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ABSTRACT

In a flow field driven by natural or mixed convection, the measurement of heat transfer and hence the Nusselt number,
requires simultaneous measurement of the vertical component of velocity and the vertical temperature gradient. The
spatiotemporal nature of the formation of large-scale circulating structures, their interaction with the cross flow and
its impact on heat transport, temperature distribution and wall shear stress also can be identified by simultaneous
velocimetry and thermometry. An optical measurement system has been developed to apply a high sensetive
(~7 %/°C) two-colour two-dye planar laser-induced fluorescence (PLIF) and particle image velocimetry (PIV) to
identify the flow and temperature organization and measure the heat transfer and wall shear stress. The system is to
be used to investigate a Poiseuille-Rayleigh-Bénard convection system designed and fabricated to operate in both
continuous and oscillatory conditions. The aim is to allow investigation of the influence and effect of large-scale flow

structures and thermal plumes on heat and flow transport properties.

1. Introduction

Large-scale circulating structures (LSC) have a significant role in heat and momentum transfer in
wall-bounded turbulent buoyancy-driven flows (Zwirner et al., 2020). For natural convection in
an enclosure heated from below and cooled from above, known as Rayleigh-Bénard convection
(RBC), the formation of LSC leads to an enhancement in heat and momentum transport properties
(Zwirner et al., 2020). Turbulent RBC is significantly unsteady and the number and scale of the
circulating structures varies temporally affecting the state of the flow (Zwirner et al., 2020). Mixed
convection in a wall-bounded flow heated from below is known as Poiseuille-Rayleigh-Benard
convection (PRBC) (Maughan & Incropera, 1987). In PRBC, it is shown that the formation of LSC
is a spatiotemporal phenomenon which is a function of the length of the heated channel as well as
the development time (Maughan & Incropera, 1987). Although the formation of LSC in PRBC can
enhance heat transfer, in real applications it is suppressed due to the short length of the heated

channel and temporal unsteadiness (Maughan & Incropera, 1987). An important case with



21st LISBON Laser Symposium 2024

temporal unsteadiness is a reciprocating flow in which the formation of the LSC could be
suppressed due to the acceleration and deceleration of the flow (Maughan & Incropera, 1987).

The Nusselt number can be defined as:
[(uzT> - a(azT>] 1
(@AT/h) (1)

where () denotes the spatial average, « is thermal diffusivity, T is the temperature and h is the

Nu(t) =

height of the convection cell. In this equation, z is also the direction normal to the hot boundary
and u, is the vertical velocity component. As can be seen in this equation, to calculate the heat
transfer coefficient, Nusselt number measurement of both the temperature of the whole flow field
and velocity field is required. The role of LSC in RBC flow has been a focus of interest in the last
decade, yet there is not a coherent understanding of the effect of LSC in mixed convection.

This work is an experimental investigation on the flow of Poiseuille-Rayleigh-Bénard flow in
mixed convection regime. This experimental study is undertaken for both continuous and
reciprocating flows. In this abstract, the integration of a relatively high sensitive two-colour PLIF
for thermometry and PIV for velocimetry is briefly discussed. Sample results visualizing and
measuring the temperature and velocity of the designed and fabricated PRBC system is also
represented. At the end, an outline of the final version of the paper and presentation is introduced.
2. Methodology

Experimental Setup

Based on the properties of the PRBC flow a fluid test rig has been designed and fabricated. A
rendering of the fluid test rig is depicted in Figure 1(a). This fluid test rig is designed to provide
the test condition for both continuous and oscillatory flow. As can be seen in Figure 1(a), an
actuator which is a cylindrical piston drives the flow inside the flow test rig. The actuator is
controlled by a traverse which has been driven by a high precision low noise motor (ClearPath-
SD, Teknik, Inc.) to provide different types of motion including the oscillatory and continuous
flow which are the purpose of this work.

The test section shown in Figure 1(b) is a rectangular channel with a cross-section with the height
of h =10 mm and width of w = 55 mm. The test section is made from an acrylic sheet with a
thickness of 6.35 mm that has a low thermal conduction coefficient of 0.2 W/mK. This test section
has been designed to have maximum possible optical access, hence both side walls and the top
wall of the test section is made from acrylic sheet. The bottom of the test section is featured by a
heat exchanger with a relatively thin copper sheet transferring the heat from a channel underneath

to the test section containing the working fluid, which is water in this case. This heat exchanger is
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connected to a water bath to control the temperature and provide the temperature constant
boundary condition at the bottom wall of the test section. The heat exchanger and the support
bases of the test section are made using an SLA 3D printer (Form3, Formlabs Inc.) and printing

material, a liquid photopolymer, with a low thermal conduction coefficient of 0.15 W/mK.
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Figure 1. (a) Rendering of the solid model of the fluid test rig designed and

fabricated to generate continuse and oscillatory flows. (b) Depicts the test section

properties and the field of view, FOV in x — y plane; FOV1. (c) FOV properties in

x — z plane; FOV2.
The field of view for measuring the velocity and temperature are depicted in Figure 1(b) and (c).
The first field of view, FOV1 is located in x — y plane as is shown in Figure 1(b). The height of the
field of view varies from the bottom wall at z/h = 0, to the top wall at z/h = 1. The second field
of view, FOV2 is in the x — z plane as is shown in Figure 1(cPIV
A schematic of the optical measurement system integrated to capture the velocity field at FOV2 is

shown in Figure 2. As can be seen in this figure, fluorescent particles with a diameter of 3.2 um

3



21st LISBON Laser Symposium 2024

and maximum absorption and emission spectrum of 546 and 576 nm are used as seeding particles.

