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Heat Transfer from a Nonequilibrium Turbulent Boundary
Layer to Catalytic Surfaces
NormaN G. Kurgein*
Lockheed Missiles and Space Company, Palo Alto, Calif.
An analysis has been made of the heat transfer from a supersonic turbulent boundary layer

under conditions of recombination or dissociation among gaseous species and catalytic reac-

tions at the wall. The process of thermal diffusion of lower molecular weight species towards

high-temperature regions is included. As expected, high transfer increased as the wall cata-

lytic efficiency for the recombination of atoms increased. However, it was found that the

surface temperature was quite important in determining the magnitude of this effect. In

particular, a hundredfold increase in catalytic parameter when the wall temperature was

1000°K increased the heat transfer 25%, whereas a 3000°K wall temperature resulted in a

change of 1509%. Thus, materials such as tungsten coated with glass on the surface are re-

quired if heat transfer is to be reduced by using noncatalytic surfaces. Thermal diffusion was

always found to decrease heat transfer; the maximum reduction found in the present work

was 18%. Two different values of Lewis numbers were used, 1.0 and 1.3. It was found that

some numerical values of the parameters of the problem produced the apparently anomalous

effect of reduced heat transfer with the larger value of Lewis number.

Nomenclature Subscripts
- . _ . e = freestream
gﬂ » = local value of skin-friction coefficient L = conditions at interface of viscous and turbulent layers
p» = specific hea‘g at c.onsta.nt pressure w = wall
D = molecular diffusion coefficient 1 = atoms
D = energy of dissociation of oxygen molecules 2 ~ molecules
h = enthal sensible 4+ chemical . X
by, SeDSID e % = aspecific component
H = total enthalpy of mixture,
2 “
- kY + b} Introduction
k = molecular thermal conductivity THE present work is an examination of the heat-transfer
k, = recombination rate coefficient ] characteristics of a high-speed turbulent boundary layer
gx - gq;‘:}:g:iﬁgl ggﬁzgﬁz Ezzgg gﬁ g(‘)cl’llceeg&‘;?ﬁ)?l under conditions where there exists recombination or dis-
Lec _ 11 wis number, Pr/Sc sociation among gaseous species and cat.alytic re'actlons fxt the
Ly = Lewis number based o turbulent, properties Pr/Ser wall. Aside fro_m quantitatively studying tl}e 1I}teract10n of
m = mass of atoms or molecules these two reactions, the effect of thermal diffusion of lower
M = molecular weight of atoms or molecules; molecular molecular weight species toward high-temperature regions is
weight of mixture. assessed.
M, = Machnumber of freestream For simplicity, the gas chosen for the boundary-layer ma-
P = pressure terial was pure oxygen, assumed to flow over a flat plate, with
Pr = Prandtl number, Cpu/k . zero pressure gradient at Mach numbers from 1 to 4 and wall
Pr = Pr:i,lrlgtl pumber based on turbulent properties catalytic parameter I' (the fraction of atoms striking the wall
%”’ _ g:s coi?{a?rﬁ?ﬁi?ﬁfl?ttmiumt area which become molecules) between 1074 and 1072, There is
Res = Reynolds number c}lrrently con31derable interest in coating temperature re-
Sc = Schmidt number, u/pD sistent metals with materials that melt at high temperatures to
Scr = Schmidt number based on turbulent properties form a glass-like coating that protects the metal from oxida-
¢ = time tion. These materials have a very low catalytic efficiency and,
T = temperature hence, “block” heat transfer to the surface by increasing the
u = velocity enthalpy there. The focus on elevated wall temperatures,
@ = velocity divided by freestream value, u/ue i.e., above 1000°K, reflects the fact that recombination rates
4 = freestream value of the velocity in the gas phase are tremendously accelerated at low tempera~
%V = velocity normal to surface tures so that the gas immediately adjacent to the wall is in
1 = recombination rate of oxygen atoms ey . C e .
z ~ distance along surface equilibrium, thus making the wall characteristics irrelevant.
Ay, = boundary-layer thickness based on efficacy of gas phase
reaction

Ay, = boundary-layer thickness based on composition defect Analysis
3 Yo _ Bi(:é:ggz}r’lgiﬁsli}(;l:ﬁ:febased on velocity defect The basic two-dimensional boundary equations, including
Y = mass fraction the effects of thermal diffusion and chemical reaction, but
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without pressure gradient, can be written for a binary mixture
of atoms and molecules as follows!:
Equation of Continuity

(0/0z)(pu) + (0/0y)(pv) = 0O 1
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FEquation of Species Continuity

oY, oY, 0 ( oY, blnT)
— — = — | pD — Y.Y w
Puax+vay byp by+al2by + Wi
@
Equation of Momentum
ou ou 0 ou
Pua—x-i-lw b’;-@(#b—y) 3)
Equation of Energy
oH OH o] oT
o pusal B BN Aheea N
P o T dy Oy I: dy
oY, d InT
pD (a + a¥,Y, oy ) X

RTaM? O [u?

