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Study of Direct-Measuring Skin-Friction Gauge
with Rubber Sheet for Damping
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This study concerns the direct measuring technique for skin-friction determination. Such a device measures the
force on a small, movable surface element as a shear � ow passes over the surface. The typical direct-measuring
skin-friction gauge uses a viscous liquid in the gap between the movable surface piece and the casing to dampen
vibrations, to create an even surface, to minimize the effects ofpressure gradients, andfor temperature stabilization.
In testing, the liquid slowly leaks out. Therefore, we have considered gauges with rubber to � ll all or some of the
gap. This led to the development of a gauge with a thin rubber sheet to cover the face of the gauge instead of a
previous design with rubber � lling the entire internal volume.First, a � nite element method model was employed to
fully understand the strain � eld involved and to � nalize the design. The resulting design consisted of a plastic skin
friction gaugewith a 12.7-mm-diam� oatingelement on a cantilever beam � exure, an approximately0.51-mm-thick
rubber sheet, a 1.6-mm-wide gap around the � oating element on a cantilever beam � exure, and semiconductor
strain gauges at the beam base. Vibration tests were performed to determine if this design produced the required
damping. These tests were successful. Supersonic wind-tunnel tests at Mach 2.4 with a total pressure of 3 atm
and ambient total temperature demonstrated that the rubber sheet survived repeated tests and provided adequate
damping. The skin-friction data obtained compared well with theory and other measurements.

Nomenclature
A = area
C = calibration ratio
C f = skin-friction coef� cient
d = diameter
E = Young’s modulus
F = force
G = shear modulus
g = gravity
h = height
I = moment of inertia
k = spring constant
L = length
P0 = total pressure
p = static pressure
R = resistivity
U = edge velocity
u¤ = friction velocity
V = voltage
" = strain
³ = modal damping coef� cient
¸ = shear correction factor
½ = density
¿w = wall shear
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Introduction

T HE knowledge of skin-friction drag or any other drag is vital
in the understandingof the performanceof a � uid engineering

system “whether it be a ship or an aircraft or the � ow through a
pipe.”1 Skin friction is most commonly expressedas a coef� cient of
wall shear stress,

C f D ¿w

¯
1
2 ½U 2 (1)

Skin friction is also a vital component in research on turbulent
boundary layers. It is involved with u¤ which is a scaling velocity
used in the correlationof turbulent boundary-layervelocity pro� les
and is de� ned as

u¤ D U
p

C f =2 (2)

These correlations and u¤ are critical to the development of all tur-
bulent transport models, which are used in virtually every compu-
tational � uid dynamics (CFD) code.

Measurementsof skin frictiondate at least as far back as Beaufoy
in 1793.2 Some of the � rst systematic investigations of drag were
made by Froude in 1872, who measured the shear forces on a se-
ries of planks towed at various speeds along a tank.1 Over the years
various techniqueshave been tried. Indirect methods for measuring
skin friction were more feasible in the early studies. As technol-
ogy advanced, direct measurements of skin friction became more
useful and commonplace. Wooden and Hull3 categorize these tech-
niquesaccordingto thephysicalquantitybeingmeasured.The direct
method utilizes a measurement of the wall shear force without as-
sumptionsthatmight requiresome prerequisiteknowledgeabout the
� ow. This method relies on a � oating element that is not intrusive
into the � ow. Winter1 detailed the history of early measurement of
skin frictionwith direct methods. A discussionof more recent work
can be found in Schetz.4 Magill5 combines early and recent work as
well as providing additional historical information on direct mea-
suring skin-friction techniques.

Indirect methods are based on the measurement of other � ow
quantities that are then related back to the skin friction. All but the
newest of the methods are reviewed in Winter,1 Wooden and Hull,3

and Nitsche et al.6 These methods use a variety of analytical corre-
lations to relate the measured property to a skin-frictioncoef� cient,
which requires substantialprior knowledgeof the � ow. They are not
yet considered reliable in complex � ows, three-dimensionalcases,
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unsteady � ows, � ows with suction or injection, rough wall cases
or high-speed � ows with heat addition and/or shocks. Some com-
monly used instruments for indirect measurement are the pitot tube
(Preston and Stanton), the hot-wire anemometer, the surface hot-
� lm anemometer, and the interferometer with a surface oil � lms.
The surface hot-� lm techniquesmeasure heat transfer and then em-
ploy Reynolds analogy. They are sometimes grouped separately
from indirect measurements.Liquid crystals are another type of in-
direct method; they are an opticallyactive mixture that re� ects light
at a particular wavelength in response to a physical stimuli. Liquid
crystalsaregenerallyconsideredmore qualitativeand are, therefore,
well suited for locating transition.There has also been considerable
recent interest in the use of an interferometer to measure the time
history of the thickness of oil surface � lm to deduce wall shear.
The errors and limitations of indirect methods are mostly caused
by the dif� culty of the instrumentation,but also to the assumptions,
additionalcalculations,and/or inferencesof the � ow� eld used to de-
termine the skin friction.1;3;6 Wooden and Hull3 developed a chart
listing the advantages and disadvantages of direct methods, indi-
rect methods, and Reynolds analogy; the chart is shown in Table 1.
Because our work deals with directmeasurement techniquesof skin
friction, there will be no further discussion of indirect methods or
Reynolds analogy.

