UDC 536. 244

INVESTIGATION OF HEAT TRANSFER IN A CROSS FLOW OF GAS OVER A
RIGHT-ANGLED WEDGE

V. K, Fedorov and E, M, Litinskii

Inzhenerno-Fizicheskii Zhurnal, Vol, 9, No. 2, pp, 171-176, 1965

Results are given of an analysis of experimental data on convective heat transfer based on the theory of lo-
cal modeling. Laws of heat transfer are obtained for various angles of attack, A method of calculating the
heat transfer is proposed for any law of variation of ty,.

Most of the work in the field of heat transfer on bodies of complex shape in forced convection has been devoted to
determining the mean value of the heat transfer coefficient. At the same time, a knowledge of the local distribution of
the heat transfer coefficient is required for correct solution of a certain number of scientific and engineering problems.
This matter has been much less thoroughly investigated. In particular, very little attention has been devoted to the dis-
tribution of local heat transfer over a wedge in a cross flow, The well-known solution of Eckert [1] does not fill this
gap, since it is valid only for a 45° angle of attack, Here [1], as elsewhere, the angle of attack is understood to be the
acute angle between the velocity vector of the free stream and the plane containing the investigated wedge surface

Fig, 1. Diagram of model: 1) copper plates;
2) heater; 3) textolite frame,

in the cross flow (Fig, 1). Moreover, this solution was derived for an infinite wedge, i.e., for a mathematical model
very different from actual bodies. Finally, the resulting formula contains coefficients whose values are determined from
experiment,

In the range of angles of attack from 90° to 45°, the experimental work of Drake [2] on heat transfer at a plate
has a certain limited value, This author used Eckert's approach and therefore assumed a linear velocity distribution and
hence equality of the heat transfer coefficient over the whole length of the plate. In reducing his experimental data,
Drake used only constant values of o, relating to the central part of the model, on the erroneous assumption that the
increased values of the heat transfer coefficient outside the central zone resulted from some kind of end effect.

As regards heat transfer at angles of attack below 45°, when a vortex region is created on the wedge surface in-
vestigated, little has been done, either experimental or theoretical,

The analysis and development of experimental material is much facilitated by using the theory of local modeling,
the basic concepts of which were outlined in [3, 4]

The equation of a plane thermal boundary layer may be written in the following form:

LPSL - Peg ! d(Tw__
dx T, —1 dx

To solve this equation, we need to know the heat transfer law relating the parameters St and Pee .

D _stpe,. )

To determine this law we may, firstly, use the equation of heat transfer for a flat isothermal plate [5].
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Additionally, we may use the experimental data to compute local values of St and Peg according to the formulas

(el
Pes =‘§ Gy Ax/(Tyy — To) kg, 2
0

St = a/py uoc 8. (3)

The first of the methods we have mentioned for establishing the law of heat transfer does not take into account the
influence of various perturbing factors, and its use may lead to errors. Therefore, the experimental data that we ob-
tained for angles of attack 90° > ¢ >45°were processed according to (2) and (3), the velocity at the edge of the bound-
ary layer, required for determination of local values of the Stanton number, being found from the static pressure distrib-
ution,

The results of our reduction of the experimental data are presented in Fig. 2, where the ordinate is the logarithm
of the product St Pr'/s, The latter factor was introduced to allow for the influence of the physical parameters of the
medium on heat transfer,

Analysis of the graph obtained shows that, for angles of attack 90° > @ > 45° the heat transfer law may be ex-
pressed by the formula

St =0.36/Pey Pr'/s. 4

Below, we examine the motion of a gas with uniform distribution of temperature and velocity in the free stream.
The gas flow in the free stream will be considered isentropic with a geometric effect determined by the wedge geometry.
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Fig. 2, The relation St = f(Pee) for heat transfer in a cross flow
over a right-angled wedge with: a) ¢ = 90°; b) 67, 5%; c) 45°,

The velocity distribution at the edge of the boundary layer for the solution of (1) will be taken as follows: for
angles of attack 90° > p > 45° as for a plate immersed in a perfect fluid [7], and for the angle of attack ¢ = 45° =~
directly from experiment.

