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Numerical Study of Detailed Flow Affecting
a Direct Measuring Skin-Friction Gauge

Matthew MacLean¤ and Joseph A. Schetz†

Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

The detailed � ow characteristics of a direct measuring skin-friction gaugeare examined. This type of device uses
a small, movablehead mounted � ush to a wall, such that the head is assumed to be exposed to the same shear stress
from the � ow as the surrounding wall. The resulting de� ection can be monitored by instruments such as strain
gauges mounted on a � exure below the head. The goal of this study was to develop an understanding of the effects
that the geometric design and installation parameters of the device have on the surrounding � ow and the ability of
the gauge to re� ect the undisturbed shear stress value. Factors in� uencing the performance of a skin-friction gauge
include the presence of the necessary gaps in the wall aroundthe � oating head, improper installation/misalignment
issues with respect to the wall, and extraneous forces arising from pressure gradients. All of these effects are studied
here computationally with a three-dimensional, Navier–Stokes code based on the � nite element technique. It was
found that smaller gap size does indeed produce the highest quality of measurement output because a larger gap
results in increased exposure of the device to the external � ow. Results presented here indicate that misalignment
is the most signi� cant factor that must be controlled and that it can induce an error of more than a factor of two
in the measurement for the conditions studied. Finally, the con� guration studied here exhibits errors of 17% or
less under both strong favorable and adverse pressure gradient situations, despite the complex force � elds placed
on the head in these situations.

Nomenclature
A = area
a = moment arm length
b = normal force moment arm length
CF = skin-friction coef� cient
CL = lip force coef� cient
CM = total force coef� cient
CN = normal force coef� cient
c = lip size
Dbeam = beam diameter
Dhead = head diameter
FX = tangential force
F¤

X = normalized tangential force
G = gap size
h = domain height
Lbeam = beam length
Lplate = plate or wall length
MZ = bending moment about the z axis through

the center of the gauge head
M¤

Z = normalized bending moment about the z axis
through the center of the gauge head

ReX = wall station Reynolds number
u¤ = friction velocity
x = coordinate in � ow direction, positive

in downstream direction
y = coordinate normal to wall surface, positive outward
yC = law of the wall scale, ½yu¤=¹
Z = misalignment
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z = coordinate in side direction, normal
to gauge symmetry plane

3 = head taper angle
¹ = � uid viscosity
½ = � uid density
¿W = wall shear stress

Superscripts

¤ = dimensionless quantity
C = wall unit quantity

Introduction

T HE direct measurement method of skin friction is one estab-
lished technique for obtaining a local value of skin friction.

Some of the many advantages to this method are that, in principle,
it requires no advance knowledge of the general � ow and that it
is a conceptually simple measurement to make and postprocess.1

Figure 1 illustrates the principle behind the direct method, showing
a schematic, two-dimensional view of a typical � oating (sensing)
head and � exure. The action of a viscous � uid in motion over the
wall applies a shear stress tangent to the wall surface. The small
breaks, or gaps, in the wall region isolate a piece of the wall of
known area. The � exure can be instrumented with strain gauges or
displacement sensors to measure the resulting structural effects of
the applied shear force. This information gives a measurement for
the average shear stress over the head area.

This type of device is contrasted with the other broad class of
skin-frictiongauges, indirectmethods. Indirectmethodsare various
devices that operate by measuring something other than skin fric-
tion and then relating this quantity to skin friction through a known
analogy or law. A few examples include: heat � ux sensors with
Reynolds analogy, Preston tubes, or laser/particle image velocime-
try techniques. The direct method is preferred by these authors for
its ability to measure skin friction directly, without any need for
validating the � ow analogy required by these devices. This is an
important issue in complex � ows such as three-dimensional� ows,
unsteady � ows, � ows over rough surfaces, etc. Brown and Joubert1

and Winter2 talk extensively about indirectmethods, and no further
discussion of these devices is presented here.

Direct measurement skin-friction gauges have been used in a
wide variety of applicationswith apparent success.One can consult
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Fig. 1 Schematic of a typical, nonnulling, direct measuring skin-
friction gauge showing relevant design parameters (not to scale).

a number of surveys of this technique, for example, Winter,2

Haritonidis,3 Schetz,4 Nitsche et al.,5 etc., for details of some ap-
plications. There are two types of direct measuring gauges, both
of which have been used in the past. Figure 1 shows a nonnulling
� exure, meaning that the � exing beam bends slightly under load, as
already discussed. The alternate type is a nulling gauge, in which
the structural de� ections are countered to maintain the nominal po-
sition of the device. Measurement in the nulling case is made by
tracking the necessary reaction force to maintain position. Nulling
gauges are a classical design used in instances where large de� ec-
tions were required to accommodate measurement sensitivity.This
led to concern about disrupting the � ow� eld. With modern sensors
and measurementsystems, the requiredde� ectionsof the beamhave
become insigni� cant comparedwith the gap size, and no further dis-
tinction will be made here between these two types of sensors.

The directmethod, in general, is appealing,but it does raise some
concerns. Although it is a conceptually simple process to obtain a
measurement, there is one critical assumption made. This assump-
tion is that the shear stress present on the head surface is the only
force on the structure and that it correctly represents the equiva-
lent shear force on the solid wall section that the gauge replaces.
Because the wall has gaps in it that expose the � exure to the � ow,
the entire skin-friction gauge is immersed in � elds of pressure and
shear stress. These pressure and stress � elds can cause unwanted
forces on the sensor and contribute to an error in the measurement.
Additionally,the presenceof the gaps has the potential to disrupt the
� ow conditions in the region around the � oating head and change
the local value of shear stress from the solid wall condition.

Figure 1 also shows the variable de� nitions used throughout this
study with respect to this type of device. The focus will primarily
be on the effects of the design and orientation of the � oating head
on the ability of the gauge to capture the desired undisturbed shear
force measurement. The cantilever beam � exure shown below the
head is the simplest type of � exure and was used as an examplehere.
Althoughthere are other arrangementsthat are possible,most of our
results do not depend on the choice of � exure arrangement in the
gauge. These variables have been deemed as the basic set that will
govern the design of the majority of gauges, in principle. Different
combinations of these variables will be studied parametricallyhere
to evaluate their effects on the accuracy and performance of the
device.

