n, where m is defined
by Eq. (4) and was discussed previously, and n is the power of
Tw at which the radiative flux €w<rTw* increases with temperature

;level, i.e., n == 4 + d (lnew)/d(lnTw).
## A simple correlation for the effect of wall temperature on the

effective value of G for nonequilibrium boundary layer heat trans-
fer to noncatalytic walls recently has been suggested by Inger.42

*** The existence of such "correction" terms (for TD 7* 1) re-
veals that A/i/ -f- r£>A/ichem (and not Ah) is the true energy trans-
port driving force2 at a stagnation point.

1 - 0(G, W;H) ^ [1 - 0(£, 0; #)]•[! - 0(0, W; H)} (13)

where 0((r, 0; H) could be estimated from existing computer
solution for noncatalytic walls,12' 29 and 0(0, W; H) is, in fact,
independent of H and simply given by W/(l + W).8'28

Since, to good accuracy, 1 — 0((7, 0; H) can be identifiedfft
with the quantity (g"eq — #)/(g"cq — q"'/) even for averaged
Lewis numbers appreciably different from unity,2 Eq. (13)
may be written in the form

^ (
\

q"*«-q"
q eq q // noncatalytic

X

Interestingly enough, this simple combining rule represents
Eq. (2) for all G, W to better than 12.5% for values of H up to
25, with maximum percentage departures occurring at G, W
= 0(1). It also represents the suggested interpolation formula
of Ref. 6 to better than 18%. With regard to these differences,.
it should be remembered that Inger ̂ approximate prediction7

of 1 — 0((r, 0; H) can itself depart from the numerical results
of Ref. 29 by some 25%.

In view of the limited size of the existing dictionary of
"mixed" flow, binary gas, nonequilibrium solutions, tit inter-
polation measures of the types recently suggested1' 2> 5~7 are
not indefensible. However, additional effort and ingenuity
will, in the future, have to go into the correlation of accurate
computer solutions for nonequilibrium flow, so that these
methods and conjectures can be tested and many of the spot
calculations encountered in the aerothermochemistry litera-
ture can be tied together into an intelligible pattern for design
use. In this connection, it will be particularly interesting to
learn whether, by considering the relevant gas-phase and wall
recombination rate parameters to be, respectively,

kwpw (15)

values of 0 determined strictly for stagnation point flow can
be applied successfully to downstream regions where viscous
dissipation effects remain small§§§ and where the boundary
layer may be either laminar or turbulent. This is known to be
a reasonable approximation for predicting atom concentration
(aw) and heat transfer distributions in chemically frozen
boundary-layer flow46' 48 and has, essentially, been used tenta-
tively for estimating gas-phase atom recombination effects in
laminar boundary layers.49'50

References
1 Rosner, D. E., "Scale effects for nonequilibrium convective

heat transfer with simultaneous gas phase and surface chemical
reactions; application to hypersonic flight at high altitudes/'
AeroChem TP-54, Armed Services Tech. Info. Agency AD 291
032 (November 1962).

2 Rosner, D. E., "Convective heat transfer with chemical reac-
tion—I. Theoretical development of correlation formulae for the
prediction of heat fluxes in high performance rocket motors and

Iff This relation can be used conveniently to establish the
correspondence between gas-phase rate parameters used by
various investigators.1? 5 > 7> 12> 2 9> 42

Jit To the writer's knowledge, the only numerical solution
of this type available in the open literature is that of Scala,3
which corresponds to the single flight condition h = 100 kft,
Foo » 20, 100 fps with Tw « 450°K. However, this "point"
cannot be readily fitted into the simple scheme previously men-
tioned, since Scala predicts d> « 0.2 even for frozen boundary-
layer flow over a catalytically inactive (7 = 0) surface, owing to
the inclusion of thermal diffusion in his calculations. In the
present formulation, thermal diffusion would introduce an addi-
tional term into Eq. (1).

§§§ Inviscid nonequilibrium effects may be assessed con-
veniently using arguments recently set forth by Inger.45



JULY 1963 NONEQUILIBRIUM CONVECTIVE HEAT TRANSFER 1555

related systems," Aeronaut. Research Lab., Wright-Patterson
Air Force Base, Dayton, Ohio, ARL 99, Part 1 (August 1961);
also AeroChem TP-22, Armed Services Tech. Info. Agency AD
269 816 (January 1961).

3 Scala, S. M., "Hypersonic stagnation point heat transfer to
surfaces having finite catalytic efficiency," Proc. 3rd U. S. Natl.
Congr. Appl. Mech., Am. Soc. Mech. Engrs., 799-806 (1958).

4 Rosner, D. E., "Recent advances in convective heat transfer
with dissociation and atom recombination," Jet Propulsion 28,
445-451(1958).