The direct method is divided into nulling and nonnullingdesigns.
In a nulling design the sensing element is returned to its original,
or null, position by a restoring force that is equal to the shear force.
A variety of nulling gauges have been developed, but they all have
drawbacks. First, they have a slow time response. Second, because
of themechanicalcomplexitiesof the device,problemswith fabrica-
tion,assembly,size,and robustnessare issues.The nullingtechnique
is also generally restricted to two-dimensional, unheated � ows.

In a nonnulling design the sensing element is allowed to de� ect
slightly under the shearing load, yet the de� ections are limited so
that the � oating element does not protrude into the � ow. The effects
of head protrusion, gap size, etc., on skin-friction measurements
have been documented by Allen.7 See Fig. 1 for an example of a
nonnulling design.

Generally,the sensingelementconsistsof a � oatingheadmounted
on a cantilever beam � exure. The strain is measured at the base of
the cantilever beam by strain gauges, and that strain is related to
the shear force at the sensing head. Strain gauges are con� gured as
a Wheatstone Bridge and relate a change in resistance, associated
with a change in length of a specimen, to a change in strain through
voltage output. A nonnulling con� guration allows for a design that
is uncomplicated in fabrication and maintenance. This design also
yields a skin-friction gauge of a size manageable for engineering
applications.This arrangement allows for the measurement of both
componentsof the shear in the plane of the wall, by using two sets of
straingaugeson the base of the beam. The nullingdesignsgenerally
cannot accomplish that.

Earlier direct-measurement skin-friction gauges developed at
Virginia Polytechnic Institute and State University employed a vis-

Table 1 Overview of skin-friction measurement techniques
(adapted from Wooden and Hull3)

Method Advantages Disadvantages

Direct Most believable Tare sensitive
measurement High-precision Small force
(force) measurement High cost

High-precision Large size (inside model)
calibration

Direction sensitive Direction sensitive
Indirect Simple Flow calibration required

measurements Low cost (after Medium precision curve � t
(laminar calibration) Minimum boundary-layer
sublayer total thickness limited
pressure) High-precision Direction sensitive

measurement
Reynolds analogy Dual-purpose sensor Calibration not available

(thermal Low cost Low precision measurement
measurement) Not direction Boundary-layer edge

sensitive conditions required
Not direction sensitive

Fig. 1 Direct method nonnulling gauge concept.

Fig. 2 Nonnulling skin-friction gauge with rubber sheet to provide
damping and retain the � ll liquid.

cous liquid in the internal volume for four purposes.First, the liquid
in the small gap around the � oating element provides a continuous
surface to the external � ow making the � oating element nonintru-
sive. Second, the incompressible liquid minimizes the effects of
pressure gradients. Third, it helps in thermal stabilization and pro-
tectionof theskin-frictiongaugeandstraingauges.Fourth,the liquid
reduces the effects of vibrationsby providing strong viscous damp-
ing. A signi� cant disadvantageto the liquid � ll is that it slowly leaks
out over time even with the small gaps (0.10 mm nominal) around
the � oating head. This means that the gauge requires frequent in-
spection and servicing.

Some work was done with a rubber � ll replacing the oil.8 This
gauge concept did have the advantageof eliminating the oil leakage
problem as well as good vibration characteristics, but it had disad-
vantages. The sensitivity was reduced, and a much larger gap was
required around the � oating head. This design was also not as suc-
cessful as a liquid � ll in reducing the effects of pressure gradients.
Finally, calibration is more complex because the shear force acting
on the rubber in the gap is transmitted to the beam.

The new concept that was investigated here is an arrangement
where a thin rubber sheet covers the � oating head of the gauge, the
gap around the head, and the surrounding housing. The interior of
the gauge under the rubber sheet may or may not have a viscous
liquid � ll. See the sketch in Fig. 2.