Winter2 provides one of the clearest accounts of the issues and
error sources associated with these devices that might change the
total value of force that the gauge measures. Winter cites 10 prob-
lems for consideration; some of those problems are repeated here:
1) the effect of the necessary gaps in the wall around the � oating
head, 2) the effect of misalignmentof the sensor (normal to the wall)
such that protrusionor recession of the sensor occurs relative to the
surrounding surface, 3) the extraneous forces arising from pressure
gradients, and 4) the effects of leakage of � ow through the sensor

Fig. 2 Schematic of a typical, direct measuring skin-friction gauge
illustrating relevant forces and moment lines of action (not to any par-
ticular scale).7

cavity. These four issues were selected for study here based on the
justi� cation that they seem to be some of the most fundamental or
frequently occurring issues from Winter’s longer list.

Because of the importance placed on making accurate measure-
mentsof skin friction,some researchonerrorsourcesand magnitude
has been publishedbefore. MacLean6 providesa more extensivere-
view of the existing literature on errors in direct skin-friction mea-
surement, but a brief overview of some of the major conclusions is
warranted here. The work of Allen7 is well known and often refer-
enced. He studied the effects of misalignment at supersonic speeds
alonga zeropressuregradient� at plate.One of his signi� cantcontri-
butions in the study of these devices is in his modeling of the forces
on the � oating head of the gauge. His postulation was that the net
effective force on a � oating head, like that shown in Fig. 2, could
comprise three terms. When the moments created by the action of
these forces about the beam base or � exure pivot point are summed
and the resulting equation is placed in coef� cient form, Eq. (1) can
be developed:

CM D CF C .b=a/CN C .1 ¡ c=2a/CL (1)

Equation (1) shows the total moment coef� cient on the beam, which
represents the actual output of the gauge. This output is made up
of the friction force term, the normal force term, and the lip force
term. The friction force term is the shear force that is the targetof the
measurement (in the absence of any disruptions by the gaps). This
force acts in the positive x direction shown by Fig. 1. The normal
force term acts in the y directionand arises from pressurevariations
in the � ow� eld that result in the pressurenormal to the head surface
actingaxially in an eccentricmanner on the � exure and contributing
to bending. The lip force term also arises from a varying pressure
in the � ow at different points in the gap region. These devices are
made such that the beam � exure is much smaller than the head. This
has the effect that the cavity of the gauge is an open region, and the
pressuremust be approximatelyequal throughoutthe cavity region.
Thus, the effects of pressure differences in the � ow direction are
limited mainly to acting over the lip region only, as indicated in
Fig. 2 by the variable c. This term also contributes to bending on
the � exure because it acts in the same directionas the friction force.

The main results of Allen’s7 tests showed that the normal and lip
force terms are small at perfect alignment. For either a protruded
(CZ ) or a recessed (¡Z ) � oating head, however, these terms be-
come signi� cant, and they cause a deviation between the friction
force term CF and the actual measured term CM . In the range he
studied, Allen found discrepancies in excess of a factor of 6.0 be-
tween the desired and the actual outputs. Some of his additional
major conclusions were that protrusion and recession are equally
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damaging to the measurement and that a larger gap size makes the
gauge less sensitive to these misalignment effects.

There are other notable authors as well. Dhawan,8 who studied
the effects of the gaps in the walls, found that he could detect no dis-
cernable disruption in the boundary-layercharacteristicsas a result
of a gaplike slot on a � at plate. Archarya et al.9 tried to visualize the
� ow throughthe cavityand thechangesas a result of thegaps around
the sensingheadby using smoke visualization.This experimentalso
produced no noticeable results, and they concluded that the effects
of � ow disruptionsin this region must be negligible.Everett10 stud-
ied the effects of pressure gradients (also called buoyancy effect in
the context of skin friction) in a fully developedchannel.O’Donnell
and Westkaemper11 also studiedmisalignment issues and found that
even small misalignmentvalues had a signi� cant impact on the out-
put of the gauge.

Note that these studies, and, indeed, all others that have been
located6 are purely experimental. Furthermore, much of this work
was done using nulling-typegauges, or gauges that do not represent
the general physical dimensions that are typical of current gauge
designs. The present writers have not seen any other research on
error sources in the direct measurement of skin friction that is com-
putational in nature.

Problem Description
The results presented here have been obtained by the use of a

computational � uid dynamics (CFD), � nite element-based com-
mercial code called FLOTRAN by Ansys, Inc. The code is a full
Navier–Stokes solver in two and three dimensions with · –" tur-
bulence models available. The choice of CFD over experiment has
been made becauseit is felt that CFD offers a differentpoint of view
to contrast existingexperimental results.With CFD, it is also possi-
ble to better isolate, measure, and visualize subtle � ow effects that
are too small for experimentaldevices to see, for example, � ow rates
through the small gaps that were not measurable experimentally.

Although the � eld of direct measuring gauge design is uni� ed
in the conceptual approach of � nding shear stress, there is an in-
crediblevariation in size, shape, and implementation.Gauges in the
past have ranged from in excess of 450 N (100 lb) (Ref. 7) to the
micromachining level.12 There have also been many variations on
the cantilevered-beamtheme, resulting in varioussupportstructures
that are loaded in different ways. With such diversity, it is dif� cult
to be universal in making a study of this nature. Fortunately, the na-
ture of computational modeling inherently offers some generality.
Furthermore, every effort has been made here to perform as generic
an analysis as possible, to make the results that have been obtained
valid for a wide range of situations.

To evaluate the performanceof the genericsensor shown in Fig. 1
and to determine the amount of error it might see, some relatively
simple � ow conditionshave been chosen in which to model typical
sensor operations. These � ow situations have been selected pur-
posely for a number of reasons. First, as will be seen, the physical
situations are straightforward, such that the exact solution for skin
friction is either analytically predicted or at least well documented
and well understood. This is important because evaluating the er-
ror in a shear stress measurement is dif� cult if the � ow physics are
so complex that the nominal value is not known. Second, everyone
wants to measure skin friction in a different situation, and so some
basic typical � ows have been selected to try to represent, in some
way, the effects seen in a large body of problems.

The � rst problem of interest that has been studied is that of an
incompressible, laminar � ow in a two-dimensional channel. Fully
developed � ow was generated in the long, two-dimensional chan-
nel. The working � uid was glycerin (¹ D 1:41 Pa ¢ s at 298 K), and
the pressure gradient studied was approximately ¡33,500 Pa/m in
dimensional terms. The viscosity of glycerin is such that an analyt-
ical solution for shear stress of 105 Pa existed along the walls for
this channel con� guration. The results of this case are covered in
detail by MacLean and Schetz13 and MacLean.6 Interested readers
should see those references for results of the laminar channel cases.