Thus, for u j
ay N
- R et
Wiy = — COS ¢ —{-sincpxl/l/l_;%, (5) g . *
— Uﬁ ——
where ¥, is the dimensionless distance from the middle of the /(-1/ s — 2
wedge surface to the given point, / » x b
% o — C |
For an angle of attack ¢ = 45°, the velocity distribution 04 ©
at the edge of the boundary layer is described by the follow- :b/
ing equation [8]:
ity = Cx"*. 6 0 0z 04 a6 E:
On the basis of the experimental data presented in Fig, 3, the Fig, 8. Velocity distribution at the edge of
value of coefficient C was taken as 1, 2, the boundary layer for an angle attack ¢ = 45°

. . , " and a) yg = 4, 2 m/sec; b) 6.5; c) 9. 8,
To derive calculation formulas, we used in addition to

(1), the heat transfer law (4) and the velocity distribution laws at the edge of the boundary layer (5) and (6).

The result for angles of attack 90°>¢>45° is

g — ‘ E !7
dpéo' - Peg —a;.ln(Tw —1) =0.36 “EELT/‘ —eos @ _E—Ei:{l:‘)’ :
dx dx Peg Pr l/ 1=
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and for the angle of attack ¢ = 45°

dP(‘n (i — 036
4Py by Lon Ty, —1) - ) _pe, 1279 % 8
iy e = Ty =1 = prp o e V'E ®

In the above formulas and below, the subscripts Z and L denote that the characteristic dimension has been taken
as the half-length or the full length of the wedge surface, respectively,

The boundary conditions are

at v 0, Peg =0, Ty Ty

1

After solving (7) and (8), we obtain the expressions

SN \ ) ]/'..
Pe, - l (0'36??’") ’ 5 (——coscp -I- S],n‘(f_\‘) ) Ty —17 dv| 9
T,—1\ P S\ VA |
Cox N
1 0.36Pe;, \'* 3r= = s 1
Pe, - — o 1.2v x (T, —1)*dx ] - (10)
YT, ( P ) (g ve v=h )

.
W

Using the heat transfer law (4) and formulas (9) and (10), we obtain equations for calculating the local heat trans-
fer coefficients for a wedge in a cross flow of gas:

for angles of attack 90” 3> ¢ >45"

Nu- - 9.43 (Ty —1) }'Pey, (—cosp + Sin(PtGl/l/l—‘}ﬂ , (1)
5 ‘ — cos ¢ -1~ 8inn szl/l/l——f_\"f) (Ty — 1) dx ] pr'

Y

for the angle of attack ¢ = 45°

x -1
Nu, = 0.43 (T, —1) ]/ Pe,, 1.2 ,'s -;U\:l 9 1/\ Ty — ) pm‘ . 12)

Here and below the subscripts Lo and Iy denote criteria based on the free-stream parameters.
For the case when Ty, = const, the calculation formulas take the form

for angles of attack 90° > @ >45’

Nu o si iy 0 _
——=L— priv.-0.43 (—— CoS @ -I- ne (COS(P ) ) — COS QX -
).!

)/ Pe, V1—(cosq -

-~ sinegcos glarcsin (cos @ - I X) — aresincos @] -~ sing | — cos ¢ [arcsin v+

—1
-- cos @) — aresincos ¢] — [ [1 — (cos ¢ - \)] —(1—cos® )}“ /;" (13)
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and for the angle of attack ¢ = 45°
T o = s /e
I\JUL -70.50 VPELO/X Pre. (14)

The value of 1/2 for the exponent of the Peclet number in formulas (13) and (14), and also the nature of the tem-
perature profile are evidence that in all these cases the boundary layer is laminar.

