BOUNDARY LAYER IN THE VICINITY OF THE STAGNATION
POINT OF A BODY OF AXIAL SYMMETRY IN A TURBULENT STREAM
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The flow in the boundary layer in the vicinity of the stagnation point of a flat plate is examined.
The outer stream consists of turbulent flow of the jet type, directed normally to the plate.
Assumptions concerning the connection between the pulsations in velocity and temperature in
the boundary layer and the average parameters chosen on the basis of experimental data made
it possible to obtain an isomorphic solution of the boundary layer equations. Equations are
obtained for the friction and heat transfer at the wall in the region of gradient flow taking into
account the effect of the turbulence of the impinging stream. It is shown that the friction at
the wall is insensitive to the turbulence of the impinging stream, while the heat transfer is
significantly increased with an increase in the pulsations of the outer flow. These properties
are confirmed by the results of experimental studies [1-4].

1. Fields of Velocity and Heat Content in the Boundary Layer in the Presence of Turbulent Pulsations
in the Outer Stream. It follows from stability theory that the flow In the boundary layer in the vicinity of the
stagnation point remains resistant to disturbances penetrating into the boundary layer because of the pres-
ence of a negative pressure gradient. The flow in the boundary layer remains laminar.

However, the pulsations of the outer turbulent stream cannot disappear instantaneously at the edge of
the boundary layer and are propagated into the boundary layer, at least into its outer part. This leads to the
appearance of additional stresses of friction and heat flow, due to the terms —p (vivl) and — p (vih'),
where v} and v}, are the components of the velocity pulsation transverse and longitudinal relative to the wall,
h' is the pulsation of heat content, and p is the flow density.

As the results of an experimental study [5] showed, the peculiarities of flow in the boundary layer in
the vicinity of the stagnation point prohibit the use of the Prandtl equation or its modifications [6-8] to find
the relationships between the average and pulsation flows. The inadequacy of equations for the mixing
length, which have found wide application for the calculation of turbulent boundary layers, is connected
with the different nature of the formation of pulsations in an ordinary turbulent boundary layer and in a
boundary layer in the vicinity of the stagnation point.

In the first case the formation of turbulence is caused by the loss of stability of the boundary layer.
In the second case the formation of turbulence is connected with the penetration from the main flow of pulsa-
tions, which, because of the stability of the boundary layer,die out in it.

If the Prandtl equation is used for the longitudinal velocity pulsation

—n v,
V<o =142

then at the outer edge of the boundary layer with a final value of the mixing length [ we obtain v (v;?) | 5=0,
while in the real flow the root-mean-square value of the longitudinal component of the velocity pulsation has
a final value equal to the root-mean-square value of the velocity pulsation in the impinging stream.

Leningrad. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskol Fiziki, No. 5, pp. 8387,
September-October, 1973. Original article submitted February 20, 1973.

© 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.

670



Theoretical studies of the effect of the turbulence of the impinging stream on the flow and heat ex-
change in the boundary layer are conducted in [9] for plane flow and in [10] for axially symmetric flow. The
equations used in these works for the turbulent viscosity vg, as shown in [5], inaccurately describe the flow
in the boundary layer. Therefore, the results of the calculations obtained in these works do not coincide
with the results of experimental studies conducted in a broad range of variation of the parameters of the
impinging stream. In the present work the solution is obtained on the basis of the experimental results of
(5, 11).

In [5] the results are presented for an experimental study of the flow when an axially symmetrical jet
impinges on a plate located normal to the jet axis. The velocity U, at the nozzle mouth was varied from 7
to 30 m/sec, and Reynolds number R, = o9y /v varied from 4 * 10% to 5 - 105, and the initial turbulence (at
the nozzle mouth) was ¢, =0.015. Here dg is the diameter of the exit cross section of the nozzle and v is
the kinematic viscosity of the stream. The time average of the stream velocity and the longitudinal com-
ponent of the velocity pulsations were measured in the region of interaction of the jet with the plate and in
the wall boundary layer., It was established that in the wall boundary layer the flow remains resistant to
the pulsations of the impinging stream. The time-averaged velocity profile coincides with the velocity pro-
file for a laminar boundary layer in the vicinity of the stagnation point.

The results of the experimental studies presented in [5] were used to solve the equations of motion of
a liquid in the boundary layer of a body of axial symmetry in the vicinity of the stagnation point, which can
be written in the form
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with the boundary conditions .
br =0, =0, H=H,(z=0); v = Br, H =4, (z = )

Here r and x are the longitudinal and transverse coordinates relative to the plane of the plate, respec-
tively, v is the velocity, h is the heat content, H is the total heat content, v* and h' are the pulsation com-
ponents of the velocity and heat content, Pr is the Prandtl number, 3 is the velocity gradient at the outer
edge of the boundary layer, the index w pertains to parameters at the wall, and the index 0 pertains to
stagnation parameters of the impinging stream.

The system (1.1) is obtained with the following assumptions: 1) the liquid is incompressible; 2) the
wall temperature is constant; 3) the thermophysical characteristics are constant; 4) the velocity distribution
Ug at the outer edge of the boundary layer obeys a linear law (S =const).