The second class of problems studied represents one step up in
complexity. The performance of a generic gauge mounted on a � at

plate in turbulent, external � ow has been considered.This problem
is also incompressible, but the external � ow is fully turbulent, with
the center of the head of the gauge located at a Reynolds number
station ReX D 1:7 £ 106 on the � at-plate surface.

The numerical, Navier–Stokes, solution of the two-dimensional,
global, � at-plate � ow (with no gauge in the wall) was compared
with some well-documented, experimental correlations for smooth
� at plates. The agreement was found to be good over the length
of the two-dimensional, global problem domain, but small biasing
discrepancies in the turbulence modeling of the CFD solution and
discrepancies between the various correlations preclude the use of
one of these correlations for determining the target skin-friction
value. Because of this, it is necessary, for consistency, to use the
numerical result to obtain the predicted target value of undisturbed
shear stress for error comparison with the gauge cases. This target
value of CF is 0.00307 for this case at the proper � at-plate station.

Because of the inherent complexity of turbulent � ows and the
need for many points very near the wall, this � ow problem has been
studied by the use of a combination of two- and three-dimensional
methods. The global � at-plate problem without the gauge is a two-
dimensionalone, with the actual sensor generatingonly a small area
where three-dimensional effects might play a role. Therefore, the
information from the global two-dimensional model for the � at-
plate only solution was used to generate inlet information for an
embedded three-dimensionalregion containing the gauge. Figure 3
shows the mesh of this embedded three-dimensional region sur-
rounding the gauge for the baselinecon� guration mesh. The pro� le
information (u, v, · , and ") was collected from the global � at-plate
solution and applied uniformly in the third plane across an inlet at
a suitabledistance upstream from the three-dimensionalcylindrical
gauge. Other usual boundary conditionsapply (no slip at walls, free
conditions at the top and out� ow surfaces, symmetry, etc.). This
embedded region concept holds for cases such as this because of
the parabolic nature of the boundary layer, where knowing the so-
lution at any station allows all downstream effects to be calculated.
Thus, the solution upstreamof the gauge itself is not affected by the
presence or absence of the three-dimensionalgauge.

The point spacing normal to the wall was kept the same between
the two-dimensional global and the three-dimensional embedded
region problems to avoid any interpolationnear the wall where � ow
quantities are highly sensitive. This point spacing near the wall
surface was determined from a careful, systematic study of the tur-
bulence model wall formulation available in FLOTRAN. This code
uses a two-option wall function by implementing specialized wall
elements.The wall element locationis determinedto bewithineither

Fig. 3 Finite element mesh of embedded three-dimensional region
near the gauge for baseline con� guration of external � at-plate problem.
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Table 1 Dimensionless value of relevant geometry
and properties for baseline external � at-plate case

Parameter Value

ReX plate 2.0 £ 106

DC 1991.0
GC 33.2
cC 66.3
ZC 0.0
ReX gauge 1.7 £ 106

DC
beam 829.0

LC
beam 6635.0

3 30 deg
C target

F 0.00307

the log region or the laminar sublayerof the boundary layer, and ap-
propriatewall conditionsfor the ·–" model are generated.Analysis
revealed that a yC spacing of the near-wall node of about 15.0 pro-
duced the best results because this spacing placed points above the
near-wall node (the second and higher away from the wall) clearly
into the log region (yC > 30) while maintaining maximum resolu-
tion near the wall to evaluate the effects of the small gaps. Nodes
other than the near-wallnode are solvedfor using the · –" equations.
Therefore, they must reside well within the log region. The issue of
the turbulence model selection and wall formulation details can be
found in Ref. 6.

With the target skin-frictioncoef� cient known from the � at-plate
solution, the geometry of the baseline con� guration of the external
� at-plate problem shown by Fig. 3 is given in Table 1 in terms of
wall units (C units). This dimensionlessunit form is givenby Eq. (2)
and de� ned just as the commonly used yC is de� ned:

. /C ´ . /u¤=v D [½. /Ue=¹]
p

CF =2 (2)

Providing all data and generating all results in dimensionless form
offers the utility of making the solutions applicable to a larger body
of problem situations. The results of this baseline case illustrate
typical performance of this gauge con� guration and serve to pro-
vide a reference point to compare to other cases, in which the de-
sign parameters from Fig. 1 were varied. Variation cases involved
making subtle changes to one or more of the design parameters to
evaluate the changes from the baseline case. These design param-
eter changes were accounted for by varying the three-dimensional
embedded meshes accordingly.The computationalmodels of these
variation cases look quite similar to the baseline case that was al-
ready shown in Fig. 3.

The results of design parameter variation from this external, tur-
bulent � at-plate scenario were then supplementedwith similar � ow
models possessing an adverse or favorable pressure gradient rather
than the zero pressure gradient of the � at plate. The baseline con-
� gurationwas studied under these two conditionsby modeling high
Reynolds number channels of linearly varying area. The station
Reynolds number ReX of the gauge along the channel walls was
closely matched to the � at-plate case to facilitate comparison of the
results. The conditions of the pressure gradient channel cases were
picked such that the skin-friction levels were signi� cantly different
than the � at-plate case. The strength of the pressure gradient was
determinedin dimensionlessterms throughtheuse of a pressuregra-
dient parameter, originally used in the characterizationof turbulent
boundary layers by Clauser14:

¯ D ±¤

¿W

dP

dx
(3)

The same embedded region technique was used in the pressure
gradient cases as in the � at plate. By the use of the global solution
data to get u¤ and the parameters required for Eq. (3) for the gauge
location, the dimensionlessparametersand � ow conditionsfor each
of these two cases in wall units are given in Table 2. The reader is
referred to Table 1 for comparative � at-plate data.