Semiconductorstrain gaugeswere employedbecause they have a
gauge factor of 135–150, a hundred times greater than conventional
metal foil strain gauges, that allows them to measure very small
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de� ections. Semiconductor strain gauges operate on the theory of
piezoresistivity,which relates the change of electrical resistance to
appliedstressor pressure.Becauseof the largegauge factor, the tem-
perature sensitivityof semiconductorstrain gauges is also ampli� ed
over conventional strain gauges; therefore, an in-line temperature
compensation unit was added to minimize changes in resistance as
a result of temperature.

For this work an excitation of 1.0 V and a gain of 1.0 were set
for the semiconductor strain gauges to minimize noise even though
these settingsproduceda small outputvoltage,0.1 to 1.0 mV. Such a
small voltage output requires a minimum of 16-bit data acquisition
board. On an additional note, a signal conditioningunit, which has
multiple functions, was connected to the strain gauges for the pur-
pose of supplying the excitation voltage, balancing effects (a tare),
� ltering, and gain.

Design of Rubber Sheet Skin-Friction Gauge
The goals of this skin-friction gauge development were to elim-

inate oil leakage, dampen vibrations, and be easily calibrated. But,
instead of � lling the entire gap with silicone rubber, simply cover
it with a thin silicone rubber sheet, and � ll the gap with the usual
siliconeoil. The idea sounds promising,but severalquestionshad to
be answered before the design could be realized.First, is it possible
to fabricatea suitable thin silicone rubber sheet?Second,how thin is
“thin enough” for the silicone rubber sheet? One wants a sheet that
will retain the oil and remain intact during testing, but not so thick
that it inhibits the shear load distribution or bears a substantial part
of the shear load compared to that in the cantileverbeam. And third,
how wide is the necessary gap between the � oating head and the
gauge housing? Clearly, the size of the gap plays together with the
sheet thickness in determining the load borne by the sheet.

Before the last two questions could be answered, a baseline de-
sign of the skin-friction gauge had to be chosen. A plastic gauge
similar in arrangement to an earlier gauge used by Novean et al.8

but now designed for a nominal shear level of 100 Pa was devel-
oped using simple beam theory and our existing knowledge base.
The entire skin-friction gauge was built of polyethersulfone(PES)
high-temperature plastic to reduce thermal expansion, which also
deterred unwanted thermal resistance changes in the strain gauge.
The cantileverbeam � exure for this design is depicted in Fig. 3. The
parameters for the housing of the gauge were determined with the
optimization of the rubber thickness and gap size.

The � nite elementprogramABAQUS was used to producea � nite
elementmodelof a skin-frictiongaugewith a sheetof siliconerubber
in order to address the last two questionsjustposed.The goalsof this
model were to simulate how the rubber sheet, the cantilever beam,

Fig. 3 Schematic of � exure piece for rubber sheet skin-friction gauge
(all dimensions in millimeters).

and the housing deform with imposed shear stresses.ABAQUS has
an extensive library of elements to suit virtually any geometry, as
well as a list of material models to simulate anything from metal
to resilient foam. The input had approximately 5500 elements con-
sisting of brick elements with eight nodes and pie elements with
six nodes to model the skin-frictiongauge; a concentratedload was
applied at each node exposed to the shear stress. All elements were
chosen to be compressible,except for the silicone rubber sheet. The
proper choice for the silicone rubber sheet is what ABAQUS calls a
hybrid element type, designated with an H (e.g., C3D8H, which
is a continuum, three-dimensional, eight-node, hybrid element).
A hybrid element is chosen when the material is incompressible
(Poisson’s ratio D 0.5) or almost incompressible (0.48 ¸ Poisson’s
ratio < 0.5). The two-part silicone rubber used here has a Poisson’s
ratio of 0.495; therefore, a hybrid element was necessary. Table 2
contains a brief list of applicable material properties for the three
materials employed in this work, PES for the skin-friction gauge,
silicone rubber, and glycerine (to be discussed later) for the � ller
liquidand the calibrationrig. ABAQUS requiredmaterial properties
of the PES plastic and rubber. Additional details of the properties
can be found in Magill.5

Before details of the analysis results are discussed, it is impor-
tant to note the grid-re� nement study that was performed. A grid-
re� nement study on any numerical method such as � nite element
analysis or CFD is very important to ensure accuracy. The grid
re� nement of the skin-friction gauge focused on the � exure and
� oating head assembly and the rubber sheet. In simple terms, rows
of elements were added to � rst the beam, and then the rubber sheet
until the strain at the beam base was constant to approximately a
tolerance of 2.0%. Only a few trials were necessary, but it was ap-
parent that the grid re� nement was necessary because the addition
of elements did initially change the value of strain at the beam base.
The strain at the beam base is the most important because that is
where the semiconductor strain gauges are located. Also, a small
hole through the center of the beam was added. It was advised that
multiple nodes at one location could be prone to error. More in-
formation on the techniques employed, grid size, and shape can be
found in Magill.5

