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Freestream Turbulence Effects on Wake Properties
of a Flat Plate at an Incidence

Satya Pal*
City of New York, Department of Environmental Protection, New York, New York

The effect of freestream turbulence on the characteristics of a turbulent wake developed from the trailing edge
of a flat plate at angles of attack of —3, 0, and 6 deg is discussed. Correlations based on analytical and ex-
perimental considerations are developed to predict the mean characteristics of a turbulent wake at an incidence
in the freestream turbulence environment. The analytical approach is based on the Navier-Stokes mean-
momentum and continuity equation. The experimentation was carried out in a subsonic wind tunnel using cross-
wire anemometry. Experimental data of the flat plate at three incidences and three turbulence levels (0.40, 5.23,
and 7.23%) from self-similarity considerations are presented to predict the semiempirical correlations for the
wake velocity defect, length scale, wake velocity profile, shape factor, and eddy viscosity. The effect of pressure
gradient on various parameters is also discussed. It is concluded that the wake velocity defect and shape factor
decrease while the length scale and eddy viscosity increase when there is an increase in freestream turbulence.

Nomenclature

a,b =constants in Eq. (2)

C =chord of the flat plate

(OFR Cd0 =drag coefficient in the presence and absence of
freestream turbulence, respectively

f =velocity profile function

H =shape factor

K =constant in Eq. (2)

K, .K, = constants in Egs. (2) and (6), respectively

Ly =length scale, Fig. 1

m = constant representing pressure gradient effect

R = Reynolds number (U, C/v»)

Ry =turbulent Reynolds number

T — turbulence level (Vu2/U,)

U =mean velocity component along axial direction

U, =inlet average velocity in test section

U, = velocity scale (U, — U,), Fig. 1

U, =mean velocity at wake centerline, Fig. 1

U, =outer edge velocity (xx~")

X,y =distances along axial and normal axes,
respectively

Xo =virtual origin

X, Y, Z =axial, normal, and lateral axes, respectively,
Fig. 1

@ =angle of attack

&, 3 =constants in Eqgs. (1) and (4), respectively

&, =displacement thickness

7 = similarity variable (y/L,¢, or y/L ;)

0 =momentum thickness

v =Kkinematic viscosity

vy =eddy viscosity («xUyLy$,$,)

b1,92 =turbulence parameters in Eq. (5); ¢, = [ (x/C)

+ (xo/C) 1972, ¢, = [(x/C) + (x,/C)] ~FT2

Presented as Paper 81-2030 at the AIAA Seventh Aeroacoustics
Conference, Palo Alto, CA, Oct. 5-7, 1981; received Oct. 16, 1981;
revision submitted Sept. 17, 1984. Copyright © American Institute of
Aeronautics and Astronautics, Inc., 1985. All rights reserved.

*Bureau of Water Supply. Currently, Visiting Scientist and NRC-
AFSC Research Associate, Aero Propulsion Laboratory, Air Force
Wright Aeronautical Laboratories, Wright-Patterson, AFB, Ohio.
Senior Member AIAA.

Subscripts and Superscripts

= centerline values
=edge values
=leading-edge values
=trailing-edge values
= freestream values
=mean values
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Introduction

URBULENCE is considered an important factor in

noise generation from multistage turbomachinery. The
wake of a blade following the first row of blades is affected
by the turbulence of the shear layers generated from the
wake of the stationary or rotating row of blades upstream.
The nature of this freestream turbulence depends upon the
axial distance between rotor and stator, angle of incidence of
the blades, radial location, curvature, solidity, stage loading,
etc. The development of the boundary-layer, heat-transfer,
and wake characteristics in the freestream turbulence en-
vironment are dependent upon the freestream turbulence.
Thus, the knowledge of freestream turbulence on wake
behavior can be beneficial in better understanding turbo-
machinery performance and noise generation in aircraft and
marine propulsors.

An extensive literature search of the effect of freestream
turbulence on boundary layer and heat transfer has been
given by Pal.! With the exception of a few remarks made by
Eagleson et al.,? indicating that the wake recovery rate in-
creases with the increase in turbulence level, there is little in-
formation to date that describes the effect of freestream tur-
bulence on wakes. Some of the properties of cylinder wakes
have been studied by Komoda® and Ahmed et al.* Recently,
Refs. 1, 5, and 6 have illustrated, theoretically and ex-
perimentally, the behavior of wakes in the presence of
freestream turbulence. It has been concluded that freestream
turbulence enhances wake mixing, growth rates, turbulence
intensities, and Reynolds stress, and reduces the shape fac-
tor. The qualitative and quantitative effects of freestream
turbulence on wake characteristics based on Refs. 1-7 are
summarized by Pal.?

