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Substituting these values in Eq. (5), we have

UldW/SZl U-f(r)'F'(Z!D)-eF{ZlD^

U
\F'(Z/D\\ (13)

If F(Z/D) is of the form B(Z/D), where Bis constant, we
havefrornEq. (13),

(14)

Then, for a given value of D (or DH , as the case may be)

(15)

This relation shows that er<^, is no longer constant in a
swirling flowfield, .but that it varies directly as the axial
velocity U. At the wall, where £7 = 0, the eddy viscosity
vanishes. This expression for er</) is independent of velocity
derivatives and it will therefore never attain values of either
zero or infinity as may happen when it is expressed in terms of
the velocity derivatives.4

Equation (14) is simple, and, using this, the eddy viscosity
(e,.0) can be evaluated from measured mean values of the
axial velocities, provided that the constant B is evaluated.
This constant can be evaluated by plotting the decay of swirl
velocities against ( Z / D ) .
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Tunnel Interference Assessment
by Boundary Measurements

C, F, Lo*
ARO, Inc., Arnold Air Force Station, Tenn.

the classical theory. The classical method1 requires a
definition of the tunnel wall boundary condition and a
mathematical model of the test article. The definition of the
wall condition is one of the obstacles to the routine ap-
plication of classical wind tunnel theory to ventilated tran-
sonic wall tunnels.2 Furthermore, the representation of the
test model by certain combinations of singularities neglects all
viscous effects. Contrary to the classical approach, a new
proposed method, which attempts to avoid these difficulties,
requires only the measurement of flow variables at a control
surface near the tunnel wall inside the test section. The ob-
jective of this Note is to present the new approach and the
related derivation of the interference flowfield based on
measurements at the control surface. Experimental verifica-
tion of the new concept is also included.

Formulation
A two-dimensional example is chosen to illustrate the

formulation of the computation procedure. The Fourier
transform technique is applied to the subsonic flow case to
obtain the interference flowfield and the flow variables under
free-air conditions at the control surface.

The boundary value problem shown in Fig. i is formulated
to simulate a wind tunnel experiment including measured
boundary values (flow variables) at a selected control surface
near the tunnel wall, in addition to the regularly measured
quantities on the test article. A functional relationship be-
tween flow perturbation variables UT(x,h), VT(x,h) at the
control surface and the model geometry can be obtained by
the Fourier transform technique in the transformed plane as
follows:

where

1/71

F(p) = Fx(x)eipxdx

and p is the Fourier transform parameter. The model
geometry F should be interpreted as a "potential equivalent"
airfoil profile including viscous effects. It is reasonable to
assume that the same equivalent profile exists in a free-air
flow condition. The solution for free-air flow is readily ob-
tained in the transformed plane

(2a)

yv . =free air (2b)

Combining Eqs. (1) and (2) to eliminate the model geometry F
one obtains the free-air flowfield directly related to the
measured tunnel flow perturbation variables UT, VT at the
control surface without explicit terms of the model geometry.

\p\0h + VT (3a)

Introduction

L

NEW approach to assess and correct wind tunnel in-
terference is urgently needed because of the limitation of
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Fig. 1 Boundary-value problem of tunnel simulation with boundary
measurements.
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Fig. 2 Numerical verification of interference correction on an
NACA 0012 airfoil.

sinh (3b)

Based on the relationship of Eq. (3) in the physical plane, one
can adjust an adaptive-wall wind tunnel to achieve un-
confined flow in a single adjustment for subsonic flow
without boundary-layer separation on the airfoil.3 In this
Note, Eq. (3) is used to define the interference flowfield by
specifying the difference o f . velocity components between
measured tunnel and free-air conditions at the control surface
as the boundary conditions. The boundary-value problem
which can be solved by the Fourier transform gives the
streamwise interference velocity component:

TT J-o nrd«
^
Sir J - o (0/2) 72 ̂ (4)

Equation (4) indicates that the interference velocity com-
ponent is expressed solely in terms of the measured two
variables at the control surface. Hence, the interference
pressure coefficient is also obtained by CP}nt = -2U-mt. It
should be noted that the present method is limited to sub-
critical flows. Two examples of subcritical flow are given in
the folio wing.

Numerical Demonstration
To validate the method, a numerical demonstration is

performed by simulating the flow in a wind tunnel with the
inviscid, transonic small-disturbance equation. The transonic
airfoil program TSFOIL developed by Murman et al.4 is used
to simulate the flow about an NACA 0012 airfoil at M= 0.6 in
a perforated tunnel with a perforated parameter, Q = OA and
tunnel semi-height-to-chord ratio, h/c= 1.0. By selecting the
control surface on the tunnel wall, distributions UT(x,h) and,
VT(x,h) are substituted into Eq. (4) to determine the in-
terference pressure at the model plane. The tunnel data with
the correction from Eq. (4) give excellent agreement with free-
air flow results as shown in Fig. 2.

