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BARRIER COOLING WITH MULTISLIT AND LATTICE INJECTION IN A TURBULENT BOUNDARY LAYER
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An analytical method is proposed for calculating the effectiveness
of barrier cooling of a flat, heat-insulated wall with multislit and
lattice supply of the cooling gas. The dimensionless temperature of
the heat-insulated wall is taken as the measure of the effectiveness
of heat protection.

Fig, 1, Diagrams of a) multislit and b) lattice cooling,

At first glance, the flow patterns in the boundary layer appear to
be more complicated for the cases under consideration than when the
cooling gas is blown in through a single slit, However, it seems pos-
sible to extend the methods of calculation proposed in [1, 2] to these
cases,

Let us consider a homogeneous turbulent boundary layer of gas
with constant physical properties in the given temperature range, Gas
with temperature Ty [*K] and velocity wy [m/sec] flows over the sur-
face (Fig, la). The cooling gas is injected through a series of succes-
sive slits with width s;, ..., sp [m]} with temperatures Ty, ..., Ty
and velocities wy, ..., wp, tespectively, Immediately behind the
section of each slit is a zone Xy, ..., X in which the wall tempera-
ture does not vary and is equal to the temperature of the injected gas,
The extent of this zone can be found to the first approximation by
making use of known formulas for submerged jets [31,

There is no heat exchange through the wall and its temperature
is a function of the x coordinate. The wall temperature behind the
first slit can be found by the calculations for single-slit cooling, for
example, asin[1, 2], The problem consists in determining T}, be-
hind the second slit, the third slit, and so on, Then it will be neces-
sary to determine the characteristic parameters of the boundary layer
in the section of each sliz,

1. The energy thickness in the section of the second slit can be
expressed in the following manner:
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where m; is the injection parameter of the second slit, T’:\,Z the wall
temperature above the second slit.
The integral
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is the energy thickness of the boundary layer above the slit in the
section of the second slit, Integrating the equation for the energy of
the boundary layer from x = 0 (the section of the first slit) to x = d
(the section of the second slit); with q,, =0,
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we find that the effectiveness of the protection of the wall above the
second slit is equal to
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Here Ty is the energy thickness in the section of the second slit
{1,23 Correspondingly, it follows from equalities (1.1) and (1.4)
that
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It can be shown in a similar manner that the energy thickness in
the section of the third slit is expressed in the following manner (in
this case, the equation for the energy of the boundary layer (1,2) is
integrated on the section between the second and third slits):
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And finally, in the section of the n-th slit
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Fig, 2, Changes in momentum thickness with injection
through a tangential slit (ws/w, = 1); points: 1) experi~
mental [4]; 2) experimental [8],

2. The momentum thickness is determined from solving the equa-
tion for momenta of the boundary layer, which is of the following
form for zero-gradient flow:
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Here, R* is the Reynolds number constructed for the momentum
thickness; Ry is the Reynolds number constructed for the longitudinal
coordinate; Cf is the local value of the friction coefficient; 6* is
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Fig, 3. The curve for formula (3,6} points: experiments [8] with wg/w, <
< 0,2; 0 < d/s < 18,
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Fig. 4, Curve for formula (3.7); points: experiments [8] with 0,615 <
< wg/wy < 1,33; 0 < d/S < 18,

X rem ~ o L]
8 = 4 -
ﬁ‘ A ¥ Iz
Bt .'h:;j
J wn
$0 -+

/ s
2 X
ar_ , LI ! ,
& 34 6810 2 84 6 810 2 8 4 67

Fig. 5. Generalization of data on cooling a heat-insulated

wall with multislit injection; curves 1 and 2) from formulas

(3.6) and (3.7). The experimental points [8] with 0 < wg/w, <
< 1,33 have the same notation as in Figs, 3 and 4,
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Fig, 6. Effectiveness of thermal protection @ versus K* with the cocling gas injected through
a tangential lattice with 0 < wg/wy < 1; curves 1 and 2) calculations from formulas (3.6} and
(3.7); points: experiments [8]; in this case, H' is the number of open rows of slits,

the momentum thickness, We consider, as in {1, 2], that the bound-
ary layer on the wall is turbulent with a power-law velocity profile,
In this case, the law of friction is valid in the form

Y, ¢} = AR*°. (2.2)

Integrating Eq. (2.1) with (2,2) taken into consideration, on the
section between the first and second slits, we obtain
e
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For the power-law velocity profile with exponent n =1/17, the
computations yield the following values: A =0,0128 and = 0,25,
After transformations of (2.3), we have

(A
Here 6?# is the momentum thickness in the section of the first

slit, The relationship A = A(¥) constructed in Fig, 2 from formula

(2.4) is satisfactorily substantiated by the results of experiments [4, §1.

