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Dissociated Gas Stream

An investigation of the effect of hydrogen and helium injection on local heat transfer to a

porous surface from an oxygen-acetylene combustion gas stream is described. The free-
stream temperature varied from 6200 to 5200 deg Rankine and the volumetric percentage
of atomic hydrogen from 20 to 8. Flow in the boundary layer was found o be turbulent.
Study of the results led to successful correlation of the ratio of the heat flux with injection
to the heat flux without injection in terms of a dimensionless blowing parameter in
which properties are evaluated at an average reference state. A method for predicting
heat flux with injection was then developed. This is based on a temperature rather than
an enthalpy potential because the latter resulted in anomalous values for the Stanton
number under some of the test conditions.

Introduction

THE effectiveness of transpiration in reducing heat
transfer from a high-temperature gas stream has been the sub-
ject of many experimental and analytical studies. Gas injection
into laminar boundary layers has received greater attention be-
cause it is amenable to analytical solution [1, 2, 3, and 4}.2 In
most applications, however, flow in the boundary layer is turbu-
lent. In fact, with injection turbulent boundary layers are more
likely 1o prevail even at low Reynolds numbers because turbu-
lence level in high-temperature gas streams is frequently high,
permeable walls are inherently rough, and continuous injection
has a destabilizing effect on boundary-layer flow. fack of

knowledge concerning turbulent exchange Mnisms has

1 Use of experimental apparatus developed for the NASA Marshall
Space Flight Center under Contract NAS 8-850 is gratefully ac-
knowledged.

2 Numbers in brackets designate References at end of paper.
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severely limited solution of the differential equations governing
turbulent boundary-layer flow.

Numerous investigators have made analyses and performed
experiments to determine the effect of distributed air transpira-
tion through a flat surface parallel to an air stream for which the
flow in the boundary layer is turbulent [2, 5, 6, 7]. Results show
that both skin friction and heat transfer are reduced, but less
than in a laminar boundary layer. It is also known that injection
of a light molecular weight gas into the boundary layer is more
effective than air in reducing the magnitude of the heat or
momentum exchange with the wall surface [8-14].

There is relatively little experimental turbulent boundary-layer
data with mass transfer. In particular there have been no
successful integrated studies of heat, mass, and momentum
transfer. Also very little data exists for the environmental ex-
tremes of temperature, heat transfer rate, and possible chemical
reactions which occur under these conditions. Most laboratory
data is in the range of low ambient temperature and moderate
heat flux rates, which can often mask characteristics that are
critical in actual applications.

With these thoughts as impetus an experimental program was
outlined to obtain heat transfer rates to a flat plate from a disso-
ciated turbulent boundary layer into which light molecular
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Fig. 1 Oxyacetylene flame head, porous plate, and supporting equipment

weight gases could be injected [15]. The free-stream medium
chosen was an oxygen-acetylene flame containing an appreciable
percentage of dissociated hydrogen. Hydrogen and helium were
injected through a porous stainless-steel test section held parallel
to the combustion gas flow. As a second phase to this investiga-
tion a method was developed to predict heat transfer for this type
of system. This was based (1) on correlation of the ratio of the
heat flux with injection to the heat flux without injection as a
function of a dimensionless parameter which incorporated the
wide variations owing to Reynolds number, foreign gas injected,
and wall to free-stream temperature ratio; and (2) on a relation
for heat transfer from a reactive turbulent boundary layer with-
out mass transfer to use with the experimental curve of the heat
flux ratio. This is discussed after a description of the experi-
mental procedure and results.

Experimental Equipment and Procedure

The test apparatus (see Figs. 1 and 2) consisted of a multiple
nozzle oxygen-acetylene flame head, a mass transfer section, and
exhaust duct. The equipment was so designed that when oxygen
and acetylene were passed through the flame head and burned a
two-dimensional high-temperature gas stream was produced
which provided parallel low heating to a 3 X 6-in. test area.
The average nonblowing heating rate was approximately 40
Btu/ft?sec. The free-stream gas velocity was approximately 200
ft/sec with a temperature of about 5000 deg F at atmospheric
pressure.

