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Abstract

With the advancement of human society, more activities under extreme external environments
occurs such as firefighting, industrial operations, outdoor building construction, military drills,
sports and space exploration. This prompts the development of personal wearable thermal
management systems — an innovative multidisciplinary technology for managing body’s
microclimate. Fluid is a common medium used in wearable management systems. Air-
conditioned clothing, water-cooled mattresses, cold/hot therapy machines, spacesuit are typical

applications widely used for outdoor body temperature management.

Large-area fluidic fabric heat transfer panels, light in weight, three-dimensionally deformable
and good in conformability to curvilinear shapes, are used in wearable devices for thermal
management, pain management, sports and injury recovery. However, conventional fabric heat
transfer panels comprising single tubes or channels with limited branches have high energy loss,
low heat transfer efficiency and high latency in low-high temperature cycles across large areas
in a short time span. Inspired by nature, this thesis demonstrates novel structure fluidic fabrics
that can self-adjust and homogenize the flow field through an engineered network structure and

guide vanes to overcome these shortcomings.

The body-mounted network-structured heat transfer panel can perform two temperatures
switching in ~10 s with fast fluid velocity and uniform surface temperature mapping. This study
redesigns guide vanes to make the fluid channel with only two major corners to reduce the head
loss. Then reinforcement dots are added to form network structures with different parameters

and allocate to four different function areas. The guide vanes and reinforcement dots together



control the flow rate at different parts and facilitate the heat transfer panel more effective heat
distribution with faster flow velocity and uniform temperature mapping. Heat transfer panels
for lower limbs are successfully applied to the rapid contrast therapy with temperature

switching from 5°C to 40°C for fast sports recovery of elite athletes.

The fluid field in network structures of these fluidic fabrics is analysed by computational fluid
dynamics simulations and flow visualization experiments. The simulation results, confirmed by
flow visualization experiments, reveal three different flow regimes in network structures. They
are pure laminar flow; transitional flow and turbulence dominate transitional flow. A 4-step
mass transfer mechanism is proposed: (i) Velocity gradient and vorticity induced rotary mixing
and elongation; (ii)) Wake alternative vortex shedding induced mixing; (iii) High-pressure
region splitting; (iv) Low-pressure region suction. It further explains the long-time flow field
homogenization of network structure and the uniform temperature mapping of the wearable

heat transfer panels.

The power loss calculations of flow field guide the manipulation of local pressure drops due to
inertial and viscous forces in the transitional flow field. The calculation results obtained by
energy balance equation show PL4 dominates the total power loss in pure laminar regime while
PL3 in transitional flow with more turbulent factors. The two power loss types show equivalent
contribution when the flow regime is transitional flow. Also, the flow regime is together
affected by the network structure parameters defined as “D”, “R” and “r”. This further affects
the power loss and local pressure drop of different network structures. The calculation promotes
the engineering design and optimization of network-structured fluidic fabric heat transfer panels.
By allocating network structure appropriately in the four function areas of wearable heat
transfer panels, it finally can perform two different temperatures switching in 10 s.
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the same time. (b) A schematic diagram of the manufacturing process for the NanoPE
microfiber. (¢) Scanning electron microscope (SEM) image of the cross-section view of a
nanoPE microfiber. Scale bar, 2 um. The inset shows a lower-magnification SEM image of
the well-preserved cross section of the microfiber. Scale bar, 50 um. (d) A photograph of a

large woven NanoPE fabric. Scale bar, 0.35 m.
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Figure 2.6 Textiles for radiative warming. (a) Concept illustration of Ag nanowire cloth with
thermal radiation insulation and active warming. (b) Reflectance measurement of normal
cloth and AgNW cloth. (c) Photographs and SEM images of the silver side and PE side of
Nano-Ag/PE. Scale bar, 1 pm. (d) Measured total Fourier transform infrared (FTIR)
spectroscopy reflectance of the Ag side of Nano-Ag/PE, cotton, Mylar blanket, and Omni-

Heat.
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water layer with constant temperature switching between 5°C and 40°C.

Figure 3.2 The surface for calculating the energy transfer (between water and leg). By

integrating the heat flux on this plane, the total heat flux consumption can be calculated.

