HEAT TRANSFER IN A TURBULENT BOUNDARY LAYER WITH
STEPPED INJECTION
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The asymptotic theory of a turbulent boundary layer has been applied to derive relation-
ships for the heat and mass transfer when there is injection and consequent nonuniformity
in the gas composition. Experimental studies are reported on heat and mass transfer with
stepped injection of homogeneous and inhomogeneous gases; the results confirm the equa-
tions for the heat and mass transfer at a permeable surface when a foreign gas is blown in,

It is usual to examine the heat transfer with gas injection at a nonadiabatic surface (heat flux Uy * 0)
via the hypothesis that the decisive part is played by the difference between the actual wall temperature
and the wall temperature under adiabatic conditions (AT = Ty, — T,.*); this hypothesis has been confirmed by
experiments on heat and mass transfer on impermeable surfaces [1-3]. The results showed that the heat-
transfer law used in calculating the boundary layer without injection was conservative. No studies have
been made on heat and mass transfer in the injection region on a permeable surface.

The turbulent boundary layer in that case has been examined via the asymptotic theory described by
Kutateladze and Leont'ev; it has been shown [4] that the following is the form for the basic limit integral
of the theory giving the relative heat-transfer function:
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where ¥ = S/§; is that function, with S and S, the Stanton numbers under the working conditions and under
standard conditions for the same value of the Reynolds number Rt**, while ¢ = i, /i,* is the enthalpy factor
for the nonisothermal conditions. w:'W/W,is the dimensionlese velccity. and b, is the wall permeability
parameter as calculated from the Stanton number:

by = ju / poWaS (2)

It follows from (1) that the heat transfer under these conditions is dependent on the parameters of the
injection via the molecular weight MW* and temperature Tw* of the gas at the adiabatic wall; integration of
{1} gives the effect of the wall permeability and deviation from isothermal conditions on the heat and mass

transfer when a foreign gas is injected:
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The critical parameter for the wall permeability b, (the value of b for which¥ — 0) can be found from
(1) if this is written as

1
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where b= jw/poWoSo is the permeability parameter as calculated from the Stanton number under standard
conditions. Integration of (5) with ¥ = 0 and b= b, gives the relationships for the critical injection parame-
ter:
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The heat and mass transfer functions of (3) and (4) can be approximated via the simpler relationship

v =y, = Bl (S22 (8)

where ¥ is the heat-transfer function taking into account only the deviation from isothermal conditions,
while ¥, takes into account only the injection.

These relationships for the transfer differ from analogous relationships in the absence of injection
[5-7] by the factor My* T,ML,* . which takes into account the injection.

We determined by experiment the effects of wall permeability and gas composition change on the
heat and mass transfer in the injection zone via stepped injection of the same or different gases into turbu-
lent boundary layers; the tests were done in a subsonic aerodynamic tube with a working channel of rectan-
gular cross section 110x 110x 1300 mm. The lower wall of the working channel was a porous section with
three parts for injecting gas; the porous plates in each part were made of stainless steel and were 178x98
mm. The position of the upper wall of the channel was adjusted in such a way that the air flow speed re-
mained constant along the length. A detailed description has been given of the apparatus, together with the
systems for measuring the thermal and dynamic quantities [8].

We performed two series of calibration experiments. In the first series, we determined the heat
transfer at a constant air injection rate {j, = const) under conditions close to isothermal (ty="37-92°C, ty=
=27-37°C); in the second series, we determined the performance of the injection beyond the porous part
with injection of air and helium. These calibration runs coincided with the results from analogous studies
by others [2, 9, 10], and they showed that one can use this device and method under more complicated con-
ditions.

In the stepped injection tests, the gas was injected in two stages; the length of the first part was 178
mm, while that of the second was 356 mm.

With uniform injection in the two parts, we used a relative air flow rate in the two parts in accordance
with

Ton = 0wV ! PoWo = 6.1.1073, 12.4073, T, = pusV / poWo = 1.1.1075 — 8.2.1073

while the temperature of the injected air was t'= 130°C, t,'= 20°C; the speed of the main flow was Wy= 20-40
m/sec, while t; was 28-42°C.

The results on the heat transfer in the second part were processed using the adiabatic wall tempera-
ture T.*, which was found by experiment in the absence of injection and heat transfer in this part. The con-
vected heat flux at the wall was determined from the thermal energy balance at the surface of the porous
plate. A correction of 1-8% of the convected heat flux was applied for the radiative heat flux. The experi-
mental values of the Stanton and Reynolds numbers in the second part were derived from

S = funtpy (Tyy — T4) — q,1/ poWoep, (Tp* — Ty) (9)
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Here T and TW* are the wall temperatures in the second part under the actual injection conditions
and under adiabatic conditions in the absence of injection, while T' is the temperature of the injected gas,
x; is the start of the second part, q.. is the radiative heat flux, and subscript 2 denotes parameters in the
second part. Equation (10)follows from the integral relationship for the energy of the boundary layer with
injection,

In processing the experimental data we took into account the effects of the initial dynamic part on the
heat transfer on the porous plate by the method of [8]; the effect on the Stanton number was 10-27%.

