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Abstract - Polymer-based heat exchangers are advantageous for corrosion resistance, light weight, and low costs. Microchannel heat
exchangers are promising for material saving and high heat transfer capacity. Curved channels can promote the secondary fluid flow to
enhance the effectiveness of heat transfer. Roll to roll technology makes it possible to roll thin-film layers up to form curved channels
inside the layers. Combining all the strengths mentioned above, this research comes up with a polymer-based roll-to-roll microchannel
heat exchanger with three different designs. Through numerical simulations, this study analyses the heat transfer characteristics of
those three heat exchanger designs. Dean numbers and Nusselt numbers are calculated to evaluate the formation of Dean Vortices and
the effectiveness of heat transfer. Simulation results demonstrate that the formation of Dean Vortices induced through the roll-to-roll
microchannel structure helps to improve the heat transfer compared with equivalent straight-channel heat exchangers. In addition, this
study calculates not only the Nusselt numbers but also the Thermal Performance Factors to take into account the high pressure drops in
the microchannel. Finally, the efficiencies of heat transfer of the three heat exchanger designs are compared with each other.
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1. Introduction

In daily life, energy use is a real concern as there should be a balance between its production and consumption. It is
ideal to make full use of energy or to recover energy, for example, recycling residual heat from industrial waste water. In
this process, a heat exchanger, whose function is to transfer heat between solid and fluid, or among fluids with different
temperatures, plays an important role in sustainable energy utilization. With the steady developments of
micro/nanotechnology, new materials, and advanced manufacturing methods, many novel heat exchanger designs [1-3]
have been proposed. In this study, a polymer-based roll-to-roll microchannel heat exchanger is designed with three
different configurations. Through numerical simulations, this study explores their potentials in enhancing heat transfer
compared with straight microchannel heat exchanger designs, and comparisons are made among those three different
configurations.

From the perspective of materials, the main focus of this study is polymers. When utilized as the material of heat
exchangers, polymers have limitations including low thermal conductivity and low operating temperatures [4]. However,
compared with other materials, polymers have many advantages such as low density, corrosion resistance, ease of
manufacturing, and low costs [4]. Specifically, this study assumes PMMA as the material of the microchannel heat
exchangers.

Microchannel heat exchanger is also receiving more and more attention for its space savings, high efficiency of heat
transfer, and reduced weight [5], with the increase of issues such as material savings, increased energy demands, and space
limitation. Microchannel heat exchangers make it possible that the design can be more compact due to the small size of the
channels. In addition, microchannel heat exchanger leads to large heat transfer areas per volume unit and accordingly, a
higher heat transfer coefficient [6].

For the overall structures of the microchannel heat exchanger, the curved channel is employed to improve heat transfer
between the microchannels, since curved channels will induce the secondary flow in the form of Dean Vortices [7]. As a
beneficial fluid flowing mechanism for heat exchanger designs, those Dean Vortices promote the fluid mixing inside
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microchannels and then enhance heat transfer. With the developments of roll to roll technology, this novel manufacturing
method has been employed to roll thin films up in several practical applications such as polymer solar cells [8-9] and
transport electrodes [10]. Since the main focus of this research is on PMMA-based microchannel heat exchangers, it is a
worth to explore whether the curved microchannels fabricated through roll-to-roll technology could further enhance the
heat transfer between the microchannels. This study combines all the advantageous features mentioned above to design a
polymer-based roll-to-roll microchannel heat exchanger. However, for the heat exchanger design, there are several
approaches of rolling the PMMA layers up. Therefore, this study comes up with three polymer-based microchannel heat
exchanger designs with various rolling-up mechanisms. Through numerical simulations, this study compares the
effectiveness of heat transfer among three heat exchanger designs.

2. Model development and analysis

2.1. Modelling

In order to compare the effectiveness of heat transfer of roll-to-roll microchannel heat exchangers with straight
microchannel heat exchangers, this paper comes up with three different designs as shown in Figure 1, where the blue part
represents cold fluid, red part represents hot fluid, and the outside transparent layers are PMMA films with microchannels.
Similar to the coil heater, the first design (Figure 1a) shows PMMA films with cold fluid microchannels immersed in hot
fluid. Base on the mechanisms of commonly-used spiral heat exchangers, two other roll-to-roll microchannel heat
exchangers are presented: in the second heat exchanger design (Figure 1b), hot and cold fluid microchannels are designed
alternatively in the same PMMA layer; for the third heat exchanger design (Figure 1c), two separate layers with hot fluid
microchannels and cold fluid microchannels are designed separately and then rolled up together. Cross sections of three
heat exchanger designs (Figure 1d-1f) are shown below the drawings respectively.

