EFFECT OF A PRE-ATTACHED DYNAMIC SECTION
ON HEAT TRANSFER IN A TURBULENT BOUNDARY
LAYER, WITH BLOWING

E. P. Volchkov, V. K. Koz'menko, UDC 532.507
.and V. P. Lebedev

This paper gives the results of an investigation of the effect of an initial dynamic section
on heat transfer with blowing. The experimental data obtained show that the preattachment
of a section can have a considerable effect on the heat transfer. A method is proposed
based on the use of the relative laws of heat transfer; in this case, the effect of the initial
section is taken into account in terms of the Stanton number at an impermeable surface.
The calculation is in satisfactory agreement with the experimental data obtained, as well
as with the experimental data of other authors.

An effective method for protecting surfaces from the action of high-temperature gas flows is blowing
a cooling agent through a porous wall. The blowing may be carried out through the whole surface overwhich
the hot gas flows, or only through one of its sectors. In practice, there is frequently a nonuniform distri-
bution of the heat flux at the wall; therefore, the second case of feeding the cooling agent is the most prob-
able. In this case, the blowing may be carried out through that section of the surface where there is the
maximal heat flux (for example, in the critical cross section of a nozzle). In this case, ahead of the porous
section there is installed an initial dynamic layer, which can have a considerable effect on heat transfer
with blowing. The experimental data of various authors on heat transfer, when the blowing is carried out
through the whole surface, diverge somewhat. One of the possible reasons for this lack of agreement may
also be the presence of a pre-attached dynamic section, which is not taken into account in the analysis of
the experimental data, In view of this there arises the question of investigation of the effect of an initial
dynamic section on heat transfer in a turbulent boundary layer with blowing. Whitten et al.* and Sastriand
Hartnett [1] discuss this question and note the substantial effect of a pre-attached section on heat transfer.
However, the results of these authors are not in complete agreement and require further investigations.

The present article gives the results of an experimental investigation of heat transfer in a furbulent
boundary layer at a porous plate, with an initial dynamic section. The blowing scheme is shown in Fig. 1.
The tests were made in a subsonic aerodynamic tube. The working channel has the dimensions 110X 110X
1300 mm3, The air of the main flow is fed into the working channel through a shaped nozzle. The lower
wall of the channel is porous,'with sectionalized feed of the air blown. Each section is made of Textolite.
The partitions separating the sections are also made of Textolite. The porous plates are made of stainless
steel and have a thickness of 6 mm and a porosity of ~70%. The experimentally determined total herni-
spherical degree of blackness € =0.6.

*D. G. Whitten, W. M. Kays, and R. J. Moffat, "The turbulent boundary layer on a porous plate: experi-
mental heat transfer with variable suction, blowing, and surface temperature," Report No. HMT-3, Thermo-
sciences Division, Department of Mechanical Engineering, Stanford University, December, 1967,
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The measurements of the permeability showed a good degree of uniformity of the blowing. The tem-
perature of the porous wall was measured with Nichrome— constantan thermocouples made of wire with a
diameter of 0.2 mm, The thermocouples were caulked into the outer surface of the porous plate. On the
reverse side of the plate, the point of exit of the thermocouple wire was glued with an epoxy resin, toavoid
direct incidence of the blown hot air on the thermocouple junction. The thermocouples were arrangedalong
the surface of the porous wall on the central line. In certain sections, three thermocouples were gluedover
the width of the plate.

The mass flow rate of the air blown was monitored using reducers. The mass flow rate of the sec-
ondary air was measured using an RS-5 rotameter. During its passage along a system of conduits from
the rotameters to the sections with the porous plates, the air was heated by special electric heaters. For
more uniform distribution of the secondary air over the whole plate, a perforated distributor was installed
inside each section. The temperature of the blown air was measured with a thermocouple ahead of the per~
forated distributor.

In this experimental unit, tests were first made on an impermeable plate (the results are given in
[2]). In these tests, the dynamic characteristics of the gas flow and the heat transfer were confirmed by
the presence of a fully developed turbulent boundary layer., The experimental values of the friction and
heat-transfer coefficients corresponded to the generally accepted calculated values.