In Figs. 4a and 4b the results of calculations accord-
ing to (13) and (14) are compared with experimental data.

it can be seen from the graphs that there is quite satisfactory A 7
agreement between theory and experiment, v ?/
q

We also obtained experimental data on heat transfer at a K&g 2 § 5 ,:9‘/ |
the angle of attack ¢ = 0.0°, when vortex motion existed on vt 76 04 = 7 : 7008 =
the investigated surface of the wedge. Since the velocity at ’
the edge of the boundary layer is, in this case, an unstable Bl'e X — 7
quantity, the experimental data could not be processed in o2
St-Peg coordinates, 2= 5 2T

S - — ¢

Figure 4c shows the distribution of the experimental points \a\ _ °— s
for the case ¢ = 0° in the parameters Nu; and Pej, based on the a4 5 i~
characteristic linear dimension of the model. The exponent 0. 8 b : ‘i\"%c"m&*
of the Peclet number is evidence that in this case the boundary a4

layer is turbulent, The experimental points of Fig. 4c are ap-

proximated by the formula ¢ A/f&/
0.8, 77 o
Nu, = 0.031 Pe;® (1.4x - 1). (18) 5157 |
c ‘ ,/‘%/e
The test data were obtained on an experimental apparatus, /u‘;/df
. . . I 52
the main part of which consisted of an open-circuit wind tunnel 30 af a7 05 a7 99 ©

with a 600 X 600 mm working section, Two Prandtl tubes, con-
nected to a micromanometer, and thermoelectric anemometers

mounted in two mutually perpendicular directions in the tunnel Fig, 4, Comparison of experimental data and the
entrance section were used to measure the velocity field in the results of calculation a) according to (13); and b)
undisturbed flow, The flow velocity was controlled using a spec- according to (14); and c) the relation Nug, = f(PeL)
ial gate valve in the tunnel exhaust channel, for heat transfer in a cross flow over a right-

- del din | worki ) angled wedge at the angle of attack ¢ = 0" —~
e model was mounted in the tunnel working section on A =Nuprt 6 Peg,; B ENuLPrl/G Pep; C =

fotating supports, which allowed. the angle of at‘Fa‘ck to be var- ENuL/Pe%s): I—uy = 2.5 m/sec; 2—4. 6; 3—6.0;
ied and the model to be locked in any fixed position. The mod- 4=10, 6; 513, 4. )
el used was a right-angled wedge consisting of two copper plates

10 mm thick mounted on a textolite frame, The model length

was made equal to the tunnel height in order to avoid the formation of conical flow and to treat the problem as plane.
The copper plates were heated by an electrical heater whose power was controlled by an autotransformer in a stabilized-
voltage circuit, The copper plates were carefully polished in order to reduce the effect of roughness to a minimum,
Copper-constantan thermocouples, diameter 0, 15 mm, were located in the copper plates, The emf in all the thermo-
couples was determined by means of a potentiometer,

A movable microthermocouple, diameter 0. 05 mm, was used to determine the temperature profile of the thermal
boundary layer, Measurements were taken at five sections along the wedge surface. Temperature curves were constructed
from the values obtained, The value of the heat transfer coefficient was determined from the formula o = A/§'. The
determination of &' is shown in Fig. 1. In view of the straight section on the temperature curve, its tangent'could be
drawn with sufficient accuracy. The heat flux density was determined by multiplying the local values of the heat trans-
fer coefficient by the temperature difference between the free stream and the wall at the given section,

During the test, the velocity was varied in the range 0-14 m/sec, the wall temperature in the range 65-90° C,
and the temperature of the medium in the range 18-21° C.

NOTATION

Peg=Peclet number based on the characteristic thickness of the boundary layer and the velocity at the edge of
the boundary layer; PeL—Peclet nutnber based ogthe characteristic dimension and the velocity at the edge of the bound-
ary layer; T,,—dimensionless wall temperature; x—dimensionless coordinate; Tg—free~stream temperature; Ag—thermal
conductivity of the medium at the free-stream temperature; up—velocity at the edge of the boundary layer; o.—local

121



heat transfer coefficient; py—density of the medium at the free-stream temperature; A—thermal conductivity of medium
at the wall temperature; §'—nominal thickness of boundary layer,
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