For all the three designs, thickness of the PMMA film is fixed as 1 mm, and the channel length is 157.15 mm, which is
the length of five circuits of the second heat exchanger design. Cross section geometry of the microchannel is circular with
a diameter of 0.6 mm. In the first design, there are 10 microchannels. In the second design, the number of cold fluid
microchannels is 10, while for hot fluid, it is 11. In the third design, the number of either cold fluid or hot fluid
microchannels is 10. The gap between the microchannel layers in the first design is fixed as 1 mm. However in the second
and third design, the microchannel layers are rolled tightly without any gap. In the first design, the cold fluid flows inwards
through the microchannels. For the second design and third design, the cold fluid flows inwards through the
microchannels, while the hot fluid flows outwards through the microchannels. This paper also compares the degree of
curved channels through using two different diameters of the first circuit of the microchannel (Dfc): 5 mm and 8 mm (these
two values guarantee the formation of Dean Vortices theoretically). Dimensions of straight microchannel heat exchangers
for comparison in this study are set to be the same as the roll-to-roll heat exchangers. In this study, SolidWorks is
employed to develop the models and then imported to CFD software FLUENT to calculate the improvements of heat
transfer.

2.2. Assessment criteria

In this study, three parameters are adopted to characterize the performances of fluid flow and the heat transfer of the
heat exchangers: the average Dean Number (De), the average Nusselt Number (Nu), and the Thermal Performance Factor
(TPF).

Firstly, in order to explore the fluid flowing inside the roll-to-roll microchannel, in this study, the average Dean
Number (De) is employed to analyze the secondary flow of the fluid in the form of Dean Vortices, as what has been
studied by Dean [11], which is defined as:

mzRe — (1)

where Re is the Reynold number, Dy, is the hydraulic diameter of the channel, R is the average radius of curvature.
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Fig. 1: Three different roll to roll microchannel heat exchanger designs: (a) Roll-to-roll microchannel heat exchanger immersed in hot
fluid, (b) Roll-to-roll microchannel heat exchanger with cold fluid and hot fluid in the same layer, (c) Roll-to-roll microchannel heat
exchanger with cold and hot fluid in different layers and then rolled up together. (d-f) cross sections of three heat exchanger designs.

For the behaviour of heat transfer between the hot and cold microchannel, the Nusselt Number (Nu), which shows the
ratio of the convective heat transport to the conductive heat transport of a fluid is employed. This study uses a more
commonly-used value for microchannel case, the average Nusselt Number (Nu) [12], to evaluate the heat transfer of
microchannels, which is defined as:

. ln(Th,in — Tc,out
N. = h,yve Dy _ AcsmeDh(Tc,out - Tc,in) Th,in - Tc,out 2
! k kAhX (Th,in - Tc,in) - (Th,out - Tc,out)

where, h,y is the average convective heat transfer coefficient, k is the thermal conductivity of the fluid, A is the cross
section area, m' is the mass flow rate of the fluid, C,, is the specific heat capacity of the fluid, A is the heat transfer area,
Teout IS the average temperature of the cold fluid outlet, T, is the average temperature of the cold fluid inlet, Ty is the
average temperature of the hot fluid outlet, Ty, is the average temperature of the hot fluid inlet.

However, for roll-to-roll microchannel heat exchangers, pressure drop instead of surface roughness is a big concern.
Therefore, the Darcy friction factor (f), is employed, which is defined as below. In addition, it is necessary to make a
compromise between the Nusselt Number and the friction factor. In this paper, the Thermal Performance Factor (TPF) [13]
is calculated to balance between Nusselt Number and pressure drop.

2D, AP
it il

Nu
TPF = 7 (4)
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where A P is the pressure drop across the microchannel, L is the length of the microchannel, p represents for the
density of fluid, and v is the velocity of the fluid.

2.3 Meshing and boundary conditions

Figure 2 shows the meshes of three different heat exchanger designs when the Dfc is 8 mm. For each of the three roll-
to-roll microchannel heat exchanger designs and the corresponding straight microchannel designs, a mesh with a set
uniform element size of 2X10-4 m was applied to the entire model. This value has been decided upon via mesh
independency studies. For example, in the second design with Dfc 5 mm, when the inlet velocity is 0.5 m/s, the
comparison results shows that the discrepancies of Nu and TPF between the element size 2X10-4 m and 4X10-4 m are
only 0.0412% and 0.0413%. To make the modelling and numerical simulation simpler but reasonable, some assumptions
have been made in this study [14]. Due to the channel size and low flow rates, the flow in this study is considered as steady
and laminar, and the fluid is assumed as incompressible single-phase water, whose thermophysical properties are assumed
to be constant. Besides, at rough surfaces, it is assumed that there is non-slip velocity and temperature. In this study,
boundary conditions include inlet velocities of hot fluid and cold fluid with variable range, a hot fluid inlet temperature 350
K, a cold inlet temperature 300 K, and gauge pressures for outlets.