This paper examines the effect of freestream turbulence on
the characteristics of a wake at —3, 0, and 6 deg angles of
attack for three inlet turbulence levels. Correlations based on
analytical and experimental considerations are developed to
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predict the characteristics of a turbulent wake at an incidence
in the freestream turbulence environment. The effect of pres-
sure gradient on various parameters in freestream turbulence
environment has also been incorporated.

Experimental Equipment, Method,
' and Instrumentation

An open circuit wind tunnel with a test section cross sec-
tion of 45.72x45.72 cm® was used in the experiments (Fig.
1). The test model consisted of a flat plate made of precision
ground, nondistorting stainless steel, with dimensions of
45.72%14.92x0.238 cm3. The plate was mounted firmly in
the wind tunnel in an X-Y plane (Fig. 1), such that the wake
produced from its trailing edge varied in the X-Z plane.
Measurements were taken at —3 and 6 deg angles of attack.

The freestream turbulence was generated by two grids.’
The square grid produced a freestream turbulence level of
5.23% at the leading edge of the flat plate. A freestream tur-
bulence level of 7.23% at the leading edge of the flat plate
was generated by a circular grid. The third level of
freestream turbulence (0.40%) was obtained without any
grid. Measurements were taken using cross-wire anemometry
in the X-Y' plane and were transferred to the X-Y plane
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Fig. 1 Experimental setup.
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Fig. 2 Logarithmic variation of wake centerline velocity with
downstream distance.
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with the appropriate transformation. The measurement
method is described in Refs. 1 and 8.

The flow Reynolds numbers, based on the average velocity
in the test section and the chord length, were 2.45x 10,
2.03x10%, and 2.38 x 10° at turbulence levels of 0.40, 5.23,
and 7.23%, respectively. The corresponding average mean
velocities were 25.47, 21.12, and 24.78 m/s.

Experimental Results and Comparisons
with Predictions

_ The data are presented in dimensionless form using C and
U, as dimensional parameters, with C the chord length of
the flat plate and U, the local mean velocity at the outer
edge of the wake.

Freestream Turbulence Level

The freestream turbulence level at the leading edge was
found to be 0.40% for no grid, 5.23% with a square-bar
grid, and 7.23% with a circular-rod grid (Fig. 2 of Ref. 8).
At the beginning of the wake (trailing edge of the flat plate),
the freestream turbulence level was 0.4% for no grid, 2.56%
with a square-bar grid, and 4.0% with a circular-rod grid. A
detailed description of turbulence parameters ¢, and ¢, is
given in Ref. 8.

Mean Velocity Profile

Mean velocity profiles were measured at two angles of at-
tack (—3 and 6 deg), three turbulence levels, and four axial
locations. The profiles for —3 deg angle of attack for three
turbulence levels are given in Figs. 3a-¢ of Ref. 8; the cor-
responding profiles for 6 deg angle of attack are given in
Ref. 9. The corresponding profiles for 0 deg angle of attack
are given in Refs. 1 and 5. From these figures it can be seen
that the mean velocity profiles become asymmetrical about
the wake centerline because of the angle of attack and sym-
metrical at 0 deg angle of attack, even when the freestream
turbulence is present. Near the trailing edge, at x/C=0 and
a#0, the characteristics of the boundary-layer behavior are
maintained. The boundary-layer thickness is greater on the
suction surface than on the pressure surface. These surfaces
become reversed at a positive angle of attack. The asym-
metry in the mean velocity profile about the wake centerline
is reduced with an increase in axial distance from the trailing
edge of the flat plate, and is at its maximum at the trailing
edge.

Wake Recovery Rate

The logarithmic variation of the mean velocity at the wake
centerline for three incidences and three turbulence levels is
presented in Fig. 2. The increase in freestream turbulence
level increases the wake recovery rate. This is shown in Fig. 2
and can be stated by®:

1—(U./U,) =KCH[ (x/C) + (x,/C)] ~1+aT=m)2 1)
where
K=K,/(a+b¢,) )

The values of K|, @, and b were 2.7, 0.76, and 1.0, respectively.
K, x,/C, and & (for the present case) were 1.534, 0.021, and
4.0, respectively.