One � nal note on problem presentation concerns the form in
which the major results are presented. One of the primary items of

Table 2 Dimensionless values of relevant geometry and � ow
properties for favorable and adverse pressure

gradient turbulent channel cases

Favorable pressure gradient Adverse pressure gradient
Parameter (converging channel) (diverging channel)

C target
F 0.00384 0.00224

¯ 2.61 ¡0.44
ReX gauge 1.7 £ 106 1.7 £ 106

ReX plate 2.0 £ 106 2.0 £ 106

DC
head 2226.0 1700.0

DC
beam 927.0 708.0

LC
beam 7421.0 5668.0

cC 74.2 56.7
GC 37.1 28.3
3 30± 30±

ZC 0.0 0.0

interest for these cases is the total force levels on the � exure com-
pared to the desired shear force. The coordinate system adopted for
this purpose de� nes the positive x direction in the � ow direction,
positive y normal to the head pointing out into the main � ow, and
z perpendicular to the � ow plane. The moment center about which
the � ow is presented is the center of the � oating element head.
Equations (4) and (5) give the dimensionless forms of the global
force values of interest:

F¤
X D FX;total

¯
¿

target
W Ahead (4)

M ¤
Z D MZ ;total

¯
¿

target
W Ahead Dhead (5)

In each case, the force is divided by the target shear stress from the
global two-dimensional solution times the known gauge head area.
This represents the ideal, undisturbedshear force on the gauge. The
z-direction moment is additionally divided by the head diameter.
There is also the possibility of a force in the y direction on the
beam, but this force acts axially on the beam and does not contribute
to bending characteristics or to total measured output. MacLean6

tabulates the results of this force component also for cases in which
the axial force might somehow be relevant. Because both the F¤

X
force and the M ¤

Z moment simultaneously contribute to bending in
the cantilevered pivot element shown in Fig. 1, it is also bene� cial
to look at the total error in output caused by a combination of these
two values. This total error in strain outputcaused by the extraneous
forces and moments is given by

%"error D F ¤
X ¡

¡
DC

head

¯
LC

¢
M¤

Z ¡ 1 (6)

Allen15 has shown that it is possible to mitigate the effects of
the normal pressure force contributing to the z-direction moment
about the head center by implementing a parallel linkage system
rather than the cantilever pivot. Results of this present study have
shown that the geometry inside the gauge cavity has a negligible
effect on the force levels seen by the � oating head. Data will be
provided in later sections that divide the force and moment contri-
butions up by their respective sources. The results might be applied
to a parallel linkage system as well by simply neglecting the ap-
propriate moment term and recomputing the total strain level via
structural mechanics. For that situation, Eq. (6) will not be strictly
valid. Remember that the relevant forces and moments still reside
on the gauge, and the total loading on the � oating head remains
the same; the parallel linkage measurement system is simply not
sensitive to certain features of the loading.

Turbulent Flat-Plate Boundary-Layer Results
Looking at the � ow� eld results from the baseline case, one sees

that there is a signi� cant � ow in the gap region of the gauge, despite
the small size of the gaps. Figure 4 shows the vector � eld in the
gap regions along the gauge symmetry plane of the baseline case.
Flow velocitieson the order of 5% of the freestreamexist within the
gap regions, but much of this � ow remains trapped in this gap area.



MACLEAN AND SCHETZ 1275

Fig. 4 Velocity vector � eld in the gap region along gauge symmetry
plane for baseline case (boundary-layer � ow left to right).

Fig. 5 Variation of wall skin-friction coef� cient in gauge region for
baseline case (target CF = 0.00307).

Only a small fraction of this total � ow actually moves into or out
of the cavity. Interestingly,Fig. 4 shows that, in both the upstream
and downstreamgap area along the symmetryplane, the � ow moves
into the cavity (a negative y velocity component) with some small
� ow rate of less than 1% of the freestreamvelocity.A larger positive
value of the y velocity component exists near the outside edges of
the gauge to balance the mass � ow.

This � ow pattern has a direct result on the shear stress � eld over
the wall in the � oating head region. Figure 5 shows this � eld in
coef� cient form for the gaugehead and the surroundingwall surface
for thebaselinecase.Asa directresultof the injectionfromthecavity
out into the main boundary layer, the local skin-friction coef� cient
on the wall trailing the outer edges of the gap shows a signi� cant
decrease. This is known to be a general property of injection.16

Fortunately, this change occurs on the surrounding wall and not on
the gauge head surface itself. The gauge head shows a relatively
undisturbedand constant skin-frictioncoef� cient that is close to the
target value of 0.00307. A small local increase can be seen near the
leading edge, but this acts over a small percentage of the total head
area and, thus, is expected to contribute only minimally to error in
the friction force component de� ned in Eq. (1).

For this case, where the external � ow conditions have a nomi-
nally zero pressure gradient, Fig. 6 shows that the pressure on and
around the head surface and the lip surface of the gauge exhibit little
deviance from this expectation over most of the gauge body. The
pressurecontours remain uniform and close to a relativepressureof
zero with the exceptionof a small regionnear the leadingedgeof the
lip surface. In this region, despite that the gauge is sheltered within
the wall and the wall is under a boundary-layer � ow, the leading
edge of the � oating head shows signs of a stagnation region, where
a small amount of dynamic pressure energy is slowed to a stop

Fig. 6 Contours of pressure seen from upstream side of three-
dimensional � oating gauge head for baseline case.

Fig. 7 Pressure contours seen along gauge symmetry plane for gap
regions of maximum gap size variation case (G+ = 132.8).

against the lip surface. This dynamic pressure shows a maximum
of only approximately 2% of the freestream dynamic pressure and
it again acts over only a small area of the gauge body. Although
this effect will be seen to contribute to the lip force term de� ned in
Eq. (1), its in� uence will be shown to be manageable.

In looking at the � ow� elds produced by varying the gap from the
baseline con� guration,one does see an effect caused by an increase
in gap size. The effect of the gap size was studiedwith cases having
two and four times the baseline gap size. In these cases, the � ow
pattern is similar in form to the baseline case, but the magnitude of
the � ow is much higher. The increased � ow rate in the gap region
results in a higher stagnation pressure along the leading lip edge
of the � oating head. This effect is shown by Fig. 7, which gives
pressure contours along the symmetry plane of the four times gap
size case. The pressure contours over the three-dimensionalsurface
are againsimilar in form to the baselinecase,but the symmetryplane
clearly shows the in� uence of the stagnation point in the upstream
gap region, which is approximatelyfour times more signi� cant than
the baseline case.

Misalignmentwas shown to be aprimaryin� uenceongaugeaccu-
racy by MacLean and Schetz.13 The protrusioncase of Z C D C19:9
shows the basic features that one might expect for a very short cylin-
der intrudingout into the � ow. A wake developsbehind the cylinder
as the � ow is forced around the sides and over the top of the � oat-
ing head. Figure 8 shows selected velocity vectors at a height just
below the top of the surface of the cylinder to illustrate this. At this
station normal to the surrounding wall, the � oating head is present
in the � ow� eld. The wake affects only the region behind the head
directly, but the presence of this wake indicates that large pressure
differences will be present on the head itself, and the lip force will
have a dominant effect on the total output of the device. In fact,
the pressure contours on the surface of the gauge head have a simi-
lar pattern to the baseline case shown by Fig. 6, but the magnitude
of the stagnation region on the leading edge of the lip surface for
the protrusion case is magni� ed by a factor exceeding 12 over the
baseline case.
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Fig. 8 Velocity vectors at a station, y+ ¼ 13, above the plate wall and
below the gauge head for protrusion case, Z+ = 19.9.

