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Interaction Between Boundary Layer and Wakes
of Different Bodies

E. G. Tulapurkara,* V. Ramjee,} and R. Rajasekar}
Indian Institute of Technology, Madras, India

Measurements of mean velocity and Reynolds stresses have been made when the wakes of a streamlined body and
a bluff body interact with the boundary layer on a flat wall. The streamlined body is the NACA 0012 airfoil, and
the bluff body is a rectangular cylinder. The two bodies have the same drag and are placed such that at the initial
station behind the wake-producing body, the lower edge of the wake in the two cases is at the same height above
the bottom wall. It is found that though at the initial station the bluff-body wake is narrower and shallower than
the airfoil wake, the level of turbulent fluctuations is higher in it, which causes faster mixing, and the velocity profile
becomes monotonic earlier in the bluff-body case. Thus, for the same drag, the mixing is faster with a bluff body

than with a streamlined body.

Nomenclature
H = shape factor factor, 6*/@
u',v’,w’ =root mean square values of velocity fluctuations
along x, y, and z directions, m/s
U =mean velocity, m/s
U, = velocity in the freestream, m/s
u'v’ = kinematic Reynolds shear stress, m?/s?
X,),2 = Cartesian coordinates
o* = displacement thickness, m
(0] = momentum thickness, m

I. Introduction

AN wings with a multielement airfoil, the wake from one
element flows over the element immediately downstream
and interacts with the boundary layer on the latter surface.
This provided the initial motivation for the study of the
interaction between the wake and the boundary layer, so that
optimum shapes of airfoil, slat, and flap could be obtained.
However, the interaction between the wake and the boundary
layer is now recognized as an important phenomenon of basic
interest in the study of turbulent flows, and several experimen-
tal studies have been carried out on various aspects of it.
Goradia! attempts to calculate the lift and drag of an airfoil
with flap, taking into account the mixing of the wake and the
boundary layer over the upper surface of a flap. These
calculations were based on the wall-jet studies of Goradia and
Colwell.2 Omar et al.> present the velocity profiles when the
wake of a slat mixes with the boundary layer on the main
wing. But this investigation is mainly aimed at obtaining
maximum lift by optimizing parameters like slat deflection
and the gap between the slat and the main wing.
Detailed experimental investigation of the mixing of the
boundary layer on a flat plate with the wake of another flat
plate kept at three boundary-layer heights is reported by Pot.*
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Distributions of mean velocity U and the rms values of the
fluctuating quantities #’, v’, w” and u’v’ are presented. Angrilli
et al.’> have investigated the interaction between the boundary
layer and the wake of a circular cylinder. They find that as the
cylinder approaches the solid boundary, the vortex-shedding
frequency of the cylinder increases. Bario et al.’ have mea-
sured the mixing of the wake, from a small airfoil, with the
boundary layer on a big airfoil located behind the small airfoil
at an angle of 7 deg. Though some interesting measurements
are presented, it is felt that they have considered too many
parameters at the same time and interpretation of the results
is difficult. Olson and Orloff’” use the Laser Doppler
Anemometer to study the wake of an airfoil passing over the
boundary layer on a flap. The layer is very thin, and the
interaction appears to begin only beyond the trailing edge of
the flap. Brune and Sikavi® present detailed measurements of
the wake of a slat interacting with the boundary layer on the
upper surface of an airfoil kept at angles of attack of 9, 12,
and 15 deg. Up to 30% of the airfoil chord, a potential flow
region separates the slat wake and the boundary layer. How-
ever, the two have not merged; i.e., kinks in the velocity
profile are seen, even at 90% of the airfoil chord where the
flap begins. Sundaram and Yajnik® have studied the mixing of
the wake from the NACA 0012 airfoil kept at zero angle of
attack, with the boundary layer on a flat plate. They have
measured the skin-friction coefficient, U, «’, v" and u'v’. Zhou
and Squire,’® Savill and Zhou,"! and Zhou and Squire!?
undertook a systematic study of the interaction between the
boundary layer on a flat plate with wakes of airfoil at different
angles of attack and a flat plate. They have measured distribu-
tions of U, u’, v’ and u’v’ but assumed the w’ = v’. However,
an examination of Pot’s data* shows that this is not quite
true. While comparing the interaction of the boundary layer
with the wakes from a thick airfoil and a flat plate with
similar drag, they find that!® the wake from the flat plate
mixes less rapidly than does the wake from an airfoil. Investi-
gation of Tulapurkara et al.’® indicates that the interaction is
faster when the wake is produced by a bluff body (a square
cylinder) than when it is produced by a streamlined body (an
airfoil). But that was not the main aim of their investigation,
and the drags of the streamlined body and the bluff body were
widely different. Now, it is expected that the interaction
process, though dependent on the structure of turbulence in
the wake, would also depend on 1) the distance separating the
boundary layer and the wake at a station immediately behind
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Fig. 2 Velocity profiles in the boundary layer on the lower wall.