The � rst � nite element run was with an empty gap (no rubber
sheet) as a baseline, yielding a maximum strain at the beam base of
21.6 ¹". The next runs had various gap sizes with a � xed thickness
for the rubber sheet. Figure 4 plots the variation of strain at the

Table 2 Relevant properties of materials
in rubber sheet skin-friction gauge5

Material

Silicone rubber Glycerine
Property PES RTV566 USP 99.7%

Viscosity, cp —— —— 1410
Density, kg/m3 1384 1490 1260
Modulus of elasticity 2.66 GPa 552 kPa ——

Fig. 4 Effect of gap size for a rubber sheet skin-friction gauge with a
sheet thickness of 0.178 mm (0.007 in.). Axial strain is along the beam
at the base.
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Fig. 5 Strain contour plot of rubber sheet skin-friction gauge with a
gap size of 1.6 mm and a sheet thickness of 0.178 mm. Strain in the
3-direction.

Fig. 6 Effect of rubber sheet thickness for a skin-friction gauge with
gap size of 1.6 mm (0.0625 in.). Axial strain is along the beam at the
base.

beam base in the vertical direction versus gap size for a 0.178-mm
(0.007-in.)-thick silicone rubber sheet. The rubber sheet thickness
of 0.178 mm was chosen because it was originally believed that the
sheet could be manufactured to that thickness. The strain does not
change dramatically with increasing gap size. The important part
was that the gap size be reasonable to construct and adjoin to the
rubber sheet. From these data a gap size of 1.6 mm (0.0625 in.)
was considered suitable for construction. The maximum strain in
the beam is only decreasedslightlyunder these conditions.Figure 5
is a strain contour plot of the strain in the vertical (indicated as
3-directionin Fig. 5) for the gap size of 1.6 mm. Notice the variation
in the strain across the rubber sheet acting in compression(negative)
then tension (positive) on the right-hand side, but opposite on the
left-hand side. The applied shear stress is indicated on Fig. 5 acting
from right to left. The hole through the beam center just mentioned
is also visible in Fig. 5.

Next, several rubber thicknesses were chosen from 0.178 to
1.14 mm (0.007 to 0.045 in.) with a gap size of 1.6 mm, and these
values were implemented in ABAQUS. Figure 6 shows the results,
where the variation in beam strain is acceptable for a rubber sheet
thicknessof up to about 0.5 mm (0.02 in.), which is the largest man-
ufacturing thickness considered. The strain in the beam decreases
more rapidlyfor an increasein the rubber sheet thicknessthan for an
increase in gap size. Again, the strain documented is in the vertical
or 3-direction.

The second and third questions of thickness and gap size posed
at the beginning of this section have now been answered. The � nal
gauge design had a 1.6-mm (0.0625-in.) gap and a nominal rubber
sheet thicknessof 0.38 mm (0.015 in.) The � rst questionconcerning
forming a thin sheet was answered by fabrication trials. We found
that silicone rubber sheets of 0.178–0.5-mm thickness could be re-
liably cured and adhered to the plastic � oating head and housing by
relatively simple techniques.

A simple analysis was also developed that can aid in the design.
The beam supportingthe � oatinghead is taken as a cantileverbeam,

and the rubber sheet is modeled as a spring with a spring constant k
attached perpendicularto the end of the cantilever beam. The strain
at the base of the beam in response to a concentrated load F at the
center of the � oating head can then be written

"a D
Fd.L ¡ a/

2E Ia

µ
1

1 C kL3=3E I C k¸L=2AG

¶
(3)

Equation (3) was derived from basic structuralenergy methods,and
this expression can be used to determine the effective spring con-
stant of a given rubber sheet by measuring the strain in the attached
beam at a distance a from the beam base. That value of the spring
constant can then be used in Eq. (3) to design a beam for a new
gauge application using a similar rubber sheet.

Skin-Friction Gauge Calibration
The semiconductorstrain gauges located on opposite sides of the

cantileverbeam yield a voltage output in response to a de� ection in
thebeam.The responseis linearfor straingauges;therefore,a simple
static calibration can be performed. A known weight is attached
parallel to the direction of � ow and perpendicular to the � oating
head surface (Fig. 7). This simple method has worked extremely
well with the skin-friction gauges � lled with liquid. The effect of
the shear stress acting on the liquid is negligible;therefore,a weight
located at the head center and in the plane of the strain gauges
is an accurate model of the � ow for calibration. The effect of a
shear stress acting on a rubber sheet is, however,not negligible.The
shear force acts on the surface area of the silicone rubber as well
as on the � oating head of the gauge, and this increases the strain
seen by the strain gauges.Thus, the aforementionedhangingweight
calibration method is inappropriate.For an accurate calibration the
known weight would have to be distributedevenly over the surface
of the � oating head and silicone rubber.