Fig. 9 Variation of skin-friction coef� cient on gauge head for protru-
sion misalignment case, Z+ = 19.9.

The effect of the presence of a wake region for the protruded
misalignment cases can be important when using several gauges
or sensors in the same area. The wake represents a disruption of
the boundary layer in the region, which will affect the performance
of any gauges (skin friction or otherwise) that are located down-
stream of the misaligned head. Figure 5 showed that a perfectly
aligned sensing head creates almost no disruptionof the boundary-
layer characteristicsbeyond a few gap widths. This study has been
concernedwith the effects of misalignment on the misaligned � oat-
ing head itself and, thus, made no detailed calculations of the sec-
ondary � ow� eld effects far downstream.However, Fig. 8 illustrates
that these effects are felt over a much larger region for large mis-
alignment levels. Any device located within a few diameters of the
misaligned skin-friction gauge could be compromised. This is an
aspect of skin-friction gauge implementation that deserves further
consideration in future study, but the basic information seen here
underscores the importance of well-aligned gauges.

Skin friction is similarly affected by the protrusion of the gauge
head out into the main � ow region. Figure 9 shows the skin-friction

Fig. 10 Variation of skin-friction coef� cient on gauge head for reces-
sion misalignment case, Z+ = ¡¡19.9.

Fig. 11 Pressure contours over three-dimensional gauge surface for
recession misalignment case, Z+ = ¡¡19.9.

coef� cient on the head surface. The surrounding wall is not shown
as it was in Fig. 5 because the � oating head is above the wall for
this case (and not in the same plane). The skin-friction coef� cient
reaches values up to twice the target level near the leading edge,
and the bulk of the surface shows CF values signi� cantly higher
than the target value of 0.00307. Thus, the protrudedhead case will
show a contribution by both shear stress and pressure in excess of
the desired level to the x-direction force.

Recession misalignment also shows large discrepanciesfrom the
targetvalueof skin-frictioncoef� cient. In this case,as Fig. 10 shows,
the levels are too low. The maximum value of CF seen anywhere
on the surface of the gauge is only 0.0028.Because of the sheltering
of the headby the upstreamwall, much of the head surfacesees even
lower values than this. In this case, shear stress is underrepresented
in the x-direction force total.

The recessedhead case also shows a complex pressure � eld oper-
ating on the gauge surface. Looking at the pressure pro� le over the
three-dimensionalsurface of the Z C D ¡19:9 recessioncase shown
in Fig. 11, one sees that the pressure levels are not much higher in
magnitude than the levels of the baseline case. The distribution of
the pressure � eld, however, is such that large pressure differences
exist normal to the gauge surface at the extreme leading and trailing
regions of the head. This effect translates to a large positive M¤

Z
moment contribution for the recessed cases. This results in a nega-
tive contribution to total output via Eq. (6) for the cantilever pivot
geometry.

With the � ow� eld results in mind, the results of the forces on
the � oating head can be presented and understood.Figure 12 gives
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a) Force component F¤
x in x direction

b) Moment component M¤
z for z rotation

Fig. 12 Results for variationof misalignmentparameter z for external,
turbulent � at-plate � ow.

the results of the F¤
X force and the M¤

Z moment for the variation
of the misalignment parameter Z , varied in the range from C1 to
¡1% of the head diameter. This is a Z C range of approximately
§20 in wall unit terms. As the study of the � ow� eld indicated, the
F¤

X value is close to the desiredvalue of 1.0 for the perfectly aligned
baseline case. The shear stress is undisturbed, indicating that the
presence of the gap does not signi� cantly affect the boundary layer
for this baseline con� guration. Also, the pressure contribution is
minimal, as indicatedbyFig. 6,contributinglittle to either F ¤

X or M¤
Z .

Any misalignment, however, either protrusion or recession, affects
both the shear stress and the pressure � eld on the gauge because
both the force and the moment vary considerably as a function of
misalignment.

The moment graph from the pressure contribution in Fig. 12 in-
dicates that the moment has a complex functionality with respect
to misalignment. That the moment contribution from pressure � rst
shows a small positive value and then becomes negative with in-
creasing protrusion might at � rst seem counterintuitive. Although
more cases are requiredto further re� ne thisdependency,some cred-
ibility can be assigned to this result by comparison with available
experimental data. MacLean6 shows that transforming the numer-
ical data from Fig. 12 to the friction force, normal force, and lip
force contributions given by Eq. (1) shows good qualitative agree-
ment with the trends found by Allen7 in his experiments, even for
this trend of moment effect from pressure. Furthermore, neglect-
ing the pressure moment effect as one would for a parallel linkage
arrangement results in a compatible result to the parallel linkage
work of Allen15 in his later experiments.Although a detailed quan-
titative comparison is impossible because the � ow conditions and
gauge geometries are very different, this result indicates that much
of the physics involved in these conclusions hold for a wider range
of situations.

Fig. 13 Total strain output error given By Eq. (6) at � exure base for
variationsof misalignmentparameter z for external, turbulent � at-plate
conditions.

Because both F¤
X and M ¤

Z contribute to total error in output for a
single cantilever pivot arrangement, Fig. 13 shows the strain error
output for misalignment variation caused by those two terms to-
gether. Head protrusiondoes indeed seem to be worse than an equal
level of recession. Protrusion values Z C, of C20 for this geometry
and � ow conditions create an error in acquired measurement in ex-
cess of a factor of two. Although the recession case shows higher
magnitudes of M ¤

Z values, the excess lip force caused by the pres-
sure in the protrusion case clearly is the most damaging factor to
the measurement.