Figure 3.3 Temperature gradient distribution of a leg in cross-section view during the first

cooling cycle at Os, 10s, 60s and 120s.
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Figure 3.4 (a) The calculated temperature on the surface of the leg vs. time, (b) the calculated

thermal flux power through the surface in Figure 3.2 between the leg and water.

Figure 3.5 Overall thermal flux consumption of one thigh during the five RCP therapy cycles.

Figure 3.6 Schematic diagram of switch logical design of six different state. (a) cold cycle
state, (b) cold drain state, (c) cold water reflux procedure, (d) hot cycle state, (¢) hot drain

state, (f) hot water reflux procedure.

Figure 3.7 PLC/relay control system made in Industrial Center of The Hong Kong

Polytechnic University based on the switch logical design above.

Figure 3.8 Heating ability test of thermoelectric (TE) module. (a) Schematic diagram of
switch logical design of cold cycle with TE modules; (b) Schematic diagram of switch logical

design of hot cycle with TE modules; (c¢) Experimental set up of TE heating ability test.

Figure 3.9 Heating ability test result of thermoelectric (TE) module by keeping the cold water

around 0°C and testing the temperature change of hot water side.

Figure 3.10 Cooling ability test experimental set up of TE heating ability test.

Figure 3.11 Cooling ability test result of thermoelectric (TE) module start when both hot and
cold water tank are 22°C (room temperature). (a) Final temperature of hot and cold water tank
with 360 water cooling fans; (b) Final temperature of hot and cold water tank without 360

water cooling fans; (c) Temperature vs time result of TE module with 360 water cooling fans.

Figure 3.12 Temperature maintenance ability experimental set up of thermoelectric (TE)

module by attaching to COOLWEAR system.
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Figure 3.13 Temperature maintenance ability testing results of thermoelectric (TE) module
by attaching to COOLWEAR system. (a) Temperature vs. time during five cycles with 8 TE
modules turned on, the original state of water tank in this test is 1.5 liter room temperature
water mixed 1.5 liter ice in cold water tank and 3 liter 50°C hot water in hot water tank; (b)
Temperature vs. time during five cycles without TE modules, the original state of water tank
in this test is 1.5 liter room temperature water mixed 1.5 liter ice in cold water tank and 3 liter
50°C hot water in hot water tank; (c) Temperature vs. time during five cycles with 4 TE
modules turned on, the original state of water tank in this test is maintained under 5°C in cold
water tank and 3 liter 50°C hot water in hot water tank; (d) Temperature vs. time during five
cycles with 8 TE modules turned on, the original state of water tank in this test is maintained

under 5°C in cold water tank and 3 liter 50°C hot water in hot water tank.

Figure 4.1 SANDEN KS 4000T welder for making network-structured devices. By ratio-
frequency welding two pieces composite fabrics of polyamide fabric laminated with a

thermoplastic polyurethane film in an aluminum mold.

Figure 4.2 (a-b) Manufacturing process of the network-structured fluidic fabric were first cut
out shape of layers and then adhering two pieces composite fabrics and PVC tubes by ratio-
frequency welding; (c) The full leg network-structured heat transfer panel contains
reinforcement dots and guide vanes for controlling the flow field inside, the two kinds of
welding units formed the nature inspired network-structured wearable heat transfer panel for
large area rapid thermal management; (d) The laminated fabric was soft and can be adapted to
complex shapes for the purpose of wearable, the heat transfer fluid can go through the
channels formed by these reinforcement dots and guide vanes to conduct large area rapid
thermal management.
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Figure 4.3 (a) Two-layer network structure with single fabric material; (b) Three-layer
network structure with 3 kinds of fabric materials which can fill two different fluids (e.g.
water and air); (c¢) Four-layer network structure with 3 types of materials for pneumatic

actuating, anisotropy flexible fluidic fabric upside and inextensible fluidic fabric downside.

Figure 4.4 Experimental set up of the network structure device fluid field observation by an
infrared camera. (a) The fluid field observation is obtained by the temperature distribution
during water injection and different temperature water switching, the temperature is observed
by an infrared camera on top of the network structure device. (b) Fluid control section
consists of two water pumps, two flowmeters and two liquid manometers are placed at inlet

and outlet.

Figure 4.5 Traditional commercial single tube wearable heat transfer panels, all the fluid
channels of these wearable heat transfer panels are allocated arbitrary. (a) Water-cooling

mattress; (b) Water-cooling T-shirt.