The calibration curves with the simple hanging weight method
for the two skin-friction gauges used here are presented in Figs. 8
and 9. The calibration weight is converted to an equivalent shear
by dividing by the area of the � oating head. This is documented on
the secondary axis in Figs. 8 and 9. The skin-friction gauge has to
be calibrated in two directions.The weight acts with gravity having
one side of the beam in tension and the other side of the beam in
compression; that is one direction. Having the skin-friction gauge
� ipped with the opposite sides of the beam in compression and in
tension is the other direction.These two directionsare demonstrated
in Figs. 8 and 9, as positive and negative slopes. Figure 8 is an accu-
rate calibrationbecausethe gaugeshad no rubber sheet attached,but
Fig. 9 shows a decreasein slopebecauseone gauge then had a rubber

Fig. 7 Typical calibration of nonnulling skin-friction gauge.5
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Fig. 8 Calibrationof two skin-friction gauges without the rubber sheet
using the hanging-weights method.

Fig. 9 Calibration of skin-friction gauge with rubber sheet using the
hanging-weights method.

Fig. 10 Simple schematic of calibration rig (all dimensions in meters).

sheet attached. This decrease in sensitivity is expected because the
rubber sheet takessomeof the load.The calibrationcurvespresented
do not have a zero y-interceptbecause the excitationvoltage is very
low (1.0 V), again in order to limit noise and electrical heating.

To perform a proper calibrationof the gauges with a rubber sheet
attached,it is necessary to applya known shear stressover the entire
surface of the gauge. For this purposewe constructeda special cali-
bration rig, where glycerine � ows under fully developedconditions
through a two-dimensional channel. See the simplistic schematic
in Fig. 10. Fully developed � ow is achieved at points far from the
entranceof a channel� ow, where the velocitypro� le is independent
of axial motion. The channel is lined with pressure ports 2.54 cm
(1.0 in.) apart, and one or two rubber � lled skin-friction gauges lie
� ush with the � oor toward the end of the channel. The collection

tank keeps the glycerine from spilling, and the portals have � tted
plugs and adapter pieces for when the portals are not in use and
for different size skin-friction gauges. A large reservoir apparatus
to supply the tank was built consisting of a 208-l (55-gallon) drum
mounted to a wall approximately1 m above the tank. It is connected
to the tank with piping including an atmospheric outlet. The pres-
sure distribution can then be measured, and the shear stress can be
calculated using Eq. (4):

¿w D ¡dp

dx
h (4)

where h is the channel height measured from the centerline and
dp=dx is the pressure gradient. Equation (4) is derived by sum-
ming the forces acting on a � uid element and applying conserva-
tion of momentum.9 For this particular case the pressure gradient is
dp=dx D 33.4 Pa/mm (0.123 psi/in.), correspondingto a wall shear
stress ¿w D 106 Pa (0:0154 psi).

For the calibration rig a pressure sensor was chosen that could
be mounted � ush to the � uid � ow itself, thus giving the highest fre-
quency responsepossible.Each pressure sensor was calibratedwith
a dead-weight tester. The rig produced all of the data in a short pe-
riod of time, approximately 5 s, and the data needed to be recorded
accurately. For this task a computerized data acquisition system
(DAQ) was developed. A PC was � tted with LabVIEW software
and a 16-bit DAQ card. A LabVIEW program was written that read
output voltage of the pressure sensors converting it to a pressure
and read the voltage output of the semiconductor strain gauges of
the skin-friction gauge converting it to a shear stress. For more in-
formation on this DAQ system, the pressure sensors, the calibration
unit of the sensor, or details of the calibration rig design, see Ref. 5.

As already mentioned, the calibration rig was utilized to yield
a calibration ratio, which was necessary because of the estimated
12–15% decrease in static sensitivitybetween the calibrationof the
silicone rubber sheet skin-frictiongauge and the calibrationwithout
the rubber sheet. The calibration ratio is the ratio of the true cali-
bration constantof the skin-frictiongauge with a rubber sheet to the
calibration constant of a skin-friction gauge without any gap � ller.
Novean et al.8 determined a ratio of 3.17, which was very close to
the geometric ratio of 3.22, for a gauge with the interior completely
� lled with silicone rubber. The geometric ratio is the ratio of the
area of the gap covered with silicone rubber plus the � oating head
to the area of the � oating head alone. This calibration ratio enables
one to relate a calibration curve obtained with the hanging-weights
method over a range of applied force to the real case of a shear
applied over the head and rubber sheet.

