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Abstract

A unique drag balance facility is described here for the study of
skin-friction in high Reynolds number wall turbulence. The fa-
cility was tested in the High Reynolds Number Boundary Layer
Wind Tunnel (HRNBLWT) at the University of Melbourne, giv-
ing direct measurements of skin-friction over a large surface.
The approach utilizes a drag balance, however, here the imple-
mentation is unique in two aspects, the design and the Reynolds
number at which the experiments were conducted. The drag
balance consists of a large floating flat plate whose displace-
ment is translated into a force measurement by a load cell. Mea-
surements of skin-friction coefficient cf at different Reynolds
numbers were obtained, and are compared with those obtained
using a Clauser-chart method. Comparisons are also made with
various empirical relations for cf available in literature. Both
comparisons showed a very good collapse, which establishes
the utility of the facility in determining wall shear stress.

Introduction

Wall-shear stress, or skin-friction, is the local tangential force
per unit area exerted on a body as a result of fluid flow over
it. The shear stress is manifested through the boundary layer
which exists as a consequence of the no-slip condition at the
wall and is the region of high shear between the wall and the
outer free-stream flow. The practical importance of wall tur-
bulence has made it an active area of research for the past 100
years as to a great extent, the behaviour of turbulent bound-
ary layer determines the performance of many aerodynamic
surfaces (e.g., wings, propellers and fans). Of fundamental
importance to this problem is the need to understand the be-
haviour of the wall-shear stress, denoted by τw. The accurate

Figure 1: Schematic of wind tunnel (HRNBLWT) used in the
experiment

measurement of τw has long been a challenge. It has classi-
cally been derived by integrating the momentum equation along
with the appropriate mean velocity profile across the boundary
layer. Most indirect techniques, that have been used so far suf-
fer from limitation in their applicability. The most prominent
method used is the Clauser-chart [1], wherein, cf is obtained
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Figure 2: Comparison of cf obtained using Kármán-Schoenherr
fit and linear fit, in Reθ range obtained over the length of drag
plate at the free stream velocity of U∞ = 20 m/s

by fitting the logarithmic velocity profile to the measured mean
velocity [4]. It inherently assumes the existence of a univer-
sal law of the wall i.e. logarithmic profile for the mean veloc-
ity but the indication from other indirect measurements of uτ,
was that the constants that describe the logarithmic profile dif-
fered from their accepted values [7]. The next commonly used
method involves using the Kármán integral momentum equa-
tion [6] by calculating the development of momentum thickness
downstream based on the relation cf ≃ dθ/dx. This needs very
detailed stream-wise development measurements and differenti-
ation of experimental data which is prone to errors. In addition,
this method is sensitive to weak pressure gradients and residual
three-dimensionality that exist in nominally two-dimensional,
zero-pressure gradient test sections, and potentially lead to in-
accurate results [12]. The third method of obtaining cf is to find
the mean velocity gradient close to the wall, τ = µ(dU/dy)y→0
[4]. This method suffers from the difficulty in making mea-
surements very close to the wall, with conduction and blockage
issues for hot-wires and correction schemes required for Pitot
tubes.

On the other hand, wall shear stress can also be determined in-
dependent of the velocity profile. A floating element and an oil-
film interferometry technique are the primary means of achiev-
ing this [13]. Recent advances enable us to obtain more accurate
results using these methods [11]. These include extensive ex-
perimental analysis on floating element devices by Osaka et. al.
[9] to measure local skin-friction resistance in a zero-pressure
gradient boundary layer and the work by Nagib et. al. [6] and
Osterlund et. al. [10] in improving the oil film technique.

Many previous studies with a floating-plate drag balance as re-
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Figure 3: Three dimensional CAD model of drag balance, with all the individual components.

ported by Savill et al. [12] rely on local skin-friction cf mea-
surements. The problem with these measurements is that they
do not account for the parasitic drag or any other additional
form drag associated with the design. One of the problems
most small wind tunnel facilities face is the small viscous length
scale ν/Uτ at high Reynolds number measurements. This prob-
lem is reduced in the present large-scale facility (HRNBLWT),
a schematic of which is shown in figure 1. This facility is es-
pecially designed for the experimental study of high Reynolds
number boundary layers with sufficient thickness to provide
good spatial resolution. The working section of the HRN-
BLWT has a cross section of 2m width and 1m height, and is
27m in length. The long working section allows the boundary
layer to grow over a long distance, thereby producing a high
Reynolds number, with a thick boundary layer. The boundary
layer near the working section of the drag balance is approx-
imately 350mm thick and is 20m downstream from the trip,
this provides a very good spatial resolution for measurements
[8]. Most small facilities also face additional limitations due
to alignment, gaps and leaks. To obtain large values of ν/Uτ
in these, the tunnel has to be operated at low speeds giving a
very low Uτ signal and thus are faced with small signals that are
comparable in magnitude to noise. Due to large surface area of
the drag balance facility, the average shear stress signal, which
otherwise, a small signal typically ∼ 0.05Pa [2], is amplified to
a signal which has a bigger signal to noise ratio, thereby simpli-
fying the analysis of drag force.

The original motivation of this facility was mainly to carry out
drag reduction studies and measure the change in τw, i.e. ∆τw.
It was designed to contain within itself all measuring instru-
ments, the control circuitry to conduct real-time drag minimisa-
tion strategies and an on-board power source. However, due to
its design we can also use the same facility to measure τw over
a large surface. This is justified by the fact that the variation
of skin-friction coefficient cf over the length of the drag plate
is approximately linear over the working section, and hence the
average signal of cf can be measured and compared to those ob-
tained at the centre position of the drag plate. This is confirmed
in figure 2 where the average cf has been calculated using the
Kármán-Schoenherr relation [6] and is compared to a linear ap-

proximation across the drag plate. The corresponding stream-
wise positions were then obtained for both equations. With a
linear fit, the x position is obtained as 21.000m while using the
Kármán-Schoenherr equation, it is found to be 20.973m, which
corresponds to a negligible difference in cf. This allows us to
compare the experimental data with measurements conducted at
21m by Hutchins et. al.[3]. Details of the drag balance design,
components and measurements at HRNBLWT are presented in
the remainder of this paper.