We processed the heat-transfer data for the second part with allowance for the deviation from iso-
thermal conditions using (8) and the finite value of R** [5]; Fig. 1 shows the results as Y, = flvby), as with
1) Jyt = 6.08 1073, Jyyp = 1.11-1073;2) 11.9-107%, 2.18-107% 3) 12.4-107%, 3.26+107°; 4) 117 1073, 4.92°
10-3; 5) 11.7-107%, 7.1-107% 7) 11.5-10-%, 8.23-107°. The experiments were compared with (8), which de-
scribes the heat transfer under injection conditions from a permeable surface. This relationship in the
present case (My»* = M,, T = Ty, * ) takes the form of the ordinary relative heat-transfer function [6]:

Y= (1 — b/ b)2 02/ (V% + D (11)

The experimental points lie around the curve calculated from (11); the discrepancy between the cal-
culated and experimental results at high injection rates may arise from the large errors in the experiment-
al processing near the critical rates. An analogous discrepancy has been observed in simpler experiments
with injection constant along the length [10].

Figure 2 shows the characteristic temperature distribution at the wall with stepped air injection;
here we give also the calculated wall temperature provided by integral relationships involving the above
relative heat-transfer functions. Theory and experiment agree satisfactorily.

These results for stepped injection of the same gas show that one can use the adiabatic wall temp-
erature even when there is gas injection from a permeable surface.

When the injected gas was different from the same flow, the first part received helium and the second
received air; the relative flow rate of the helium was J (= 1- 10732 - 1073, while that of the air was -j-wz =
= 1-10-%8-10-% The main flow had t,= 24-42°C. while the injected helium had t{= 132-135°C and the in-
jected air had t, = 19-23°C.

We processed the experimental results on heat transfer for the second part via the difference be-
tween the enthalpies of the gas at an adiabatic impermeable wall and at the wall under the actual conditions

(A= iy ™~ iw); the experimental values of the Stanton and Reynolds numbers were found from

8 = Uua U — &) = 41/ 0oWy (iu* — 1) (12)

R** - —%u_j\. [-iwc(iw* - i‘Z/) — ] dz (13)

u (i,
The gas enthalpy at the wall iy, was calculated from the measured wall temperatures:
iw = pr Tw == {Cpo _;_ (K,)w (CT" - cﬁa)]Tw (14}

The helium concentration at the wall (K"}, in the second part appears in (14) via the equation for dif-
fusion near the wall, which involves similarity of the heat and mass transfer processes:

(K') = (K)u™ / (1 = by) (15)

We substitute (15) into (14) and use (2) and (12) to get a relationship for the gas enthalpy at the wall
on the second injection part:
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We found the gas enthalpy iw* and helium concentration (K')* at the adiabatic wall from the observed
values on the injection performance via

i* = 0 (i, — i) + bo (a7)

(K')o* = 6 (K')u (18)

where iwq and (K')wo are the gas enthalpy and helium concentration at the wall at the end of the first part.

We estimated the effects of thermal diffusion on the heat transfer as about 5% under these conditions.
The dynamic part had only a small effect on the heat transfer [8] (5-8% of the Stanton number).

Figures 3-5 give the observed results on the heat and mass transfer with stepped injection as above;
Fig. 3 shows the wall temperature variation along the plate in the first and sccond parts. The experimental
results are compared with a calculation performed via the relationships derived for the heat transfer under
conditions of foreign gas injection {incorporating My,* Tp/MT, .
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Figure 4 shows the experimental results as % = SWigAF+ 1%/

’;pz 4 Sy = flb/b,); the values of ¥, and h, were determined in the usual way
TN s without incorporating My T;/M(Ty,* and this processing for injection of
X " 4 ;‘,f air was performed in accordance with (11), but the discrepancy between
v WA theory and experiment in that case rose to 300%.
4.5 ho S ;;—‘ Figure 5 shows the experimental results involving helium injection,
T;‘ where ¥ *= SM, T, (\4;,'7T“?+ 1) 2/4»§0M“,* Ty; the points correspond to the
2 : following injection conditions: 1)Jy = 0.98+107°, Jyyp = 1.11-107%; 2)
{ 5{;:15 1.92-1073, 2.22-107% 3) 1.41-107%, 3.13°107%; 4) 2- 1073, 3.26+107%; 5)
22 ' NG e 2,03-1073, 4.92-1073; 6) 1.9-107%, 6.81 10733 7) 1.35-107°, 6.97-107%;
N 8) 1.86-1073, 8.21-107%. The curve has been calculated from (8).
— ; We also determined bx for foreign gas injection from (6), on the
g 24 0.8 6/6x

basis of the finite Reynolds number; the main effect of the heat.
Fig. 5 iransfer in the experiments came from the change in the molecular
weight, My'/M, = 0.35-0.8; the change in the temperature factor Tp/Ty™

was only slight (0.9-0.95). When processed in this way, the experimental results for a stepped injection
agree with those for constantinjection and with calculations from (8).

These studies on injection show that the heat-transfer coefficient should be determined on the basis

of the adiabatic temperature (enthalpy) at the wall; if there is an inhomogeneous boundary layer, one also
has to take ‘nto account the parameters that appear in the formulas via the factor I\’[W*TO/I\IO’I'W*.
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