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Abstract: The thermal imaging technique relies on the usage of infrared signal to detect the temperature field. Using temperature as
a flow tracer, thermography is used to investigate the scalar transport in the shallow-water wake generated by an emergent circular
cylinder. Thermal imaging is demonstrated to be a good quantitative flow visualization technique for studying turbulent mixing
phenomena in shallow waters. A key advantage of the thermal imaging method over other scalar measurement techniques, such as
the Laser Induced Fluorescence (LIF) and Planar Concentration Analysis (PCA) methods, is that it involves a very simple
experimental setup. The dispersion characteristics captured with this technique are found to be similar to past studies with traditional

measurement techniques.
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Introduction

Shallow flows, i.e., flows with horizontal dimen-
sions much larger than their vertical dimensions, are
ubiquitous in the environment. The flow in wide river
channels, lakes, estuaries, coastal zones, surface-water
runoff or stratified atmosphere can all be classified as
shallow one!'. Topographical forcing in the form of
islands, vegetations, bridge piers or wide working
platforms can lead to the formation of a wake enve-
lope of von Karman vortices. While the limited flow
depth restricts the development and movement of
these vortices in the vertical direction, lateral instabi-
lities are free to propagate in the horizontal plane and
acquire quasi two-dimensional (2-D) features. These
large flow structures play an important role in the
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exchange of momentum, mass and heat in the flow.

The study of turbulent mixing phenomena in sha-
llow waters is relevant to many environmental engi-
neering applications. When chemicals are introduced
into water, depending on the situations, there exists a
need to either enhance or suppress the mixing. A
better understanding of the scalar transport process in
shallow waters is needed to minimize the detrimental
effects of an oil or chemical effluent spill on the aqua-
tic ecosystem. There have been many studies dedica-
ted to investigating the turbulent mixing processes in
the shallow wakes of bluff bodies!®. These studies
all used certain tracer materials to mark the scalar qua-
ntity. Since temperature is a scalar quantity subject to
ambient fluid convection, the development of the tem-
perature field should also exhibit characteristics simi-
lar to those of the development of the material con-
centration field.

Significant strides made in video imaging tech-
nology have witnessed the development of various
non-intrusive quantitative flow visualization techni-
ques such as the Particle Image Velocimetry (PIV),
Planar Concentration Analysis (PCA) and Laser Indu-
ced Fluorescence (LIF) methods. Of these, LIF and
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PCA have been used to obtain the scalar field by mea-
suring the concentration of a tracer substance. For the
LIF technique, laser is used to excite dissolved dye
tracer, which emits fluorescent light at a different fre-
quency and wavelength to the source laser beam with
the intensity related to the concentration of the
tracer”). The PCA technique relies on the variation of
the solute color with the dye concentration to quantify
the scalar transport processm]. In studies of shallow
flows, the PCA technique is often used to measure the
concentration field from above the free surface, yie-
Iding effectively depth-integrated values. The varia-
tion of concentrations over the depth is assumed to be
negligible relative to the changes along the horizontal
directions.

In this study, the feasibility of using thermal ima-
ging to investigate the scalar transport process in sha-
llow wakes is explored. Although thermal imaging in
itself is not a novel technology, its usage in quantita-
tive measurement in fluid mechanics has been rare.
Past studies on heat transfer in the wake of a bluff
body have utilized hot-wire anemometry™ and plati-
num wire resistance thermometers'”’, where tempera-
ture fluctuations at discrete points were measured in
air flows. The fragility of the thin probes renders them
unsuitable for use in a much denser medium such as
water. In water flows, the extent of flow intrusion
increases with the utilization of thicker hot-film pro-
bes instead"'’’. By contrast, thermal imaging captures
the instantaneous two-dimensional temperature field
without any intrusion.

In this experiment, the temperature difference is
created by injecting warm water into the ambient fluid
at room temperature directly behind a cylinder. The
entrainment of warm water in the von Kérman vortex
street is then be distinguished by deploying an infra-
red camera. A key attraction of the thermal imaging
method over other scalar measurement techniques,
such as the LIF and PCA methods, is that it involves a
much simpler setup. Moreover, since the tracer for the
thermal imaging technique is fluid-based, the issue of
particle agglomeration, often associated with some of
the other quantitative flow visualization techniques, is
avoided.

