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As an illustration of the results of the calculations, assume
17 lies between 0.6 and 0.8 and lbc'/hg = 1.0. With these data
and referring to Fig. 1, it can be seen that the reduction in the
film-coolant flowrate, as a result of the combined use of re-
generative and gaseous film cooling, will be between 30 and
55%. These results are based upon $ = 0.1, which experi-
ments have indicated to be a typical value. Because a com-
pletely film-cooled chamber is of relatively simple construction
and consequently is potentially capable of high reliability, the
previously mentioned reduction of film-coolant flow must be
weighted against the increase in complexity if the regenerative
cooling system is added.
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Gaseous Film Cooling with Multiple
Injection Stations

JOHN P. SELLERS JR.*

Rocketdyne Division, North American Aviation Inc.,
Canoga Park, Calif.

Nomenclature

AS = cooled surface area
CpC = specific heat of coolant
d = wall thickness
hc = coolant-side heat transfer coefficient
hc' = 1/(1AC + dfk)
hg = gas-side heat transfer coefficient without film cooling
k = thermal conductivity of the wall
n = number of slots
s = distance downstream of last slot
!Tad = adiabatic wall temperature without film cooling
T&df = adiabatic wall temperature with film cooling
Tc = temperature of coolant at exit of film-coolant injector
Twg — gas-side wall temperature
Vc — velocity of coolant at exit of film-coolant injector
Vg = velocity of gas at the point where the film coolant is

introduced
wc = coolant flow rate
c = dimensionless measure of distance from film coolant

injector where wall temperature equals Tc
77 = defined by Eq. (2a)
17* = defined by Eq. (la)
$ = efficiency factor
^ = efficiency factor

WHEN wall temperatures are lowered by using gaseous
film cooling, it is usually necessary or wise to inject the

coolant along the wall through a series of openings in the wall.
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Fig. 1 Wall temperature vs distance downstream of slot,
n = 1.
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Fig. 2 Adiabatic wall temperature, n = 1.
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Fig. 3 Adiabatic wall temperatures* n — 2.

Received July 1,1963.
* Senior Technical Specialist. Member AIAA.

Fig. 4 Adiabatic wall temperature, n = 11.

In the establishment of an analytical model for the multiple
injection case, one would expect that it is somewhat more com-
plicated than when the coolant is injected at only one station.
The coolant introduced at a particular station will not only
affect the temperature of the wall immediately downstream of
its injection point, but its influence will extend by a progres-
sively lessening degree beyond successive film-coolant injec-
tion stations.

The thermal protection achieved downstream from coolant
injected at a single injection station has been determined ex-
perimentally for a wide range of coolant-gas conditions, but
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there is a scarcity of data for injection with more than one
station under similar conditions.

The purpose of this note is to point out with the help of
previously published data that, if one uses the concept of an
adiabatic wall temperature with film cooling as originally
proposed by Eckert,1 the multiple injection case does not
present any special difficulty, and data obtained from a single
injection station are applicable. In view of the previously
mentioned lack of experimental data, this last feature can be
of considerable practical importance.

The following equation for the adiabatic wall film-cooling
effectiveness was derived in Ref. 2:
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This equation was extended to include heat transfer (e.g.,
external regenerative cooling) in Ref. 3. Thus,
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Single-Slot Correlation

With apparatus featuring a nearly tangential continuous
slot for injecting a gaseous coolant (air) between air that was
heated and a wall, the authors of Ref. 4 obtained single-slot
(and multiple-slot) adiabatic wall temperature data. It
should be pointed out, however, that these experiments were
conducted at low gas velocities and temperatures. A small
portion of their single-slot data is presented in Fig. 1, along
with a curve of the NASA correlation [Eq. (1) ] that correlated
the data quite well when </> = 0.2 and e = ^ = 0. The data
chosen corresponded to runs in which hg ~ const and VC/V0
~1.0.

Multiple-Slot Correlation

The multiple-slot correlation is perhaps best explained by
first referring again to a single slot (Fig. 2). The adiabatic
wall temperature with film cooling, Tad', can be determined as
discussed previously from Eq. (1) and is shown in Fig. 3.
Now, assume that a new slot is introduced downstream.
Again, the adiabatic wall temperature can be determined
from Eq. (1), but note that the Tad is a function of x and is in-
deed the T&d

f curve from the original slot. The procedure is
repeated if additional slots are added (Fig. 4), keeping in
mind that 77

ad is different for each slot and each time is equal
to the Tad results from the preceding slot.

