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ABSTRACT: Most studies of film cooling deal with the analysis of the
thermal shielding efficiency in an incompressible gas flow with con-
stant physical properties. In practice, however, film cooling is used
for machine elements exposed to high-speed, high-temperature gas
flows, These conditions have received relatively little attention [1-3].
In this paper the influence of these factors on thermal shielding effi-
ciency is analyzed by the method proposed in [4]. It is shown that the
effect of compressibility and nonisothermicity on the thermal shielding
efficiency is not very great,

From the energy equation of the boundary layer on the thermally
insulated part of a plane wall
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Here 1 is the recovery factor, M the Mach number, Ty* the tempera-
ture on the thermally insulated part of the wall in the presence of a
film, and &y the energy thickness in the section x = x;.

In [4] it was shown that as X = « on the insulated part of the wall
in the presence of film
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Here w is the relative velocity, E the relative distance, and §* the
momentur thickness.

In a quasi-isothermal flow with a power-law approximation of the
velocity profile to the power n = 1/7
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The momentum thickness can be found from a solution of the
momentum equation for the boundary layer on a plane wall [5] and
with allowance for compressibility and nonisothermicity as x > «
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Here V is a function taking into account the effect of nonisothermicity
and compressibility on the friction coefficient, A, m are the coef-
ficient and exponent in the power approximation of the friction law
(A = 0,0128, m = 0,25 for a power-law profile with n = 1/7),
The effect of compressibility and nonisothermicity on the friction

coefficient at large Reynolds numbers can be taken into account in
accordance with the formula [5]
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Here Cf{ is the friction coefficient for a supersonic gas flow under
conditions of nonisothermicity, Cf is the friction coefficient fot
subsonic flow over a flat plate with a turbulent boundary layer under
quasi-isothermal conditions, and ¥ is the temperature factor,
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From Eqgs. (2)=(4) we can construct the following interpolation for-
mula for calculating the efficiency of film cooling in a supersonic gas
flow under conditions of nonisothermicity:
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To estimate the effect of compressibility on the coefficient 8, in
first approximation, in Eq. (3) we assume a similar distribution of the
dimensionless stagnation temperatures and velocities over the cross
section of the boundary layer. Then
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Here ¥* is the kinetic temperature factor.
For a power~-law approximation of the velocity profile w = §
equation (8) takes the form
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We present values of the parameter By, calculated from (9) for
several values of the Mach number:

M=0 1 2 3 4 5
p=29 92 9.8 10.4 1.5 12.0.

From this it is clear that up to values M = 3.5 compressibility of
the gas does not have an important effect on the coefficient B. Values
of the Reynolds number based on the energy thickness in the inirial
section (X = Xp) are found from the following equations,

a) For a plate with an initial heat transfer section, from the solu-
tion of the energy equation at Ty = const
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b) For blowing through a tangential slit, by integrating the expres-
sion for the energy thickness in the section of the slit we obtain
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c) For critical blowing through an initial porous section, from the
energy equation we have
’
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where G is the coolant flow rate per unit width of surface,
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Thus, all the quantities entering into (7) have been determined
with allowance for nonisothermicity and the compressibility of the gas,
Since in the general case the function ¥ depends on the unknown
temperature Ty**, we shall consider the influence of nonisothermicity
in the limiting case, when¢ = Two/T?;. In this case Eq. (7) for a pow=
er-law profile N = 1/17 can be written in the form
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Hence, for the case when coolant gas is blown through a slit at
M =0 and ¥ = 1, we obtain the known formula [4]
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When M = 0 and ¥ = 0.34, as in the experiments reported in [2],
and at Bp;4 = 9 from (13) we obtain
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From (14) and (15) it follows that nonisothermicity does not have
an appreciable effect on the thermal shielding efficiency,

Figure 1 shows the results of a calculation based on (15) at ¥ = 0,34
(curve 1), together with calculations based on the equations obtained
in [6] for wg/wp << 1 (curve 2) and for wg/wy ~ 1 (curve 3) under quasi-
isothermal conditions; for comparison the figure also includes the
results of Borodachev's experiments {2] at ¢ = 0,34 (open circles), and
those of Pappel and others [3] at ¢ = 0.6-0.8 (solid circles).

In [1] the temperature of the insulated wall was measured beyond
the heat transfer section on a cone at M = 3.5,

For axisymmetric flow, from the energy equation on the insulated
part of the wall
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Then from Eqgs. (10}, (13), (17) the thermal shielding efficiency on
the cone is given by
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Figure 2 gives the results of calculations based on (19)—curve 1,
and on (18)—curve 2; the data of experiments [1]—open circles—are
given for comparison. In this case the effect of compressibility on the
thermal shielding efficiency was expressed in (13) only through the
coefficient B,,%. However, when shielding takes the form of blowing
coolant into the boundary layer and the quantity R does not contain
the parameter ¥ (see Eqs. (11) and (12)), then, in accordance with
(18), the compressibility of the gas exerts an influence on the effi~
ciency © through the functions 8 and ¥. With increase in Mach number
the changes in the quantities B, ;. and ¥ to some extent compensate
one another,

Thus, it may be assumed that nonisothermicity and compressibility
do not have much effect on the insulating efficiency in film cooling,
and in the first approximation many practical calculations can be
based on the equations obtained for quasi-isothermal conditions,
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