Experimental Verification
A two-dimensional 15.24-cm (6-in) chord NACA 0012

airfoil was tested in the AEDC Aerodynamic Wind Tunnel IT
to verify the present theory. The model is a 6% blockage
airfoil spanning the width of the tunnel. The tunnel test
section configuration consists of variable perforated walls for
the top and bottom walls and solid plexiglass sidewalls, as
shown in Fig. 3. Pressure measurements on the airfoil were

IPERFORATED WALL
Fig. 3 Experimental setup in a 30.48 cm (12-in.) tunnel with an
NACA 0012 airfoil and two state pipes.
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obtained along with pressure data from static pipes near the
top and bottom walls. The flow angles near the walls were
also measured. The data presented in Fig. 4 were obtained for
a zero porosity (closed-wall) configuration at M=Q.65, which
is a subcritical flow. The flow angles at the wall nearly vanish
for the closed-wall case and, hence, Eq. (4) approximates to
the first term only. The correction to the tunnel data by ap-
plying Eq. (4) with the boundary pressure measurements
shown in Fig. 4 indicates excellent agreement with in-
terference-free data obtained from Calspan's 8-ft tunnel.5

The results clearly demonstrate that the new approach for
tunnel interference assessment is very promising and requires
only a knowledge of flow characteristics at a selected control
surface and avoids the difficulties of modeling the test article
and tunnel boundary definition.
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Introduction

O NE of the more widely studied concepts for describing
fatigue crack growth is the *'crack closure" concept

advanced by Elber.1 According to this concept, the crack
remains closed over a portion of the tensile part of the load
cycle and the crack can propagate only during that portion of
the load cycle in which the crack is open. The difference
between the maximum applied load and the load at which the
crack opens then is considered to be an effective load, which is
responsible for advancing the crack. In terms of the stress
intensity at the tip of the crack, this becomes

(D

where

AKgff = effective stress intensity range
•^max — maximum stress intensity
Kop — opening stress intensity

Elber measured the displacement at the edge of the crack
during loading with a very sensitive displacement gage and
determined the crack opening load by analyzing the
nonlinearities of the resulting load vs crack edge displacement
curve. The resulting crack opening load is determined from a
tangency point on the load vs crack edge displacement curve.

In this investigation, two different techniques were used to
measure the crack edge displacements and resulting crack
opening loads for constant-amplitude loading with four
different stress ratios. In addition, one of the methods was
used to measure the crack opening load following an
overload/underload type of loading sequence. These results
were compared with an inverse method.

Crack Opening Measurement
Many of the experimental investigations of fatigue crack

closure have utilized crack edge displacement measurements
to obtain the load-displacement curves from which the
opening load can be determined. Other methods include the
electrical potential method2"4 and ultrasonic measurements.5

Edge crack displacement measurements have been made using
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foil strain gages straddling the crack and bonded only at the
ends at the gage.6 Very sensitive strain gage extensometers
using geometries with high strain concentrations have been
used for crack edge displacement measurements.1J'8

Pitoniak et al.9 used an interferometry method to obtain
the complete three-dimensional crack surface displacement
field in transparent polymethylmethacrylate. Successive
photomicrographs were used by Adams10 to measure crack
edge displacements. In this study, crack edge displacement
measurements, to determine crack closure behavior, were
made using both a strain gage extensometer and a specially
developed laser inter ferometric technique. The laser in-
terferometric technique developed in this study was similar to
that used by Sharpe and Grandt.11 With this system, two
horizontal indentations are made on either side of the crack
tip using a wedge-shaped diamond indentor. When the two
grooves are illuminated by monochromatic light, two in-
terference, or fringe, patterns are formed in space, one above
and one below the crack. As the grooves are displaced relative
to each other, the fringe patterns move in space. The fringe
pattern is focused with a cylindrical lens and transmitted to a
phototransistor detector. As the specimen is loaded, the
displacements of the grooves cause the fringes to move past a
detection slit in front of each of the phototransistors.
Calibration is determined from the wavelength of the light
emitted from the laser.

If the fatigue crack propagation is described by the effective
stress intensity range A^ef!, as given by Eq. (1), then an in-
verse technique12 can be used to determine Kop when it varies
with geometry or as a result of a load variation. This assumes
that AATeff establishes the crack growth rate. If the growth rate
under steady, constant-amplitude loading conditions is
known and can be described as a function of AATeff, then, for
varying conditions, measuring the growth rate determines the
value of Aflfeff which must be advancing the crack under that
set of loading conditions. By knowing Kmax from the given
loading conditions, Eq. (1) then can be solved for KQp. Alzos
et al.13 used this method to determine the change in Kop
following overload/underload type of loading sequences.

Experimental Results
Crack closure measurements were made using 2024-T3

aluminum alloy center crack specimens, 559x 152x2.5 mm.
All tests were performed at room temperature in laboratory
air. The crack growth was measured with a lOOx microscope
mounted on a measuring traverse. The test frequency was 20
Hz, and the overload and the cycles for crack opening
measurements were applied at 0.02 Hz. (A triangle wave was
used for the latter.) For the constant-amplitude tests, the load
amplitude was held constant. For the overload/underload
tests, the stress intensity was held quasiconstant by load-
shedding each 5% of crack growth prior to and following the
overload/underload sequence.

For each KQp measurement with constant-amplitude
loading, the Elber gage was mounted near the crack tip and
the data recorded for several cycles. The Elber gage then was
removed, and the crack opening displacement was measured
with the laser system. The narrow column of light was aligned
with the indentations made by the Elber gage which resulted
in taking the measurement at nearly the same location relative
to the crack tip with each of the two methods. Crack growth
data also were obtained.

A series of 16 constant-amplitude tests was run to allow
comparison of the crack opening load obtained from the
Elber gage with that obtained from the laser interferometric
system. Four levels of the stress ratio R were used, 0.01, 0.11,
0.22, and 0.33. For each /?, four different stress levels were
used. Analysis of the a vs N data confirmed that the results
were representative.

Elber defined the parameter

x-A-min) (2)