1. Thermal imaging technique

A Mobir M4 infrared camera, which has a video
capture rate of 25 Hz and a resolution of 19 200 pixels
(160x120 pixels), is used for quantitative flow visuali-
zation in the present study. The temperature of an
object, T, is calculated using the Stefan-Boltzmann
law for blackbody radiation

1, = AeoT* D

where [, is the power radiated by an object of area

A, ¢ is the emissivity of the object and o is the
Stefan-Boltzmann constant.

From a practical grey body, the signal detected
by the camera is a combination of the energy emitted
by the object itself, energy reflected from surrounding
bodies, the buffer of the intermediate air separating
the camera and the objects, and the contribution from
the camera’s inner optics'''. However, the camera is
designed to automatically compensate for the effects
attributed to optical transmission, and the equation for
the measured radiation intensity, I, can be expre-

meas

ssed as follows

Imeas :IabjT€+T(1_g)Isurr +(1_T)Ialm (2)
where [, , I, and 7 are power reflected from

surrounding objects, atmospheric radiation and the
atmospheric transmission coefficient respectively,
I, and [, areestimated by the camera. Then, the
input of values for 7 and & enables the camera to
correct for radiation not attributed solely to the target
object, and thus a value for 7 can be decided using
Egs.(1) and (2).

According to Rainieri and Pagliarini''" the qua-
lity of thermal images has been substantially improved
with the introduction of focal plane array sensors in
replacement of the conventional single sensor thermal
imaging technology. Even with this innovation, non-
uniformity of the photo sensor array still poses an
impediment to the performance of modern infrared
cameras. Non-uniformity errors are introduced when a
highly diffused image is measured by a linear array
photo sensor that has been calibrated in a specular
mode, manifesting themselves as unexpected streak-
lines in the captured image. Non-uniformity errors are
not an issue when the camera is used to capture still
images, as a pixel-by-pixel calibration can be perfor-
med just before a picture is taken. When the camera is
operating in the video mode though, the camera auto-
matically calibrates itself until a prescribed tolerance
for non-uniformity errors of +2% has been reached.
An infrared camera with a smaller error tolerance will
have to perform self-calibrations more frequently
during the video recording, through which high accu-
racy is achieved.

Image snapshots can be extracted from a video
footage recorded by the camera at specified time inte-
rvals using video processing software. The captured
flow images are composed of color pixels, which can
be converted into greyscale images. A calibration
curve in the present study relates the greyscale level to
the corresponding temperature over a particular tem-
perature range. The temperature range in this study is



fixed at 18°C to 27°C, giving a measured resolution of
0.035°C. A smaller temperature range would give a
higher temperature resolution. However, this range
has been carefully chosen so that the maximum and
minimum temperature values measured for all experi-
ments in this study falls within the prescribed range,
and no saturation occurs. Figure 1 demonstrates the
approximately linear relationship between greyscale
level and temperature.

T=0.096 = Greyscale + 2.357
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Fig.1 Relationship between greyscale levels and temperatures

H _ Flow
H 4 ¥
=g straightener
- &
=y ':s{ & @
H S
=]
o 21m =

E Thermal camera

Warm water-ba\
— - . - -~ z E
H = Flow | &c = o

Fig.2 Sketch of the top and side views of the water channel
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2. Experimental setup and procedure

Experiments in the present study are conducted
in a hydraulic flume, which is 2.1 m long and 0.6 m
wide, filled with water to a depth of 0.045 m to repre-
sent shallow flow conditions. The free-stream velocity
U is set to 0.035 m/s in this study. Figure 2 provides
the top view and side view of the water channel and
the definition of coordinates, with d and % being
the cylindrical diameter and flow depth respectively.
The honeycomb flow straighteners at the entrance of
the water channel help to remove inflow non-unifor-
mities. d should not be a significant proportion of the
channel width, or the resulting wake may interact with
the channel walls, generating undesirable complica-
tions. Using d =0.002 m yields a blockage factor of

3.3%, which is less than half the blockage in the
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experiments by Balachandar et al.””

