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INTERACTION BETWEEN TURBULENT BOUNDARY LAYERS
IN A RIGHT DIHEDRAL CORNER

V. I, Kornilov and A.M. Kharitonov UDC 532.526.4

The inferaction between two adjacent turbulent boundary layers which oceurs in longitudinal flow over
intersecting surfaces pertains to complex forms of viscous flow. Such flow is very often encountered in prac-
tice, for instance, at the joints between individual parts of aircraft, in flow around cress-shaped and V-shaped
wings, etc, However, in spite of its practical importance, the nature of viscous interaction in corner configura~
tions has not yet been investigated experimentally to a sufficient extent, As a rule, no allowance is made for
the three-dimensional nature of corner flow in theoretical investigations, and, therefore, the results are in
poor agreement with experimental data,

The present article is concerned with an experimental investigation of the integral characteristics of the
boundary layer, determination of the extent of the interaction zone for different Reynolds numbers, and a study
of the effect of the longitudinal pressure gradient,

The experiments are performed in the low-turbulence T-324 aerodynamic tunnel at the Institute of
Theoretical and Applied Mechanics, Siberian Branch, Academy of Sciences of the USSR [1], using a right dihe~
dral simulator (Fig.1). Take-off openings, 3, with a diameter of 0.5 mm are provided on both sides 1 for
measuring the static pressure. Both the fore and aft parts of the dihedral sides have a semielliptical shape
with a 1:12 ratio of the semiaxes, The static pressure along the length of the simulator is varied by means of
two rear-end flaps, 2. A clear-plastic dummy wall, 4, is mounted in the working section of the aerodynamic
tunnel in order to ensure the assigned longitudinal pressure gradient at the surface of the simulator, The
pressure gradient varies according to the degree to which the operating section is blocked, while the gradient
sign is determined by the shape of the contour of the operating section artifically created by the dummy wall.
Both positive and negative static pressure gradients dp/dx (7= (p—pw)/de is the pressure coefficient) can there-
by be created at the simulator surface.

The experiments are performed at unperturbed flow velocities from 10 to 52 m/sec, which corresponds
to individual Reynolds numbers Rey = (0.7—3.2) - 108 m~!, A well-developed turbulent boundary layer is pro-
duced by means of a turbulence generator consisting of coarse-grained emery paper 10 mm wide, which is
pasted on along the spread of the corner at a distance of 10 mm from the leading edge.

The total and the static pressures and the direction of the velocity vector in the boundary layer are mea-
sured by means of miniature pneumatic tubes, 5, the geometric characteristics of which are shown in Fig. 1.
Special calibration checks have shown that, with an accuracy to 1%, the flat and the cylindrical tubes are not
sensitive to downwashes to up to 9° and 22°, respectively, Similar calibrations have also been performed in
the investigated velocity range for a double-barrelled pneumatic tube, which is used for determining the direc-
tion of the velocity vector in the boundary layer of the dihedral corner. The thus obtained data on the down-
wash angles in two mutually perpendicular planes and the knowledge of the longitudinal velocity component
make it possible to determine the transverse velocity component.

In order to verify the hypothesis concerning the constancy of static pressure across the boundary layer,
we measured the static pressure profiles by means of a special microtube, which was also- calibrated before-
hand. The results of these experiments have shown that the maximum change in static pressure along the
height of the boundary layer occurs in the bisecting plane and is equal to £0.007q«. Allowance for this degree
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of static pressure instability alters the integral characteristics of the boundary layer by less than 0.7%, There-
fore, the static pressure variation was neglected.

Estimates based on data from many experiments indicate that the relative random errors in measuring
the characteristics 6* and 6**, calculated with respect to the longitudinal velocity component in the boundary
layer, do not exceed 0.2%. Neglect of the transverse component may produce an additional error of approxi-~
mately 0.5%,

Figure 2 (points 1-3, respectively) provides the relative values of the boundary-layer thickness 6,/6,,
the displacement thickness 60*/6§ , and the momentum loss thickness &% */6*2* (the subscript 0 pertains to the
boundary-layer characteristics in the bisecting plane of the dihedral corner y; =z, =0, while the subscript 2
pertains to the characteristics at a distance from this plane where viscous interaction vanishes) as functions
of the Rey number, calculated with respect to the unperturbed flow parameters and the effective distance x
from the beginning of the turbulent boundary layer. The data given for Rex~ 1.72 - 10° have been obtained by
means of both a pneumatic tube and a 55D00 cooling-power anemometer, manufactured by the DISA company.
The deviations of these values fall within the limits of experimental error, In the region where viscous in-
teraction is absent, the experimental data are in good agreement with the results of numerical calculations,
performed according to the method described in [2]. For instance, the mean deviation of of* , calculated hy
means of the expression

As!{;* 6*;-« _ (5.**
e -er** 2th601“100 0,
theor 2 theor

does not exceed 2.4%.