Transpiration Test Section. The transpiration surface consisted of
a 3 X 6-in. X !/s;in-thick plate of AISI 316 porous stainless
steel. 'The mean pore size was 20 microns with a mean particle
dia of 65 microns. As shown in Fig. 3, this plate formed the
upper wall of a plenum chamber to which the injected gas was
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Fig. 3 Porous plate and instrumentation

supplied. The side walls of the chamber (cut from 0.008-in-thick
AIST 304 stainless-steel shim stock) were copper and nickel-gold
brazed to the porous plate and silver-soldered to a copper base
plate. The lower side of the plenum chamber was cooled with
water coils. Seven chromel-alumel thermocouples were butt-
welded and mounted in 0.016 X 0.016-in. slots in the upper sur-
face of the plate at locations /s, /s, 1, 2, 3, 4, and 5 in. from the
leading edge. Seven thermocouples were spot-welded at similar
locations along the bottom of the plate (see insert in Fig. 3).
Care was taken to orient each thermocouple in an isothermal line
normal to the flow direction. Small (0.032-in. OD) ceramic
tubing electrically insulated the upper thermocouple lead wires
from the plate. The tubes were held in place with ceramic
cement which had a maximum service temperature of 4300 deg F.
Three 1/5-in-0D stainless-steel surface concentration probe tubes
were force-fitted into the porous plate, brought through the
chamber, and sealed with fittings (shown in Fig. 3). Injected gas
was supplied through a !/sin-ID copper tube drilled to distribute
the gas along the length of the plenum chamber. The chamber
was also instrumented to measure the coolant gas temperature
and pressure.

Convective Heat Transfer Distribution. 'Test records provided a set
of steady-state temperature readings, injected gas mass flow
rates, and total radiation radiometer readings. The local convec-
tive heat flux to the plate was determined from the following
energy balance on small elements at each thermocouple location
(see Fig. 3):

9 =Gt G + G+ @ — g2 — g,y 1)

where ¢, is the heat transferred from the boundary layer by con-
ductive and diffusive mechanisms in the gas; g¢,, and g¢,; are the
radiative heat rates from the upper and lower smifaces of the
plate; g, represents the increase in sensible heat of the injected
gas; qu and g are the rates at which heat is conducted into and
out of the element in the direction along the plate; and g¢,, is the
radiation heat rate from the gas to the plate surface. Substitu-
tion af appropriate expressions for the individual heat rates yields

¢ = [ph(T,.) — TN + €0 (Tt + Tt — 2T4)

a7
- L 22y -
e < da? >m

for the local convective heat rate. Water cooling of the test sec-

€T

g g

)
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tion base plate, and the low absorptivity of this gas (~0.001) and
short path length through the gas justified approximating the
temperature of the surroundings as 7, for radiation from the
upper and lower surfaces.

Studies of gas flow through a plane wall of porous material have
established the following relationship between mass flow rate and
the several governing parameters [16}]:

1
(p’l}) (pwl2 - pwu2> /2
g —
M wel,
Since the pressure difference across the porous section may be
assumed constant, variations in local mass flow rate depend on

3)

inverse square root of local mean wall temperature. It is con-
venient to express the local mass injection rate as
T 5 /2
(o) = (PV)iz <E;"’”) 4)
where (pv),, is equal to
G

(pv)i = fL < T >1/2
w r— dx
0 1’”!2'

= total mass flow of coolant lbm/sec

width of porous section

1, = mean wall temperature at trailing edge of porous sec-
tion

T,.. = local mean wall temperature

The thermal conductivity of the porous stainless-steel plate was
calculated from the thermal diffusivity, «. The variation of «
with temperature was measured by a transient technique [15].
The resulting variation was essentially linear and could be repre-
sented by @ = 0.032 + 0.0000457 from room temperature up to
1800 deg R (T in deg R and a in ft2/hr). The plate density was
measured, and the specific heat capacity at mean plate tempera-
tures was taken from reference [17].

Velocity, Flame Temperature, and Wall Concentration Measurements.
A water-cooled impact probe consisting of a 1/-in-OD tube sur-
rounded by a !/#in-OD copper water jacket was designed to
measure velocity profiles through the boundary layer. Static

3
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Fig. 4 Temperature, concentration, and velocity distributions along
center line of test section

pressure measurements indicated that atmospheric pressure con-
ditions existed across the flame. Stagnation measurements were
made at 1-in. intervals along the plate from the surface to
midstream in 0.025-in. increments. Free-stream velocities are
plotted versus plate position in Fig. 4. Typical boundary-layer
velocity profiles for blowing and nonblowing conditions are
plotted in Fig. 5 and depict the turbulent character of the flow.