A thin silicone rubber sheetwas af� xed to the skin-frictiongauge,
and it was placed in the rig for repeated runs. The shear stress in
the calibration rig is known from Eq. (4). By knowing the true
shear stress and the output from the semiconductor strain gauges,
an effective area can be deduced:

¿w D V Cg=Aeff (5)

where Aeff is theeffectiveareaandC (the slopefromplots like Fig. 8)
is the calibration constant for the skin-friction gauge. Calculations
yieldeda calibrationratio (Aeff/Ahead ) of 1.4, which can be compared
to the geometric ratio of 1.56 for this gauge.

Also, using the output of the skin-friction gauge a comparison
between the results of the calibration rig and that of the predicted
strain at the beam base in the vertical direction from ABAQUS can
be made. For the given geometry of the gauge, ABAQUS predicts
a maximum strain between approximately 20 and 23 microstrains
(see Figs. 4 and 6). The results from the calibration rig yielded 18.2
microstrains by utilizing Eq. (6):

Eoutput D Eexcitaion GF"=2 (6)

This result demonstrates the usefulness of FEM for designing the
present and future skin-frictiongauges.

An uncertainty analysis on this skin-friction gauge design was
performed,and the results are in Table 3, yieldingan overall error of
§2.8% when a rms method employed. A brief explanationof some
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Table 3 Uncertainty of rubber sheet skin-friction gauge

Type of uncertainty Level of uncertainty, %

Calibration
Forward rotation §2.0
Axial rotation §1.5
Calibration rig §0.91

Hardware, geometry effects with ports5

Calibration rig §0.53
Measured variable errors5

Data acquisition
Zero drift §0.5

Electric noise from computers, sensors,
wires, and connectors

Data reduction
Truncation , curve � ts §0.5

Overall uncertainty (rms) 2.80

components of Table 3 is necessary. The forward and axial rotation
refer to the alignment of the hanging weight during calibration (see
Fig. 7). The forward rotation error is the error in rotation from
vertical to horizontal in utilizing gravity for calibration, and the
axial rotation error is the error in alignment with the strain-gauge
plane. One wants the hanging weight to be exactly 90 deg from the
horizontal and in the plane of the strain gauges.

The dynamic range of the skin-frictiongauge is comparable with
other skin-friction units for high speed � ows. Knowing the gauge
factor (»150), the excitation voltage (1 V), the resistance (750 Ä),
and the standard equation for strain gauges [Eq. (7)], the maximum
shear that could theoretically be measured is 1500 Pa:

" D 1R=R0G F (7)

but the � exure would be permanentlydeformed at those levels. The
applications in which this skin-friction gauge is to be used is up
to approximately 150 Pa, and the gauge was calibrated within that
relative range. The maximum capacity of the strain gauges is not
necessary. The minimum shear stress that can be measured is con-
tingenton the zero de� ection output voltage,approximately0.3 mV
[see Figs. 8 and 9, Eq. (6), and Hooke’s law], and the smallest cal-
ibration weights available, determined to be between 3–4 Pa. This
is well below any shear levels to be measured by this skin-friction
gauge.

The response time of the skin-friction gauge is instantaneous to
the human observer and certainly suitable for run times in the cali-
bration rig and a supersonic tunnel of a few seconds. Skin-friction
gauges of a similar arrangementcan be derivedwith high-frequency
response (10–20 kHz) for impulse facilities.8

Vibration Testing of Rubber-Sheet Skin-Friction Gauge
In utilizingany skin-frictiongauge, the vibrationsof the test facil-

ities can producebackgroundnoise large enoughto mask the desired
signal and even cause damage to the skin-frictiongauge; therefore,
a type of damping must play an important role in the design. In the
past most skin-frictiongauges have accomplishedenough damping
by the gap being � lled with a viscous liquid. The question arose,
will the thin silicone rubber sheet without any silicone oil produce
enough damping?

The equipment in the Modal Analysis Laboratory at Virginia
Polytechnic Institute and State Universitywas used to perform tests
of the dynamic behavior of the gauge with and without the rubber
sheet and a liquid � ll. A typical dynamic response test utilizes an
exciter,a transducer,a signal conditioningampli� er, and an analysis
system. For these tests the exciter is a 333.62-N (75-lb) electromag-
netic shaker, the transducer is an impedance head, and the analy-
sis system is a dynamic signal analyzer. The skin-friction gauge is
mounted directly to the impedance head, preferably at the center of
mass. For more information on these testing facilities, see Ref. 5.