The first series of tests on a porous plate consisted in determining the heat-fransfer coefficient in
a turbulent boundary layer, when the blowing starts from the leading edge of the plate. Ten tests were made
under quasi-isothermal conditions and with Jy, =const. In this case, the initial blowing rate was variedfrom
1.2 -10-% to 8.1+10~3, The velocity of the main flow was 20-40 m/sec. The results of some of the heat-
transfer tests are given in Fig. 2 with Jy/y,W,=2.9 - 10~ (experimental points 3), as well as in Fig. 3 (ex-
perimental points 3) and in Fig. 4 (experimental points 2 with Jy,/y,W,=2.9 - 10-3, 4,58 - 10-3, .75 - 10-3).
All the experimental points are in satisfactory agreement with the limiting relative laws of heat transfer
(curves 1), obtained under the condition iw=const [3, 4]:

, b, \2 b_\-0.2 , 5 2 2
‘Fb=<‘*b‘,j) (1+b’;f') CW=gym Y= (5T (1)

Here S/S, is the ratio of the local Stanton number with blowing to the Stanton number at an impervious
flat plate, around which is flowing a gradientless quasi-isothermal stream of gas (the ratio is taken at iden-
tical values of the Ry number); ¥, takes account of nonisothermal heat transfer; })=Ty/T, is a temperature
factor; by =dJyw/y,W,S, is the parameter of the permeability of the wall (S, is taken at the same value of
R¥* as in the case with blowing); Jw =vwVy is the mass rate of blowing of the gas through the wall.

The critical permeability of thewall,br,calculated taking account of the nonisothermicity and of
the finite nature of the Reynolds number, using the formula [4]

by, = ¢._1.1 (arc cos 27‘,“’ )2 (i + 0.8 ) Ww>1) ()

40,14
HT

The values of S; were calculated using the formulas [2], obtained experimentally on an impermeable
flat plate:

8y = 0.032R;p2p-0e 3
Sy = 0.0143 Ry -0.2 p-0.15 (4
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The connection between RT** and Ry needed in the calculation is obtained as follows. The integral
relationship for the energy, with the quasi-isothermal flow of a gas along a porous surface, can be written
in the form '

d (Rp** AT)

ATdX —( ’ +S)BL (5)

ToWo

Here AT =Ty~ T,, X=x/L, L is the characteristic linear dimension; R[, is the Reynolds number, con-
structed with respect to L; Ty, is the temperature of the porous wall; T, is the temperature at the outer
limit of the boundary layer.

Integrating Eq. (5), taking account of the fact that Jw =const and

T jw (Th—T,) (6)

S = ToWaocp, (Tm — Ty) = 1oWa (Tw — To)

we obtain

T,—To J, R, )
Ti—To — 1oWo Rp** 7

where T, is the temperature of the air blown. On the other hand, it is well known [4] that

1— 7T,

T
¥y = Tw-——Tob’ (8)
from which, after certain transformations, we obtain
Ty=To b _ (9)
T1-—To - b,. +'\Fb
Here
5 _ AN (10)
= 5= (1- T.)
jw

by = TWoSe (11)

Using relationships (7), (9), (10), (11), and (4), we obtain the final relatively simple expression for
the connection between RT** and Ry:

(12)

R;'1'25P°'75 ( Jw R;‘.“"% Po.75)

R = 50113 [(A=a/b, P +a] \*T W, 00143

In calibration experiments, measurements were also made of the velocity profiles; these are found
to be in good agreement with calculation using the limiting dependence [5]

o=l — VY T+ b (1 — 0g) +Hbr (1 — @) (13)

Further experiments were carried out in an investigation of the effect of an initial dynamic section
on heat transfer with blowing. In {6], based on the hypothesis of the conservative nature of heat transfer,
an analysis was made of the effect of an initial adiabatic section on heat transfer on an impermeable plate.
It was shown that this effect is expressed in terms of the ratio of the thickness of the loss of momentum
to the thickness of the loss of energy in the cross section under consideration. In other words, taking ac-
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In the present experiments, a change in the initial thickness of the loss of momentum 6,**was achieved
by varying the blowing of air, with a temperature equal to the temperature of the main flow, into the first
section. As a result, the Reynolds number, constructed from the loss of momentum at the end of the pre-
attached section, varied within the limits Ry**=940-3180. Fourteen experiments were carried out under
quasi-isothérmal conditions, with an initial section (see Fig. 1). The relative rate of blowing was varied
from 2 -10~3 to 7.98 - 10~3, The temperature of the air of the main flow was ~ 30°C, and that of the blown
air was 110-115°C. The convective heat flux to the wall was determined from the energy balance at the
surface of the porous plate. In this case, account was taken of the radiant heat flux, which amounted to~ 10-
20% of the convective flux. The experimental value of the Stanton number was determined from the re-
lationship
S0 (T1—T ) —q
§= u;ruWocpo @ =To) (16)
where q; is the radiant heat flux; yycp, are the specific weight and the specific heat capacity, with a con~
stant pressure of the main flow; Cp1is the specific heat capacity of the blown gas.