(hl LR TAT ) LY (2)] )
These equations are very difficult to solve, even for the case
of purely laminar flow, because the presence of the term W,
involving chemical reactions in the gas phase and the thermal
diffusion terms involving the coefficient of thermal diffusivity
a, renders the boundary layer not ‘“‘self-similar” with these
effects included. To simplify matters we make the usual as-
sumption that the boundary layer is composed of a region
near the wall, dominated by viscous effects, and a fully turbu-
lent portion everywhere else. Furthermore, we make the
conventional assumption that streamlines are parallel to the
wall in the viscous region. The equations appropriate to this
portion of the flow are obtained by setting the left-hand side of
Eqs. (1-4) equal to zero, thereby obtaining the following set
of ordinary differential equations:

Species Continuity

di{—pD <CLY1+aY1Y2 M)} = W, (5)
Y Y Y
Equation of Momentum

(d/dy) [u(du/dy)] = 0 (6)

Conservation of Energy

d ar aY, dInT
dy{—.kdy — oD (d—y + oYY, dy ) X

RTaM? d (u?
(hl b ¥ MM, > Hay (2>} =0
Integration of the continuity equation, Eq. (1), in this viscous
region yields pp = const = (pv),. In the present work we
take the wall to be simply a catalytic surface for recombina-~
tion and dissociation reactions so that (ov),, = 0.

Because we are interested in the heat transfer to a solid
surface rather than details of the actual spatial distribution
of T, Y, and u, it is convenient to integrate Eq. (6) once to
get,

T =7, = u(du/dy) ®

and change the independent variable in Egs. (1) and (2) from
y to u. Introducing the skin-friction coefficient by 7., =
C jpput and @ = u/u., Bq. (5) becomes

i[dflﬁ aYl(l - Yx) d_T] _ WluSc
da| da T di | (crapoue)?

and the energy equation is transformed, after integrating
once, into the form

9)

aT RTaM?
C,,% + L. I:hl — ke + M, :I
dY: | a¥i(l — Y cz_T] .. P
[dﬁ + T d’l_// + PTu@ w= Cf/2peue (10)
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In order to obtain the equations pertinent to the turbulent
core, we must take the time averaged value of Eqs. (1-4), the
result of which can be written, after some manipulation, as
follows:
© Equation of Continuity

o] o] —
5 (B0 + 5 (0 + pW) = 0 (11)

Equation of Species Continuity

) SO ) SR ) o1\ |
pu-s =+ (0 + p'v) oy " oy <P€d,1 ay) + W (12)

Equation of Momentum

O = oD (2
gt e =g («f) W
Equation of Energy
o 500 2 0
pi " (pv—l—pv)ay _ayl})\byx

+
7 2 7 ’ u2 1
<h_zhiyi +§>+p6d,1<1—L—T> X

1
r) o (2)] 09

The terms involving the turbulent transport coefficients of
heat, mass, and momentum have their usual definitions, viz.,

_ _ . oY
(hy — ho) "b—l + e <1 -
Yy

- =Y
dT /oy = Yoy

_ _ o (15)
@ e Qi /dy

All terms involving molecular transport phenomena such as
heat conduction and thermal diffusion have been assumed
negligible as compared with the turbulent transport terms.
Because

i =

1t is clear that

but rather

which accounts for this term in Eq. (14). In order to obtain
solution of Eqs. (11-14), which will then be used to join the
solutions obtained in the viscous sublayer to freestream con-
ditions, we make the following two simplifications.

1) The rate of recombination is effectively zero in this
outer region, i.e., W, = 0. Kgs. (25a) and (25b) show that
Wi« T s0 typical conditions of a rapidly rising temperature
in the viscous inner layer to higher temperatures in the turbu-
lent region will cause Wi to decrease very sharply. This
approximation was verified a postiori by use of computed
temperature profiles and found to be quite accurate.