Figure 4.6 Traditional commercial single tube wearable heat transfer panel — Game Ready
wrap for full leg. (a) Schematic diagram of Game Ready wrap for full leg — constructed by
curved guide vanes and numerous reinforcement dots. (b) This wearable heat transfer panel
contains a wide fluid channel with many reinforcement dots and turnings. (c-¢) The wearable
heat transfer panel is ~4.27 mm in thickness when injected with water and ~1.27 mm in

thickness of welded fabrics. The diameter of reinforcement dots is ~4.28 mm.

Figure 4.7 The temperature distribution of Game Ready wrap for full leg, the outlet
temperature reaches a steady state after 164s. Also, the temperature distribution of this

wearable heat transfer panel is uneven due to the low flow velocity inside.
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Figure 4.8 Numerical simulation calculation results of Game Ready wrap for full leg, the
inlet velocity is set as 0.15m/s. (a-b) The temperature distribution at 90 s and 160 s. (¢) The
velocity magnitude distribution of this Game Ready wrap when the flow field is fully
developed. (d) The pressure distribution of this Game Ready wrap when the flow field is fully

developed.

Figure 4.9 Network structure in rivers follows the natural topology of landscape, while that of
trees and capillaries are self-adjustable when one branch is blocked and can distribute fluid

and mass in large area.

Figure 4.10 (a-b) Schematic diagrams of single tube/network structure fluidic fabrics filled
with fluid, network fluidic fabrics contains numerous reinforcement dots for flow field
manipulation with wider fluid channel. (c) The fabricated network fluid channel, fluid can
pass through the channels formed by the reinforcement dots and the curved walls formed by
the laminated fabrics. (d-e) The cross-section view of network structure device filled with

fluid inside.

Figure 4.11 Schematic of network-structured fluid channel and electric-fluidic analogy

Figure 4.12 (a) This full leg network-structured wearable heat transfer panel showed much
faster thermal management than one commercial product on sale, the heat efficiency was
obviously enhanced due to fast fluid velocity inside thus less circulation time and large
temperature gradient between heat transfer panel and surface skin, the outlet temperature of
network-structured heat transfer panel in this work went to a stable state in 6 s and the
temperature difference value between outlet and inlet is less than 3 °C, fast fluid velocity and

uniform temperature distribution means the local power loss of each part of this heat transfer
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panel was in a reasonable level; (b) Outlet temperature comparison of final version of this
work, FHTP with inappropriate network structure and single tube arrangement in Figure 4.27
by the same pumping system. With appropriate network structure, the final version of our
FHTP showed faster thermal management, while the water took ~ 12 s to the water outlets
and more than 24 s for temperature uniform distribution. The lower fluid velocity causes the
outlet flow temperature to drop more slowly. Also, with the potential safety problems caused

by high pressure.

Figure 4.13 Applications of the network-structured wearable heat transfer panels for thigh.
(a) Demonstration of thigh experiment by thermal management system. An infrared camera
was placed nearby for recording surface temperature; (b-c) Skin temperature before & after 1-
min cold therapy. The heat transfer panel can effectively decrease the temperature on the
thigh uniformly; (d-e) Surface temperature mapping on human body of the thigh heat transfer
panel during cold therapy and the temperature switch period. This uniform heat performance

can also be achieved when worn on the human body.

Figure 4.14 An athlete is using the thermal management system with network-structured calf

wearable heat transfer panels for fast contrast therapy after training on field.

Figure 4.15 Rapid and uniform thermal performance of full leg network-structured heat
transfer panels. (a-b) A well-designed network-structured wearable heat transfer panel for
whole leg (~0.32 m?) with 4 functional areas (FA) for the purpose of dispersion (FA1), fast
transfer (FA2), connection (FA3) and large area heat transfer (FA4), appropriate control of

network-structured parameters can make the heat transfer panel with fast fluid velocity,
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uniform heat performance and suitable power loss; (c) Equivalent fluidic circuit diagram for

network structure heat transfer panel with four functional areas.

Figure 4.16 The heat transfer panel for whole leg can be filled with water quite fast in ~6 s
(Vo= 0.8 m/s) and show uniform heat performance due to appropriate control of network-
structured parameters in different parts of this wearable heat transfer panel, this fulfilled the

requirement of fast contrast temperature therapy for fast recovery of athletes after training.