The experimental Reynolds number, constructed from the thlckness of the energy loss, was found
from the integral relationship for the energy (at Jy =const)

_ T oy (T1—To)—q1

- 17
R; g, Ty — To) Az (17

Here Ax is the distance along the porous surface, calculated from the beginning of the thermal boun-
dary layer; u is the coefficient of dynamic viscosity.

The experiments carried out showed that the experimental values of S for the case of blowing, with
an initial dynamic section, differ from the values of the Stanton number without an initial section, taken at
the same values of RAx. Figure 2 gives a comparison between the experimental values of the Stanton num-~
ber over the length of a porous plate for the case of heat transfer with an initial section (experimental points
4) and without an initial section (experimental points 3). Under these circumstances, the value of the initial
blowing JW/ YoWy=2.9-10-3, and Ry**=3180. The Reynolds number Rax was constructed from Ax, calcu-
lated from the beginning of the thermal boundary layer. If is evident from the curve presented that aninitial
dynamic section has a considerable effect on the heat transfer. Figure 3 gives a comparison of the Stanton
numbers with blowing, with an initial section (experimental points 4, 5, and 6) and without an initial section
(experimental points 3), with different values of the relative blowing Jw/v,W,. Under these conditions, the
Reynolds number Ry**=940, 2460, and 3180 for experimental points 4, 5, and 6, respectively. The experi-
mental S numbers were taken for values of RAx =7.1-10%-7.6.10%. This curve shows that an effect of an
initial dynamic section on the heat transfer exists at different blowing rates. In addition, it is obvious that
the greater the value of Ry** the stronger this effect.

In calculation of heat transfer at a permeable surface with an initial dynamic section, the limiting
relative laws of heat transfer were used. However, everywhere in these relationships, instead of Sy the
Stanton number at an impermeable surface was used, with the same pre-attached section as in the above-
considered case with blowing (i.e., formulas (14) and (15) were used). This means that the Stanton number
is used to take account of an initial section in the calculation of heat transfer at a porous plate. As con-
firmation of the proposed method of calculation, we can adduce the fact that the effect of a pre-attached
section does not enter into any of the quantities, except Sy, in the derivation of the limiting relative law of
heat transfer.
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In the given calculation the effect of an initial dynamic layer on the value of the critical parameter
of the permeability of the wall was not taken into account, and by, was determined using formula (2), The
calculated values of the Reynolds number R ** were determined from the relationship (12); these values
were obtained also for the case of blowing without an initial section, since the experimentally determined
values of R7** in the presence of a pre-attached section are in good agreement with the dependence (12).

A comparison between the results of calculation using the proposed method and experimentally ob-
tained results is shown in Fig. 2 and Fig. 3. Here curves 2 represent calculation using formula (1), which
was modified taking account of Eqs. (14) and (15). As can be seen from the curves, the calculation de-
scribes the experiments satisfactorily.

Figure 4, together with experimental data on heat transfer without an initial section, gives experi-
mental data with the presence of a pre-attached section (experimental points 3, 4, 5) in the form of the de-
pendence ¥y, =f(bp/br+). The experiments were made with Ry**=3180 and with relative blowing rates of
2.8-1073, 4,58 -10-3, and 6.75 - 10~3. for experimental points 3, 4, and 5, respectively. The experimental
data were analyzed using the Stanton number at an impermeable plate, in the presence of an initial section.
As is evident from the curve, with the proposed form of analysis, the experimental data, in the presence
of a pre-attached section and without it, are in agreement between themselves and with the limiting depen-
dence (1) (curve 1).

Figure 5 gives a comparison between the proposed method of calculation and the experimental data
of the report (see footnote), Curves 1 and 2 represent calculation without an initial section for Jw/y,W;=0
and Jy/yWy=4-10-3. The experimental points 4 and 5 correspond to Reynolds numbers Ry =810 and
Rxo=1.3 -10%, Curves 3 represent calculation using the proposed method. Good agreement between the
calculation and the experiments can be noted.

As has been shown by the above analysis, a pre-attached dynamic section may exert a considerable
effect on heat transfer with blowing. Under these circumstances, relative laws can be used for the cal-
culation of heat transfer, if the Stanton number at an impermeable surface is used taking the pre-attached
section into account. '
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