5 Lilian, A. and Da Riva, I., "Chemical nonequilibrium effects
in hypersonic aerodynamics," 3rd Intern. Congr. Aeronaut. Sci.,
Stockholm, Sweden, Armed Services Tech. Info. Agency AD
294 638 (August 27-31, 1962).

6 Chung, P. M. and Liu, S. W., "Simultaneous gas-phase and
surface atom recombination for stagnation boundary layer,"
AIAAJ. 1,929-931(1963).

7 Inger, G. R., "Nonequilibrium-dissociated stagnation point
boundary layers with arbitrary surface catalycity," Aerospace
Corp. Rept. ATN-63(9206)-3 (January 1963); AIAA J. (to be
published).

8 Goulard, R. J., "On catalytic recombination rates in hyper-
sonic stagnation heat transfer," Jet Propulsion 28, 737-745
(1958).

9 Grier, N. T. and Sands, N., "Regime of frozen boundary
layer in stagnation region of blunt re-entry bodies," NASA TN
D-865 (May 1961).

10 Chung, P. M., "Hypersonic viscous shock layer of non-
equilibrium dissociating gas," NASA TR R-109 (1961).

11 Moore, J. A. and Pallone, A., "Similar solutions to the
aminar boundary-layer equations for nonequilibrium air," Avco

Corp, Res. Advanced Dev. Div., Tech. Memo. RAD-TM-62-59,
Armed Services Tech. Info. Agency AD 282 737 (July 30, 1962).

12 Goodwin, G. and Chung, P. M., "Effects of nonequilibrium
flows on aerodynamic heating during entry into the earth's
atmosphere from parabolic orbits," Proc. 2nd Intern. Congr.
Aeronaut. Sci., Zurich, Switzerland (September 1960); also Ad-
vances in Aeronautical Sciences (Pergamon Press, New York,
1960), Vol. 4, pp. 997-1018.

13 Cavoti, C. R., "On range and aerodynamic heating optimal-
ity for lifting planetary entry in a class of hypervelocity orbits,"
Air Force Office Sci. Res./General Electric Symposium on Dyna-
mics of Manned Lifting Planetary Entry, Philadelphia, Pa. (Oc-
tober 29-31, 1962).

14 Detra, R. W. and Hidalgo, H., "Generalized heat transfer
formulas and graphs for nose cone re-entry into the atmosphere,"
ARSJ. 31,318-321(1961).

15 Dorrance, W. H., ''Some problems in the aerothermody-
namics of hypersonic flight," Threshold of Space, edited by ]V/[.
Zelikoff (Pergamon Press, New York, 1957), p. 243; also Goulard,
R., "Optimum magnetic field for stagnation heat transfer reduc-
tion at hypersonic velocities," ARS J. 29, 604-605 (1959).

16 Mickley, H. S., Ross, R. C., Squyers, A. L., and Stewart,
W. E., "Heat, mass and momentum transfer for flow over a flat
plate with blowing or suction," NACA TN 3208 (1954).

17 Sherwood, T. K. and Pigford, R. L., Absorption and Extrac-
tion (McGraw-Hill Book Co. Inc., New York, 1952), 2nd ed.,
Chap. IX.

18Brokaw, R. S., "Energy transport in high temperature and
reacting gases," Planetary Space Sci. 3, 238-252 (1961).

19 Brokaw, R. S., '"Thermal conductivity' and chemical
kinetics," J. Chem. Phys. 35, 1569-1580 (1961).

20 Hansen, C. F., "Heat diffusion in gases, including effects of
chemical reactions," ARS J. 30, 942-946 (1960).

21 Brian, P. L. T. and Reid, R. C., "Heat transfer with simul-
taneous chemical reaction; film theory for a finite reaction rate,"
Am. Inst. Chem. Engrs. J. 8, 322-329 (1962).

22Spalding, D. B., "Heat transfer from chemically reacting
gases," Aeronaut. Res. Council (Gt. Brit.) Rept. ARC 22,776;
R557; CF 552, Armed Services Tech. Info. Agency AD 281 702
(March 1961).

23 Broadwell, J. E., "A simple model of the nonequilibrium
dissociation of a gas in Couette and boundary layer flows," J.
Fluid Mech. 4,113-139 (1958).

24 Rosner, D. E., "The prediction of convective heat fluxes in
the presence of thermochemical change; some a priori and a
posteriori generalizations," Princeton Univ. Conf. 39: Heat
Transfer in the Major Technologies (April 6-7, 1961).

25 Chung, P. M., "A simplified study on the nonequilibrium

Couette and boundary layer flows with air injection," NASA TN
D-36 (February 1960).

26Eckert, E. R. G. and Drake, R. M., Jr., Heat and Mass
Transfer (McGraw-Hill Book Co. Inc., New York, 1959), 2nd ed.,
Chap. 10.

27 Clarke, J. F., "Energy transfer through a dissociated dia-
tomic gas in Couette flow," J. Fluid Mech. 4, 441-465 (1958).