Figure 4.17 Numerical simulation calculation results of wearable heat transfer panel for full
leg (Vo = 1.0 m/s). (a) The velocity magnitude distribution of this wearable heat transfer panel
when the flow field is fully developed; (b) The pressure distribution of this wearable heat
transfer panel when the flow field is fully developed; (c) The vorticity distribution of this

wearable heat transfer panel when the flow field is fully developed.

Figure 4.18 Numerical simulation calculation results of wearable heat transfer panel for full
leg (Vo= 0.5 m/s). (a) The velocity magnitude distribution of this wearable heat transfer panel
when the flow field is fully developed; (b) The pressure distribution of this wearable heat
transfer panel when the flow field is fully developed; (c) The vorticity distribution of this

wearable heat transfer panel when the flow field is fully developed.

Figure 4.19 Temperature mapping of wearable heat transfer panel for full leg (Vo = 0.5 m/s)

at different times. It takes ~44 s for the cold water to replace the hot water.

Figure 4.20 Temperature mapping of wearable heat transfer panel for full leg (Vo = 1.0 m/s)

at different times. It takes ~10 s for the cold water to replace the hot water.
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Figure 4.21 Rapid and uniform thermal performance of network-structured heat transfer
panels for thigh and calf. The two well-designed network-structured wearable heat transfer
panels also contain 4 functional areas (FA) as illustrated in the previous full leg wearable heat

transfer panel.

Figure 4.22 Wearable heat transfer panels for thigh and calf, respectively, show uniform
temperature, implying that water can be filled in 4 s (Vo= 1.0 m/s) and 3 s (Vo = 1.1 m/s)
appropriate control of network-structured parameters can make the heat transfer panel with

fast fluid velocity, uniform heat performance and suitable power loss.

Figure 4.23 Numerical simulation calculation results of wearable heat transfer panel for thigh
(Vo= 0.5 m/s). (a) The velocity/Vo distribution of this wearable heat transfer panel when the
flow field is fully developed; (b) The pressure distribution of this wearable heat transfer panel
when the flow field is fully developed; (c) The vorticity distribution of this wearable heat

transfer panel when the flow field is fully developed.

Figure 4.24 Temperature mapping of wearable heat transfer panel for thigh (Vo = 0.5 m/s) at

different times. It takes ~12 s for the cold water to replace the hot water.

Figure 4.25 Numerical simulation calculation results of wearable heat transfer panel for calf
(Vo= 0.5 m/s). (a) The velocity/Vo distribution of this wearable heat transfer panel when the
flow field is fully developed; (b) The pressure distribution of this wearable heat transfer panel
when the flow field is fully developed; (c) The vorticity distribution of this wearable heat

transfer panel when the flow field is fully developed.

Figure 4.26 Temperature mapping of wearable heat transfer panel for calf (Vo = 0.5 m/s) at

different times. It takes ~6 s for the cold water to replace the hot water.
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Figure 4.27 Wearable heat transfer panels with inappropriate network structures and tube
arrangements. (a) Calf heat transfer panel with an inappropriate tube arrangement; (b) Full leg
heat transfer panel with an inappropriate network structure; (c) Full leg heat transfer panel
with a single tube arrangement; (d-g) Calf heat transfer panel with an inappropriate tube
arrangement showing poor heat transfer evenness and extremely low fluid velocity due to
unreasonable head loss manipulation; (h-k) Full leg heat transfer panel with an inappropriate
network structure showing extremely low water velocity and low heat transfer efficiency. Too
many dots resulted in a very high pressure at the inlet and further caused water leakage; (1-0)
Full leg heat transfer panel with a single tube arrangement that also shows extremely low
water velocity and low heat transfer efficiency. Too much head loss at the corner also results

in very high pressure at inlet and further causes water leakage.

Figure 5.1 (a-c) Schematic diagram of the three parameters (R, D, r) used to define the
reinforcement dots arrangement and thickness of the heat transfer panel; (d) Cross-section of
the inflated heat transfer panel obtained by a spatial digitizer; (e) Hexagonal unit cell
definition for evaluating the power loss density and the three lines (red, green and black) for
extracting the time averaged velocity.