Because of the low Mach number of the flow the velocity
could be related to the impact pressure rise by the Bernoulli
equation. To evaluate the density the temperature and velocity
profiles were assumed to be similar. This assumption combined
with the perfect gas law yields the following equation:

Yy [gR(Te = T )P, — pw)] 4 [(gR(Te = T,.Xp, — pm)>*
Mu.p... Mu.p..

o (BP — P\ .
w2 () o

The temperature in the gas stream was measured by the sodium
line reversal technique. Details of the apparatus used are given
in reference [15]. Tt is estimated that, with the extra precautions
taken, the final results for flame temperature shown in Fig. 4 are
accurate to =150 deg R. The emissivity of the exhaust gas (con-
sidered to be gray) was approximately 0.001 (evaluated from
radiometer measurements). Radiation from the gas to the plate
was a maximum of two percent of the smallest heating rate.

To determine the net radiative heat flux away from the plate
two mirror-type directional radiometers were positioned ver-
tically over the apparatus. They viewed representative circles
of about 1-in. in dia on the surface. Fvaluation of the radiometer
output for each run revealed an average total emissivity of 0.65.
This value is of the order of magnitude predicted by Eckert, et al.,
for such a porous material [18].

(as samples were analyzed with a chromatograph using nitro-
gen as a carrier gas. Details of the chromatograph calibration
and operation may be found in Appendix B of reference [15].
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Fig. 5 Typical velocity profiles

Samples for analysis were obtained through stainless-steel probes
incorporated into the apparatus. These were taken during the
test runs after steady state had been reached, as indicated by the
surface thermocouples. In order to insure a very weak suction
which would not significantly affect the boundary layer an air-
aspirator was used. Samples were removed from the probing
system with a gastight hypodermic syringe and were stored in 8
cc evacuated medical serum bottles. The serum bottles remained
gastight over extended periods of time and were completely
satisfactory for transporting or storing containers.

Measurement of Zero-Transpiration Heat Rates. For determining
the zero-transpiration heat rates to the wall surface an AISI 304
stainless-steel calorimeter plate (1/8 X 3 X 6 in.) was instru-
mented with six chromelalumel thermocouples located at positions
0.5, 1.5, 2.5, 3.5, 4.5, and 5.5. in. from the leading edge. This
plate was mounted in the test section in place of the transpiration
chamber and the thermocouple outputs recorded during transient
heating. The local heat flux was calculated from the equation

dr N 2 kAT
= ¢z — e
o pez dt 1., rat b

a7
+ €,07.,* — ol — [kz ] (6)
cp

dt?

where the first term denotes the rate of energy storage in the
plate, the second the rate of heat loss from the lower surface to
the ceramic brick on which the plate was mounted, the third the
rate of radiation to the surroundings. The fourth and fifth
terms, which are conduction and gaseous radiation corrections,
respectively, were negligible.

Experimental Results

The possible range of mass transfer rates was determined by
the maximum injection rate the boundary would withstand
without separation? and the maximum temperature at which the
brazed joints of the porous plenum chamber could be expected to
remain intact. Data were taken for one helium and three hydro-
gen injection rates. The consistency of experimental results from
run to run under the same transpiration condition was very satis-
factory. Representative measurements of the flame side (upper)
and the coolant gas side (lower) steady-state temperatures of the

3 Determined experimentally by observing when the transient tem-
perature rise of the plate was comparatively slow.
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Fig. 6 Porous plate wall temperatures with hydrogen injection

porous plate are shown in Fig. 6. The etfect of end losses to the
forward plenum wall is evident. The uniformity of surface tem-
perature normal to the flow direction in the center half ot the plate
had been confirmed previously [19].

Only the maximum transpiration rate of helium was studied
because the steady-state temperatures of the porous plenum
chamber were in the critical range. The local heat transfer rates
to the wall were calculated by the procedure described previously.
The ratio of these quantities to the no-transpiration heat rates
obtained by a calorimeter plate (for the same surface temperature
distribution) is plotted in Fig. 7 versus plate position. The
average value of the blowing parameter ¥ was 0.014; however,
owing to the wall temperature variation, the actual local injection
rates varied from 0.0098 at the leading edge to 0.0170 at the trail-
ing edge of the porous stainless-steel plate. The injection of
helium reduced the heat transfer ratio ¢/gy from 1.0 at the leading
edge to 0.24 at the trailing edge of the test section.

