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Development of a Global Interferometer Skin-Friction Meter

T. J. Garrison* and M. Ackman’
Louisiana State University, Baton Rouge, Louisiana 70803

An improved method for measuring skin friction in two-dimensionalflows is described. The instrument, termed a
globalinterferometer skin-friction meter, is used to measure the shape of a thin oil film placed on a test model subject
to aerodynamic shear. The oil film shape is then related to the applied shear through lubrication theory. Through
acquisition of a single image of the oil film interference pattern, the skin-friction distribution can be obtained at any
point covered by the film. Enhancements to the method are presented that may extend the instrument’s application
to fully three-dimensional flows with time-variant model temperatures. Results from tests performed on flat plate
boundary layers along with numerical simulations show the instrument can accurately measure wall shear over
relatively large areas in a single test. Results show the method provides numerous advantages over other shear
measurement techniques. The instrument’s configuration, the theoretical background, and the parameters that

influence its accuracy are presented.

Introduction

CCURATE measurement of the wall shear stress distribution

is important for understandingmany types of flowfields. Such
data are crucial to understanding aerodynamic drag and for evalu-
ating the performance of proposed drag reduction strategies. More-
over, skin-frictiondata are extremely valuablefor validationof com-
putationalsolutionsdueto the directlink between the predictedshear
stress and the turbulence model. However, despite the importance
of accurate skin-frictiondata, obtaining such, either experimentally
or computationally,can be extremely difficult, costly, and time con-
suming. The level of difficulty increases considerably for measure-
ments in complex, three-dimensionalflows with separation.

The primary difficulty with measuring wall shearlies in the lack of
auniversal measurementtechniquethat can provide accurate data in
awide range of flows. Winter' providesa good review of the various
wall shear measurementtechniques. Nearly all of the existing meth-
ods for wall shear measurements, e.g., Preston tubes, Stanton tubes,
sublayer fences, electrochemical techniques, and floating element
balances, have very limited ranges of application. In general, these
methodsareintrusive,arerestricted to certaintypes of flows, are lim-
ited to flows with modest pressure gradients, and require detailed
calibration. Additionally,these methods provide only pointwisedata
and can be time consuming to implement on large surfaces.

A more recent method of shear measurement that has shown
promise is the laser interferometer skin-friction (LISF) meter. The
LISF meter was originally invented by Tanner and Blows? for use in
low-speed flows. The basic principle of operation of the LISF meter
is to optically measure the time rate of thinning of an oil film placed
on a test surface subject to aerodynamic shear. The rate of thinning
of the oil film is determined using optical interference and can be
related to the applied shear through lubrication theory.

Although the LISF meter was originally used for low-speed
airflows, further development of the method® ® has resulted in
an instrument that is capable of measurements over a broad
range of flow conditions, including supersonic flows,””'? shock-
wave/boundary-layer interactions with strong pressure gradients
and flow separation,” !> and more recently two-phase (air-water)
and single-phase (water) pipe flows.'?

Despite its relatively broad range of applicability, the LISF tech-
nique suffers from several shortcomings. Foremost, the method pro-
videsonly pointwisedata. Hence, measuring shear distributionsover
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large surfaces is time consuming and may be impractical in some
instances. Also, the LISF technique requires that the oil film thick-
ness be recorded continuously during the test run. This can be a
significant problem in high-speed flows for which surface waves
form on the oil film. These surface waves distort the laser beam that
is used to record the time-variant oil thickness and greatly reduce
the usable signal. Additionally, in both low- and high-speed flows,
dust, vibration, and other effects can create noise that limits the us-
able signal or renders it useless. Finally, the LISF method requires
continuous optical access.

Recently, several groups have developed modified forms of the
LISF technique designed to overcome many of the aforementioned
limitations. Most notably, these groups have modified the method
to provide shear data over either global regions or along lines rather
than at discrete points. [To distinguish these instruments from the
pointwise LISF instrument, they are referred to herein as global in-
terferometer skin-friction (GISF) meters.] One version of the GISF
meter was developed by a group of Russian researchers.'*"'® An ad-
vantage of their method is that it accounts for wall shear variations
in both the streamwise and spanwise direction and can be used for
three-dimensional flows. The primary drawback with their GISF
method is that it still requires that data be collected continuously
throughoutthe test run. Hence, it requires continuous optical access
and suffers from the problems of surface waves, contamination,
and vibration. A similar version of the instrument is reported in
Refs. 17 and 18.