2) The total enthalpy and composition are functions of
velocity alone in the outer region. Transformation of the
equations of species continuity and energy with W, = 0 leads
to the following forms:

2\ D 1 d 1 4y
=) =1 - 2% (16)
<0y> oy T [1 ScT] di Ser di
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(2)7 2 [ - Lo

oy oy di Prda
Lr — 10— h)dY Pr—1_
R =B

il:_l_(ﬁ_LT_]-(hl_}h)d_Y_PT—l
di

Prda Pr di Py

where 7 = ¢,(du/dy).7 We have omitted the symbols indi-
cating averaged quantities since the region of application of
Egs. (16) and (17) will always be evident. Thus, % is now the
average velocity divided by the freestream value. It is
seen that this assumption requires elimination of y deriva-
tives from the left-hand side of Eqs. (16) and (17) by taking
Ly = Py = Scr = 1, which stratagem causes the bracketed
terms to vanish. A first integration of the remaining equa-
tions yields

au,ﬁ] a7

dY /Scrdi = const ' (18)
(1/Pry[(dH/du) — (Lr — 1)(l — hy)dY /da
— (Pr — Duli] = const (19)

The constants in each equation can be found by matching
fluxes of mass and energy with Eqgs. (9) and (10) at the inter-
face between the viscous and fully turbulent regions. Inte-
grating Eqgs. (18) and (19) and performing this matching
procedure one obtains, using the definition of H and making
the very accurate approximation that Ay — hy = D, an
average dissociation energy:

dY C(YL(l - YL (LT . S_CVL Ye "‘X_I_;
(dﬂ >L + T. (dﬁ)b B L (20)

2
&h=0ﬂﬁ4%%0—um+

PLo(Y, — ¥y) — 2P2d — @)
peueCf/Z
We have not set the turbulent Prandtl and Schmidt numbers
equal to unity in these equations for reason of avoiding dis-
continuous property or flux values at @ = @z. Instead we
choose Scz, = Scr and Pr = Pr. In the special case when
these groups are unity, Eqs. (20) and (21) reduce to correct

forms; otherwise they are approximate.

Next we must evaluate the velocity ratio at the edge of the
viscous sublayer. Study of literature? on high-speed turbu-
lent heat transfer suggests that the quantity u.*, defined by
urt = an/(cip./20%)Y? where p* is the density at some
reference conditions, should be taken as constant, say 11.5.
Dorrance?® studied the effect of a distribution of atoms and
molecules on the skin friction and found very little change
over its normal high-speed value. Therefore, in the present
work, the reference density was taken to be at the well known
reference temperature proposed by Eckert4; the skin friction
was taken to be a function of Reynolds number, freestream
Mach number, and ratio of wall to freestream temperature,
but not degree of dissociation of the gases.

The reference temperature is defined by

T — <Te _12"*7110> (7 - 1)

+ 0.22Pr1/s e M 2T,
with ¥ ~ 1.3 for the degree of freestream dissociation used

t We have dropped the second-order term
2 —
> 'Y
1
for reasons of simplicity. The true importance of this type of

second-order correlation in reacting flows remains to be experi-
mentally determined.
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here. Written with the cgs metric system units used in the
present work, %y takes the form

5 = gf 1/2 T,+ T, + 1.5 X 1078u,2 1/2
P\ 2 2T,

The skin friction was taken from Dorrance® at particular
values of Re., T./T., M.; fitting the temperature dependence
according to the values of the other two parameters, e.g., at
M, ~2, Re, = 4 X 105, the skin-friction coefficient is given by
Cyp = 1.25 X 1073 (T,/T,)*12.  Again, the results were very
insensitive to the precise value of 4z used. This fortunate
circumstance will be discussed later. It is enough to note that
this result means that the reference temperature plays a very
minor role. We now turn to the specific form of the recom-
bination rate Wi.