Three transpiration conditions were studied with hydrogen
injection. The average values of the blowing parameter were
0.014, 0.0087, and 0.0069. The actual injection ranges varied
from 0.0109 to 0.0195, 0.00585 to 0.0113, and 0.00485 to 0.00876,
respectively. The ratio of the local heat transfer rates to the local
zero-transpiration values versus plate position are also plotted
in Fig. 7. It is interesting that in each case the ratio of ¢ to g
approaches a constant value at about the 4-in. location. These
values depend on the transpiration rate and should be indicative
of the value of ¢/g, which would apply to regions beyond 6 in. if
the transpiration section were longer. The injection of hydrogen
at F = 0.014 reduced the heat transfer ratio ¢/qo to an asymptotic
value of 0.18. Hydrogen injection at ¥ = 0.0069 reduced the
heat transfer ratio to an asymptotic value of 0.37. Hence a 100
percent increase in blowing rate (from 0.0069 to 0.014) reduced
the heat transfer ratio at the trailing edge by 100 percent also.

Discussion of Experimental Results and Suggested Heat Flux
Prediction Procedure

The main objective of the theory of convective heat transfer is
to make possible the caleulation of the heat flux between a solid
surface and fluid stream in contact with it for specified surface and
flow conditions. The case of injection, however, is very complex
when foreign gases and high temperatures are involved. At
present, theory has not been developed for these conditions;
hence, for design purposes, it is convenient to use experimental in-
formation concerning the variation of the heat flux ratio, ¢/qo, as
a funetion of a blowing parameter. This procedure makes the
calculation of the nonblowing heat transfer very important. In
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Fig. 7 Hent transfer ratio with hydrogen injection

the present study this involved consideration of the heat flux
potential most appropriate under mass injection conditions.

Selection of Heat-Rate Potential. The occurrence of chemical reac-
tions in boundary-layer flow and specific heat capacity variation
makes the use of an enthalpy potential advantageous. The
complexity of the governing differential energy equation can be
considerably reduced when written in terms of the enthalpy
rather than the temperature for the case when the laminar and
turbulent Lewis numbers are equal to 1.0 [20].

In the course of evaluation of the heat transfer measurements
from the oxygen-acetylene combustion gas stream, however, it
became evident that conditions can occur where the use of an
enthalpy driving potential would yield misleading heat transfer
coefficients. This is most likely to occur when a lightweight
molecular gas is injected at the wall and when the dissociation
energy in the free stream does not. overshadow its sensible energy.
For example, in the present experiment for convective heating
without mass transfer, the free-stream Reynolds number was of
the order of 20,000, the temperature potential 4800 deg R, and the
enthalpy potential approximately (H, — H,) = 3098 Btu/lbm.
At the same Reynolds number and temperature difference when
the mass fraction of hydrogen at the wall was 0.8, the enthalpy
potential was calculated to be (H, — H,) = 500 Btu/lbm. The
measured value of g/qo for these conditions is 0.49. Writing ¢/go
= (CyXH, — H,)pu),/CroH, — H,)(pu), and substituting the
preceding values yields Cy/Cro = 3.0. This result is attributable
to the large difference between the specific heat. capacities of the
free stream and of the injected gas.

Since correlation of the heat transfer rates in terms of an en-
thalpy potential would involve unrealistic values for the ratio of
the conductances, it was proposed that a temperature potential
(Tew — T.,) be employed together with the specification of a
reference temperature and composition at which properties are to
be evaluated. This approach is developed in the following
paragraphs.

Reactive Boundary Layer Without Muss Transform, Several authors
have proposed modifications of the equations for incompressible
boundary-layer heat transfer coefficients to account for the effect
of chemical reaction, wall temperature variation, and fluid prop-
erty variation. Rose, Probstein, and Adams [20] concluded that
the various fluid properties should be evaluated at the free-stream
state. They reasoned that large changes in density and other
fluid properties oceur in the laminar sublayer, but that, since the
magnitude of the momentum in the sublayer is a small fraction of
the total boundary-layer momentum, the overall growth of the
momentum thickness should not be significantly influenced by
the sublayer. Calculation of the heat flux rates for the conditions

3



of this experiment. based on fluid properties of the free-stream
state yielded values lower than those measured. This was at-
tributed to the effect on fluid properties of the significant per-
centage of atomic hydrogen which existed in the free stream but
not at the wall; also the large variations in temperature and con-
centration were probably not restrieted to the laminar sublayer.