Figure 2 also provides the experimental data on 64/6,, obtained in [3] (solid circles), The resuits ob-
tained in different experiments are in satisfactory mutual agreement; they can be approximated with a sufficient
degree of accuracy by the expression (dashed curve in Fig. 2)

8¢/8;, = C(Re,)~",

where C=5,15 and n=0.08 are empirical constants,
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Considering the above dependences, we see that, in the investigated range of Rey numbers, the integral
characteristics of the boundary layer in the bisecting plane of the coupled surfaces exceed by a factor of 1.6-
2.5 the corresponding values outside the interaction region, The latter values, however, increase at a higher
rate along the simulator length. This is why a slight reduction in the relative values 6y/6,, 63/6%, and 63*/6§*
is observed with an increase in the Reynolds number,

Figure 3 shows, for dp/dx =0, several experimental velocity profiles, measured outside the zone of inter-
action between the boundary layers (the upper group of points) and plotted in the form of the wall law:

¢ = f(lgn),
where ¢ = u/u;; N = (ype)/v; u, = V'3,Jp = us V'¢;/2. For determining the local values of the friction coefficient
¢, the integral momentum relationship for a flat plate cg/2 =dé**/dx isused inthis case; the derivative d6**/dx
is determined graphically with respect to the theoretical curves that average the experimental values of 5§* (x).
The dimensionless velocity profiles expressed in terms of the adopted variables have linear sections, and,
even for z,~30,, they are in satisfactory agreement with the well-known relationship u/u, =A log (yu,/v) +B,
which holds for a flat plate in incompressible flow [curve 1 in Fig, 3; z;~ 60 mm; 3-6) x =890; 700; 540; 350 mm,
respectively].

It should be noted that, if the variable dynamic velocity ur (z4) in the vicinity of the corner line is used as
the scale value, the velocity distribution in the bisecting plane (the lower group of points) can also be approxi-
mated with satisfactory accuracy by a similar dependence, using, however, different values of the coefficients
A and B (A =8.12; B= —1.38, curve 2 in Fig. 3; y; =2, =0). It is impossible to use the integral momentum re-
lationship for determining the value of cf because of the three-dimensional nature of the flow in the interaction
zone. At the same time, a preliminary estimate of the experimental values of ¢f outside the interaction zone,
based on the velocity gradient near the wall, has shown satisfactory agreement with the results obtained from
the integral momentum relationship and by numerical calculations based on the method described in [2].
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Fig. 5

A similar approach to the determination of the friction coefficient is also used for the interaction region.
These data for two transverse cross sections of the simulator are given in Fig, 4 for d5/dx =0 in the form of
the relationship cf/cg =f(z;) (open circles), For comparison, there are also shown the results from (3], where
the value of cf was measured directly by means of Preston sensors (solid circles). Allowing for certain dif-
ferences in the experimental conditions, it can be said that these data are in satisfactory mutual agreement.

It is evident that, in approaching the line of intersection between the surfaces (y; =z, =0}, the local friction co-
efficient gradually diminishes from the value of ¢f, on a flat plate to a value approaching zero in the bisecting
plane, It is noteworthy that there is a local minimum of the relationship cf/er (z;) located at a distance of
~12-15 mm from the intersection between the surfaces, which corresponds to’z;= (0.8-1,0)6,, It can be assumed
that this is ccnnected with vortex flow in the vicinity of the bisecting plane, the extent of which in the trans-
verse cross section increases with distance from the leading edge,
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Thus, the velocity distribution in the bisecting plane and its neighborhood has a character different from
that on a flat plate under similar conditions. Transition from one flow form to another occurs smoothly within
the defined zone, which is commonly referred to as the region of interaction between boundary layers, The
extent of this region in the transverse direction h can be determined with respect to the velocity distribution in
the transverse section of the corner. A typical distribution of isotachs for x =890 mm is shown in Fig, 5, where
curve 1 corresponds to the velocity ratio u/u5=0.60; the other curves pertain to the following values of this
ratio: 2) 0.70; 3) 0.80; 4) 0.90; 5) 0.99. One notices that there are two regions, in one of which the isotachs
are parallel to the side of the corner, while they are considerably distorted in the other, The distortion of
isotach contours is due to the presence of a secondary flow, In order to investigate this flow, we have per-
formed detailed measurements of the velocity profiles for the transverse flow in the bisecting plane as well as
at various distances from it, The intensities and directions of this flow are indicated by arrows against the
background field of the longitudinal velocity component (Fig. 5b)., The pattern revealed is in agreement with
experimental data from [3]. It is evident that, as a result of interaction between turbulent boundary layers, the
transverse flow mcves along the bisecting plane toward the corner line, and from this line further along the
corner side, thereby forming a circulation flow, The maximum velocity of the transverse flow is equal to
0.025us, which is reached in the bisecting plane at a distance of approximately 40% of the boundary-layer thick-
ness,