Although misalignment proved to be the most signi� cant param-
eter that was studied for these conditions, the size of the gap GC,
was also found to affect the measurement. Computational results
from this study show that there is indeed a measurable bene� t to
a smaller gap size. Figure 14 gives the F¤

X force results from the
gap parameter variation study. The gauge head had perfect align-
ment (ZC D 0) for these cases, and all other parameters except gap
remained the same as the baseline case. The baseline case in this
graph is comparedwith casesof a gaugehaving twice and quadruple
the original gap size. The shear stress term shown in this Fig. 14
remains consistently 1.0 for all cases. This indicates that even the
largest gap size does not alter the boundary layer in any signi� cant
way. This is encouraging, although the pressure term does increase
with increasing gap size. This occurs because the larger gap pro-
vides less shelter for the lip surface and creates a more pronounced
stagnation region on the front lip surface, as illustratedby Fig. 7. In
all cases, the M¤

Z moment was close to zero and is not shown.
The strain error in output for the cantilever beam is also given

in Fig. 14, which results from the change in the F¤
X pressure term

given by Fig. 14. This error seems to scale linearly, and passes close
to zero at a gap size of zero. A simple linear curve � t of these data
provides the relation

%"error D 0:182GC ¡ 2:28 (7)

This formula provides a useful estimate of the error incurred for a
gaugedesign in the range studied,33 < GC < 133.The interceptcan
be neglected with little error in the estimation for moderately sized
gaps. The error causedby the gap does not pass exactly throughzero
at a zero gap size (a solid wall with an immovable element). This
conclusionindicatesthatverysmall gapswill displaynonlinearerror
effects, and Eq. (7), therefore, should be used with caution outside
the rangeof gap sizes indicated.This error is not as signi� cant as the
factor of two seen for misalignment, but it can still cause an error
in output in excess of 20% for the range of gaps studied.

The statement made by Allen7 that a larger gap makes the skin-
friction gauge less sensitive to misalignment was also investigated
for this � ow condition. Figure 15 shows the resulting total strain
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a) Force component F¤
x in x direction

b) Output strain error and Eq. (7)

Fig. 14 Flexure base compared with approximation curve given by
Eq. (7) for variation in gap parameter G for external, turbulent � at-
plate � ow.

Fig. 15 Comparison of total strain output error at � exure base for
small-gap and large-gap con� guration as a function of misalignment
parameter Z for external, turbulent � at-plate conditions.

output error for two sets of cases, the original misalignmentdata al-
readypresented,anda set of misalignmentvariationswith quadruple
the baseline gap size (GC D 133 or G=Dhead D 6:67%). In this case,
two parameters were simultaneously varied from the baseline con-
� guration. The result of this analysis shows that, in a strict sense,
Allen’s statement is indeed true. If one compares the difference in
strain error between the Z C D 0 and C20 cases, one � nds that this
difference is approximately 100% for the single gap condition and
90% for the quadruple gap condition. However, the increased gap
sizecausesthetotaloutputerror to behigherthan thatfor thebaseline

gap case (GC D 33:2 or G=Dhead D 1:67%). Thus, although a larger
gap does seem to make the gauge less sensitive to changes caused
by protrusionmisalignmentwhen compared to the perfectlyaligned
case, there is no bene� t in doing so. In fact, the total outcome is
slightlyworse with the larger gap. The recession case showed about
the same change from perfect alignment to Z C D ¡20 recession for
each of the two gap con� gurationsstudied.The large GC D 133 gap
condition caused a cancellation of error terms for the Z C D ¡20
recession case, bringing the total output closer to the target of zero
strain error. However, this does not seem to be suf� cient evidence
to warrant making the gap larger.

On one � nal note, the lip thickness was also studied as a design
parameter. MacLean6 showed that this was an important parameter
in the study of the laminar channel � ow con� guration where there
is a strong imposed pressure gradient. In this case, however, where
there is no pressure gradient in the � ow, the lip thickness size made
no difference in the simulated measurement.

Turbulent Pressure Gradient Boundary-Layer Results
The effectsof imposedpressuregradientsare importantin theper-

formanceof a directmeasuringskin-frictiongauge.The � ow� elds in
the regionof thegap along the symmetryplane (upstreamand down-
stream) are given in Fig. 16 for the converging (favorable pressure
gradient) and diverging (adverse pressure gradient) channel cases.
In the baseline � at-plate case, there was no globally imposed pres-
sure gradient to drive the � ow, and so much of the � ow circulated
within the gap region. In both of the cases with imposed pressure
gradients, the � ow rate through the gap is more signi� cant, and the
� ow follows the direction of decreasing pressure in a much more
straightforwardmanner. In the case of the favorable pressure gradi-
ent, the � ow enters the upstream gap and exits at the downstream
gap. In the case of the adverse pressure gradient, the � ow pattern is

a) Favorable pressure gradient � ow� eld (dP/dx < 0)

b) Adverse pressure gradient � ow� eld (dP/dx > 0)

Fig. 16 Arbitrarily selected velocity vectors along gauge symmetry
plane for favorable and adverse pressure gradient channel cases illus-
trating � ow pro� le in gap regions.
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reversed, it enters the cavity at the downstream gap and exits out at
the upstream gap. Although some recirculation can be seen in both
cases as a result of the signi� cant presence of convection in these
two models, each case shows a de� nitive path and a higher � ow rate
through the gap than for the � at-plate baseline case.

In both of these cases featuringa perfectlyalignedhead and pres-
sure gradient � ow, the shear stress distribution over the exposed
head surface remains unaffected. This suggests that the boundary-
layer development is not disturbed by the presence of the gaps in
eithercase,despitethe changesin theboundary-layercharacteristics
caused by the pressure gradients in the � ow.

Figure 17 shows contours of pressure coef� cient over the three-
dimensionalhead surface for the favorablepressuregradient case as
seen from a generally upstream perspective. The pressure distribu-
tion over the top of the exposed head can be seen, with the pressure
highestnear the leading edge of the head and lowest near the trailing
edge. This contributes to the normal force term from Eq. (1), which
creates a positive moment in the z direction that contributes nega-
tively to error in the total output. In addition, a similar stagnation
region appears at the leading edge of the lip surface, similar to what
was seen in Fig. 6 for the � at-plate case. This effect is a feature
caused by the gap in the wall failing to fully shelter the � oating
head from the outer � ow. This causes a lip force term that adds in a
positive manner to the total error in gauge output.

Figure 18 shows similar three-dimensionalviews of the pressure
variableover the head surfacefor the adversepressuregradientcase.

Fig. 17 Pressure contours over three-dimensional gauge surface for
favorable pressure gradient (dP/dx < 0) channel case.

Fig. 18 Upstream and downstream views ofpressure contoursover three-dimensionalgaugesurface for adverse pressure gradient (dP/dx > 0) channel
case.