Using the foregoing concept of a progressively decreasing
adiabatic wall temperature, Eq. (1) was compared with the
multiple-slot experimental data of Ref. 4 in Fig. 5. Un-
fortunately, wall temperatures were taken only downstream
of the last slot in each case. The calculated adiabatic wall
temperature curves for the n = 5, s = 3-in. run (Fig. 5b)
are presented in Fig. 6 and demonstrate the overlapping ther-
mal effect of multiple slots. The rather good agreement be-
tween the experimental and calculated wall temperatures for
n = 2 and 5 in Fig. 5| is considered to be supporting evi-
dence that the multiple-slot case can be analyzed by using
the concept of an adiabatic wall temperature as described
in the foregoing. The procedure has been used with some

f Although they were not included in Fig. 5 to conserve space,
favorable comparisons with the experimental data were found for
n = 2, s = 3 and 6 in.; n = 3, s = 6 in.; and n = 4, s = 9 in.

a) n = 2, s = 9 in.
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b) n = 5, s = 3 in.
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c) n = 5, * = 6 in.

Fig. 5 Wall temperature vs distance downstream of last
slot.
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Fig. 6 Calculated temperature profiles for run where n =
5 and s = 3 in.

success in correlating gaseous film-cooling data obtained
under full-scale rocket engine conditions.
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Similar and Nonsimilar Solutions of the
Nonequilibrium Laminar Boundary

Layer

F. G. BLOTTNER*
General Electric Company, Philadelphia, Pa.

Nomenclature
Ci = mass fraction of species *
Cpi — specific heat of species i, ft2/(sec2-°R)
cp = specific heat of the mixture, ft2/(sec2-°R)

= stream function variable defining velocity, / = f(u/ue)d^
= static enthalpy of species i, (ft/sec)2

— Lewis-Semenov number
= static pressure, psf
= Prandtl number
= universal gas constant, psf/(lb-mole-sec2-°R)
= absolute temperature, °R
= component of velocity parallel to surface, fps
= net rate of production of atoms, slug/ft 3/sec
~ distance along body surface, ft
= pressure gradient parameter, (2x/ue)(due/dx)
— temperature ratio, T/Te
— gas density, slug/ft3

= nondimensional coordinate normal to body surface,

/
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p
pr
R
T
u
WA

Subscripts
A — atoms
e = at the edge of the boundary layer
eq
M

= at local equilibrium
= molecules
= at the wall

A prime denotes differentiation with respect to
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Fig. 1 Temperature
gradient at the wall.
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THE results of nonsimilar laminar boundary-layer flow with
finite chemical reactions along a wall with zero pressure

gradient are reported. In addition, the validity of employing
the concept of local similarity for chemical nonequilibrium
flow is examined by a direct comparison of the nonsimilar solu-
tion with a locally similar one.

The results are for a binary mixture (oxygen is this note)
with concentration diffusion, a constant Lewis-Semenov num-
ber of 1.4, and a constant Prandtl number of 0.7. In the
numerical results the specific heat of the mixture, cp = CA(CPA
— CPM) + CPM, is taken as a constant with the same value as
the specific heat of the atoms, CPA, and the molecules, CPM.
With the nondimensional density-viscosity product equal to
one, the momentum, energy, and conservation of atoms equa-
tions for local similarity become

/'" + #» = o

Pr

where

WA 3.39X1022

[r
(Teey (s)1 X

- 2116.216 (l-C,)exp(l5.8-l»)]

The boundary conditions at a catalytic wall with specified
temperature are/(0) = 0, /'(O) = 0, 0(0) = 0W, CA(ty = CA^
(Ow,pe) and at the outer edge are /' (77,) = 1, 0(vje) = 1, and
CAM = CAo.

Locally similar solutions are obtained by solving the fore-
mentioned set of ordinary differential equations with two-
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Fig. 2 Atom mass
fraction gradient at the

wall.
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