Fig. 2: Meshes of three different roll-to-roll microchannel heat exchanger designs.

3. Results and discussion

3.1. Dean number comparison

Sudarsan and Ugaz [15] reported that Dean Vortices were formed inside the micro-channels when the Dean
numbers were bigger than 10. Table 1 gives the Dean numbers of three roll-to-roll microchannel heat exchanger
designs under various inlet velocities. Based on the values, in all cases, there should be Dean Vortices inside the roll-
to-roll microchannels.

Table 1: Dean numbers of three roll-to-roll microchannel heat exchanger designs under various inlet velocities.

Inlet Velocity (m/s) 0.1 0.5 0.8
Design 1 D¢, = 5mm 15.78 78.92 126.27
D¢, = 8mm 14.20 71.00 113.59
Design 2 D¢, = 5mm 15.39 76.94 123.10
D¢, = 8mm 13.92 69.60 111.35
Design 3 D¢, = 5mm 15.78 78.92 126.27
D¢, = 8mm 14.20 71.00 113.59
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3.2. Dean Vortices formation

From the numerical simulation, the formation of Dean Vortices can be seen clearly. The three cases with the lowest
Dean numbers are given below: Figure 3a shows the horizontal velocity vectors on the cross section of the first
microchannel heat exchanger design when the inlet velocity is 0.1 m/s and the Dy, is 8 mm. Figure 3b illustrates the
horizontal velocity vectors on the cross section of the second microchannel heat exchanger design when the inlet velocity
is 0.1 m/s and the Dy is 8 mm. Figure 3c gives the horizontal velocity vectors on the cross section of the third
microchannel heat exchanger design when the inlet velocity is 0.1 m/s and the Dy is 8 mm. Through plotting the
distribution of horizontal velocity vectors on the cross sections of the heat exchanger designs, we can clearly discern that
Dean Vortices are starting to form inside the roll-to-roll microchannels.

! == l Jf.'t T z 3 K
Fig. 3: Horizontal velocity vectors on the cross section of the roll-to-roll microchannel heat exchanger design. (a) The first
microchannel heat exchanger design when the inlet velocity is 0.1 m/s and the Dy is 8 mm. (b) The second microchannel heat
exchanger design when the inlet velocity is 0.1 m/s and the Dy is 8 mm. (c) The third microchannel heat exchanger design when the

inlet velocity is 0.1 m/s and the Dy, is 8 mm.

—

3.3. Nusselt Number and TPF improvements

This study takes the second design with Dy 5 mm as an example to compare with the corresponding straight
microchannel heat exchanger to verify the improvements in effectiveness of heat transfer under various inlet velocities.
Figure 4 compares the pressure drop (AP) of cold fluid between the straight microchannel heat exchanger and the roll-to-
roll microchannel heat exchanger. It can be observed that pressure drops for roll-to-roll microchannel heat exchanger
design are higher than for the straight microchannel heat exchanger, particularly for higher inlet velocities. In order to
compare the effectiveness of heat transfer, this study calculates the average Nusselt Numbers and TPFs of the second roll-
to-roll microchannel heat exchanger with D 5 mm and the straight microchannel heat exchanger. Figure 5 compares the
Nusselt Numbers of the straight microchannel heat exchanger and the roll-to-roll microchannel heat exchanger, and the
percentage of increase. Compared with the straight microchannel heat exchanger, the roll-to-roll design improves the
effectiveness of heat transfer greatly. Especially when the inlet velocity is at 0.3 m/s or 0.4 m/s, the Nusselt Number of the
roll-to-roll design increases by more than 350%. Figure 6 compares the TPFs of straight microchannel heat exchanger and
roll-to-roll microchannel heat exchanger, and the percentage increase. Although the pressure drops are relatively lower in
the straight microchannel heat exchanger design, the substantial heat transfer performance increase induced through the
recirculating flows inside the roll-to-roll microchannels makes the roll-to-roll microchannel heat exchanger a better choice.
Thus, as shown in Figure 6, the TPFs of roll-to-roll microchannel heat exchangers improve tremendously.
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Fig. 4: pressure drop (AP) of cold fluid between the straight microchannel heat exchanger and the second roll-to-roll microchannel
heat exchanger with D¢ 5 mm.
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Fig. 5: Nusselt Numbers of the straight microchannel heat exchanger and the second roll-to-roll microchannel heat exchanger with Dy,
5 mm, and the percentage of increase.
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Fig. 6: TPFs of the straight microchannel heat exchanger and the second roll-to-roll microchannel heat exchanger with Ds, 5 mm, and
the percentage of increase.