Using the experimental results of Matthews® the main
reaction taking place in the gas phase can be written as

This formulation states that the secondary reaction
0,+0=204+0 (23)

does not contribute significantly to the over-all changes in
concentration of atoms or molecules, i.e., the third body is
taken to be molecules alone. Clearly, these conclusions cannot
be valid when the mixture is initially composed of atomic
species. It was found in the present work that the gas phase
reaction was most significant at lower temperatures, where
the concentration of molecules exceeded that of atoms. There-
fore, the first equation was used in this work to give

d[0]/dt = Kk.[0:]2 — k,[O]2[0s] (24)
Noting that the density of the mixture is given by
_ pM: N _P(l“Yl)
PTRTUF T 0:) = =57,

01 =55 e T

where K., the equilibrium constant in terms of concentration,
is defined by K, = [0]2/[0;] and K, is the equilibrium con-
stant defined in terms of mole fractions, one can write the
expression (24) in the form

_pdYy ke L)a <1—Y,1
W= _2<RT M\ y,) X

1 — vy 47,2
[&a+m“a+n2

] (25a)

The value of k. over the temperature range of interest was
estimated from Matthews’ data to be proportional to 7'—2:

k. = 9 X 10'%(3250/T)%cm?/mole? sec (25b)

The equilibrium constant, obtained from a close approxima-
tion to Hansen’s tabulated results,® was

K. = 1.82 X 103(T/p) exp— 59,000,/ T (25¢)

Transport properties for the Oy — O system were taken from
Yun, Weissman, and Mason.” The thermal diffusion factor
waswell approximated by the following function of temperature
and composition:

—a = 0.152 + [0.056(2Y,)/(1 + Y,)] — [0.0237/4000]
(26)

The viscosity is a weak function of composition and was taken
to be a function of temperature only in the form

u = 3.34 X 1078707 g/cm-sec

Over the range of interest in the present work it was found suf-
ficiently accurate to take the Schmidt number constant and
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the Prandtl number constant so that the Lewis number was
constant. The value 0.72 was used for Pr, whereas two dif-
ferent values of Sc were used, 0.72 and 0.55. Itappeared from
Ref. 7 that Pr = Se. 'To investigate nonunity Lewis number,
the second value of S¢ was chosen so that the Lewis number in
this case was 1.31. For use in the first member of Eq. (10), the
specific heat of the mixture was taken to be variable according
to the relationship

C, = 0.053(T/1000) ~%/*Y, + 0.26(T/1000)*/®  (27)

The difference in specific heats between atoms and molecules
is 0.053(7/1000) ~3/¢, The pressure was taken to be 1 atm
(105 dynes/em?) uniformly across the boundary layer.

Boundary Conditions

1) The efficiency of the wall as a catalyst for recombination
is represented by the quantity T', which is the fraction of atoms
striking the wall that are converted to molecules and I',
which is the corresponding quantity for the dissociation of
molecules. Combining this definition with kinetic theory re-
sults shows the following:

Rate of Conversion of Atoms

mass _ T'mp
time — area  (2wmkT)V?

Rate of Dissociation of Molecules

mass _ I'mape
time — area  (Z2rmokT)1/2

(k = Boltzmann’s const)

At equilibrium these rates are equal. For oxygen ms = 2m,,
and so
T/ = p1, eo'/21%ps, oo (28)
Noting that
po=p2Yy/(1 + Yy

the net rate of atoms converted to molecules, in dimensional
form, is

D2 =P —

.35 X10- pPYl,w[ Yy el ~ Yl)] (29)
Gt T TN+ Yoo Vil = Y1, o) Ju

where p is in dynes per centimeter, T is in degrees Kelvin.
Typical values of T' are given by Greaves.® Equating this
form to the flux of atoms received by the wall due to thermal
diffusion and concentration gradient we find

(cgl _ 8¢ 3.5 X 10~%r < Y, ) N
da B Cf/2peue(Tw)1I2 1 + Yl w

[1 - 112(101(_1 ;Yﬂw - [ﬂqﬂ]w (30)

where ¢ == ({T'/da). This expression shows that the wall tem-
perature gradient is coupled to the wall concentration
gradient by means of the recombination rate at the wall.

2) The temperature gradient is given by using Eq. (10) and
the wall recombination rate to give

dr\ _ @P.Csye L. I: - ET2a :I
(dﬁ >w B petieClp Cy D+ 1+ Y2l X

[ Se 3.5 X 10~%TY; :”:1 e Yl)] 31
C,/gpeue(Tw)1/2 1+ Y1 Yl(]- + Yl‘ eq) w

3) Except for the case of an insulated surface, the value of
T, is prescribed. We also require that 7 — T, and T — Y.,
as % — 1, i.e., in the freestream.
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Ty ~1,000%K
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Fig. 1 Dependence of heat transfer on wall temperature
and catalytic efficiency.