Figure 5.2 (a-c) Grid distribution of the computation domain, the grid type used in this work
is polyhedral grid, grid quantity is ~394 million with 5 layers of boundary grid; (d)

Distribution of Y plus, the maximum value is less than 1.2.

Figure 5.3 Location of three monitoring points in computation domain, for the purpose of

identifying the fully developed flow field.
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Figure 5.4 Data for steady flow field formation. The velocity evolved into a periodic

variation which shows the flow field was fully developed.

Figure 5.5 (a-b) Top view and front view of the flow visualization experimental set up; (c-d)
Top view of the 3D-printed transparent mold with the network structure from the circulation
container and high-speed camera; (e¢) Schematic diagram of cross-section view of the

container for water circulation inside the network structure mold.

Figure 5.6 (a) Time-averaged velocity in Line 2 (Figure 5.1), for comparison with
experiment results; (b-1) Two examples of how to acquire the velocity magnitude in flow

visualization experiments

Figure 5.7 (a) Power loss density vs. grid quantity; (b) Total power loss density of each row

vs. row number.

Figure 5.8 Velocity magnitude of three monitoring points shown in Figure 5.3 of 2 seconds

simulation. (a) Vo = 0.025 m/s; (b) Vo = 0.05 m/s.

Figure 5.9 CFD instantaneous simulation results of velocity magnitude/pressure/vorticity

contour in the x-y plane. (a-c) Vo = 0.025 m/s; (d-f) Vo= 0.050 m/s.

Figure 5.10 Velocity magnitude of three monitoring points shown in Figure 5.3 of 1 second

simulation. (a) Vo= 0.075 m/s; (b) Vo= 0.1 m/s; (c¢) Vo= 0.2 m/s; (d) Vo= 0.3 m/s.

Figure 5.11 CFD instantaneous simulation results of velocity magnitude/pressure/vorticity

contour in the x-y plane. (a-c) Vo= 0.075 m/s; (d-f) Vo= 0.1 m/s; (g-i) Vo= 0.2 m/s.
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Figure 5.12 Velocity magnitude of three monitoring points shown in Figure 5.3 of 1 second
simulation. (a) Vo = 0.4 m/s; (b) Vo= 0.5 m/s; (¢) Vo =0.6 m/s; (d) Vo= 0.8 m/s; (¢) Vo= 1.0

m/s.

Figure 5.13 CFD instantaneous simulation results of velocity magnitude/pressure/vorticity

contour in the x-y plane. (a-c) Vo= 0.4 m/s; (d-f) Vo= 1.0 m/s.

Figure 5.14 Schematic diagram of four turbulent areas of flow around a cylinder, area 1
(Narrow area of decelerating flow), area 2 (Boundary layer region attached to the surface of
the structure on both sides), area 3 (Shear and accelerated flow area on both sides), area 4 (A

wide area of downstream separated flow called the wake).

Figure 5.15 Schematic diagram of crossed layout high- & low-pressure region and the 4-step
mass transfer behavior inside the mixing area: (i) Velocity gradient and vorticity induced
rotate mixing and elongation; (i) Wake alternative vortex shedding induced mixing; (iii)

High-pressure region split; (iv) Low-pressure region suck.

Figure 5.16 A typical flow visualization capture with three ink colors, clearly depicted the
interaction of one dot with surrounding dots in different rows, showed the flow evolution
from a single streamline into a more homogenous state at different inlet velocities. (a) Vo =

0.025 m/s; (b) Vo =0.05 m/s; (¢) Vo= 0.075 m/s; (d) Vo= 0.1 m/s.

Figure 5.17 Shape change of a typical ink drop — step (i) & (ii) induced the rotation and

distortion behavior of ink drop (Vo = 0.1 m/s).

Figure 5.18 Mixing of two different ink streams — wake alternative vortex shedding in step (1)

& (i) caused the mixing (Vo= 0.1 m/s).
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Figure 5.19 Flow visualization of ink stream split by high-pressure region — step (ii1) & (iv)
(Vo=0.1 m/s), (a-c) marked in red showed the streamline is approaching the high-pressure
region, (d-f) marked in purple and red showed the split stream line by high-pressure region

and the sucked ink by low-pressure region, the stream line was finally divided into three parts.