Perfect symmetry with respect to the bisecting plane of the dihedral corner is observed in the distribu-
tion of the longitudinal velocity component., It can be assumed that such symmetry also prevails for the trans-
verse velocity component. This means that two vortices rotating in the opposite directions are formed in the
zone of interaction between the boundary layers on both sides of the bisecting plane, Therefore, the distortion
in the isotach distribution observed in Fig, 5b is directly related to the development of these vortices. Con-
sequently, qualitative information on the direction and intensity of the transverse flow can be obtained with
respect to the shape of the isotachs,

Let us analyze the behavior of flow characteristics in the interaction region as the Reynolds number Rex
and the pressure gradient dp/dx vary. Experiments on the effect of the Reynolds number were performed in
the range of unperturbed flow velocities from 10 to 52 m/sec. Figure 5a, b shows only some of the results,
Analysis of all the available data suggests that, in the investigated fange of Rey numbers, the direction of trans-
verse flow remains constant, i.e., the pattern shown in Fig. 5b persists. For smaller Rex numbers, the vortex
spreads, as it were, to a larger area of the transverse cross section and also along the corner side. With an
increase in Rey, the vortex contracts, while its rotation axis shifts toward the line of intersection between the
surfaces.

The above-mentioned variations in the scale and position of the vortex in the transverse section of the
corner also influence considerably the extent of the interaction zone, the relative magnitude of which is shown
in Fig. 6 for dp/dx =0. This figure also provides the experimental data for corners of channels with a square
cross section [4-7]. The value of h is defined as the distance for which the isotach u/u5=0.99 deviates from
the direction parallel to the wall. The vertical lines denote the errors in determining this value of h/6, dimin-
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ishes with an increase in Reg in a rather wide range of Reynolds numbers, which vary by more than one order
of magnitude. On the average, the extent of the interaction zone h amounts to approximately three boundary-
layer thicknesses outside the interaction zone,

Figure 5b, ¢ also shows the distributions of the equal-velocity curves for different longitudinal static
pressure gradients. These and other data indicate that the characteristic distortion of isotachs in the inter-
action zone increases considerably with an increase in the pressure gradient, This is connected with the in-
creasing role of the secondary flow, which is more intensive for positive than for negative pressure gradients,
For this reason, the isotachs are distorted slightly for negative pressure gradients (left-hand part of Fig. 5¢).
The longitudinal pressure gradient exerts a considerable influence on the integral characteristics of the bound-
ary layer, both inside and outside the interaction zone. For instance, the displacement thickness and the
momentum loss thickness increase by a factor of approximately 2 with an increase in dp/dx under our condi-
tions. Outside the interaction zone, the boundary-layer characteristics, including the local friction coefficient,
are in satisfactory agreement with the numerical values obtained by means of the method described in {21,

The maximum deviation of the experimental values of cf determined by means of the expression used in (8]
from the theoretical values does not excees 3%,

The relative extent of the interaction zone hf, as a function of the longitudinal pressure gradient for
Rex=1,72.10° is shown in Fig. 7. The vertical lines on the diagram denote the error in determining this
quantity. The extent of the interaction zone increases with dp/dx, while a positive pressure gradient exerts a
greater influence, This can be explained by the more intensive development of secondary flow. The values of
hf,, obtained with a dummy wall and by varying the angle of attack of the simulator (solid and open circles,
respectively), are approximated by means of a single relationship, h/6, =£(dp/dx).

The authors are grateful to V. M, Shulemovich and V. N. Dolgov, who performed the numerical calcula-
tions according to a special program, and to N. F. Polyakov for the useful discussions during preparation for
the experiments,
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