An alternate procedure is to evaluate properties at an appropri-
ate reference state. In a recent review of this approach Knuth
[22, 23] recommends the following expressions for the reference
temperature and composition:

2
T = 0.5(T, + T,) + 0.2r —
2c,*
(7)
ok = L T @
: 2

The constant property heat-rate equations in which the foregoing
values are to be used are for a laminar boundary layer,

k*
* = 0.332 — Re,* /2 Pr¥'/s(T,, — Ty) (8)
A

Draminar

and for a turbulent boundary layer,

= 0.0291p*c, *u(Re,*) 0 APr*) /T, — T,) (9)

*
qocurbule nt

These equations must also be modified to account for the effect
of reactive species.

Investigations of reactive boundary-layer heat transfer have
shown that diffusion and recombination of a dissociated species
introduces a term involving the concentration potential multi-
plied by the diffusion coefficient. The expression utilized herein
to account for the recombination of the atomic hydrogen found
in the oxygen-acetylene combustion products is derived in the
Appendix of this paper. Itis?

> Le** /1 ho(w;, — wyy,)

1

- (10
p ey (T oy — T4) )

Incorporating the experimental values for the local free-stream
temperature and local velocity and the appropriate wall tempera-
ture distributions into equations (7) through (10) yielded the
analytical curves for zero injection (labeled ¢¢) shown in Fig. 8
for the laminar and turbulent heat transfer conditions. Results
for other injection rates were similar.

Note that the experimental heat transfer rates over the first
half of the test surface conform closely to the predicted laminar
heat transfer distribution. In the latter half they asymptotically
approach the predicted values for a turbulent layer. This be-
havior indicates transition occurred in the midsection of the plate
at Reynolds numbers of 10,000 to 15,000. Although these
values may appear low, transition at similar values when reac-
tions occur has been reported [24]. With mass injection into the
boundary-layer turbulent flow over flat plates at Reynolds num-
ber values as low as 1678 have been observed [25]. Therefore,
considering the character of the heat transfer and velocity profiles
measured, it was concluded that the boundary layer over the test
region during no-blowing was turbulent with the possible excep-~
tion of the first 2 in. Mass injection would tend to move the
transition region even further forward.

The validity of equation (9) for predicting heat transfer from a
turbulent boundary layer has been well established in the
Reynolds number range of 105 to 107. Present results suggest
that it is applicable for values of Re down to 104

Mass Fraction of Injected Species at Wall. Representative results
for the mass fraction of hydrogen from the analyses of gas
samples taken at the 1, 2, and 3-in. positions along the plate for
the various runs are plotted in Fig. 9. The helium data also dis-

4+ The range of q/qg’ predicted by equation (10) for the conditions
of this experiment was from 1.35 to 2.2.
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Fig. 9 Wall mass fraction with hydrogen injection

played lower values in the initial injection region and increase in
the downstream direction. The need for more data is apparent.

Romanenko and Kharchenko [26] derived an expression for
wall concentration from (1) the formula for determination of the
injected gas supply rate at the wall,

dw.
Pty = WyPuby — wajM [ﬁj} (11)

dy

(2) the assumption of a simple Reynolds analogy, C;/2 = Cy Pr*/s,
and (3) the assumption that the Schmidt number was unity.
If their results are modified by allowing the Schmidt number to
vary and introducing the concept of a reference state, a more

general expression for wall concentration is obtained. It is
b
Wy = 12
14+ (12)
where
Put, PT*/s 1 (13)
B p*u, Le* Cyx*

The dashed lines in Fig. 9 represents wall mass fractions based on
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Fig. 10 Heat transfer ratio as a function of blowing parameter, F/Cxy

calculations using equations (12) and (13) and the experimental
heat transfer results. Agreement between the curves and the
experimental data is very good considering the difficulties in-
volved in making measurements of this type. The data tends to
fall somewhat below the analytical curves, which confirms the
observation of Knuth, that sucking a gas sample through a hole
in the wall measures a coolant concentration less than the wall
concentration [21].