Method of Solution

The equations were solved numerically on a high-speed
digital computer in the following manner. Freestream tem-
perature and Mach number were selected, which quantities,
making an assumption of chemical equilibrium in the free-
stream, permit the calculation of degree of dissociation,
velocity, and total density. The pressure in all caleulations
was taken to be 1 atm in order to limit the large number of
independent variables. The Reynolds number was chosen
arbitrarily. Taken together with other quantities, the skin-
friction coefficient was calculated from the work of Dorrance,
as described earlier. The boundary conditions on the dif-
ferential equations are given in different locations in the
boundary layer so that solutions had to be obtained by tedious
iterative procedures. After choosing a value of wall cata-
lytic parameter, values of the two remaining outstanding un-
knowns (the wall heat-transfer rate and mass fraction of
atoms at the wall) were guessed. Integration of Egs. (9) and
(10) was performed to the point @ = @z. The various deriva-
tives found at @z were used in Egs. (20) and (21) to calculate
values of Yz and Tr. If these values of Tz and Y did not
match the ones obtained from the viscous layer integration,
new values of ¢, and Yz were picked and the process repeated
until a close match was obtained. Thus ¢, and ¥ were ob-
tained for each set of freestrenm and wall conditions. In
addition, results were obtained for identical freestream and
wall temperature conditions without the influence of thermal
diffusion, i.e., @ = 0 and for two values of Lewis number, I, =
13and L = 1.0. For convenience, the Reynolds number was
taken to change with the freestream Mach number by virtue
of changing freestream velocity so that all results can be in-
terpreted as applying to a fixed point on the surface.

Discussion of Results

Heat transfer results may be expressed in the functional
form

qw/paicH s = fIT, To/To, M., Re,, RT./D]

with « and the laminar and turbulent Lewis and Prandt]l num-
bers regarded as parameters of the solutions. The pressure is
held constant throughout the solutions and all other properties
including reaction rate constants apply to the system of
molecular and atomic oxygen. The last term in the expres-
sion is the freestreams tatic temperature divided by the
characteristic temperature for oxygen dissociation. Through
its appearance in the expression for the equilibrium constant,
the freestream composition is determined.

This function f is given in Fig. 1 for a range of catalytic
parameters I' and wall temperatures and fixed freestream
conditions. All results show that as T' increases the wall heat
transfer increases because of the recombination of atoms at
the surface. The more significant fact is that for high wall
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Fig. 2 Dependence of heat transfer on freestream Mach
and Reynolds number for a freestream temperaiure of
3400° K.

temperature, say 3000°K, the influence of the wall catalytic
parameter is decisive, heat transfer increasing 2.5 times for a
hundred-fold increase in I'.  On the other hand, wall tempera-
tures of 1000°K only increased heat transfer 259, for the same
changes in T'. These observations are indicative of the al-
most frozen (W1 = 0) state of the boundary layer when tem-
peratures are high so that details of the wall reaction are
significant. At cooler temperatures, gas phase reactions are
vigorous enough (W; > 0) to bring mixtures near the wall
close to equilibrium so wall catalylic reactions become rela-
tively impotent in fixing wall heat transfer.

More details on the influence of the other parameters, in
particular the freestream Mach number and static tempera-
ture, are shown in Figs. 2-4. The trend of the high wall
temperature, low T results for f can be explained from the
relationship between f and the Stanton number [defined by
gw = Stpau. (H. — H.); f = St(H, — H,)/H.]. When the
surface is hot and noncatalytic, the wall enthalpy is an ap-
preciable fraction of the recovery enthalpy and rises propor-
tionately slower than does H, as the Mach number increases,
so that the term (H, — H,)/H. increases. But it is well

18
17 L=t0

Te = °
el “ o = 3,800 °K

“ WITH THERMAL DIFFUSION

| |
2x108 8x108

Fig. 3 Dependence of heat transfer on freestream Mach
and Reynolds number for a freestream temperature of
3800°K.
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12+ \\\ \\\
o {4 ~o_10™4 ~o
Sle - ~~ S~ J
" 2 10 \\\ ~
2 1® o9 ~
r=i072 S~o
08— ~
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06 |-
05—
04 -
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02 l | |
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- ! i I _
2x108 4x10® 6x10% 8xi0®
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Fig. 4 Dependence of heat transfer on freestreamm Mach
and Reynolds number for a {freestream temperature of

4200°K.