The momentum thickness of the boundary layer above the slit in the
section of the second slit is found from (2.4),
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The total momentum thickness in this section, taking injection
through the slit into consideration, is
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The momentum thickness in the section of the n~th slit can be
found in a Iike manner, '
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Here (57 ) is found by successive integration of the momenmum
equation in form (2.1), taking the law of friction (2,2) into account
in the sections between the slits,
The local friction coefficient behind the n-th slit is found from

Egs. (2.1) and (2.2) with the boundary-value condition (2.7),
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Here xp is the distance measured from the section of the n-th
slit,

3, Let us consider the effectiveness of thermal protection, It can
be seen from Fig, 2 that the local value of the momentum thickness
differs considerably from the value in the section of the slit only at
great distances,

It was shown in [6, 7] that local changes in the dynamic flow
field have only a secondary effect on the process of heat transfer.
In this connection, when analyzing the effectiveness of thermal pro-
tection, one may assume to the first approximation that the change
in momentum to the n-th slit takes place only through injection
through the slit (that is, we neglect friction on the wall between
slits to the n-th slit),

Then the expression for the momentum thickness in the section
of the n-~th slit is simplified and it can be represented in the form
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The formulas for calculating the effectiveness of the thermal
protection of the heat insulated wall when the cooling gas is injected
through a series of successive slits can be obtained by making use of
methods proposed for the case when the cooling gas is injected through
a single slit [1, 2] The difference consists only in determining the
initial parameters of the boundary layer which are calculated in the
section of the n-th slit, taking the injection of the cooling gas through
all the preceding slits into consideration by (1.7) and (3,1). These
quantities are taken into consideration as boundary conditions when
integrating the equations of energy (1.2) and momenta (2,1) of the
boundary layer on the wall behind the n-th slit.

Making use of the procedures of [2], it can be shown that the
formulas derived there for the effectiveness of the heat shield can
also be extended to the case of multislit injection of the cooling gas,

Following [2], for the power velocity profile with n =1/7, we

obtain
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Henceforth, we shall assume, for the sake of simplicity, that

Wy = mwpy Tg=Ty= .. Ty 8y =0 .. = sp. (3.3)

Then, we have from (1.7) and (3.1)
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Under these conditions, (3.2) can be transformed to the following
form:
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Irom expression (3,5) we obtain the following interpolation for-
niulas for the limiting cases:
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A comparison of the relationship ® = @(K) constructed from for-
mulas (3,6) and (3.7) is given in Figs, 3-5,

In experiments [9] involving multislit and lattice injection of
the cooling gas, there was a certain dynamic and thermal boundary
in the main flow upsiream from the first stit (that is, there was an
initial encrgy thickness caused by cooling of the gas in the boundary
layer before the working section). Thus, in comparison with calcu-
lations, we considered only those experiments in which the energy
thickness due to injection through slits would far exceed the initial
energy thickness due to cooling of the main flow through the wall
up to the first slit (that is, experiments in which nms > 1 mm),

It can he seen from Figs, 3-8 that the calculations are confirmed
by experimental data on muitishit cooling of a heai-insulated wall,

Experimental data is given in [8] on injection of the cooling gas
through a lattice panel in which tangential slits were cut (Fig, 1c).

In our case, the parameter K on formulas (3,5)~(3,7) lead to the
following formula, which is convenient for practical use:

K= (p.\./G)l'23 RAzx.

Here, G is the coolant consuniption per unit width of surface,

When expressed in this way, there is no problem of determining
slits of equivalent size, as was done in reference [8], As can be seen
from Fig, 6, even insuch a case, which is complicated at first
glance, the caleulations are substantiated by experimental data [§8],
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