The change in the exponent (velocity power law) is in-
dicated by the change in the freestream turbulence level from
0.4 to 4.0% at different angles of attack. At two angles of
attack and three turbulence levels, the value of (1-m)/2
varied from 0.445 to 0.496. Even in this case of a mild
pressure gradient, the value of & was 4.0. This is consistent
with the trends predicted in earlier investigations.!>S The
constant K in Eq. (1) is dependent upon the value of ¢, at
the trailing edge. The coefficient of drag in the absence of
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Fig. 3 Logarithmic variation of length scale with downstream
distance.

freestream turbulence and at 0 deg angle of attack was found
to be 0.0064. The value of the drag coefficient in the absence
of freestream turbulence was obtained from experimental
results. In the presence of freestream turbulence the drag
coefficient was obtained from the modified correlation of
Ref. 10 and is stated as

Cy=Cyy(1+4.87) 3)

Figure 2 leads to the following observations about the
wake centerline velocity:

1) The effect of freestream turbulence on wake centerline
velocity is predominant only in the near-wake region,
x/C<0.3, and is predominant even in the presence of angle
of attack.

2) The velocity defect at the wake centerline decreases to
about 35% for x/C<0.1.

3) The wake velocity power index is dependent upon the
freestream turbulence level and pressure gradient. The nature
of the effect of freestream turbulence is similar to the
favorable pressure gradient effect.

4) The constant of proportionality in Eq. (1) depends
upon the turbulence parameter for the length scale at the
trailing edge.

Length Scale (Half-Wake Width)

The logarithmic variation of half-wake width with
downstream distance for three freestream turbulence levels
and with three angles of attack is shown in Fig. 3. An increase
in freestream turbulence increases the length scale in the
downstream direction. This increase can be stated by:

Ly—L (1+8T+m)/2
20 %105 (i) )
CcCjt C

where Lg=Lg +Lg,; Lo is the summation of the length
scales of the suction and pressure sides and L;, the value of
L, at the trailing edge of the flat plate. The length scale on
the suction side is greater than that on the pressure side at an
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Fig. 4 Variation of shape factor with downstream distance.

angle of attack, (a«#0 deg), and both become equal at 0 deg
angle of attack. The value of [ obtained from the ex-
perimental data is 8.27 and is consistent with the earlier in-
vestigation.® The prediction of the growth law is in agree-
ment with experimental data in the presence of freestream
turbulence and angle of attack.

A few important observations about length scale can be
made from Fig. 3.

1) The length scale power index is strongly dependent
upon the freestream turbulence level. The nature of the
freestream turbulence effect is similar to that of the adverse
pressure gradient effect.

2) Freestream turbulence acts more strongly at the wake
edges than at the wake centerline. This nearly doubles the ex-
ponent for the growth of the length scale when compared to
the exponent value for the recovery of the mean velocity at
the wake centerline.

3) The increase in freestream turbulence enhances the
growth of the wake.

From Eqgs. (1) and (4), the following observations can be
drawn:

a) Equations (1) and (4) tend to flat plate and cylinder
wake equations, when m—0 and 7—0 or when m=&T and
m= —fT, respectively.

b) When m>0 and m>a&T (adverse pressure gradient),
the wake centerline velocity recovers more slowly than that
in case a. This is typical of compressors and airfoils.

c¢) When m>0 and m<&aT or m<0 (favorable pressure
gradient), the wake centerline velocity recovers faster than
that in case a.

Similarity
By substituting the wake velocity profile in the presence of
freestream turbulence,

(U, —U)/Upp, =f(3/Lody) )

It was theoretically shown® that
f=exp(— K,Rm?*/2) (6)

where R;=UyLq¢,¢,/vr and K, is a constant dependent
upon angle of attack. This indicates that the velocity profile
shape is given by a Gaussian function.

An attempt is made to reduce the velocity profiles given in
Figs. 3a-c of Ref. 8 to a single curve as shown in Figs. 7a-c
of Ref. 8, respectively. Ly ¢, and L, ¢, are the length scales



DECEMBER 1985

for the pressure and suction sides, respectively, and Uy¢, is
the velocity scale. Ly, is the distance from the wake
centerline to a point in the normal direction and along the
pressure side where the velocity defect is 50% of the velocity
scale Uy=U,—U,. L, is the corresponding distance toward
the suction side. The similarity profiles for 6 deg angle of at-
tack are given in Ref. 9. Figures 7a-c of Ref. 8 show that the
similarity profiles are well described and lie between the
functions [1—(9/2)!31? and exp(—52/2), where 3 =y/Lo, ¢,
or y/Lg,, respectively, for the pressure or suction side.
Asymmetry about the wake centerline in the similarity pro-
files is reduced when compared to the asymmetry in the
mean velocity profile about the wake centerline, due to the
appropriate normalization. The ratio of UyL¢,¢,/U,,C is
found to be nearly constant at all axial locations beyond
x/C>0.05 (Fig. 8 of Ref. 8). This constant ratio confirms
the similarity assumptions made during the development of
the theoretical analysis. As a result, it is concluded that eddy
viscosity increases with the increase in freestream turbulence.