Drag Balance

The drag balance is a large flat plate of dimensions 3m×1m,
mounted between streamwise positions 19.5m and 22.5m of the
tunnel floor. The outer section of the drag plate is made of
aluminum and the support structure is made from steel. The
facility has an interchangeable central section, of either glass
(providing optical access) or an aluminum plate to accommo-
date various experiments. The plate freely floats with the aid
of four air bearings, a labyrinth seal and the span-wise locking
system. Figure 3 shows a three dimensional CAD model of the
entire assembly highlighting key components. The air bearing
mechanism is pneumatically driven at a pressure of 80 psi. This
creates a very thin layer of air [O(µm)] between the glass pads
and the supporting surface of the drag plate that is mounted to
the floor of the tunnel. This mechanism supports the weight
of the plate and also makes it virtually frictionless, however,
to ensure the mechanism works effectively, the drag plate was
adjusted to remain horizontal with reference to highly sensitive
spirit levels. This ensures that the weight of the drag plate itself
does not contribute to the force measurement. The circumfer-
ence of the drag plate consists of a gap which separates it from
the rest of the floor of the tunnel. It is essential for the drag bal-
ance to perform accurately that no air escapes from this gap and
there is no sudden step change in the tunnel floor as it would
cause a pressure drop, typically any unevenness needs to within
3ν/Uτ. However, due to the large size of the drag plate and a
boundary layer thickness of approximately 350mm this facility
is less susceptible to these drawbacks with previous drag bal-
ance designs. Additionally to be certain that no air can escape a
labyrinth seal which is shown in figure 3 is present around the
circumference of the drag plate, while still ensuring no contact
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Figure 4: Typical unfiltered force signal from the transducer
over a period of 60 seconds for U∞ ≃ 20 m/s

between the drag plate and the tunnel floor. The third compo-
nent of the assembly is the span-wise locking system, which is
also pneumatically driven providing a thin layer of air between
the circular pads and the vertical rectangular slab shown in fig-
ure 3. This prevents the plate from moving in the span-wise
direction while still facilitating stream-wise displacement. The
fourth component is a high resolution load cell that measures
very small forces [O(20 mN)], it is mounted to one end of the
drag balance as shown in figure 3.
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Figure 5: Comparison of Uτ with U∞ from the drag-balance
with Clauser chart results of Hutchins et. al. [3]

Results and Discussion

The experiments were carried out at zero-pressure gradient
(ZPG) in the HRNBLWT, located in the Walter Basset Aero-
dynamics Laboratory at the University of Melbourne. The free
stream velocity U∞, determined by a Pitot-static tube, was var-
ied from 10m/s to 20m/s, yielding a Reynolds number range
of Rex = 1.4− 2.8× 107. The experiment had two objectives:
firstly to determine how the drag balance would function in the
tunnel, and secondly to investigate and compare the average
wall shear stress with prior results obtained by Hutchins et. al.
[3] for similar Reynolds numbers in the HRNBLWT and other
empirical equations given in the literature [6].

Data was collected at each speed in two steps: initial pre-load
on the force transducer with no-flow conditions, followed by
force measurement with flow over the plate. Figure 4 shows a
typical unfiltered signal from the force transducer during a sam-
pling time of 60 seconds. In each of the stages, measurements
were taken for a duration of over 180 sec and the mean was
calculated. The drag force on the plate was obtained as the dif-
ference of the two values from which τw can be calculated. τw
can be used to determine cf and Uτ using equations (1) and (2)
respectively.

cf =
τw

1
2 ρU2

∞
(1)

Uτ =

√
τw

ρ
(2)

To establish the reliability of the measurements from the drag
balance facility, experiments were conducted several times and
the averaged data with error limits, is compared with those as
reported by Hutchins et. al. [3]. Results are shown in figure 5
and table 1, it can be seen that the experimental results closely
match with previous findings with a maximum percentage dif-
ference of approximately 0.95%. Hutchins et al. obtained Uτ
using Clauser chart method where logarithmic law constants of
κ = 0.41 and A = 5.0 were used. The skin-friction coefficient
cf, obtained from the drag measurements data is also plotted
against Reθ in figure 6. These are compared with the empirical
relations for cf mentioned in Nagib et. al. [6]. Reynolds num-
ber is calculated using equation (3), where x is the stream-wise
distance from the trip to the centre of the drag plate. Reθ is ob-
tained from Rex by the relationship given in equation (4), from
Nagib et. al. [6].

Rex =
U∞x

ν
(3)

Reθ = 0.01277Re0.8659
x (4)

Conclusion

A new drag plate was tested that has the capability to measure
relatively high mean values of wall-shear stress fluctuations in
a turbulent boundary layer in the HRNBLWT at the University
of Melbourne. The system achieved the desired force measure-
ments at various speeds and was able to continuously measure
the mean wall shear stress over a sampling period of five min-
utes without any drift in the measurements. The results were
found to be in concurrence to the previous laboratory results
conducted by Hutchins et. al. [3] at HRNBLWT. This suggests
that the drag balance can be used with great reliability to ob-
tain direct measurements of wall shear-stress. It also provides a
greater scope for conducting various other skin-friction reduc-
tion studies on this facility.
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White
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