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Fig. 2 Comparison of experimental bow
shock profiles and results of present em-
pirical correlation.
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Fig. 3 Comparison of experimental shock detachment distance and
existing empirical correlation as a function of freestream Mach
number.

flowfield or to provide/verify the results of existing numerical
approaches.
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Study of the Turbulent Near Wake
of a Flat Plate

M.L. Agrawal,* P.K. Pande,t and Rajendra PrakashJ
University ofRoorkee, Roorkee, India

Introduction and Analysis

O NE of the important aspects of fluid flow past sub-
merged bodies is the study of flow characteristics at the

trailing edge. While a number of such studies have been made
for bodies of different shapes in laminar flow, *~3 information
for the case of turbulent flows is rather scanty. A number of
investigators have studied the far wake of a submerged body
and the results are well documented.2>4'6 The studies available
on the near wake are, however, limited.6-8'10'14'15 For the case
of flow past a flat plate at zero incidence, writing the
momentum balance for a control volume as shown in Fig. 1,
and combining it with Reichardt's momentum transfer law
one gets Reichardt's fundamental equation for free tur-
bulence16

dj?
dx =o (D

in which u is the instantaneous velocity in the x-direction and
j8 the momentum transfer length. Substituting

(2)
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in which u and u' are the time average and fluctuating
components respectively of the velocity, and neglecting u'2
and 2uu ' as compared to w,

du2/dx-pd2u2/dy2 = 0

with the boundary conditions

= ±00 and U2 = u2-g0(y)

(3)

(4)

in which g 0 ( y ) is the distribution of (ii2
e- u2) at the trailing

edge, ue being the freestrearn velocity. Defining

X=x/B0, y =y/00, u = u/ue, K2 = p/00

(**E=(l-u2) and 7= K2dx
J o

(5)

in which 60 is twice the momentum thickness of the boundary
layer at the trailing edge, Eq. (3) can be written in the form

dE/dT=d2E/dy2

with the boundary conditions

y= ±00, E = 0, T=0, E=g0 (y)

(6)

(7)

Equations (6) is similar to the equation of one-dimensional
nonsteady heat conduction, for which solutions are available
in terms of error functions. The solution E at various values
of T was obtained using a step by step scheme for numerical
integration. This gives the velocity u and velocity defect UD at
various values of x. The computations were made on an IBM
1620 digital computer.

Flat
Plate

fuv dx
Fig. 1 Control volume-momentum balance in wake.
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Fig. 4 Velocity distribution in the wake.

Experimental Program and Discussion of Results
The experiments were carried out in an open circuit wind

tunnel having a test section 33.5 cm x 33.5 cm and 4.9 m long.
A plate 33 cm. wide, 50 cm long and 0.15 cm thick was
mounted in the tunnel along the midstream and measurements
of mean velocities and turbulence intensities were made using
a single-wire probe with a Flow-Corporation Model 900-C
constant temperature hot wire anemometer.

The velocity distribution over the plate at a distance of 3
mm upstream of the trailing edge is shown in Fig. 2. The
distribution is shown for one side of the plate only as the other
side showed symmetrical profiles as expected. The variation
of T with x is shown in Fig. 3. The points for various
Reynolds number (Ree=ue60/v) fall on a single straight line,
giving a value of K2 = 0.0325 which compares favorably with
Townsend's5 value of K2 = 0.032 for a circular cylinder. The
velocity distribution and velocity defect at various axial
distances downstream of the trailing edge are shown in Figs. 4
and 5 respectively. The figures also show the theoretical
results i.e. solutions of Eq. (6). As can be seen, there is a fair
agreement between the theoretical and experimental results
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for various Reynolds numbers. The maximum velocity defect
distribution is shown in Fig. 6. The results correspond to a
value of the shape parameter H0 = 1.283 where H0 is defined
as the ratio of the displacement thickness d0 and momentum
thickness 60 at the trailing edge. Larger values of the
maximum velocity defect have been reported by ElAssar and
Page8 and Chevray and Kovasznay15 for higher values of H0
viz. 1.4 and 1.44 respectively.

The variation of momentum thickness ratio 6/B0 and shape
parameter H with axial distance x is shown in Fig. 1, While
6/60 remains constant at a value of 1.0, H is large in the
beginning but very soon attains a constant value thereby
justifying the assumption of constant pressure in the wake.
Figure 8 shows the distribution of the half width of wake with

Fig. 9 Variation of turbulent intensity.