All vibration tests were done at 1- and 2-g with a random noise
input over a frequencyrange from 0–3000Hz. This frequencyrange
was chosen because it corresponds to vibrations associated with
testingfacilities.The tests were donewith two identicalskin-friction

Fig. 11 Frequency response for skin-friction gauge without rubber
sheet.

Fig. 12 Damping results for skin-friction without rubber sheet, with
rubber sheet, and with rubber sheet plus oil.

gauges.The calibrationcurves of these two skin-frictiongauges are
in Fig. 8. One skin-frictiongauge was used as a control, and the gap
remained empty (designated as gauge 43). A second skin-friction
gauge was tested with an empty gap (designated gauge 40), then
the thin silicone rubber sheet was af� xed across the top, and � nally
the gauge was also � lled with silicone oil. Figure 11 displays the
frequency response of the skin-friction gauge, which measures the
output of the force transducer not the strain gauges. The natural
frequencyoccurs at an in� nite slope !n ¼ 1.3 kHz, which is in good
agreement with a simple analytical estimate by modeling the skin-
friction gauge � exure as a cantilever beam. The very small peak at
approximately 600 Hz in Fig. 11 is attributed to error in the skin-
friction gauge not being mounted to the shaker exactly at the center
of mass. The data in Fig. 11 are consideredadequate because of the
limitations in manually adhering a connector to the center of mass;
the connectormust be completely removed for further testing of the
skin-frictiongauge in different facilities.

Figure 12alsoshows thenaturalfrequencyand vibrationresponse
of skin-frictiongaugeby plottingtheoutputof the straingaugesover
the frequency range: without any gap � ller or rubber sheet, with the
thin silicone rubber sheet applied, and � nally with the rubber sheet
and gap � lled with silicone oil, all shaken at 2-g. The dynamic tests
of the skin-frictiongauge with the rubber sheet produced excellent
results. The primary peak was greatly damped, while the natural
frequency shifted to the right slightly, which is to be expected, at
!n D 1.344kHz.The siliconeoil providedsomeadditionaldamping.

These resultscan be interpretedin two ways.First, one can look at
the reductionin peak outputat the natural frequency.We determined
a peak output of 0.28 mV for the gauge without a rubber sheet or
liquid � ll, a reductionto 0.07 mV for the gaugewith the rubber sheet
but no liquid � ll, and a further reduction to 0.05 mV for the gauge
with a rubber sheet and viscous liquid � ll. The last value is at the
level of the background noise. Second, one can consider the results
in terms of the modal damping coef� cient ³ using the method of
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logarithmic decrement. We found ³ D 0.014 for the gauge without
a rubber sheet or liquid � ll and an increase to ³ D 0:052 for the
gauge with the rubber sheet but no liquid � ll. There is no clearly
discerniblepeak for the gaugewith a rubber sheet and viscous liquid
� ll so a numerical value for ³ could not be found, but the damping
is obviouslygreater.The resonant frequencyis approximatelyequal
to the natural frequencybecauseof the small, but effective,damping
coef� cient. These damping results compare favorably with viscous
liquid � ll, passive piezoelectric and magnetic damping concepts,
and the present design is certainly much simpler.

Tests in the Supersonic Wind Tunnel
A number of tests have been run in the Virginia Polytechnic

Institute and State University (VPISU) supersonic wind tunnel to
analyze the performance of this new skin-friction gauge design.
The tests were run at Mach 2.4 with a nominal total pressure of
3 atm (45 psia) and a total temperature of 300 K. Additional infor-
mation on the VPISU supersonic tunnel is accessed on the depart-
mental website at http://www.aoe.vt.edu/aoe/pysical/superson.html
(15 May 2001). Basic information from the tunnel such as run
time, stagnation and static pressure, temperature, etc. is constantly
read through a PC � tted with LabView software. For this work the
LabView program was modi� ed to incorporate the voltage output
readings of the strain gauges as shear stresses.

A half-nozzle con� guration with a � at wall replacing the usual
nozzle centerplanewas employed so as to produce a constant pres-
sure “� at plate.” Measurements of the boundary-layer thickness
were used in conjunction with the Blasius skin-friction law9 and
a Van Driest compressibility correction9 to produce a prediction of
the skin friction to be expected.Measurementswith earlier,oil-� lled
skin-friction gauges are also available for comparison. The predic-
tions and earlier data indicate C f D 0.0019 at these conditions.