An alternate development of a GISF instrument was performed
by researchers at NASA Ames Research Center.'*:?° In addition to
acquiring shear stress data over global regions in a single test, their
version of the GISF methodrequires acquisitionof only a singleim-
age of the oil film interference pattern. Hence, the data acquisition
and optical access requirements are greatly simplified. In the initial
development of the NASA GISF instrument, the method yielded
only relative C ; values, and an alternate measurement method, e.g.,
a Preston tube, was required to determine the reference skin-friction
value.!” Subsequent developments have eliminated the need for a
separate measurement of a reference shear, and the method now
yields the absolute skin friction. However, unlike the Russian ver-
sion, the theory behind the NASA method assumes that the shear
stress is constantin the flow direction. Hence, the current version of
this method is not well suited for application in three-dimensional
flows. Effectively, this method providessheardataalong aline rather
than over a global area.

The primary goal of this paperis to build upon the success of these
previous investigations by combining the advantages of both tech-
niques. In particular, this paper focuses on expanding the theoretical
framework for the GISF instrumentinitially developed at NASA to
facilitate its applicationin flows with nonuniform wall shear stress
in both the streamwise and spanwise directions. This paper also
attempts to quantify the overall uncertainty of the GISF method as
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well asthe influence of the variousoperationalparametersassociated
with the technique. The ultimate objectiveis to develop a wall shear
measurement technique that will work in a broad range of flows,
provide accurate data over relatively large surfaces in a single test,
requireno calibration,and be simple and costeffectiveto implement.

Description of Experiments
Wind-Tunnel Facility

The experiments were performed in the subsonic wind-tunnel fa-
cility at Louisiana State University. The tunnel consists of a 12:1
contraction with honeycomb and screens, a test section, a diffuser,
and a variable pitch fan. The test sectionis 2.4 m long with a rectan-
gular cross section that is 0.46 x 0.6 m. A 3.3-m-long2.6:1 diffuser
section leads to an axial fan capable of delivering 30,000 ft*/min.
The pitch of the fan blades is adjustable, providing a test section
velocity range from 10 to 57 m/s. The turbulencelevel is between 2
and 3% over a majority of the velocity range but increases rapidly
to over 6% at the lowest operating velocity.

A flat plate model was used to produce the results presented in
this paper. It is constructed of 1.0-cm-thick acrylic sheet and is
0.94 m long and 0.41 m wide with a sharp leading edge. The model
is mounted in the freestream flow, and its angle of attack can be
adjustedto align it with the freestreamflow direction. The alignment
was carried out by balancing static pressure taps along the length
of the flat plate to ensure a zero pressure gradient, i.e., flat plate
conditions. The plate was adjusted until the pressure gradient was
less than 4.1 Pa/m. A series of thermocouples were also mounted in
the model to record the model surface temperature. This information
is needed to accurately determine the oil film viscosity.

Additional shear measurements were made using a Preston tube
with the universal calibration developed by Head and Ram.?! This
calibrationhas a quoted accuracy of 11% where the ratio of the tube
diameter to the boundary-layerthicknessis muchlessthan0.1.22 The
Preston tube was constructed from 32-gauge stainless steel tubing
(9 0.24 mm). Static pressure taps (& 2 mm) were installed in the
flat plate at the Preston tube measurement locations.

GISF Technique
Experimental Setup

The GISF meter operateson the principleof thin film interference.
Referring to Fig. 1, when a monochromatic light source is incident
on the surface of a thin film, a portion of the light reflects off the film
surfaceand the remainder passes through this surface and reflects off
the fluid-solid boundary. Because of differencesin their optical path
length, these two reflections will interfere with one another either
constructivelyor destructively. Therefore, a film with varying thick-
ness will produce an interference pattern consisting of alternating
areas of constructive and destructive interference. The GISF meter
uses such interference patterns to extract the skin-friction distribu-
tion over the portion of the model surface coated with the thin film.

Figure 1 shows a schematic of the GISF instrument used in the
present study. For the configuration shown, oil is applied on the
portion of the model surface over which the shear stress is desired.
In practice the oil is applied along discrete lines that then spread
into thin film patches during startup of the external flow. The oils
used in the present study are Dow 200 Series silicone oils. If the test
model surface is not reflective, self-adhesive Mylar® film may be
applied to the surface before application of the oil.!? This material
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Fig.1 Schematic of the global interferometer skin-friction meter.
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Fig.2 Sampleimage of an oil film interference pattern taken on a flat
plate with Uso = 25 m/s.