In this case, the pressure increases over the length of the gauge sur-
face, and pressure is highest at the trailing edge of the gauge. This
distribution creates a negative moment in the z direction, adding
to total error in gauge output. Looking at the lip surface from both
upstream and downstreamof the gauge, one sees that the stagnation
region forms on the upstream lip surface, just as it did for the fa-
vorable pressure gradient and the � at-plate cases. Also, a wakelike
region is seen on the trailing part of the lip surface. Thus, the pres-
sure is higher on the upstream part of the lip surface despite that the
pressure in the downstream part of the inviscid channel is higher.
The lip surface force, which might be assumed to act in the negative
x direction without detailed information, is shown to be a complex
effect that is not easily intuited.

Table 3 gives the results of the integrated forces over the gauge
surface for both the favorable and adverse pressure gradient cases,
with the � at-plate baseline cases results given for comparison. As
foretold by the stress � eld analyses, shear stress is well predicted in
all three cases, showing a total F¤

X force close to 1.0. For the favor-
able pressure gradient case, the F¤

X force from pressure is 0.062, a
positivecontributionas predicted.In thecase of the adversepressure
gradient, the lip force (F ¤

X from pressure) is close to zero, 0.008, as
a result of the complex effects on that surface. For the M¤

Z moment
term, the favorable pressure gradient case shows a positive moment
and the adverse pressure gradient case shows a similar magnitude
negative moment. Both result almost entirely from pressure, as pre-
dicted by the pressure � eld imagery.

Table 3 Dimensionless force results for favorable and adverse
pressure gradient conditions with � at-plate

baseline case results for comparison

Output Strain
source F¤

X M¤
Z error,%

Adverse pressure gradient (dP/dx >0)
Total 1.002 ¡0.559 17.0
Pressure 0.008 ¡0.557
Shear 0.994 ¡0.002

Flat plate (dP/dx = 0)
Total 1.037 0.006 4.0
Pressure 0.036 ¡0.010
Shear 1.001 0.004

Favorable pressure gradient (dP/dx < 0)
Total 1.090 0.501 ¡6.0
Pressure 0.062 0.493
Shear 1.028 0.008
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The result of the force summary for the cantileverpivot in Table 3
shows that the favorable pressure gradient case predicted an output
that is too low (negative) by 6.0%. The adverse pressure gradient
case predicts an output that is too high by 17.0%. These data show
that, counter to intuition, minimization of the lip thickness may
not be bene� cial for this con� guration and � ow condition. For the
favorable pressure gradient case, making the lip thickness smaller
couldreducethe effect of the lip forceon the totaloutput.This means
that the F ¤

X contributed by pressure would decrease, which would
make the output more negative and increase the total output error
magnitude. For the adverse pressure gradient case, the lip force is
already close to zero, and a further decrease would yield a minimal
change.The conclusionbasedon this information is that making the
lip thickness smaller would at best have no effect on the error levels
and could possible be harmful. Particularly in the adverse pressure
gradient case, however, the pressure pro� le over the lip surface is
complexand dif� cult to predict.More study is neededon this matter
to draw further conclusions.

Computational Validation and Veri� cation
The issues of computationalvalidation and veri� cation were ex-

amined in detail during this work.6 Validation, or “solving the right
equations,”17 is the issue of modeling errors in computationalanal-
ysis. This describes how well the mathematical model captures the
actual physical � ow problem of interest. Turbulence modeling is a
common modelingerror, and the standard·–" model was used here.
This choice was veri� ed by comparing the results obtained for the
baseline turbulent � at-plate case and the protrusion misalignment
case with results from three alternate turbulencemodels, suggested
by Girimaji,18 Yakhot et al.,19 and Shih et al.20 Results showed good
correlation within about 2.5% of the default standard ·–" model.

The second part of computational uncertainty is veri� cation, or
“solving the equations right.”17 Convergence is discussed � rst. One
measure of convergenceis to look at the iteration history of the rel-
evant parameters in question. Over the � nal 1000 iterations, it was
foundthat the F¤

X parameterchangedbyonly 0.00004%for the base-
line external � at-plate � ow case. For the favorablepressuregradient
case, F¤

X showed a 0.012% difference and M¤
Z a 0.130% difference

for the � nal 125 iterations. For the adverse pressure gradient case,
F¤

X showed a 0.040% difference and M ¤
Z a 0.260% difference for

the � nal 125 iterations. Another standard measure of convergence
is the value of the equationset at the approximatesolution, which is
referred to as a residual. Note that the residual values were found to
be low enough for all cases studied here that convergenceerror can
be neglected when compared to the ordered discretizationerror.6

Ordered discretization error, or grid convergence error, was the
major contributor to computational error for all cases studied here.
This is typical of most CFD applications.Richardson extrapolation
was implemented as a tool to assess grid dependency,coupled with
the grid convergence index (GCI).21 The GCI is derived from the
use of Richardsonextrapolationover successivelyre� ned grids.The
Richardsonextrapolationerror estimator (see Ref. 21) A1 can be de-
rived over two successivegrids. It is then possible to calculate GCI,
given as

GCI� ne D 3jA1j D 3

­­­­­
. f2 ¡ f1/= f1¡

r p
12 ¡ 1

¢

­­­­­ (8)

Here, f is any given degree of freedom, grid 1 is the � ner grid,
grid 2 is the coarser grid, r12 is the ratio of grid 2 element size to
grid 1 element size (r12 > 1), and p is the order of convergence. It
is possible to use this techniqueon any derived global quantity like
lift coef� cient or drag coef� cient,21 and it is used here for F¤

X and
M¤

Z . The GCI is a very conservativeestimate. Roache22 emphasizes
“that the GCIs are not error estimatorsbut are [three] times the error
estimators, representing error bands in a loose statistical sense.”

Because three-dimensional turbulent boundary-layermodels are
computationallyintensive,thegriddependencyissuewas studiedfor
all of thesecasesbasedon identicaltwo-dimensionalrepresentations
of the case. It is presumed that the two-dimensional representation

Table 4 Richardson extrapolation error estimators and GCI
values for two-dimensional representative simulations of

three-dimensional embedded region cases, F¤
X

%A1

Case Shear Pressure Total %GCItotal

Baseline � at plate ¡1.7 ¡61.8 ¡3.7 11.1
Flat plate ZC D C20 4.0 ¡54.4 ¡20.8 62.4
Flat plate ZC D C10 3.7 ¡55.8 ¡8.5 25.5
Flat plate ZC D ¡10 ¡8.7 30.3 ¡18.0 54.0
Flat plate ZC D ¡20 ¡2.2 ¡35.9 30.3 90.9
Flat plate GC D C66 4.7 ¡80.5 ¡0.3 0.9
Flat plate GC D C133 3.9 ¡15.3 0.1 0.3
Pressure gradient ¯ D ¡0:5 ¡0.8 ¡30.5 ¡2.7 8.2
Pressure gradient ¯ D C3 ¡2.9 198.9 ¡5.3 16.0