Figure 5.20 Flow visualization of ink stream sucked by low-pressure region — step (iv) (Vo =
0.1 m/s), the ink marked in pink was sucked by low-pressure region and the ink marked in

yellow went forward, the stream line was divided into two parts.

Figure 5.21 Self-homogeneity adjusted flow field with location of high- & low-pressure area

with different attack angles when Vo = 0.1 m/s: (a,d) 0 °; (b,e) 15 °; (c,f) 30 °.

Figure 5.22 CFD time-averaged simulation results of velocity magnitude contour in the x-y
plane. (a) Vo =0.025 m/s; (b) Vo =0.05 m/s; (¢c) Vo= 0.075 m/s; (d) Vo= 0.1 m/s; (e) Vo =
0.2 m/s; (f) Vo=10.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i) Vo= 0.6 m/s; (j) Vo= 0.8 m/s;

(k) Vo= 1.0 m/s.

Figure 5.23 CFD time-averaged simulation results of pressure contour in the x-y plane. (a) Vo
=0.025 m/s; (b) Vo =0.05 m/s; (c) Vo= 0.075 m/s; (d) Vo= 0.1 m/s; (¢) Vo= 0.2 m/s; (f) Vo
=0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i) Vo= 0.6 m/s; (j) Vo= 0.8 m/s; (k) Vo= 1.0

m/s.

Figure 5.24 (a) Time-averaged V/Vo magnitude contour in the x-y plane (Vo = 0.1 m/s) and
the velocity magnitude comparison of simulation and experiments results at the place marked
by red broad line , regions with high velocity gradient around the dots are mixing area; (b)
Time-averaged pressure coefficient (Cp) depicted the crossed layout of high- & low- pressure
region (Vo= 0.1 m/s).
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Figure 5.25 Time-averaged Vy/Vo distribution along line 1,2 & 3 marked in Figure 5.1.

Figure 6.1 Average power loss density of hexagon region (D = 5Smm, R = 20mm, r = 25mm;
5-20-25) at each row of reinforcement dots shown in Figure 5.1, the power loss increases
with the increasement of inlet velocity and the major power loss types in network structure are

PL 3 and PL 4.

Figure 6.2 (a) PL3 distribution in spatial region, mainly occurs at inner part of network
structure (5-20-25); (b) PL4 distribution in spatial region, mainly occurs near the walls of

network structure (5-20-25).

Figure 6.3 The power loss constitution of different rows at different inlet velocities.

Figure 6.4 Frequency, pressure & drag coefficient vs. different inlet velocity of 5-20-25
network structure, the inlet pressure and vortex shedding frequency increase with the

increasement of inlet velocity magnitude.

Figure 6.5 Visualization of total power loss density in instantaneous flow field in x-y plane,
the power loss mainly occurs where velocity gradient is high together with significant mass
mixing. (a) Vo = 0.025 m/s; (b) Vo= 0.05 m/s; (c) Vo =0.075 m/s; (d) Vo= 0.1 m/s; (e) Vo=
0.2 m/s; (f) Vo= 0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i) Vo= 0.6 m/s; (j) Vo= 0.8 m/s;

(k) Vo= 1.0 m/s.

Figure 6.6 Visualization of total power loss density in time-averaged flow field in x-y plane.
(a) Vo=0.025 m/s; (b) Vo = 0.05 m/s; (¢c) Vo= 0.075 m/s; (d) Vo= 0.1 m/s; (¢) Vo= 0.2 m/s;
(f) Vo=0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i) Vo=0.6 m/s; (j) Vo= 0.8 m/s; (k) Vo=

1.0 m/s.
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Figure 6.7 Water temperature distribution inside network structure of x-y plane by time-
averaged simulations with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo= 0.2 m/s; (c) Vo =

0.4 m/s; (d) Vo= 0.6 m/s.

Figure 6.8 Temperature distribution on the surface network structure of by time-averaged
simulations with different inlet velocity. (a) Vo = 0.025 m/s; (b) Vo = 0.05 m/s; (c) Vo= 0.075
m/s; (d) Vo=0.1 m/s; (e) Vo= 0.2 m/s; (f) Vo= 0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i)

Vo=0.6 m/s.