known® that St decreases with increasing Mach number and
Reynolds number, so f undergoes only modest changes. This
state of affairs cannot persist indefinitely as M, grows because
the rapid increase in kinetic energy results in H, > H,, thereby
masking details of the surface chemistry. This effect can be
seen in Figs. 24 where, even for M, ~ 4, values of f begin to
approach each other for all wall conditions. Because the in-
equality H.>> H,, also holds for relatively cool catalytic walls,
f again follows the Stanton number variation. Having com-
puted H, in the course of solution, it is of interest to calculate
some values of the Stanton number. Because of the high
concentration of atoms which prevail in the boundary layer
when the wall is insulated, thus rendering the kinetic energy
terms less important than normally is the case, it was found
that H, ~ H. Thus St = f/1 — H,/H. to a very good
approximation.

Variation of freestream temperature did not alter the
Stanton number (to within a few percent), holding all the
other parameters constant. Looking at Fig. 5, it can be scen
that the degree of wall catalyticity also has a small effect.
These results are important and are consistent with the
previous assumptions regarding skin friction. The most in-
fluential parameters are the wall temperature and freestream
Reynolds and Mach numbers which, of course, are in qualita-

L=1.0,WITH THERMAL DIFFUSION
3,400<T< 4,200

Mo
wi w2 3 ~4
05 J— L 1 &
2x108 4x10® 6x10° 8X10
Re,

Fig. 5 Dependence of Stanton number on freestream
Reynolds and Mach number.
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Fig. 6 Ratio of heat transfer at two different Lewis num-
bers including thermal diffusion.

tive agreement with conventional, nondissociative, heat-trans-
fer results. Of interest also is the validity of the well-known
expression for the modified Reynolds analogy (St)(Pr)?? =
Ctr as shown in Table 1. Also given there is St/Csp. It is
clear that the Pr?/® correlation becomes less successful as the
wall temperature and freestream Mach and Reynolds num-
bers increase. Also, changing the exponent on Pr will not
account for all the data, although less extreme deviations can
be produced by other choices.

Shown in Figs. 6-8 are the specific effects of nonunity.

Lewis number and thermal diffusion on heat transfer ¢,,. All
results obtained by using L = 1.3 were divided by correspond-
ing values for L = 1.0 and lie on the cross-hatched region
shown in Fig. 6. As expected, most of the values of ¢, =
1.3/q¢ = 1 are above 1.0; surprisingly, some are below this
figure. The explanation for this phenomenon is quite reveal-
ing.

The boundary condition for (dy/d@)w, Eq. (30), shows its
explicit dependence on the value of the Schmidt number,
whereas eq. (31) shows that (d7/dw). depends on the value
of the Prandtl number. The Lewis number was varied by
dropping the value of the Schmidt number, keeping the
Prandtl number constant at 0.72. Therefore, the effect of a
lower Schmidt number is that of a lower T, i.e., a reduction in
heat transfer. Many previous works on dissociative gas flows
consider the extreme limits of a noncatalytic wall, I' = 0, or &
perfectly catalytic wall I' - « (equilibrium at the wall), so
this effect was eliminated. Furthermore, if the limits of
frozen (k, = 0) or equilibrium flow (k, — «) are imposed on
the gas phase reaction the same suppression of Prandtl and
Schmidt number effects oceurs.

In order to determine whether thermal diffusion was play-
ing any role, every result was recalculated setting «, the co-
efficient of thermal diffusion, equal to zero in the differential
equations and boundary conditions. The results for ¢, =
1.3/qr = 1, (@ = 0) are shown in Fig. 7. The same phe-
nomenon is repeated. Therefore, heat-transfer correlations
cannot be made in terms of the Lewis number alone. Physi-
cally this occurs because both the wall reaction and gas phase
reaction introduce characteristic lengths into the problem? so
that the boundary-layer thickness is specifically significant.

Table 1 Reynolds analogy factors

St Pre3/Cyp St/Ci2
Tw = w = Tu, bl rl‘w =
Re: M, 1,000 3,000 1,000 3,000
2 X 108 1 1.03 0.92 1.28 1.15
4 X 108 2 0.95 0.86 1.18 1.07
8 X 108 4 0.83 (.80 1.03 1.0
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Fig.7 Ratio of heat transfer at two different Lewis num-
bers without thermal diffusion.

Because 7 ~ T, ~ pAu/Ay or (Ay), ~ u/(Cipau./2), it is
apparent that the viscosity helps determine the boundary-
layer thickness and should not be eliminated from the
problem by dividing the Prandtl number with the Schmidt
number to obtain the Lewis number.