Profile Parameters

The variation of shape factor H for variable angle of at-
tack with downstream distance from the trailing edge of a
flat plate is shown in Fig. 4. The shape factor, defined as

G
9 e Ue g - Ue Ue g

with the substitution of Eq. (5), and rearranging,® takes the
form

— —W(l+al—-m
1-(1/H) :ﬁ_<1+ x/C) Ya( ) R
L-(I/H,) ¢y, Xo/C

Displacement thickness increases with downstream distance
for the adverse pressure gradient and decreases for the
favorable pressure gradient. The behavior of momentum
thickness is similar to that of displacement thickness for
x/C=0.1. The theoretical curves [Eq. (7)], together with the
experimental data, are plotted for various turbulence levels
and pressure gradient values, in Fig. 4, with good agreement.
From the comparison, the increase in freestream turbulence
reduces the shape factor and the adverse pressure gradient
increases the shape factor. The effect of the favorable
pressure gradient on the shape factor is similar to the effect
of an increase in the freestream turbulence level. An increase
of the angle of attack increases the shape factor.

Conclusions

The investigation on the effect of freestream turbulence on
wake behavior with the pressure gradient leads to the follow-
ing conclusions:

1) Mean velocity profiles are observed to be asymmetrical
about the wake centerline when the wake is influenced by the
pressure gradient and freestream turbulence.

2) Similarity in the mean velocity profile is maintained to
a good extent when the profiles are normalized with respect
to the turbulence parameters.
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3) The wake centerline velocity recovers faster with the in-
crease in freestream turbulence. The nature of the effect of
freestream turbulence on wake centerline velocity defect is
similar to the favorable pressure gradient effect.

4) The increase in freestream turbulence increases the
length scale. The nature of this effect on length scale is
similar to that of the adverse pressure gradient effect.

5) The turbulence parameters (¢; and ¢,) behave opposite
in character, tend to unity for the far wake (x/C>1.0), and
are independent of pressure gradient and angle of attack
effects.

6) The shape factor reduces with the increase in
freestream turbulence. An increase of the angle of attack in-
creases the shape factor, even in the presence of freestream
turbulence.

7) Eddy viscosity increases with the increase in freestream
turbulence.

Acknowledgments

This work was initiated during author’s stay at the City
College of New York and was sumitted for publication dur-
ing the author’s employment with Sundstrand Corporation.
The author is thankful to both the organizations. He also
wishes to express his thanks to the National Academy of
Sciences, National Research Council, and Air Force Aero
Propulsion Laboratory for financial support covering
publication charges.

References

lpal, S., “Wake Boundary Layer Interaction in Turboma-
chinery,”” Ph.D. Thesis, Dept. of Mechanical Engineering, The City
College of the City University of New York, May 1981.

2Eagleson, P. S., Huval, C. J., and Perkins, F. E., “Turbulence
in the Early Wake of a Fixed Plate,” MIT Hydrodynamic Lab.,
Cambridge, MA, TR No. 46, Feb. 1961.

IKomoda, H., ““On the Effect of Free Stream Turbulence on the
Structure of Turbulent Wake,”” Journal of the Japan Society of
Aeronautical Engineering, Vol. 5, Oct. 1957, pp. 274-279.

“Ahmed, Q. A., Luxton, R. E., and Antonia, R. A., “The
Behavior of a Two-Dimensional Wake in a Uniformly Sheared Tur-
bulent Flow,” Journal of Applied Mechanics, Vol. 42, June 1975,
pp. 283-288.

SPal, S. and Raj, R., “Wake Behavior in the Presence of Free
Stream Turbulence,”” Journal of Engineering for Power, Vol. 103,
July 1981, pp. 490-498.

6pal, S. and Raj, R., ““Characteristics of Wake Turbulence Due
to Free Stream Turbulence Environment,”” AIAA Paper 80-1079,
June 1980.

"THah, C. and Lakshminarayana, B., ‘“‘Free Stream Turbulence Ef-
fects on the Development of Rotor Wake,”” ATAA Paper 80-1431, July
1980.

8pal, S., “Wake Properties of a Flat Plate at an Angle of Attack
Because of Free Stream Turbulence,”” AIAA Paper 81-2030, Oct.
1981.

9Pal, S., ““Effect of Pressure Gradient on the Wake Behavior in
Free Stream Turbulence Environment,”” Engineering Report, (in
preparation).

OGreen, G. E., “On the Influence of Free Stream Turbulence on
a Turbulent Boundary Layer as it Relates to Wind Tunnel Testing at
Subsonic Speeds,”” AGARD Rept. 602, 1972.