By taking the kinematic viscosity coefficient of
water to be 1.004x10° m?s, the Reynolds number
based on the bluff body diameter Re, =Ud /v is

697. For shallow wakes, Jirkal"! introduced a non-
dimensional wake stability number, § given in
Eq.(3), which is effectively a measure of the relative
significance between bed friction and lateral shear.

§=—1" 3)

where the skin friction coefficient C , can be estima-

ted using the following formula recommended by
Carter et al.l'" for a smoothed turbulent boundary
flow

g 125 W

1

with Re, =Uh /v being the Reynolds number based

on flow depth. A larger S value, which can be
brought about by a rougher bottom, larger cylindrical
diameter or smaller flow depth, would lead to more
steady flows in the wakes. Jirka''! and Carmer'® cla-
ssified three different wake characteristics in the lee of
bluff bodies, of which a vortex street type wake requi-
res §$<0.2. These experimental conditions yield

Re, =1569 and S=0.49x10" . Hence, the obse-

rvation of a regular, periodic shedding of vortices
from the cylinder shoulders is expected with the
chosen experimental parameters.

In past studies of temperature fields behind bluff
bodies[8’9], where air was taken as the working fluid,
the bluff body was heated up and the heat influx was
convected downstream by the moving air. However,
when water, which has a heat capacity approximately
four times of that for air, is used, a more concentrated
heat input method is required to achieve an ideal tem-
perature range for the measurement. In this study, hot
water housed inside a container elevated at a height of
0.3 m above the channel water surface is siphoned out
through a plastic tube with an inner diameter of
0.005 m and discharges into the ambient flow imme-
diately downstream of the bluff body. The hot water
tube is vertically embedded into a small slot on the
rear surface of the bluff body to limit the disturbance
to the flow. Small holes are drilled uniformly along
the submerged part of the tube, which acts as a line
source to release warm water uniformly over the depth.
The volumetric flow rate of hot water, which is grea-
tly influenced by the container height and tube dia-
meter, should not be too high to severely interfere
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with the ambient flow, and neither should it be too
low such that the camera can hardly distinguish the
temperature difference during mixing. A trade-off has
been made, and it is found that a volumetric flow rate
at the tube outlet of 5.56x10° m’/s gives a good
experimental outcome in this study. Similar experi-
mental configuration has also been adopted by
Balachandar et al.'*!

A hot water temperature of 85°C is used to
achieve the best effect in measurements. There is only
roughly a 2.8% difference in density between the
ambient water at 19°C and the hot water tracer at
85°C, so the thermal buoyancy influence is not signi-
ficant for short-distance measurements. Moreover, the
hot water cools down immediately after being released
into cold water due to the rapid mixing. The greater-
than-unity Prandtl number for liquid water indicates
that the thermal diffusivity of liquid water is smaller
than its molecular viscosity. This factor, coupled with
the fact that turbulent diffusion and dispersion domi-
nate over molecular diffusion in turbulent flows,
makes temperature a good indictor for studying turbu-
lent mixing characteristics.

The infrared camera is mounted at a height of
2 m above the water surface, yielding a projected
measurement area of 0.8 mx0.6 m, and a spatial reso-
lution of 0.004 m per pixel. This is a compromise
between achieving a high spatial resolution and cove-
ring a large measurement area. The rate at which flow
images are extracted from the video footage is set at
6.25 Hz, giving a temporal resolution more than two
times higher than that used by Balachandar et al.”! in
their study of dye concentration fields. When a seque-
nce of instantaneous temperature distributions has
been extracted, mean values and other statistical para-
meters can be calculated. It has been found that 200
flow images are generally needed for the mean tem-
perature calculations to converge, giving a total sam-
pling time of 32 s and corresponding to at least three
vortex shedding cycles in this study.

Fig.3 Snapshot image obtained by thermal camera

Figure 3 shows a typical snapshot from the

camera, which clearly illustrates vortex shedding
immediately downstream of the cylinder, with the
flow moving from top to bottom in the picture. The
entrainment of hot and cold water by vortices results
in regions of different temperatures, with whitish hues
representing warm regions and blackish hues repre-
senting cold regions. It is also apparent that large-
scale vortices are aligned on both sides of the wake
centreline in an alternating fashion.

