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Abstract

This study details experiments conducted using image-based
measurement techniques to visualise and analyse the development of a zero-pressure-gradient turbulent boundary layer from
the trip to a high Reynolds number state (Reτ ≈ 6000). The spatially developing boundary layer is formed on a flat plate towed
through a water tank at speeds of up to 1 m/s. Time-resolved
images of the boundary layer demonstrate the streamwise evolution of large-scale structures that originate from the inner region and extend to the edge of the outer region. Also, instantaneous scalar concentration fields from planar laser induced
fluorescence(LIF) in streamwise-wall-normal planes reveal the
growth of the developing turbulent boundary layer by tracking
the wall-normal interface of the scalar.
Introduction

Flow visualisation is an important tool in fluid mechanics that
has been used in numerous studies of boundary layer structures
in wall-turbulence [5, 9, 10]. These have mostly provided qualitative visual access to the outer edge of the boundary layer,
permitting a better understanding of large scale motions in the
outer layer. Head & Bandyopadhyay [9] visually demonstrated
that the turbulent boundary layer consists of large-scale hairpin structures which are inclined with a characteristic inclination angle of 45◦ ∼ 50◦ to the surface. More recently, studies
have suggested that individual large scale vortices tend to form
into groups and align in the streamwise direction. It has also
been shown that smaller packets, which initially originated from
the inner region move outward to the outer region [2, 6]. This
result is consistent with the study of Head & Bandyopadhyay
[9]. Throughout the studies, results have revealed that the coherent large-scale structures have a significant contribution to
Reynolds shear stress and to the turbulence production within
the turbulent boundary layer [1].
In the past, towing tank facilities have been utilise to investigate
flow structures around a testing model. Mohamed et al. [12]
showed turbulent spots evolving in a laminar boundary layer
formed on a towed flat plate. They used a flow visualisation
technique to investigate the growth and entrainment of turbulent spots while Gui et al. [8] used a moving PIV system to
investigate the nominal-wake plane of a model-scale ship by
measuring the mean velocity and Reynolds stresses. Colella et
al. [3] used an array of eight wall shear stress sensors to measure velocity and wall shear stress fluctuations in a turbulent
boundary layer developed over a towed flat plate.
In the present study, a 5.0 m long nominally flat plate towed
through water and past a stationary imaging system has been
used to measure the developing turbulent boundary layer
formed on the plate. The aim of the study is to provide visual access to a developing turbulent boundary layer from the
trip to a high Reynolds number state through the unique frameof-reference. Flow visualisation results reveal the growth rate
of the developing boundary layer and provide some insight into
the boundary layer interface.

Figure 1: Image of flat plate attached on the carriage
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Figure 2: Schematic diagram of trip and dye injector
Facility And Methods

The experiment is performed in a towing tank facility located
in the Michell hydrodynamics laboratory at the University of
Melbourne. The towing tank has dimensions of 60.0 m ×1.8 m
×2.0 m (length × width × height). Underwater optical access
is available through a viewing window measuring 1.5 m wide ×
1.0 m long located at 25.0 m from the upstream end of the tank.
The horizontally mounted flat plate used in the present study
is shown in figure 1. The plate is 5.0 m long and 1.2 m wide.
The leading edge of the plate has an 8:1 ratio ellipse shape.
The boundary layer formed on the bottom surface of the plate
is tripped using a 1 mm diameter trip wire. The trip wire diameter is chosen based on the critical transitional wire Reynolds
number [7]. Gibbings [7] have suggested that the critical transitional wire Reynolds number, Red = dU∞ /ν ≈ 800 (where U∞
is plate velocity, d is trip wire diameter and ν is kinematic viscosity), for incompressible flow over a flat surface with a low
free-stream turbulence. Table 1 shows Red at different plate velocities for the wire diameter of 1 mm, which are all above the
critical transitional wire Reynolds number.
The trip wire is attached slightly downstream of the leading
edge to stimulate the boundary layer from the beginning of the
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Figure 3: high speed image acquisition setup in the towing tank.
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Table 1: Trip wire Reynolds number at different plate velocities
for wire diameter of 1 mm