T. The values are smaller compared to those reported by
ElAssar and Page,8 Cheveay and Kovasznay15 and Toyoda
and Hirayama.14 Figure 9a shows the variation of turbulence
intensity in the wake for values of jc<20 and follows a trend
similar to those reported by Townsend5 and Kovasznay.15

For values of *>20 however, the nature of the curve changes
as shown in Fig. 9b. Chevray and KovasnayI5 have classified
the wake of a cylinder for x/60 > 30 as the far-wake and in this
region the turbulence intensity distribution is similar in nature
to that shown by Fig. 9b. Similar results are reported by
Toyoda and Hirayama14 for x> 31.3. Thus the present study
would indicate x = 20 as the limit at which the near wake
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changes to the far wake. This however, needs further ex-
perimental verification.

Conclusion
The measured velocity distribution and velocity defect

distribution in the near wake of a flat plate agree fairly well
with the values obtained by solving Reichardt's fundamental
equation for free turbulence. The momentum transfer
coefficient K2 has the same order of magnitude as obtained
by Townsend12 for circular cylinders. The turbulence in-
tensity variation shows two distinct patterns, one for x = 20
may be the limit at which the near wake changes to the far
wake. This however, needs more detailed experimental in-
vestigation. The effect of shape parameter H0 at the trailing
edge also needs to be investigated further as it seems to have a
definite bearing on the wake characteristics.
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Modal Synthesis for Combined
Structural-Acoustic Systems

Joseph A. Wolf Jr.*
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Warren, Mich.

Introduction
I HE modal synthesis technique is widely used in structural
modeling for dynamics. This method, its history and
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development are well described in a survey paper presented in
1971 by Hurty.1 The purpose of this Note is to cast the
dynamics of a combined structural-acoustic system in terms
of a modal synthesis. This approach appears to be especially
useful for determining the low-frequency free and forced
interior acoustical properties of the passenger compartments
of road and rail vehicles and aircraft wherein the acoustic
wavelength is of the same order of magnitude as the
dimensions of the structure. As with most such efforts, the
goal of this work is to produce cost and time savings in the
analysis task. For the examples discussed below, the
procedure described herein results in a significant reduction in
computer cost from that required for solution of the complete
system, with little loss in accuracy.

Analysis
Development of the finite element method has produced

renewed interest in the structural-acoustic problem by making
tractable the solution for arbitrary geometries.2"8 As a
starting point for the present development, we take the
equations of motion of the coupled system in the form given
byEverstine,etal.9

[M/5] [0] [Kff] J lip] [ 0 ]

(D

where [u] is the vector of n normal displacements for the
compartment structure, (p} is the vector of m nodal pressures
for the enclosed fluid, [Mss] and [Kss] are the n x n structural
mass and stiffness matrices, [Mff] and [Kff] are the mxm
fluid mass and stiffness matrices, [Ksj\ = [A] and [M/5] = -
(pc)2 [A]T, with [A] a sparse n x m coupling matrix whose
elements are found from the surface area/l// for the boundary
node corresponding to the structural displacement w, and the
associated fluid pressure at that node pj9 Also, pc is the
characteristic impedance of the fluid, and (Fs} is the vector
of external forces applied to the structure.

For brevity, in the remainder of this development, we will
consider a free, harmonic solution of Eq. (1), such that [Fs]
= (0) and{w) = -o)2{w), {/?) = -o)2(p}. The extension to
include forced motion can be carried out in the usual way.
Furthermore, we will employ a transformation of coor-
dinates, using the structural modes [<£s] determined in vacua
and the rigid wall acoustic cavity modes [</>/], such that

(/>)=[</>/] h/1

(2a)

(2b)

with (i j s) and {ij/j representing the appropriate modal
coordinates.

Making these substitutions, and premultiplying all terms by

[<i>s] T [ 0 ]
1 0 ] [<f>f]T

gives the desired result

[0]
-(pc)2[C\T

[•KSJ (C\

[0] \;Kfl
= 101 (3)

where [C\ = [<l>s]T [A] [<£/], the modal coupling matrix, and
[" Ms J = [<t>s]T [A/J [<t>s], etc. Note that the elements of
[C] represent the product of the structural "ring" modes with