For closure of the system it is necessary to use equations relating the pulsation characteristics of
the stream with the average characteristics. According to the data of [5] one can write

V(vrn>/ Vr<vr"> |5 = vr/UB (1'2)

Assuming by ahalogy that
VoS IV oD =vlUs, V&SIV ESE =H—H)(Ho— I,) (1.3)
the turbulent fluxes of momentum and heat can be represented in the form
—p<wy> = Rip (0 JU) V <o *) Is V<Ux”> ls
N Yy I{_Hw e i | VINDUN
—o(u Wy = 32.0'0—8'7{0—_?;)/ W s VR s

Here R, and R, are correlation coefficients which we will assume to be constants; the index § per-
tains to parameters at the outer edge of the boundary layer.

Using the equations obtained, the isomorphic coordinates r and 1 =xvV /v, and the functions
Frm) =o/Us, S@)= (0 — H)(lly — Hy,)
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o o the original system (1.1) is transformed to the form
a
2 F'" = 2 4 F* — 2FF" + o,F'F"
7 A S" = —Pr (2F +_a,F’)S’ — a,PrF’S 3 (1.4)
/ 0 = 2R V™, g = Retva/V B
¥ A
N.}/e/{ with the boundary conditions
, | 2 F=F=5=0(=0, F=8=1=o)

oy 7 ¢
Here a; anda, are turbulence parameters, ¢ is the intensity of

Fig. 3 turbulence, and the index = pertains to the parameters of the imping-
ing stream.

The first equation of (1.4) is not strictly isomorphic thanks to the last term on the right. An analysis
shows that when r = 10 §, where 6 is the thickness of the boundary layer, this term can be neglected.

The solution of system (1.4) was obtained on an electronic computer,

To analyze the effect of the nonisomorphic term of Eqs. (1.4) a solution was formally conducted with
different values of a;.

It follows from the results of the solution that in the region of gradient flow the velocity profile in the
wall boundary layer is insensitive to the pulsations of the impinging stream. The weak effect of the para-
meter a; on the boundary layer makes it possible to use the solution obtained also for the small vicinity of
the stagnation point. The agreement of the calculated and experimental data is satisfactory and lies within
the limits of accuracy of the experimental studies.

Some results of the solution for the heat content profile (the function S) are presented in Fig. 1. Here
1, 2, 3, 4, and § are curves representing the results of the solution of system (1.4) at ¢, =0, 1, 5, 20, and
50, respectively.

It follows from Fig. 1 that the heat content profile varies considerably with a change in the parameter
a,, i.e., the intensity of the turbulence of the main stream. The parameter a, exerts a weak effect on the
heat content profile, hence the sensitivity of the thermal boundary layer to changes in the dynamics of the
boundary layer is not great.

2. Determination of Friction and Heat Transfer. The force of friction 7, and the heat transfer qy
at the wall are written in the form

To=BUs VBN F'(0), g, = (Mep) (Ho— H,) VEVS (0) (2.1

where F"(0) and S*(0) are determined from the solution of system (1.4) presented in Part 1, and #s A, and
cp are the dynamic viscosity, coefficient of thermal conductivity, and heat capacity of the gas, respectively.

The local coefficient of friction is equal to
= T,/'/s0Us* = 2.62 R;*®
¢ = Tw/'/spUs v @.2)
R, = Usr/v

A comparison of the results of a calculation from (2.2) with the values of ¢ ¢ determined from the
data of [5, 11] is presented in Fig. 2. Here the calculation from (2.2) is given by a solid line, while the
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numbers 1-5 give the results of the experimental study with distances from the nozzle mouth to the plate

of 1, 2, 3, 4, and 5 diameters of the exit cross section of the nozzle, respectively. It follows from the com-
parison that the turbulence of the impinging stream does not exert a significant effect on the coefficient of
friction.

The variation in the dimensionless heat transfer gradient S*(0) with different Prandtl numbers (0.5 <
Pr < 1.5) is satisfactorily approximated by the equation

S’ (0) = 0.763 Pres (1 + 1.38 a,255%) ‘ @2.3)

Equation (2.3) is the reference equation for the determination of the heat transfer from the gas to the
wall in the vicinity of the stagnation point of an axially symmetrical body with allowance for the turbulence
of the impinging stream. After the substitution of S'(0) into (2.1) the following equations are obtained for
the heat flux and the coefficient of heat transfer, respectively:

9o = 0.763 Prod (AJc,) VBN (H,— H,) (1 + 1.384255%) 2.4
a =0.763 ProA V/ B/v (1 + 1.3823 ")

The second equation of (2.4) at @, =0 is converted into the well-known equation for « in the vicinity
of the stagnation point of a body of axial symmetry in the case of a laminar boundary layer [12].

Thus,

?

Aoy = N/Neg = 1 3 1.38a0°%®, N = ady/\ (2.5)

The dependence (2.5), illustrated in Fig. 3 by a solid line, allows one to calculate the heat transfer
coefficient in the vicinity of the stagnation point from the known value of the turbulence parameter a, of
the impinging stream. The experimental data of [1, 2, 4], which are designated by the numbers 1, 2, and
3 for streamline flow around a flat plate mounted normal to the jet axis, are also presented here. For the
determination of a, the correlation coefficient R, was taken as 0.4, which corresponds to the turbulent
boundary layer at the flat plate. The satisfactory correspondence of the results of the calculation with the
experimental data obtained in a broad range of variation of the parameters of the jet (Mach number at the
nozzle mouth M, =0-3, R, =104-10%, stagnation temperature T, =300-4000°K, adiabatic index k=1.25-1.4)
makes it possible to use the equations presented above to calculate the friction and heat transfer during
the jet interaction in the region of gradient flow.
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