A raw image of the fluid domain with seeding particles being illuminated by a 532 nm laser and

captured by a long pass filter, 1 > 600 nm is shown in Figure 2. The laser sheet is generated using

Scanning mirror 1. Scanning mirror 2 is used to set the location of the laser sheet in the y-direction.

The laser sheet is collimated using a double-convex lens and reflected to the x — z plane by a

mirror. The sample result using this system is the velocity vectors of the Poiseuille flow shown

earlier in Figure 5. To apply PIV a commercial Software (DaVis 10.0.5, LaVision GmbH) is used.

The velocity vectors are calculated by a multi-pass iteration with the minimum interrogation size

of 32 pixel x 32 pixel with 75% overlap.
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Figure 2. Schematic of the optical measuement system used to apply PIV for (a)

FOV2 and (b) FOVL1.
PLIF

A schematic of the optical measurement system used to apply two-colour PLIF and capture the

temperature field of FOV1 is illustrated in Figure 1(a). To apply two-colour PLIF a 532 nm laser
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was used. Two scanning mirrors were also used to generate the laser sheet and to scan the volume
of the test section in the z-direction. Two fluorescent dyes of Fluorescein (F1) and Kiton red (Kr)
were used to apply two-colour PLIF. For each fluorescent dye a camera with a set of optical filters
were used to collect the temperature sensitive signal of each dye. More details of the applied
technique for the thermometry can be found in (Kashanj & Nobes, 2023, 2024) in which
development and enhancing the temperature sensetivity, ~7%/°C of a PLIF for thermometry

purposes is discussed.
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Figure 3. (a) Schematic of the optical measuement system used to apply two-colour
two-dye PLIF in FOV1. (b) Shows the test section and emmitted light from the two-
dye while it is illuminated by the 532 nm laser sheet.

3. Results

Temperature field

For FOV1, a sample result of the temperature field captured by applying the two-colour PLIF at z
= 9 mm is shown in Figure 4(a). This temperature map shows the temperature field at the start of
convection at Ra =2 x 107 while Re = 0 highlighting the zero cross-flow in this case. The
temperature map indicates the rise of the thermal plumes and their development in the x —y
direction which leads to an increase in the temperature of the flow field. On the right-hand side of
the temperature map the thermal plumes can be seen while on the left-hand side the uniform
temperature shows the ambient temperature. The start of the convection from the right-hand side
and its spatial development to the left is due to the configuration of the heat exchanger in which

the inlet of the water bath is at the right and the outlet is at the left. The temporal evolution of the
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temperature field which is along with the increase in the temperature can be seen in Figure 4(b)
which is at t = 23 s. This visualization and capturing the thermal plumes spatial and temporal

development highlights both high sensitivity and short response time of the used PLIF.

Velocity field

For FOV?2, the vorticity field along to the calculated velocity vectors is shown in Figure 5(a) at the
continuous flow condition and Reynolds number of Re = 25; where Re = ih/v, U is the axial
mean velocity and v is the kinematic viscosity. The velocity profile of the dimensionless axial
velocity uy along the center of the channel i.e. x/h = 0 line is depicted in Figure 5(b) highlighting

the laminar Poiseuille flow.
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Figure 4. Temperature map of the PRBC flow from FOV1 at the test section height of z = 9 mm.
Ra=2x107and Re =0.(a)t =~ 5s(b)t =~ 23s.
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Figure 5. (a) velocity field of the axial flow, uj corresponding to FOV2 for the Poiseuille flow while
Re = 25, and Ra = 0. (b) Velocity profile, u; along the x/h = 0 line.

The experiment for the continuous flow includes three conditions. The first condition is at Re = 0
i.e. zero cross-flow. In this condition which is resembling the Rayleigh-Bénard flow, the convection
starts with the rise of thermal plumes from the bottom boundary with the constant temperature.
The boundary condition is illustrated in Figure 6(a) in which the red and blue arrows represent
the flow passing in the vicinity of the bottom (hot) and top (adiabatic) boundaries, respectively.