1.0
2.0
3.0

2.27×106
4.54×106
6.81×106

2.36×103
3.23×103
4.10×103

6.41×10−2
4.48×10−2
3.70×10−2

flat plate. The boundary layer is visualised using fluorescein
which is injected through a spanwise oriented slot located immediately downstream of the trip. This enables a qualitative
visualisation of the boundary layer development from the trip
to the trailing edge of the plate. Figure 2 shows a schematic
diagram of the trip and dye chamber. The smoothness of the
flat plate surface was verified by a laser surface scanner. Four
sample locations along the centre line of the plate have been examined and the sampling resolutions are ∆x = 30 µm and ∆y =
2.5 µm. Throughout this paper, x, y and z denote the streamwise, spanwise and wall-normal directions, respectively. The
root mean square roughness height (Rq ) along the centreline of
the plate is approximately 9.1 ± 0.3 µm. Estimations of experimental parameters based on the plate design at three different
plate velocities are shown in table 2. Here Reτ = δUτ /ν is the
Kármán number where δ is boundary layer thickness and Uτ is
wall-shear velocity. Rex = xU∞ /ν, is a Reynolds number based
on the free stream velocity where x is streamwise plate location
relative to the trip.

Plate
position (m)

Table 2: Estimations of experimental parameters for different
locations on 5.0 m long flat plate at different plate velocities

This facility has a computer controlled traversing carriage that
can tow models at speeds of up to 3.0 m/s. The carriage is fully
automated so that virtually unlimited passes can be conducted to
obtain converged statistics of the developing turbulent boundary
layer. Preliminary image-based experiments reveal that 10 ∼ 12
minutes are required between measurements to allow the water
to settle from the previous run. Assuming approximately 1000
image pairs are required to obtain converged statistics in this
developing boundary layer, the total measurement time equates
to approximately 150 hours. Therefore, converged statistics are
only possible with a fully automated system. In order to automate the carriage, knowing the precise location and velocity of
the carriage is essential. Therefore, an encoder is integrated
on the carriage, which measures the local velocity and relative position of the carriage to the tank during the experiments.
A micro-epsilon optoNCDT ILR-1182 laser range finder (error
range of ± 2mm over 150 m) is installed at the downstream end
of the tank and targeted on the carriage to provide an absolute

For the present experiments, a developing boundary layer
is marked with fluorescein (disodium fluorescein) that has a
Schmidt number Sc = ν/D ≈ 2000, where D is the mass diffusivity. A high Schmidt number implies that the molecular diffusion rate of the fluorescein is small compared to the viscous
diffusion rate of the boundary layer. In the experiments reported
here, the developing boundary layer is illuminated using a continuous 4 W argon-ion laser. The laser beam is fanned out into
a sheet with a thickness of approximately 4 mm by the use of a
series of optical lenses. An 8-bit IDT Y-series high speed camera with a resolution of 1280 × 1024 pixels and a frame rate up
to 1000 Hz is mounted with a Nikon Micro-Nikkor 50 mm lens
and is used for image acquisition. All images of the x - z plane
are acquired at a rate of 90 Hz with the lens set at an f-stop 5.6.
This corresponds to a field of view measuring 220 mm × 180
mm. The schematic drawing of the tow tank experimental setup
is shown in figure 3.

x = 5.0

U∞ (m/s)

Rex

Reτ

δ (m)

1.0
2.0
3.0

4.54×106
9.09×106
1.36×107

3.23×103
4.94×103
6.70×103

8.96×10−2
6.92×10−2
6.18×10−2

position of the carriage as well as an independent measure of
carriage velocity. The static image acquisition system including
a laser and optics is located in front of the viewing windows
to acquire a set of time-sequenced images as the plate is towed
past. The system is analogous to moving an entire image acquisition system downstream at the free stream velocity in a wind
tunnel or a water channel to investigate flow evolution [11].
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Figure 4: Sequence of frames showing developing boundary
layer structures

Figure 5: Sequence of frames showing developing boundary
layer in time from t = 1.8 to 2.6 s. Red circles highlight a developing flow structure