Gorrelation of Effect of Mass Injection on Heat Transfer

Present correlation techniques for turbulent boundary-layer
heat transfer with injection are based upon dimensional analysis
and extension of successful laminar boundary-layer results with
mass transfer [4, 22, 27, 28]. A procedure which appears to have
particular merit (e.g., see reference [30]) is to plot the ratio of the
Stanton number for the heat flux rate in the presence of mass
transfer to the Stanton number for the heat flux rates with zero
injection versus the dimensionless injection rate, F = (p,0,)/
(p,), divided by the Stanton number corresponding to zero in-
jection. This coordinate system tends to generalize results for a
wide range of Reynolds number, Mach number, and noniso-
thermal wall conditions.

The data obtained from the present investigation is shown in
Fig. 10 in terms of these parameters. Also included are theoreti-
cal [12] eurves for injection of H,and H,. Although the data and
theory are in qualitative agreement, the H, and H results do not
follow clearly separated curves. It is interesting, however, that
the H, and H; data are separated into distinet groups if the blow-
ing parameter is modified by multiplying it by a molecular weight
ratio (M ;/M,) or a specific heat capacity ratio (c,;/c,.) (Fig. 18,
reference [15]).

In reviewing the plots of Cyx/Cro versus F/Cho and (F/Cmo)-
(€,;/¢pe) it was noted that the properties involved in Cx, Cg, and
F were evaluated at free-stream conditions. This raised the
question of the possible effect of property variations owing to large
temperature and concentration differences. It was therefore de-
cided to consider substitution of average property values charac-
teristic of the boundary layer.

The use of a reference state for properties evaluation in the
correlation of heat and mass transfer in reactive boundary layers
has recently been studied by Knuth (21, 22, 23]. By utilizing a
Couette-flow model expressions for the reference temperature and
composition were determined for laminar flow [21]. In a subse-
quent paper [22] qualitative reasoning showed that these results
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should be approximately valid for turbulent boundary-layer flow.
The recommended relation for the reference temperature is
similar to previous equations except for a term involving the wall
and free-stream concentrations and the blowing rate. Calcula-
tions of reference temperatures including this term yielded values
greater than the free-stream temperature for some of the injection
rates. Because of this, the reference temperature was taken as
the mean of the wall and free-stream values.
1

I* = o Taw + 1) (14a)

Although this proved to be acceptable, it is expected that further

study will lead to a more precise relation for the transpired turbu-
lent boundary-layer reference temperature. The reference con-

centration recommended by Knuth was utilized. It was
1 M,
n ==
M M
*=1- < * 14b
¢ M= M, M. ., (140)
n — Yae
Mll) wll’ll)

The heat transfer coordinates suggested herein as a result of
these considerations are the ratio of the Stanton number, Cg*, to
its nonblowing counterpart, Cro*, and the blowing parameter,
F*, divided by the Stanton number for no mass transfer, Cro*,
l1.e.:

Cy* _ qpo*6£
Cro* QOP*CP*
(15)
__F_*_ _ ﬁuﬂ{w_ po*uecl)o*(Taw _ Tw)
Cm*  p*u, @

The success of these parameters in correlating the experimental
data obtained is evident in Fig. 11. A curve representing the best
fit of the data (from reference [29]) for nitrogen injection into an
air stream with free-stream Mach numbers of 2.0 and 3.2 is also
displayed. Additional results could not be included because the
concentration levels at the wall necessary for the foregoing method
of eorrelation were not available.

The experimental data for helium injection at an average blow-
ing rate F = 0.014 and for hydrogen injection at blowing rates of
F = 0.014 and F = 0.0087 fair into a single empirical curve in Fig.
11. This curve is almost exactly coincident with the nitrogen
injection data of Bartle and Leadon [29] plotted in the same man-

1
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zero pressure gradient local heat transfer

ner. Also, it is nearly identical to the general empirical relation
proposed by Bartle and Leadon for injection of air into air when
it is transposed to the new set of coordinates, i.e.,

C H* F*/C po*

Crn* N s
. <1 + *f‘*/(’m ) -1

It therefore appears thai the proposed parameters are capable of
representing the effects of such diverse molecular weight injection
gases as hydrogen, helium, nitrogen, and air by one empirical
curve.