The � rst test series showed that the violent process of tunnel start
and unstart could tear the rubber sheet off the gauge. Tunnel unstart
was the worst condition. Following that experience, more attention
was paid to carefullyadhering the rubber sheet to the gauge surface.
Other operational problems were identi� ed and overcome. First, in
order to maintain the rubber sheet as a � at surface over the gap dur-
ing the reduced pressure conditionsof the supersonic tunnel run we
� ll the space under the sheet and inside the gauge housing with liq-
uid. Second, glycerine has now replaced our normal silicone oil as
the � ll liquid because silicone oil attacks the silicone rubber sheet.
However, in our early attempts we found it dif� cult to remove all
of the air in small bubbles and/or dissolved in the glycerine. We
did � ll the gauge under vacuum to try and remove all of the air,
but we were not fully successful at that stage. If one then exposed
only the active face of the gauge to a vacuum, deformation of the
sheet caused by trapped air could be observed. The strain gauges
also indicated loading of the cantilever beam. Obviously, steps had
to be taken to remove all of the air from the inside of the gauge.
That problem was solved by making small pin pricks in the rubber
sheet with a sharp needle. These holes are small enough to pre-
vent leakage of the glycerine,but large enough to allow any trapped
air to escape when the gauge is exposed to a vacuum. Last, the
sheet thickness was increased to a nominal 0.5 mm (0.020 in.) for
greater robustness. Then, to maintain sensitivity of the gauge the
gap around the head was increased such that the geometric area ra-
tio (area of the head plus gap divided by that of the head) became
3.17. Tests in the calibration rig yielded an effective area ratio of
2.05.Using Eq. (3), we deducedan effective spring constant for this
rubber sheet of 101 N/mm (577 lb/in.). With all of these improve-
ments, thegaugesprovedcapableof numerousruns in the supersonic
tunnel.

A typical test result is given in Fig. 13. One can see the total pres-
sure variation achieved by the control valve and the corresponding
skin-friction output. The un� ltered skin-friction gauge output and
an 11-point running average are shown. The average value tracks
with the total pressure variation, as it should, and the average value
during the period of relatively constant total pressure agrees very
closely with the predicted value of C f D 0:0019. The violent load
produced by the passage of the tunnel starting shock is effectively
damped.Finally, the noise � oor of the gauge representedby the out-

Fig. 13 Sample output from VPISU supersonic wind-tunnel tests at
M = 2:4 with P0 = 3 atm and T0 = 300 K.

put signal before � ow initiation can be seen to be small compared
to the output signal.

Conclusions
The objectiveof this work was to developa new direct-measuring

skin-frictiongauge design that eliminated the operationalproblems
associated with conventional designs that employ a viscous liquid
� ll. The liquid � ll tends to leak out slowly over time, even with the
small gaps (0.0254–0.102 mm) commonly used around the � oating
head. In situationswhere access to the test article is restricted in the
laboratoryor in � ight tests, the need to inspect and re� ll the gauge is
a serious limitation. At the same time any new gauge concept must
provide adequate damping.

The new concept studiedhere involvesplacing a thin rubber sheet
over the � oating head, the gap around the head, and the top of the
gauge housing. The interior below the rubber sheet may or may
not be � lled with liquid. First, the design of such a gauge was in-
vestigated using detailed � nite element analysis. The results were
very promising. Second, laboratory vibration tests proved that ade-
quate damping was achieved even without a liquid � ll. Indeed, the
rubber sheet provided damping that compared very favorably with
more complexalternativessuch as passivepiezoelectricor magnetic
damping. Third, the matter of calibration and how the shear from
the � ow acting on the rubber sheet affectedcalibrationwere consid-
ered. A satisfactory calibration procedure was developed. Fourth,
fabricationissues had to be addressed,and successfulmethods were
found and employed. It was learned that minute holes placed in the
rubber sheet were very helpful in eliminating problems caused by
trapped gases when the interior of the gauge was � lled with vis-
cous liquid. Last, the gauges were tested under supersonic, high-
Reynolds-number conditions in a wind tunnel. The gauges proved
robust even under the violent tunnel start and unstart processes. In
addition, the numerical values for skin-frictioncoef� cient obtained
agreed well with predictions and other measurements.

The tools developedand demonstratedhere can be used to design
skin-friction gauges of this type for a wide variety of applications.
This skin-friction gauge concept measures both components of the
wall shear in the plane of the wall. It can also be easily adopted for
curved surfaces. Finally, it can be expected to minimize the effects
of pressure gradients because no � ow can be induced in the gap
around the � oating head or the interior of the gauge.
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