3. Results and discussion
3.1 Average temperature distribution

The mean temperature, T is obtained by

mean ?

1 N
T =—>»T 5
NZn (5)

where N represents the length of time series.
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Fig.4 Mean temperature

Figure 4(a) is the mean temperature 7 con-

mean

tour over the measurement area, where 7, , repre-

sents the ambient temperature. Figure 4(b) displays
the mean lateral temperature profiles taken at five
different downstream sections of the cylinder. Despite
having only one peak, the steep variations disallow a
Gaussian fit. Instead, the composite exponential fun-
ction of Eq.(6), similar to the form wused by
Balachandar et al.””), has been plotted to demonstrate



the trend of variation, where parameters £ to P

are decided according to the least-squares criterion
and their values vary from curve to curve.

~(v/diR-B) ~(yldiB 4B
Fe + Fe

_ Ble*(y/d/l’s)z (6)
It is clear from Fig.4 that the mean temperature at
wake centreline (y / d =0) decreases continuously in

the downstream direction. However, the mean tempe-
rature some distance away from the centerline appears
to increase with downstream distance, as the lateral
temperature profile flattens.

Figure 4(a) also exhibits that even when a hot
water temperature of 85°C is injected, the mean tem-
perature difference at regions near x/d =30 is only
a mere 2°C. This highlights a challenge of using tem-
perature as a flow marker for fluids with a high heat
capacity. The rapid transfer of heat renders the redu-
ction of flow structures at far wakes extremely diffi-
cult, as temperature difference diminishes quickly
with the increasing downstream distance.
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Fig.5 Streamwise variation of the wake half-width

The half-width o, of temperature wake is defi-

ned as the lateral offset from the wake centreline, for
which temperature is half of the maximum value at a

given downstream section. Figure 5 shows that o,

increases monotonically following the &, oc x"*

relationship as proposed by Taylor'®, and is able to
reach a size of up to eight times the cylindrical dia-
meter within the measurement domain. The effect of
bed friction grows downstream relative to shear insta-
bility. The growth and motion of the large horizontal
vortices are increasingly retarded with the down-
stream distance, and the turbulent kinetic energy pro-
duced by transversal shearing of the mean flow is con-
verted into small three-dimensional eddies by bed fti-

ction. As is evidenced in Fig.5, the &, oc x'* law is
on the verge of breakdown at very large values of
x/d . These results have been corroborated by the

decreased expansion rate of the concentration wake
half-width in previous researches'>”).
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Fig.7 A typical sequence of thermal images

3.2 Instantaneous temperature distribution

Whilst mean temperature can be used to gauge
the average mixing characteristics, information on the
maximum temperature may be useful particularly in
real-life environmental problems, where it has to
ensure that the maximum concentration of a chemical
is kept at a level small enough to pose no serious harm
to organisms. Figure 6 shows that the maximum tem-
perature at certain lateral positions in the cross-section
x/d=4 can be larger than twofold of the correspo-
nding average value. A large disparity between the
mean and instantaneous scalar quantities has also been
mentioned by Jiang et al”V in their study of lateral
concentration profiles. Figure 7 further elucidates this
point, where well-organized vortex street is seen and
the instantaneous temperature at a position marked
with “+” varies significantly with time. In addition,
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Fig.6 shows that the absolute difference between the
maximum and mean temperatures is particularly large
close to the wake centerline, where turbulent intensity
is high.
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Fig.8 Root-mean-square temperature distribution

3.3 Root-mean-square temperature distribution
The root-mean-square (rms) temperature, 7, = is

ms

given by

_ s 2
Tﬂ’ﬂs _\/N Z(T;a Tmean) (7)

n=1

It is evident from Fig.8(a) that the rms tempera-
ture appears to be generally symmetrically distributed
about the wake centerline. Double peaks can be obse-
rved in the lateral rms temperature profiles of Fig.8(b),
which, alongside with Fig.7, signifies the presence of
strong unsteady flows. The instantaneous temperature
reaches a local maximum at the vortex centre, because
the released hot water is wrapped inside as the inco-
ming cold water passes the cylinder. As the Karman
vortices travel downstream, the vortices continue to
entrain the surrounding fluid and grow in size, leading
to a drop in the temperature difference between the
vortex center and the surroundings. It is evident that
the separation of the double peaks enlarges and the
fluctuation of the temperature weakens with down-
stream distance. Equation (6) also provides a fairly
good fit to the lateral 7, profiles, especially over

therange 0<x/d<8.