Typical pattern

Heavily contaminated pattern
Fig.3 Sample interference patterns illustrating dust contamination.

can be purchased at hobby shops and helps facilitate the use of the
GISF technique on nearly any surface.

After startup of the external flow, the oil is thinned due to the
applied aerodynamic shear stress. As will be shown in the follow-
ing section, at any instant in time the local slope of the oil film is
directly related to the locally applied shear stress. To record the thin
film interference pattern, a charge-coupled device (CCD) camera
(640 x 480) is focused on the surface of the oil film (including
the leading edge), which is illuminated with a monochromatic light
source. A white light can also be used provided an optical bandpass
filter is placed over the camera lens to create a single-wavelength
fringe pattern. After a designated time period, an image of the oil
film interference pattern is digitized by a computer. A sample in-
terference pattern taken on the flat plate model is shown in Fig. 2.
The digitized image is then analyzed using the algorithm described
in the following section to extract the skin-friction distribution.

Beforeproceedingwith the dataanalysisprocedure,itisimportant
to point out the numerous benefits provided by the configuration
shown in Fig. 1. First, the equipment and setup required for the
GISF instrumentare both simple and inexpensive. Second, because
the method s capable of obtaining data over arelativelylarge areain
a single test run, the time required to collect results is significantly
less than that needed to obtain data with the various single point
methods discussed earlier. Third, as will be shown later, the image
of the oil interference pattern need not be acquired during the test
run. If optical access is limited, the model can be removed and
the pattern recorded elsewhere. Fourth, because continuous data
collection is not required, the GISF meter is insensitive to surface
waves, vibrations, and surface contaminants. Figure 3 compares a
typical image with an image that is highly contaminated with small
dustparticles. The contaminationcan be attributedto the cleanliness
of the wind-tunnel facility itself, which, for the present tests, is
locatedin arelativelydirty environment. Even thoughthe dust makes
extracting the shear at certain points on the film impossible, there
is still a substantial region over which the shear can be determined.
Moreover, for tunnels operated in cleaner environments and/or by
using a filter upstream of the intake, the dust contamination can
be minimized. Finally, because the GISF instrument measures the
shear stress directly, no calibration is required.
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Data Reduction Algorithm

In developingthe original LISF technique, Tanner and Blows? and
Tanner and Kulkarni* showed that the thicknessof an oil film placed
on a test surface subject to aerodynamic shear could be expressed as

h(x,t)=|:m }// M

Referring to the coordinate system shown in Fig. 4, Eq. (1) shows
that the local oil film thickness & dependson the applied shear 7(x),
the local spacing between the limiting wall streamlines, n(x), and
the oil viscosity pg. This expression holds for flows in which the
wall shear varies along the local flow directionand with time-variant
temperatures. Equation (1) does assume that the wall shear is not
time variantand that the oil temperature,i.e., the model temperature,
does not vary spatially.

If one further assumes that the flow is two dimensional, that the
temperature is constant, and that the shear stress variation in the
flow direction is negligible, Eq. (1) simplifies to

h(x, 1) = (xpo)/(z1) @

In practice, the assumption that T # f(x) can be made for flows in
which the shear does vary in the streamwise direction, provided all
dataarecollectedfor very small x values,i.e., dataare only collected
very close to the leading edge of the oil and 7 is approximatedas the
average shear over this small distance. In the analysis that follows,
no assumptions are imposed on Eq. (1) to develop a more general
equationthatis valid for fully three-dimensionalflows and that leads
to a true global instrument.

Because it is not possible to solve Eq. (1) explicitly for 7, an
iterative approach can be used. This is achieved by taking the shear
stress in the denominator outside the integral on the right-hand side
of Eq. (1) as an updated value and the shear stress inside the integral
from the previous iteration. The iterative form of the equation is

shown next:
} /L @

h(x,t)=|: n/
£V Tit+1

Solving thisequationfor the updated shear stress gives the following
iterative equation:

1 2
X 2 t d
T () = ({/ [Z((i))} dx}/[h(x)w/n(x)/ M_to])
o LT 0

Applicationof Eq. (4) iscarried out as follows. The oil film thickness
h(x) is determined directly from the interference pattern such as
that shown in Fig. 2. This is done by taking a series of cuts through
the image along the surface flow direction. The intensity variation
along each cut is then plotted and the peaks detected. The peaks are
detected using a three-point weighted averaging technique for data
smoothing to locate changes in the slope of the signal from positive
to negative or vice versa. Figure 5 shows the intensity variation
along a cut through the image shown in Fig. 2. Once the peaks are
detected, their distance from the oil leading edge can be measured. If
the illumination source in Fig. 1 is nearly normal to the plate, each
successive peak corresponds to an oil thickness change of A/4n,
where A is the wavelength of the incident light source and 7 is the
0il’s index of refraction. Knowing this and the peak locations, /1 (x)
can be evaluated at all points on the film.
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Fig. 5 Pixel intensity variation along a line drawn across the image
shown in Fig. 2.

For the Dow silicone oils used, the viscosity obeys the following
relation:

o = i, exple(T, — T)] )

where p, is areference viscosity at the reference temperature 7, and
¢ is a known constant. Hence, by measuring the model temperature
vs time, the integral involving the viscosity can be evaluated. The
streamline spacing variation along each cut through the image can
be determined from a separate limiting streamline visualization.
Hence, the only unknown in Eq. (4) is the shear stress distribution.
An initial guess for 7(x) can be obtained by applying Eq. (2). Given
the initial guess, Eq. (4) is used to obtain updated distributionsuntil
the procedure converges.

Results
Computer Simulations

Because there are very few three-dimensional flows for which
7(x) is accurately known, the initial evaluation of the GISF meter
was done using computer simulations. A flowfield was generated
with arbitrary variations in the governing parameters such as the
shear stress distribution, streamline spacing, and surface tempera-
ture variation. With these flowfield characteristicsknown, an oil film
was placed (using the equations of motion for a thin oil film??) into
this flowfield for a prescribed time and it was deformed to produce
a thickness variation. Once this variation was computed, the oil film
was hypotheticallyilluminated with monochromaticlight to createa
numerical interference pattern correspondingto the prescribed flow
conditions. Because these numerically generated data were unreal-
istically smooth, randomnoise was added to the interference pattern
to produce fringes that more closely resembled those expected from
actual testing. Figure 6a is an example of a numerically generated
fringe pattern for a flow with z(x) =15 — 400x + 10,000x2, and
Fig. 6b shows the intensity variation along a cut across this image.

The purpose of the simulation procedure described earlier was to
debug the data reduction algorithm and execute several parametric
studies before actual testing was begun. An example of the results
gathered from this testing procedure is included in Fig. 6¢, which
plots the shear variation obtained from analysis of the interference
pattern shown in Fig. 6a. It can be seen that the GISF datareduction
algorithm described earlier can be used to accurately extract the
shear distribution in flows with substantial shear variations. Com-
puter simulations, such as those shownin Fig. 6, were performed for
a broad range of both two-dimensional and three-dimensionalflows
with and without variable wall temperature. The three-dimensional
flow simulations included a specification of the streamline spacing
n(x) as shown in Fig. 4. Accurate results, similar to those shown in
Fig. 6, were obtained in all cases.

To further verify the integrity of the method, additionaltests were
done using independently simulated oil film distributions supplied
by NASA Ames Research Center. In these simulations, the oil film
equations of motion were solved computationally for an oil film
subject to a nonuniform shear distribution on its surface. The re-
sulting oil film shape was then processed through the data reduction
algorithm described earlier and the shear distribution determined.
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Fig.6 Sample numerical simulation.

The shear variation computed using Eq. (4) was in excellent agree-
ment with that imposed in the computation, with a discrepancy of
less than 1%.

The computer simulations were also used to investigate several
parameters that affect the GISF instrument. As mentioned earlier,
random noise was added to the signals to create a more realistic
image. The magnitude of this noise was varied over a wide range
for several different flowfields. In all cases, the algorithm performed
well and produced results that matched the flowfield characteristics
to within 5%.

The effects of changes in the CCD resolution and image resolu-
tion, i.e., pixels per millimeter, were also investigated. As might be
expected, an increase in CCD resolution will increase the accuracy
of the instrument. With higher resolution, the fringe peaks can be
more accurately located, especially in regions where they are very
close together. However, the simulations showed thata 512 x 512
CCD array works adequately provided the fringes are spaced suffi-
ciently far apart to be accurately resolved. The other advantage of
increased camera resolution is that a larger area may be analyzed
in a single image, reducing the time required to obtain skin-friction
data over large surfaces.