Results and Discussion

Sequences of instantaneous images of a spatially developing
boundary layer are shown in figures 4 and 5. In figure 4, the
flat plate is shown at four instances in time as it is towed past
the stationary measurement station with a streamwise velocity U∞ ≈ 0.89 m/s. Figure 4(a) shows a low Reynolds number boundary layer with δ ≈ 10 mm at a Reynolds number
Rex ≈ 1.8 × 105 at the right hand end of the figure. This image is acquired approximately 0.2s after the trip had initially
entered the field of view. This instance depicts a plate location x up to ∼ 0.2 m. As the plate travels downstream, the
turbulent boundary layer evolves and the Reynolds number increases. Figure 4(b) shows the boundary layer at x ≈ 1.1 m with
Rex ≈ 9.9 × 105 . Figure 4(c) and (d) demonstrate successive
higher Reynolds number turbulent boundary layers at x ≈ 2.1
m and x ≈ 3.1 m with Rex ≈ 1.89 × 106 and Rex ≈ 2.79 × 106 ,
respectively. The full sequence of images for this developing
boundary layer are time-resolved and reveal that vortical events
originating near the wall grow and stretch toward the edge of the
boundary layer as Reynolds number increases. This observation
is consistent with that reported in Head & Bandyopadhyay [9]
and Adrian et al. [2].
The sequence of images in figure 5 shows the developing
boundary layer in time from t = 1.8 to 2.6 s (where t = 0 corresponds to the time that the trip had initially entered the imaging

plane). This corresponds to locations on the plate x ≈ 0.8 m to
x ≈ 1.4 m. From the top of this sequence, one can track a large
scale interfacial bulge, as it evolves and moves away from the
wall with increasing Rex (x). This large scale event is observed
to remain coherent for over 800 ms corresponding to approximately 220ν/uτ 2 , during which time the plate travels 0.6 m
(∼ 10δ) downstream. Qualitatively, these images of the boundary layer structure shown in figures 4 and 5 show similar characteristics to those of Falco [5] and Head & Bandyopadhyay
[9].
Figure 6 shows the interface of the developing turbulent boundary layer shown in figure 4(d). The edge of the boundary layer
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Figure 6: Interface of the developing boundary layer shown in
4(d)
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stretched, and move outward to the edge of the boundary layer
as Reynolds number increases. Also, an evolving large-scale
vortical structure is observed, which remains coherent for over
approximately 220ν/uτ 2 or 10δ. Tracking the mean interface
height shows that the growth of the developing turbulent boundary layer follows a 0.63 power-law.
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Figure 7: Growth of mean interface height (Zi ) for developing
turbulent boundary layer. (- -) show power-law approximation
curve fitting and (◦) show experimental results
is detected based on an applied threshold of light intensity. The
threshold for each individual image is selected according to the
methods described by Prasad & Sreenivasan [13]. With the selected threshold of light intensity for individual images, the images are converted into binary images such that pixels with a
light intensity higher than the threshold are assigned a value ‘1’
and the rest of the pixels are assigned to ‘0’. From these binary
images, the edge of the boundary layer can be detected. The
technique is similar to the interface detection method presented
by Westerweel et al. [14]. The wall-normal position of the averaged interface in an image approximately indicates a mean
interface height, Zi of the turbulent boundary layer at a certain
Reynolds number. Tracking dynamically changing mean interface height of the developing boundary layer from the trip to
the high Reynolds number region provides an estimate of the
boundary layer growth with increasing Reynolds number.
A comparison of the mean interface height as a function of Rex
from the experiment with a power-law curve for 9 × 104 .
Rex . 450 × 104 is shown in figure 7. By least squares error
curve fitting to the interface height data, we obtain the following
expression,
Zi = f



ν
U∞



Re0.63
x .

(1)

The exponent obtained from the curve-fitting is 0.63 and this
exponent is identical with an exponent value reported in Corrsin
& Kistler [4]. The growth of the boundary layer interface height
in the developing turbulent boundary layer and power-law curve
fitting agree well in the region 1 m . x . 4.8 m. However, a
slight deviation is observed from the trip to the plate position
x ≈ 0.8m, which is due to the immediate turbulent response to
the trip.
Conclusions

Flow visualisation is utilised to show the evolution of a turbulent boundary layer for Reynolds numbers 9 × 104 . Rex .
450 × 104 . The developing boundary layer is formed on a nominally zero-pressure-gradient flat plate which is towed through
water, past a stationary imaging system. Fluorescein is used as
a passive scalar to find the interface of the developing boundary layer. Images of the developing boundary layer show that
vortices originating near the wall at low Reynolds number are
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