28 Rosner, D. E., "Similitude treatment of hypersonic stagna-
tion heat transfer," ARS J. 29, 215-216 (1959).

29 Fay, J. A. and Riddell, F. R., "Theory of stagnation point
heat transfer in dissociated air," J. Aeronaut. Sci. 25, 73-85, 121
(1958).

30Whalen, R. J., "Viscous and inviscid nonequilibrium gas
flows," J. Aerospace Sci. 29,1222-1237 (1962).

31 Masson, D. J. and Gazley, C., "Surface protection and cool-
ing systems for high speed flight," Aeronaut. Eng. Rev. 15, 46-55
(1956).

32 Gibson, W. E. and Marrone, P. V., "A similitude for non-
equilibrium phenomena in hypersonic flight," AGARD Meeting
on High Temperature Aspects of Hypersonic Fluid Dynamics,
Brussels, Belgium (March 1962).

33 Kelly, P., "Estimated altitude of equilibrium and frozen
flow in the stagnation point shock layer and its dependence on
nose radius," Bendix Systems Div., Bendix Corp., Ann Arbor,
Mich., Res. Note 34, Armed Services Tech. Info. Agency AD 268
823 (June 2, 1961).

34 Bloomberg, H., Lin, C., and Goulard, R., "Nonequilibrium
phenomena in re-entry flow fields," Bendix Systems Div., Bendix
Corp., Ann Arbor, Mich., Res. Note 14, Armed Services Tech.
Info. Agency AD 279 516 (April 1961).

35 Kivel, B., "Radiation from hot air and its effect on stagna-
tion-point heating," J. Aerospace Sci. 28, 96-101 (1961).

36 Adams, M. C., "A look at the heat transfer problem of
supersatellite speeds," ARS Preprint 1556-60 (December 1960).

37 Hoshizaki, H., "Heat transfer in planetary atmospheres at
supersatellite speeds," ARS J. 32, 1544-1552 (1962).

38 Rosner, D. E., "Surface temperatures of high speed radiation
cooled bodies in dissociating atmospheres," ARS J. 31, 1013-1015
(1961); also "Erratum," 31, 1469 (1961).

39 Rosner, D. E., "Radiation cooling of aerodynamically
heated surfaces at high Mach numbers," AGARD 21st Meeting
of the Combustion and Propulsion Panel; Symposium on Super-
sonic Flow with Chemical Reaction and Radiative Heat Transfer ?
London, England, April 1-5, 1963 (to be published).

40Brunner, M. J., "Analysis of aerodynamic heating for a,
re-entrant space vehicle," Trans. Am. Soc. Mech. Engrs., Ser. C, J;
Heat Transfer 81, 223-229 (1959).

41 Brail, M. A., "Aerothermoelastic analysis of a simple leading
edge structure," Air Force Office Sci. Res./General Electric
Symposium on Manned Lifting Planetary Entry, Philadelphia^
Pa. (October 29-31, 1962).

42 Inger, G. R., "Correlation of surface temperature effect on
nonequilibrium heat transfer," ARS J. 32, 1743-1744 (1962).

43 Rosner, D. E., "Chemical kinetic effects in convective heat
transfer—some useful conceptions and popular misconceptions,'*
paper presented at AIAA-Am. Soc. Mech. Engrs. Hypersonic.
Ramjet Conference Silver Spring, Md. (April 1963).

44 Rosner, D. E., "Diffusion, heat exchange and chemical sur-
face catalysis in flow systems," Ph.D. Dissertation, Princeton.
Univ., Aeronaut. Eng. Dept., Univ. Microfilms, Ann Arbor,,
Mich., Order no. 61-4825 (October 1960).

45 Inger, G. R., "Nonequilibrium dissociated boundary layers
with a reacting inviscid flow," Aerospace Corp. Res. Not§
(April 1963); also AIAA J. (to be published).

46 Rosner, D. E., "The apparent chemical kinetics of surface
reactions in external flow systems—diffusional falsification of;
activation energy- and reaction order," Am. Inst. Chem, Engrs,
J. 9, 321-331 (1963).

47 Rosner, D. E., "Convective diffusion as an intruder ir*
kinetic studies of surface catalyzed reactions," AeroChem TP-63
(March 1963); also AIAA Preprint 63-226 (June 16-20, 1963).

48 Chung, P. M. and Anderson, A. D., "Heat transfer to surface
of finite catalytic activity in frozen dissociated hypersonic flow,"
NASA TN D-350 (January 1961).

49 Hartunian, R. A. and Marrone, P. V., "Heat transfer froni
dissociated gases in a shock tube," Phys. Fluids 4, 535-543 (1961),

50 Vaglio-Laurin, R. and Bloom, M. H., "Chemical effects ii$
external hypersonic flows," ARS Preprint 1976-61 (Augusl
1961).