3.4. Nusselt Numbers and TPFs of three heat exchanger design comparison

Table 2 gives all the Nusselt Numbers and TPFs of three roll-to-roll microchannel heat exchanger designs with Dy,
5 mm and 8 mm under inlet velocities 0.1 m/s, 0.5 m/s, and 0.8 m/s. For the first design, there is no substantial
advantage compared with the straight microchannel heat exchanger, and when the inlet velocity is 0.1 m/s, the first
heat exchanger design actually behaves worse than the corresponding straight design. However for the second and
third heat exchanger designs, the effectiveness of heat transfer increases greatly compared with straight designs,
especially for the relatively higher inlet velocities 0.5 m/s and 0.8 m/s.
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Table 2: Nusselt Numbers and TPFs of three roll-to-roll microchannel heat exchanger designs with Dg, 5mm and 8mm under inlet
velocities 0.1 m/s, 0.5 m/s, and 0.8 m/s.

Nusselt Number TPF
Inlet Velocity (m/s) 0.1 0.5 0.8 0.1 0.5 0.8
D¢, = 5mm 0.469 0.522 0.491 0.462 0.814 0.874
Design 1 D¢, = 8mm 0.175 0.420 0.257 0.170 0.637 0.435
Straight 0.441 0.453 0.173 0.433 0.758 0.337
D¢, = 5mm 0.583 1.163 0.992 0.577 1.814 1.763
Design 2 D¢, = 8mm 0.534 0.908 0.796 0.526 1.405 1.404
Straight 0.372 0.258 0.268 0.366 0.432 0.523
D¢, = 5mm 0.464 0.827 0.810 0.457 1.283 1.439
Design 3 D¢, = 8mm 0.537 0.775 0.664 0.528 1.202 1.172
Straight 0.420 0.233 0.259 0.412 0.390 0.505

In order to plot the improvements more clearly, percentage increases of Nusselt Numbers and TPFs of three heat
exchanger designs compared with the straight microchannel heat exchanger designs are shown in Figure 7. For the first
roll-to-roll microchannel heat exchanger design, the effectiveness of heat transfer is slightly better than straight
microchannel heat exchanger design particularly for lower inlet velocities 0.1 m/s and 0.5 m/s. When the Dy is 8mm, the
first design behaves worse than straight microchannel heat exchanger. However, for the second and the third heat
exchanger design, their heat transfer performances appear to be better than the corresponding straight microchannel heat
exchangers. In microchannel heat exchanger designs, employing both hot fluid microchannels and cold fluid
microchannels instead of immersing cold fluid microchannels into hot fluid enhances the heat transfer performance greatly,
due to the formation of Dean Vortices in both the hot fluid and cold fluid curved microchannels. Comparing the second the
third roll-to-roll microchannel heat exchanger design, this study finds that arranging hot fluid and cold fluid microchannels
alternatively in the same plane as in the second heat exchanger design is better than in separate planes as in the third heat
exchanger design from the perspective of improving heat transfer. Overall, as the most compact design, the second roll-to-
roll microchannel heat exchanger is the best among the three designs.
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Fig. 7: Percentage increases of Nusselt Numbers and TPFs of three heat exchanger designs with D¢, 5 mm and 8 mm compared with the
corresponding straight microchannel heat exchanger designs under flow rates 0.1m/s, 0.5m/s, and 0.8m/s.
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4. Conclusion

In this study, a polymer-based roll-to-roll microchannel heat exchanger has been designed with three different
configurations. Compared with straight microchannel heat exchangers with same dimensions, due to the Dean Vortices
formed inside the roll-to-roll microchannels inducing secondary flows, those newly proposed roll-to-roll microchannel heat
exchangers enhance the effectiveness of heat transfer tremendously, expect that for inlet velocities 0.1 m/s and 0.5 m/s, the
first heat exchanger with 8 mm Dfc is a bit worse than the corresponding straight microchannel heat exchanger. Through
comparing the heat exchanger designs with each other, this study demonstrates that the second roll-to-roll microchannel
heat exchanger has the highest Nusselt Numbers and TPFs among the three designs under inlet velocities 0.1 m/s, 0.5 m/s,
and 0.8 m/s, which is the best design from the perspective of increasing heat transfer between the microchannels. For heat
exchanger designs, the polymer-based roll-to-roll microchannel heat exchanger design presented in this study provides
some novel design ideas based on the applications and requirements in practice.
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