Figure 6.9 Surface Nusselt number of network structure of by time-averaged simulations with
different inlet velocity. (a) Vo = 0.025 m/s; (b) Vo = 0.05 m/s; (¢) Vo= 0.075 m/s; (d) Vo=10.1

m/s; (e) Vo= 0.2 m/s; (f) Vo= 0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i) Vo= 0.6 m/s.

Figure 6.10 Time-averaged V/Vo magnitude contour in the x-y plane (Vo= 0.1 m/s) of
different network structure parameters. (a) D = Smm, R = 15mm, r = 25mm, 5-15-25; (b) D =
Smm, R = 25mm, r = 45mm, 5-25-45; (¢) D = 5mm, R = 20mm, r = 45mm, 5-20-45; (d) D =

5mm, R = 30mm, r = 45mm, 5-30-45.

Figure 6.11 Time-averaged pressure coefficient (Cp) in the x-y plane (Vo= 0.1 m/s) of
different network structure parameters. (a) D = Smm, R = 15mm, r = 25mm, 5-15-25; (b) D =
Smm, R = 25mm, r = 45mm, 5-25-45; (¢) D = Smm, R = 20mm, r = 45mm, 5-20-45; (d) D =

Smm, R = 30mm, r = 45mm, 5-30-45.

Figure 6.12 CFD instantaneous simulation results of velocity magnitude contour of 5-15-25
network structure in the x-y plane with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo=10.2

m/s; (¢) Vo= 0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.
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Figure 6.13 Visualization of total power loss density in time-averaged flow field in x-y plane
of 5-15-25 network structure with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo= 0.2 m/s;

(¢) Vo=0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.

Figure 6.14 CFD instantaneous simulation results of velocity magnitude contour of 5-20-45
network structure in the x-y plane with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo=0.2

m/s; (c) Vo= 0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.

Figure 6.15 Visualization of total power loss density in time-averaged flow field in x-y plane
of 5-20-45 network structure with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo = 0.2 m/s;

(¢) Vo=0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.

Figure 6.16 CFD instantaneous simulation results of velocity magnitude contour of 5-25-45
network structure in the x-y plane with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo=10.2

m/s; (c) Vo= 0.3 m/s; (d) Vo= 0.4 m/s; (e¢) Vo= 0.5 m/s; (f) Vo=10.6 m/s.

Figure 6.17 Visualization of total power loss density in time-averaged flow field in x-y plane
of 5-25-45 network structure with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo= 0.2 m/s;

(¢) Vo=0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.

Figure 6.18 CFD instantaneous simulation results of velocity magnitude contour of 5-30-45
network structure in the x-y plane with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo=10.2

m/s; (¢) Vo= 0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.

Figure 6.19 Visualization of total power loss density in time-averaged flow field in x-y plane
of 5-30-45 network structure with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo =0.2 m/s;

(c) Vo=0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.
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Figure 6.20 Average power loss density of different parameters network structure hexagon
region at each row of reinforcement dots shown in Figure 5.1. (a) D = 5mm, R = 15mm, r =
25mm, 5-15-25; (b) D = 5Smm, R = 20mm, r = 45mm, 5-20-45; (c) D = 5mm, R = 25mm, r =

45mm, 5-25-45; (d) D = Smm, R = 30mm, r = 45mm, 5-30-45.

Figure 6.21 Inlet pressure vs. inlet velocity of different network structures, the 5-20-25
network structure shows the low inlet pressure with relative lower water consumption
(suitable parameter for FA4) while the 5-30-45 network structure shows the lowest power loss
density together with relative lower inlet pressure (suitable parameter for FA1), other network
structures can be used for control the mass rate of flow in other FAs for the purpose of

uniform heat performance and fast velocity.
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CHAPTER 1 Introduction

1.1 Background

Heat stress is a critical concern for individuals who engage in physical exertion or work in
extreme climates[1], where the body's natural cooling mechanism—primarily through
evaporation—is challenged[2]. This can lead to a dangerous accumulation of heat within the
body, manifesting in symptoms such as cognitive impairment, profuse sweating, elevated heart
rate, and an increase in core body temperature[3]. These physiological responses not only
impair physical and mental performance but also pose serious risks to the cardiovascular system
and overall health, potentially resulting in fatal outcomes. In work environments such as mining,
construction, foundry work, horticulture, and agriculture are particularly susceptible to heat
stress due to the hot conditions they often operate in, coupled with the demanding physical
nature of their tasks[4]. To mitigate the adverse effects of thermal stress, strategies such as the
implementation of personal thermal management systems, modification of the work
environment, and regulation of work activities are essential[5]. These measures are designed to
enhance the body's ability to maintain thermal equilibrium, ensuring the safety and health of

individuals in heat-stressed conditions[6].