The experimental data for hydrogen injection at an average
blowing rate F = 0.0069 display the variation in Stanton number
ratio one can expect when the boundary layer transforms from a
laminar region through transition to a turbulent region. The heat
fluxes near the leading edge of the test section asymptotically
approach empirical [29] and analytical curves typical of laminar
boundary layers. Ounly the lowest injection rate studied exhibits
the transition character discussed previously. Evidently the
greater mass transfer rates studied resulted in earlier destabiliza-
tion of any laminar region into a turbulent boundary layer [5].

(16)

Recommended Heat Flux Prediction Procedure

On the basis of the results obtained as a consequence of this
study of mass transfer into, a reactive turbulent boundary layer,
a specific procedure is outlined to predict heat flux rates to the
wall. This procedure is fundamentally a revision of conven-
tional incompressible relations and correction factors; however,
it provides in a simple manner heat-rate distributions accurate
within experimental data scatter.

The cornerstone of the technique is the calculation of the heat
transfer rate under the specified free-stream conditions and wall
temperature state but with no mass transfer or chemical reaction
present. For wall Reynolds numbers from 10¢ to 107 this is given
by equation (17).

Gy

¥, % 1
po*ep*u Ty —

CH()/* =

= 0.0291 Re,*—02Pr=—* (17)

T,
where all parameter properties are evaluated at the reference
state defined previously.

Dissociation, recombination, and simple chemical reactions are
adjusted for by a modified correction factor,

Cmo* hy® Le *2/“(:,0” — W)
SHC
e~ T2 o, 1)

(18)

Finally the results from equaton (18) are corrected for the gas
injection (foreign or the same as the free stream) from the curve
in Fig. 11, or the empirical relation,

Cu* F*/C po* 9
Cmo* 2 o O (19)
<1 + 3 F*/(7’Hn*> -1
where
Cy* = Gw (20)

p*c_p*ue(']‘uw - Tw)

and all properties are evaluated al the reference state specified
previously.

Transport properties such as viscosity, conductivity, and dif-
fusion coefficients may be evaluated by standard techniques ap-
propriate to multicomponent gases at high temperatures. The
detailed equations derived from concepts of kinetic theory and
molecular interactions and recorded by Hirschielder, et al. [31],
have been recently included on convenient monographs by Bro-
kaw [32].

APPENDIX

Effect of Chemical Reactions on Boundary-Layer Convective
Heat Transfer

Altman and Wise considered the problem of the reactive tur-
bulent boundary layer and derived a solution based on the energy
equation in terms of a temperature potential [33]. They found
that a solution was possible if they assumed,

1
small.

2 The boundary-layer thickness does not change significantly
owing to chemical reaction.

3 The mole fraction of reactive species was low if more than
one species was present.

4 The cold wall temperature T, was fixed at a relatively low
value by coolant flow.

5 TRadiation effects and thermal diffusion could be neglected.

The longitudinal gradients in the boundary layer were

When the eftective transport parameters were denoted by ket
= k + € and Dt = Dy + €5 the energy equation became,

g
dy

0 = (21)

ar dw;
[pC ]Ceff + Eh pDzeff ]
dy
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Since the values of heats of reaction are constant, an integration
fromy = Otoy = 8,gave

m

— dl dw;
= peykest —— Sh Dot — 2
' Kot dy + ZhOD;ets & (22)

where ¢, denoted the heat flux at the wall. A second integration
between y = 0 and y = 6, resulted in

% @ie h2D ;e
o= f W gy R g
0 PCpkers T Jo pcoken

‘When no recombination occurred, equation (32) reduced to

8
c d
Qw, ) "y = ,lyaw - wa
0 PCpkest

The ratio of heat flux with and without recombination for identi-
cal boundary conditions in temperature was therefore,

9w B @ pDiers
— =1 + P, EE— dwi
Tw ; (7 aw 1 w) j;) pcpkeff

(24)

(25)

If one now introduced the concept of a reference state at which to
evaluate the transport properties and assumed all D5 were equal
equation (25) would yield

G

B Le*(w;, — wiy)
€'

= 1 >
TS ., — T

(26)

Comparing equation (26) with experimental data in the manner
of Rose, et al. [20] suggested that the Lewis number shonld be
raised to the 2/3 power; this leads to equation (10).
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