Flat Plate Experiments
Validation of the GISF meter was performed using the flat
plate model described previously. Multiple tests were executed at
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Fig.7 Summary of flat plate experiments.

Reynolds numbers (based on distance from the leading edge) rang-
ing from 2.5 x 10* to 2.5 x 10°. Figure 7 shows the results of those
tests along with Preston tube measurements carried out on the same
flat plate configuration. The GISF data points represent averaged
skin-friction values extracted from 40 wind-tunnel runs. Typically,
12 lines were drawn across each image and the results averaged
to determine the shear stress distribution for that particular image.
The theoretical curve represents a standard correlation for turbulent
boundary layers.2*

Several things can be observed from Fig. 7. Foremost, the GISF
results are in very good agreement with the theoretical result for a
turbulent boundary layer and the Preston tube measurements. Over
the entire test range, the average deviation between the GISF and
theoretical results is 5.93%. The maximum deviation between the
GISF and Preston tube measurements is approximately 10.8% with
an average deviation of less than 9%. This places the GISF data
within the accuracy range of the Preston tube. No Preston tube mea-
surements were performed at Reynolds numbers less than 5 x 10°
because the ratio of the tube diameter to the boundary-layer thick-
ness at these measurement locations was greater than 0.1. As stated
previously, such situations render the Preston tube measurements
unreliable. Additional discussion of the GISF meter’s uncertaintyis
given in a later section.

It can be seen in Fig. 7 that the GISF results follow the turbulent
prediction to extremely small Reynolds numbers where one would
expect laminar flow. Initially it was assumed that the GISF results
were in error in this region. However, further exploration yielded
evidencethatsupportedthe presenceof a turbulentboundarylayer at
these conditions. First, as noted in the description of the test facility,
at its lowest operating velocity the wind tunnel used for the present
experiments has an exceptionally high freestream turbulence level
(=6%). 1t is well documented in the literature (cf. Refs. 25 and 26)
that high freestream turbulence levels can lead to early transition.
Additionally, the flat plate used in the present experiments had a
sharp leading edge, increasing its receptivity to disturbances. Fi-
nally, a surface flow visualizationrevealed the presence of a separa-
tion bubble on the top of the flat plate near the leading edge. Hence,
all these factorshelp supportthe argumentthat the boundarylayerin
the present experiments undergoes transition very near its inception
and that the shear measured by the GISF instrument at the lower
Reynolds numbers is an accurate representation of the flow.

To further support this theory, a trip wire was placed near the
leading edge of the flat plate, and two of the lower Reynolds num-
ber cases were repeated. Results from the measurements with the
trip wire in place are also shown in Fig. 7. The results obtained
with the trip wire are nearly identical to those without the wire and
help support the argument that the boundary layer becomes turbu-
lent very near its inception. Detailed measurements of the flat plate
boundary-layerprofile would be useful for conclusivelyproving this
conclusion. However, because the boundary layer is extremely thin
in this region, such measurements are difficult to perform.

To determine the approximate origin of the boundary layer, an
oil film was applied at the front of the plate with its leading edge
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Fig. 8 Spatial shear variation for two runs with different oil leading-
edge locations.

oriented to intersectthe plate leading edge at approximately 45 deg.
By applyingthe oil along a diagonal, it was possibleto determinethe
locationon either side of which the oil flowed in oppositedirections.
Based on these results, the flow attachment point was determined to
be approximately 12 mm downstream of the plate edge. This point
was taken as the origin for the boundary layer.

Figure 8 illustrates the GISF instrument’s ability to measure the
shear variation in the streamwise direction. This figure plots the
shear variation vs distance from the origin of the turbulentboundary
layer for four sets of runs. The experimental data shown in Fig. 8
represent the ensemble-averaged shear distribution obtained from
12 cuts per image. The four data sets were collected for oil films
with their leading edges located approximately 2.5 cm from the
boundary-layer origin. Measurements were taken close to the ori-
gin because the shear variation in this region is significant. Overall,
there is very good agreement between the experimental and theo-
retical shear values. The maximum deviation along the first-order
regression line is less than 3%, and the maximum deviation of any
data point on the plot is less than 8%, indicating that the present
GISF instrument can accurately measure the shear variation in the
streamwise direction. These results also help support the argument
that the boundary layer becomes turbulent very near its inception.