3.4 Periodicity studies
The flow integral length scale based on tempera-
ture, L,, which is essentially a measure of the size of

the largest eddies, is given by
Ly = [Rp(Ax)d(A) (8)
0

where the autocorrelation function of temperature at a
spatial offset of Ax 1is defined as

D T'(x0)T'(x + Ax)
Ry (Ar) = —= ©)

\/Z T'(x) \/Z T'(x + Ax)?

all x all x

with 7'=T-T

mean

being the fluctuating tempera-
ture.
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Fig.9 Spatial variations of temperature along y/d =4

Figure 9 displays two examples of the tempera-
ture fluctuation profile at two instants, 7 (1.76 s)
and ¢, (17.76 s), from which the spatial autocorrela-
tion are conducted and plotted in Fig.10. The spatial
autocorrelation coefficient R, (Ax) is computed up
to only Ax/d =22, which corresponds to roughly
three quarters of total available data length, as practi-
ced by Mansy et al.l'¥ Further increasing Ax means
that the data points used in calculating the two-point



correlation are too few to get a reliable R, (Ax).
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In wake flows, strong periodicity can be obse-
rved in R, (Ax), as Fig.10 shows. By comparing the
regular oscillatory behaviour of Figs.10(a) and 10(b),
there exist two different characteristic streamwise
wavelengths 4, : 6.0d at 7 and 84d at 1,.
Since wavelength is inversely proportional to freque-
ncy by assuming that the flow structures travels down-
stream at a constant speed, this implies that the vortex

shedding frequency at ¢, is 5/7 of that at ¢ (ie.,
f, =5/, /7). The presence of a subharmonic freque-

ncy suggests the possible occurrence of vortex pairing
in the shear layer, by which larger vortices with
slower travelling speed are created"™). Applying Eq.(8)

to the flow at ¢, yields a flow integral length scale of

around L, =0.02m, which is equal to the cylindrical

diameter.
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Fig.12 Temporal autocorrelation of temperature fluctuations at
yld=4

Analogous to the definition of Eq.(8), the flow
integral time scale based on the temperature measure-

ment, T, is given by

T, = O]RT (A1) d(Ar) (10)
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where the autocorrelation function of temperature at a
temporal delay of Az is defined as

D T'(OT'(t + Ar)
R, (Af) =—2 11
(40 \/; T'(t) ;T'(t +At)? o

The time series data of Fig.11 is used to generate
the temporal autocorrelation of temperature fluctua-

tions at two different downstream sections, x,/d =
42 and x,/d=15.1 inside the measurement area.

Similar to the case of the spatial autocorrelation coe-
fficient R, (Ax), the temporal autocorrelation coeffi-

cient R, (Af) varies regularly as shown in Fig.12.

Comparing the number of full oscillation over a fixed
time offset A¢ confirms the previous observations
that there exists two frequencies in the flow, which
differ from each other by a factor of 5/7. Using
Eq.(10), the integral time scale is found to be T, =

0.6s. The ratio of L, to 7, gives 0.0333 m/s,

which is fairly close to the freestream velocity of
0.035 m/s used in this experiment.

4. Conclusion

The main purpose of this article is to demonstrate
that the thermal imaging technique is a viable quanti-
tative flow visualization technique for studying sha-
llow turbulent mixing properties. Mean temperature,
rms temperature and autocorrelation studies have been
conducted concerning the shallow-water wake of a
circular cylinder. The current experimental results
basically agree with the past studies using traditional
measurement techniques. The lack of complicated
experimental setup and calibration procedures and the
absence of tracer particle agglomeration problems,
often encountered by many widely-used dye-concen-
tration measurement methods, are the key attractions
of this technique. However, non-uniform plane array
issues and rapid diminishment of temperature differe-
nce in fluids with high heat capacity leaves room for
future improvement in applying the thermal imaging
technology.
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