the wake-producing body, and 2) the gross features of the
wake. Hence, in the investigation reported in this article, the
turbulent fluctuations in the interaction region are measured
when 1) the streamlined body and the bluff body are placed
such that the lower edge of the wake in the two cases is at the
same height above the plate on which the boundary layer
develops, and 2) the sizes of the two bodies are such that their
drags are equal. This latter requirement is also useful from a
practical point of view in that it yields information on the
rapidity of interaction with bodies having the same drag. The
details regarding experimental setup, measuring technique,
and wake-producing bodies are described in Sec. II. The
characteristics of the boundary layer and the wakes are
presented in Sec. III, which is followed by the discussion of
the interaction in Sec. IV.

II. Experimental Setup and Measuring Technique

A. Experimental Setup

The experimental setup is shown in Fig. 1. The centrifugal
blower is driven by a 2-hp motor and delivers about 15 cubic
meters of air per minute. The diffuser has an area ratio of 1:4
and a semiangle of 6 deg. The settling chamber that follows
the diffuser has 1) a honeycomb of cell width 10 mm and
depth 50 mm, and 2) two nylon screens with a wire diameter
of 0.36 mm, mesh width of 1.25 mm, and a settling chamber
264 mm long. The contraction has a circular cross section of
250 mm at the inlet and a square cross section of side 140 mm
at the exit, the contraction ratio being 2.5:1. The test section
has a cross section of 140 x 140 mm and is 800 mm long.

The velocity distributions at various stations in the test
section were almost uniform over the cross section, except in
the boundary layers on the walls. The velocity in the test
section near the exit of contraction was 13.1 m/s and increased

to 14.0 m/s near the exit to the test section. The slight
favorable pressure gradient results because the test section has
a constant area of cross section. The models are kept such
that their trailing edge is at 300 mm from the entry to the test
section. Thus, the change in freestream velocity over the
portion where measurements are taken is from 13.5 to 14 m/s.
The freestream turbulence level in the test section is about
0.7%.

B. Measuring Technique

The mean velocity was generally measured using pitot and
static tubes of 1-mm outer diameter. The pressures were
measured using FCO12 micromanometers made by M/s. Fur-
ness Control of the United Kingdom. The manometer has a
resolution of 0.01 mm of water, and its accuracy is 0.5% of
the measured value.

The turbulent fluctuations were measured using a two-chan-
nel constant temperature hot-wire anemometer system
(56C01) supplied by DANTEC. The probes used are standard
normal wire and X-wire probes, the sensor being 5um tung-
sten wire of 1.2-mm length. The turbulence quantities u’, v’,
w’ and u'v’ were obtained by placing the X-wire probe in the
X-Y and X-Z planes. The response equations for a linearized
mode of operation given by Champagne and Sleicher'* were
used to calculate the u’, v’, w’ and u’v’. The values of u’
obtained by placing the X-probe in the X-Y and X-Z planes
were generally within 5% of each other.

C. Models

The aim of the present investigation is to examine the
differences in wake/boundary-layer interactions when the
wake develops 1) from two turbulent boundary layers on the
airfoil, and 2) from a separated flow behind a bluff body. For
the first case, the wake can be easily generated by a stream-
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Fig. 3 Velocity profiles in the wake of airfoil (NACA 0012). The velocity profiles of the wake behind the rectangular
cylinder are shown in Fig. 4. The flow behind a bluff body
takes a longer distance to develop, and the momentum thick-
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the trailing edge on the top and bottom sides had shape factor
H of 1.5, and the Reynolds number, based on the momentum
thickness of 0.65 mm, was 602. The momentum thickness of interaction.
the wake @ at a station 300 mm behind the trailing edge of
the airfoil was 1.27 mm; the momentum thickness of the wake

Fig. 5 Velocity profiles in the airfoil wake and boundary-layer
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III. Boundary Layer on the Wall and the Wakes 0 0

The airfoil and the bluff body are mounted in the test
section such that their trailing edges are 300 mm from the Fig. 6 Velocity profiles in the bluff-body wake and boundary-layer

entry to the test section. The x coordinate is taken as zero at interaction.

U/Ue
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Fig. 7 Distributions of normal stresses at x =20 mm.
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Fig. 8 Distributions of normal stresses at x =50 mm.
The velocity profiles are shown in Fig. 5. It is seen that at

x = 20 mm, the lower edge of the airfoil wake is about 12 mm
from the wall. The bluff body was placed such that the lower

edge of its wake was aiso 12 mm from the wall. This required

that the center of the bluff body be 15 mm from the wall. The
velocity profiles for the interaction with the bluff-body wake
are shown in Fig. 6.