Table 5 Richardson extrapolation error estimators and GCI
values for two-dimensional representative simulations of

three-dimensional embedded region cases, M¤
Z

%A1

Case Shear Pressure Total %GCItotal

Baseline � at plate ¡85.2 ¡101.1 ¡102.0 306
Flat plate ZC D C20 ¡179.6 ¡40.9 ¡37.5 112
Flat plate ZC D C10 ¡147.6 ¡119.8 ¡117.6 352
Flat plate ZC D ¡10 32.8 44.0 43.8 131
Flat plate ZC D ¡20 ¡52.4 ¡5.7 ¡6.4 19.2
Flat plate GC D C66 ¡175.6 ¡101.5 ¡98.6 295
Flat plate GC D C133 ¡84.6 ¡19.3 ¡16.8 50.4
Pressure gradient ¯ D ¡0:5 ¡61.6 8.2 7.5 22.4
Pressure gradient ¯ D C3 98.9 ¡9.7 ¡5.3 28.1

will be a worst case scenario.In two dimensions,the � oating head is
an in� nite obstacle, and � ow can pass only over or under (through
the cavity of) this obstacle. In three dimensions, � ow can move
around the sides of the head in a less disruptive manner.

Tables4 and 5 give the grid convergenceinformationfor all cases
studiedhere.At � rst glance, there is a wide range of error estimation
results for the different categories. In most cases, the highest values
predicted for A1 and GCI correspondto values where that particular
contribution is close to zero or of inconsequential in� uence on the
total. For example, the shear stress in every case contributesalmost
nothingto the M ¤

Z moment. Althoughthe A1 estimatorsfor this term
are all high, the total outcome is not strongly affected. The same is
true with the pressure contribution to M¤

Z for the cases where the
gap was varied with perfect alignmentunder the turbulent, � at-plate
conditions.The total M ¤

Z is small and does not affect the total output
error signi� cantly, despite the A1 and GCI values.

Only in the misalignment cases does the A1 estimator seem to be
both large and important. Fortunately, these cases, where the grid
dependencyerror is highest,are also the caseswhere the solutionpa-
rameters show the most differencebetween the cases. For example,
the grid dependencyestimation error is predicted to be much higher
for the Z C protrusion case of 19.9 than in the baseline � at-plate
case. The total output strain error of 105% for this case, however, is
large enough that the result is still signi� cant despite the increased
grid sensitivity for this case.

Finally, the boundary dependence was studied for the baseline
case.Roache22 showedthattheboundaryplacementfor someclasses
of problems can be shown to be � rst order with the distance to the
boundary from the region of interest. This result is assumed to hold
here as a � rst-order boundary dependence error means by which
doubling the distance to the boundary makes the percent difference
between the two solutions equal to the A1 estimator. Doubling the
downstream boundary distance produced no change in the solution
parametersof interest.This is consistentwith the physicalparabolic
nature of the boundary layer. Doubling the distance to the upstream
boundary produced percent differencesor A1 estimators of 0.012%
for F¤

X and 1.75% for M ¤
Z for the baseline case. Although these

values are measurable, they are more than one order of magnitude
less signi� cant than the errors found for the grid dependency error.
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As with the convergence error, the conclusion is that this source
of error can be neglected when compared to the total error. The
conclusionfrom theextensivecomputationalerror study,given fully
by MacLean,6 is that the grid dependency (ordered discretization)
error is dominant over all other sources combined by one order of
magnitude or more.

Conclusions
Results of skin-friction gauge performance have been presented

here for some simple, representative � ow conditions. The perfor-
mance has been assessed for some generic gauge parameterspicked
to be typical of current trends in direct skin-friction measurement
design. By the use of a Navier–Stokes CFD code, this geometry
was input in dimensionless form, and a corresponding dimension-
less output was obtained. Although the studies presented here have
been for one particular design type, all results have been given in
dimensionless form here and all geometric variables given in wall
coordinateunits to improve the applicabilityto a wider range of � ow
conditions and gauge designs. Flow conditions that deviate signi� -
cantly from these dimensionless conditions can use this study as a
template for a study speci� cally tuned to the conditions in question.

With this approach, parameters were varied one or two at a time,
and these effects were assessed. For an incompressible, turbulent
boundary-layer � ow over a � at plate at a Reynolds number based
on plate length of 1.7 £ 106, misalignment proved to be the most
signi� cant factor in performance.Resultsof this typicalskin-friction
gauge in its baseline con� guration showed that the actual output
from the device was within a few percent of the target (desired)
output. With a misaligned gauge head, however, the actual output
varied by more than a factor of 2.0 from the target output. For these
conditions, protrusion exhibited generally higher output error than
recession, although both conditions were shown to be damaging to
the performance of the gauge.

The gap size also had an in� uence on the device, with a larger
gap clearly creating a larger error in output. This resulted from
the increasing exposure of the gauge lip surface to the outer � ow,
creating a stagnation region on the front of the lip that grew in
magnitude with gap size. The size of the lip surface itself proved to
be unimportant in this case with a � at-plate that imposes no global
pressure gradient in the gauge region.

When the combined effects of gap variation and misalignment
were examined, it was shown that gap size does indeed in� uence
the gauge’s response to misalignment. Although this conclusion
is strictly consistent with earlier experimentation of skin-friction
gauges, the results given here show that minimizing the gap size
is still generally the most optimum con� guration. The change in
misalignment performance with a larger gap is not of suf� cient
bene� t to warrant increasing the gap size intentionally.

Finally, the in� uence of favorable and adverse pressure gradients
were investigated, illustrating that the dimensionless con� guration
studiedshowedacceptableperformancein the presenceof bothpres-
sure gradientconditions.The adversepressuregradientcase showed
the largest error levels at 17%. The analysis also indicated that min-
imizing the lip thickness of the gauge head is not necessarily the
optimum condition for all pressure gradient � ows, as might be the
intuitive conclusion. More study of this lip effect is needed to ad-
dress this question fully.

As a general capability,CFD is a useful design and performance
tool for skin-frictiongauges. The use of CFD has enhanced the un-
derstandingof thephysicsinvolvedin the intricate� ows that interact
with these devices, allowing for better design decisions and better
experimental uncertainty analysis for these types of devices. This
understanding ultimately leads to a better quality of experimental
skin-frictionmeasurement.
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