Overall, even thoughthere is some uncertaintyin the nature of the
flat plate boundary layer at the lower numbers, the higher Reynolds
number data points clearly show that the GISF instrument can ac-
curately measure the wall shear stress with accuracies on the order
of £8%. It is believed that, with further refinements to both the data
reduction algorithm and the experimental procedure, the accuracy
of the instrument can be further improved. An error analysis of the
simplified Eq. (3) indicates that uncertainties on the order of 5%
can be obtained using relatively standard instrumentation. Through
more accurate measures to record the oil temperature and the use of
a high-resolution CCD camera, even better uncertainty levels may
be attainable. Additional discussion of the factors influencing the
instrument’s uncertainty appears in the following section.

Parametric Investigations

Several parametric studies were conducted to evaluate the per-
formance of the GISF meter. The theory in Egs. (1-5) assumes that
the shear does not vary with time. However, it is known that such
variations occur during the wind-tunnel startup and shutdown pro-
cesses. Thus, both these processes were examined to determine their
influence on the GISF results. All of this testing was executed using
the flat plate model.

Shutdown

The first investigationwas to study the effect of wind-tunnelshut-
down. A series of nine wind-tunnel runs were conducted (three each
at three different Reynolds numbers). Three images were taken at
different times during each run. The first image of the oil film was
grabbed immediately before shutdown. The second was grabbed
10 s after the onset of shutdown and the final image 80 s after the
onset of shutdown. The time used for computationin all cases was
the time up to the onset of shutdown. In all cases, the shear values

Just before wind-tunnel shutdown Two minutes after shutdown

Fig.9 Interference patterns taken.

obtained from the images acquired just after shutdown tended to be
slightly larger than those obtained just before shutdown. This trend
was expected because the velocity in the test section is still rela-
tively high during the first 10 s after shutdown. The fringes are still
deforming during this period, and the time used for computation is
held constant for the two images. This results in a computed shear
that is higher than that from the first image.

The data extracted from the third set of images tended to be more
erratic. This is possibly caused by the degradation of the fringes
with time. An example of such an image is shown in Fig. 9. The
degradation time of the fringes was observed to be a function of
dust contamination, temperature, and relative humidity. Nonethe-
less, analysis of all the shutdown results showed that, regardless of
when the images were taken, the deviation between the measured
and theoretical shear was always less than 10% and the maximum
deviation between any two experimental readings was 17%. Hence,
these results show that acceptable accuracy can be obtained by ac-
quiring the oil interference pattern after the test run is complete.
However, if optical access is available, the preferred approachis to
acquire the image just before shutdown.

Startup

Analogous to the shutdown tests, a series of runs was performed
to examine the influence of the wind-tunnel startup time. This was
done by varying the amount of time the tunnel took to reach oper-
ating conditions. It was found that when the startup time is a high
percentage of the total run time, lower values for the shear stress
are computed. In general, the percent error in the measured wall
shear was equal to the fraction of the total run time occupied by
the startup process, e.g., if the startup time was 30% of the total
time, the measured shear was 70% of the actual value. This effect
is considerably more important than the shutdown process and em-
phasizes the importance of keeping the startup time much less than
the total run time. In some instances, however, the startup (or shut-
down) times cannot be reduced to a negligible percentage of the
total run time. To account for this, the freestream pressure can be
monitored during the run and integrated.”:?” This may be used to
adjust the wind-tunnel run time to produce a better estimate of the
skin-friction values.

Related tests were performed in which the freestream velocity
was changed during a particular run. These tests were conducted by
starting the wind tunnel at one particular velocity for a prescribed
length of time and then increasing the speed to a new value for the
duration of the run. The analysis procedure applied to images taken
at the end of the test produced shear stress values representing the
average shear stress acting on the oil surface during the run.

Run Time

An investigationof the effect of the overall wind-tunnel run time
was also conducted. Provided the run time met the criterion of being
much greater than the wind-tunnel startup time, runs of consider-
ably different duration gave essentially the same results. However,
because a direct relationship exists between the run time and the
computed shear stress, measurement of the run time is critical. Be-
cause there is some uncertainty in deciding when the run timer
should be started, the error introduced by this effect is minimized
by an extended run time. It is also noted that a longer run time
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produced fringes over a larger area. For the present tests, fringes
were consistently obtained over arectangulararea of approximately
6.3 x5.1cm.