Comparing the velocity distributions in Figs. 2, S, and 6, it
is noticed that at x =20 mm, the presence of the bluff body
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Fig. 10 Distributions of normal stresses at x =200 mm.

does not seem to affect the boundary layer on the wall.
However, the presence of airfoil causes some thickening of the
boundary layer. Its thickness is about 10 mm, as compared
with 7 mm for the undisturbed boundary layer. This thicken-
ing is evidently due to the deceleration to which the boundary
layer is subjected under the rear half of the airfoil. Such
thickening of the boundary layer is noticed also in the data of
Sundaram and Yajnik.® Perhaps this thickening could be
avoided by placing the airfoil farther away from the wall, as
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done by Zhou and Squire.!? But the interaction would be, as
in their case, too slow and may not reveal anything new. In
practical situations, where the slat is kept at a distance of
4-5% of the airfoil chord, the presence of the slat alters the
boundary layer on the main wing.

Looking at the velocity profiles at other stations, it is found
that though at the initial station (x = 20 mm) the bluff-body
wake is narrower, shallower, and farther away from the
boundary layer than the airfoil wake, the velocity profiles for
the bluff-body case become monotonic at x = 300 mm, and
the same happens for the airfoil case at x =400 mm. This
suggests that the interaction and growth of the shear layer
depend not only on the initial velocity profile in the neighbor-
hood of the bluff body but also on the fluctuating quantities.
The distributions of ¥’, v’, and w’ for the two cases are shown
in Figs. 7-12. The usual practice is to plot #’, v’, and w’ in
separate diagrams.**'2 However, it is felt that the present way
of plotting normal stresses at a station in one figure gives
better insight into the phenomenon. For the sake of compari-
son, the variations in the two cases are shown one below the
other. Velocity profiles at x =20 mm (Figs. 5 and 6) show
that there is a region of uniform velocity between the
boundary layer and the wake. This region is referred to as the
region of potential flow. However, Fig. 7 shows that the
region between the boundary layer and the wake, where the
levels of uw’, v/, and w’ are small, is narrower than the
potential flow region. Thus, the interaction between the fluc-
tuating quantities begins earlier than the mean velocity. At
x == 20 mm, the levels of «’, v’, and w’ in the outer part of the
shear layer are higher for the bluff-body case than for the case
of a streamlined body. This leads to faster interaction in the
former case. Up to x = 200 mm, the levels of u’, v’ and w’ in
the outer part of the shear layer continue to be higher for the
bluff-body case than for the streamlined-body case. At
x = 300 mm, the levels in the two cases are nearly equal. A
similar trend, though at a much slower pace, is seen in the
data of Zhou and Squire.!® Considering these changes in u’, v*
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and w’ along with those in the velocity profile suggests that
the higher level of fluctuation in the bluff-body case causes
faster interaction in the beginning, and the velocity profile
tends to become monotonic faster. But this results in lower
velocity gradients, and the level of fluctuations also decreases
faster in the bluff-body case. Finally, when the interactions
are complete, the level of fluctuations is almost the same in
the two cases.

Figures 7-12 show that in the portion of the shear layer
near the wall, #’ > w’ > v’ for both cases. This is typical of
boundary-layer behavior and indicates that the inner region of
the boundary layer is not significantly altered by the interac-
tion. It is noticed that the maximum values of ¥’, v’ and w’
near the wall are generally higher for the airfoil case. This
increase is likely to be due to the adverse pressure gradient to
which the boundary layer under the airfoil is subjected (see
Fernholz,'® p. 68).

The distributions of u'v’ for the two cases are shown in
Figs. 13 and 14. For the bluff-body case, the shear stress does
not change sign for x > 300 mm (Fig. 13). The same behavior
is shown in the airfoil case for x > 400 mm (Fig. 14). The fact
that the velocity profile also becomes monotonic at x = 300
and 400 mm, respectively, for the two cases may suggest the
use of the eddy viscosity concept to predict the interaction.
But it is not likely to be correct in the initial phases of
interaction where, especially for the bluff-body case, the
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Fig. 13 Distributions of shear stress—streamlined body.
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stresses are not small, even when the velocity gradient is zero
in the potential flow region.

V. Conclusions

The study of the interactions between the boundary layer
and the wakes of a streamlined body and a bluff body shows
that for the same drag a bluff body causes faster interaction in
the sense that the velocity becomes monotonic earlier. This is
caused by the higher level of the fluctuating quantities behind
the bluff body. However, as the velocity profile becomes
monotonic, the velocity gradients in the shear layer decrease,
and the velocity fluctuations also decrease faster for the
bluff-body case. When the interactions are complete, the levels
of fluctuations are nearly the same in both cases.
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