A characteristic time for the recombination of gases in the
boundary layer above unit surface area is given by tp ~
p/W,, whereas a characteristic time for the catalytic wall
reactions to occur is given by ¢,

bw ~ (kTme(Ay)c/PF

where y, ~ (Ay),(S8c)~.. These times are converted to
lengths by multiplication with w. so the ratio of composition
boundary-layer thickness to equivalent homogeneous reaction
length is

AyC/AyR ~ MWI/SCCf/2<pcue)2 (32)

The ratio of the boundary-layer composition thickness to the
equivalent length introduced by the wall reaction is

Ay/ Dy = pT/(kTw) 200, (33)

The dimensional part of (32) is precisely the right-hand side of
Eq. (9) with the exception of the dimensionless groups Sc and
(2 introduced into (9) as a result of the particular transfor-
mation used. Similarly, the group in (83) appears in Eq. (30),
again in conjunction with the factors Sc and Cy/s.

Specific effects of thermal diffusion are shown in Fig. 8
which shows that heat transfer is reduced. The additional
magss-transfer mechanism of diffusion of atoms away from the
wall towards higher temperature regions reduces the concen-
tration gradient and, hence, heat transfer. The maximum
effect occurred for a freestream temperature of 3800°K, 7',

ost e

ort HEAT TRANSFER 1S ALWAYS REDUCED

o
(5]
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L 1

3000 3500 4000 4500
T, C°K)

Fig. 8 Ratio of heat transfer to its value without thermal
diffusion, Lewis number equals 1.
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= 3,000°K, Me = 1, and T' = 1074 for which the heat trans-
fer was reduced by 18%, a not insignificant effect. For the
class of problems represented by the present work, it appears
that the effects of thermal diffusion are important enough to
warrant inclusion in the initial theoretical formulation of the
problem. '

The effects of thermal diffusion are more pronounced when
concentration gradients are small: a condition that occurs
when the wall is hot and fairly noncatalytic. Thermal dif-
fusion has a greater effect on heat transfer in the present
work than in laminar stagnation point flow treated by Scala!®
and others, because the viscous sublayer is extremely thin.

Using an average value of stagnation po nt pressure gradient
for the Mach number range 1 < M. < 4 and other well
known'!, 12 results, one can arrive at a formula for the ratio
of viscous layer to stagnation boundary-layer thickness (the
length along the surface has been taken equal to the body
diameter) :

A visceous layer (Re.)%3(0.037)
A stagnation point 2.5 exp { [(2/C/)Y? — 11.5]/5.65}

For Re = 4 X 10% (;/2 ~ 1.3 X 107% this ratio has the
value 0.07. If the independent variables are half their free-
stream values at the edge of the viscous layer, average
gradients can be seven times those encountered at a stagha~
tion point.

An explanation for the insensitivity of heat-transfer results
to the precise value of %@y is to be found in the temperature
dependence of the recombination rate Wi, viz.,, Wy « T3
from Eqs. (25a) and (25b). When the surface is relatively
cool (T = 1000°K), the reaction rate is quite vigorous, result~
ing in a rapid change of concentration with distance normal to
the wall, so that any error in an initially guessed value of ¥,
is greatly magnified when the point @ = 4z is reached. There-
fore, moderate changes in % can be accommodated by ex-
tremely small changes in the wall composition so that heat
transfer is quite constant because of the stable enthalpy dif-
ference between surface and freestream.

On the other hand, when T, is hot, say T, = 3000°K, W,
is small, giving a flux of atoms almost constant across the
boundary layer. The resulting composition profiles are of
relatively small curvature so that the precise point of match-
ing the viscous layer to the turbulent core is not decisive.

Conclusions

As a result of the present study of a nonequilibrium turbu-
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lent boundary layer, the following may be concluded: 1)
surface materials of low catalytic efficiency for the recombina-
tion of atoms are effective in reducing heat transfer when the
surface is hot (3000°K) but not when it is ecool (1000°K);
2) thermal diffusion effects reduce heat transfer (the maxi-
mum effect found in the present work was 18%); and 3)
Lewis numbers larger than unity do not always result in a
heat-transfer increase relative to the L = 1.0 situation because
the various homogeneous and heterogeneous reactions intro-
duce characteristic parameters that make the Prandtl and
Schmidt numbers separately significant.
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