This flow is generated due to the formation of LSCs in the system.
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Figure 6. (a) Schematic of the boundary condition while flow is captured in FOV2 (b) Instantaneous
vorticity field and velocity vectors at the start of the convection (c) Instantaneous vorticity field and

velocity vectors of the developed flow. Re = 0 and Ra = 2 x 107.

e

( ) Developed LSC < 1, = Uy
a Eeesssesee—— | -
111 L..
)

<

Developed LSC [ = Uy,

|
e
8

(b) g
111 L..
I)Q
I 0.5
(c) 2/h0.5 53333 0w




21st LISBON Laser Symposium 2024

0.5

x/h

Figure 7. (a), (b) Schematic of the boundary condition for two different direction of the cross-flow

while flow is captured in FOV2. (c) Instantaneous vorticity field and velocity vectors corresponding
to boundary condition in (a). (d) Instantaneous vorticity field and velocity vectors corresponding to
boundary condition in (b). For both cases Re = 75 and Ra = 2 x 107.

The start of the convection and formation of the preliminary thermal plumes can be seen in Figure
6(b) representing the instantaneous vorticity map and the velocity vectors at t = 12.3s. The
developed flow for this case att = 210.6 s is shown in Figure 6(c). The instantaneous vorticity map
and the velocity vectors of the developed flow highlight the formation of the LSC. While the flow
in the vicinity of the top wall is resembling the Poiseuille flow shown in Figure 5(a), it can be seen
that the flow in the vicinity of the bottom wall is disrupted by the vertical component of the
velocity induced due to the formation of thermal plumes. This existence of the vertical component
of the velocity near the wall with heat transfer highlights the importance of the measurement of
the velocity along with the temperature gradient for calculating the true heat transfer coefficient
of the system.

The second and third condition of the experiment is considered by introducing the cross-flow to
the system discussed above for Figure 6. As is illustrated in Figure 7(a) and (b), introducing the
cross-flow could be either along or opposite to the direction of the flow above the bottom
boundary. This is important as LSC is generated and maintained by the formation of hot thermal
plumes from the bottom boundary. A sample result of the flow field shown by the instantaneous
vorticity field and velocity vectors is shown in Figure 7(c) and (d). For both cases, the Reynolds
number is equal to Re = 75 and Rayleigh number equal to Ra = 2 x 107 while the direction of the
cross-flow is opposite to the direction of the flow in the vicinity of the bottom boundary in Figure
7(c) and it is in the same direction the flow in the vicinity of the bottom boundary at Figure 7(d).
As can be seen, besides the overall direction of the flow, the instantaneous vorticity field and
velocity vectors are representing quite different physics from the typical Poiseuille flow and the

flow resembling the Rayleigh-Bénard flow shown in Figure 6(c). For Figure 7(c), formation of
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regions with high negative vorticity which are formed due to the impinging of the thermal plumes
with the cross-flow is noticeable. For Figure 7(d), while the maximum velocity is moved down to
z/h < 0.5, a relatively thick stagnation region is formed near the top wall (adiabatic boundary).

The cycle dependent velocity map of the flow at the mid-height of the test section, z = 5 mm can
be seen in Figure 8(a) for four different phases of w = n/2,m,3n/2, and 2m where w = 2n/T and
T is the period of oscillation. Results shown in Figure 8 are also at the peak Reynolds number of
Re, = 80, and Womersly number of a = 8.4, where « = h\/w/4v and Re,, = u,,h/v. In these two
definitions, u,, is the maximum velocity, and v is the kinematic viscosity of the working fluid. As
can be observed in w = /2 and w = 31/2, flow is at the peak of the acceleration phase at two
different directions which occurs before the start of the deceleration. Two other phases of w = 0
and w = in Figure 2(a) show the start of the acceleration in two different directions. The
stagnation line at y* = y/h = 0.35 can be observed for both phases, w =7 and w = 2m. The
velocity profile of u, along the width of the channel, y-direction is shown in Figure 2(b) for a single
cycle of reciprocation, 0 < w < 2m. The red colour plots depict the velocity profile of the four
velocity contours shown in Figure 2(a). The stagnation line also can be seen in this figure for w =

0 and w = m showing the start of the reverse flow direction.
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Figure 8. (a) Contour of the velocity magnitude in x — y plane at the midheight of the test section,
z=5 mm at the four different phases of w = /2, w =7, w = 3n/2, and w = 2. (b) Velocity profile,
u, along the width of the channle, y for different phases of reciprocating flow; red colour denotes

the phases that are shown as velcoity contours in (a).
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Conclusion

The development and application of planar laser-induced fluorescence (PLIF) thermometry
combined with particle image velocimetry (PIV) was demonstrated in this paper. This system was
developed to understand the heat transfer mechanism in convection-driven flow fields such as
Poiseuille-Rayleigh-Bénard convection (PRBC). This optical measurement system allows for the
simultaneous measurement of the vertical velocity component and the vertical temperature
gradient, essential for determining the Nusselt number and analysing the spatial and temporal
formation of flow vortical structures. The design and fabrication of the PRBC flow test rig for

running both steady and oscillatory flow was discussed as well.
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