0il Viscosity

In another parametric study, the oil viscosity was varied over a
series of wind-tunnelruns while all other test conditions were main-
tained. As the oil viscosity was lowered, the oil film deformed more
rapidly, requiring shorter run times. For relatively low viscosities,
the run time had to be very short in relation to the wind-tunnel
startup time. As discussedin the preceding section, this added some
uncertainty to the calculations. Regardless of the oil viscosity, as
long as the run time was much greater than the startup time, results
were independentof oil viscosity. However, it was observed that the
lower viscosity oils tended to be more sensitive to model surface
imperfectionsand contaminants such as dust. As mentioned earlier,
the degradationof the oil film after shutdownis governed by several
factors including the oil viscosity. In performing the oil viscosity
study, it was observed that fringes in higher viscosity oils degraded
at a slower rate than lower viscosity oils and retained the fringe
pattern for a longer period.

Error Analysis

The computer simulation of the equations of motion for the oil
film and the data reduction algorithm were used to perform an error
analysis of the GISF technique. A study of the errors resulting from
uncertaintiesin the measured quantitiesused in the analysisrevealed
that uncertainties in oil viscosity and locating the oil film leading
edge (OLE) location produce the greatest effect in the final estimate
of the shear stress values. Depending on testing conditions, a 1%
error in the value of the oil viscosity can produce a 4% deviationin
the estimated shear stress. Because the oil viscosity is determined
from the known properties of the oil and its temperature, the model
surface temperature must be measured with an uncertainty of less
than 1°C to minimize the error in the final result.

The accuracy in locating the OLE is limited by the resolution of
the image. Its effect on the final results is also dependent on the
number of pixels between fringes in the image. Also, as the dis-
tance from the OLE increases, the uncertainty in locating the OLE
becomes significantly less important. This is revealed in the erratic
nature of the shear stress values estimated at the first two or three
fringes. Because the error created by this effect depends on the im-
age resolution, it may be necessary (in some instances) to discard
the data obtained from the first few fringes in the image to ensure
the accuracy of the final results. A detailed discussion of the effects
of the uncertainties in additional parameters is given in Ref. 27.

Future Work

More complete validation of the GISF instrument is planned or
is currently under way. Future testing will focus on geometries for
which the surface shear stress varies more substantially in the flow
direction and for flows with variable wall temperatures. Some po-
tential configurations planned for investigationinclude flow over a
cylinder, flow above a rotating disk, and a stagnating jet flow. These
flows were selected because analytical and/or experimental results
exist thatcan be used for validationof theresults. Also, cylinderbase
flows and flow over a backward facing step may also be considered
for validation of the GISF instrument in complex flows. However,
these geometries have limited theoretical predictions, and there is a
lack of accurate data or methods with which to compare the GISF
results. Also, tests in supersonic tunnels would be extremely bene-
ficial to further validate the instrument. Moreover, the startup and
shutdown processesin supersonictunnels are substantially different
than those in low-speed tunnels; additional study of these processes
in supersonic flows would better clarify their impact.

Conclusions

The GISF meter provides an improved method for measuring
skin friction. Accurate results have been recorded during testing
on a flat plate model at a wide range of Reynolds numbers. Sev-
eral parametric studies showed that the fraction of the total wind-
tunnel test occupied by tunnel startup had a significant effect on

the measured results. Although startup was found to be a possible
source of error, testing showed that wind-tunnel shutdown had only
a minor effect on the results. The duration of the wind-tunnel run
and the oil film viscosity had little effect on the computed shear
stress results provided the wind-tunnel run time was significantly
larger than the startup time. The GISF meter described herein pro-
vides numerous advantages over other shear measurement devices.
The instrument is inexpensive to assemble, and the equipment and
data analysis method are relatively simple to implement. The in-
strument has been validated with experiments in two-dimensional
flows. However, with the theory presented in the present paper, the
technique shows promise in providing global shear data in fully
three-dimensional flows with nonuniform wall temperatures. The
instrument is also insensitive to vibration, dust particles, and sur-
face waves and requires no calibration. These features will make the
GISF meter invaluable for analysis of a wide variety of flows and
for assembling data for computational fluid dynamics validation.
However, further testing in complex flows (currently in progress) is
needed to completely validate the instrument.
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