Traditional methods of environmental temperature control, such as heating, ventilation, and air
conditioning (HVAC) systems, are not always efficient or practical, especially in outdoor or
non-stationary contexts. Wearable systems, an emergent class of personal technology, are
designed to be worn on the body, either as accessories or as part of the user's clothing. These

systems, by virtue of their design and functionality, have the potential to revolutionize the way



humans interact with and adapt to external environments[7]. Wearable thermal management
systems are an innovative class of technology designed to regulate the body's microclimate,
providing personalized heating and cooling to the wearer. Advancements in materials science,
thermoelectric components, and energy-efficient design have enabled the development of
wearable devices that can provide localized temperature control[8—10]. These systems can be
integrated into clothing, accessories, or standalone devices that come into contact with the skin.
Wearable thermal management systems are widely applied in personal comfort, energy savings,
outdoor work, wellness, military, aecrospace industry, medical services and athletic performance
enhancement[11]. These applications draw forth different kinds of wearable thermal
management devices such as air-conditioned clothing, water-cooled mattresses/cushions,

cold/hot therapy machines[12], spacesuit[13] and so on.

Fluid is a common medium in wearable systems for mass transfer, heat exchange and energy
transfer. It is widely used in thermal management systems mentioned above. Fluidic fabrics
with engineered network flow-channel structure, being lightweight and fluid-tight, are ideal
user interface in such thermal management systems due to their mechanical strength, flexibility
and adaptability for complex shapes, irregular surfaces and deformability for desired
configurations by the need for comfort, unobtrusiveness, and aesthetic appeal. Fluids flowing
within the fluidic fabrics act as heat-exchange agents or as load-bearing elements used in
conjunction with different fabrics. They can be gases, liquids, their mixtures or even those under
phase-transition[14,15]. A large variety of strong fiber materials offers excellent choices for
normal and extreme operational conditions, such as extreme temperatures, radiation, chemical
corrosion and high pressure[16]. The fluidic fabrics filled with fluid flow facilitate a wide range

of industrial applications including aerospace[17], production in heavy industry[18], medical



and healthcare[19]. On the other hand, fluidic fabrics have been widely used in sensory
stimulations of virtual reality/augmented reality applications as flexible functional components
such as haptic gloves[20], pneumatic actuators[21,22], soft robotics[23,24] and programmable

functional structures[25].

Fluidic fabric is a kind of composite structural material consisting of at least two layers of fluid-
tight fabrics. The type and physical parameters of fabric (e.g. fabric construction, fiber material,
thickness) and fluid-tight materials (e.g. adhesive membrane or coating) can be designed for
numerous functional devices with multilayer fluid channels. The flow channels are formed by
adhering at selected locations of two fluidic fabrics stacked together. Hence fluid can pass
through the channels between the sealed dots or walls. Routes of fluid can be tuneable by
selecting the positions of sealed points and shapes of dendric lines. Most wearable heat transfer
panels transfer fluid just by a single channel and control the flow rate by traditional hard valves.

This is not desirable to the wearable requirements of lightweight and flexibility.

Wearable fluidic devices usually have a relatively high mass flow rate with large covering area
and light weight. The Reynolds number may reach ~10* in some parts of the fabric interior.
Most previous investigations on enclosed structures like microfluidics have been confined to
laminar flow with a definite volume[26], where the analogue of Poiseuille’s law of fluidics and
the Ohm law of electricity[27] has been used for fluid field control, by changing the channel
shape and adding obstacles. Furthermore, energy efficiency is a key limiting consideration for
such devices that demand light weight including batteries as the main power supplier for
wearables. The conventional cumbersome single tube arrangement has a large head loss and
cannot distribute fluid rapidly in a large area with uniform distribution[28]. Large energy
dispersions in a moving fluid field should be avoided in devices like fluid filters[29] and

3



hydrofoils[30], while appropriate power loss due to turbulence flow is necessary to achieve
better heat transfer efficiency in heat transfer panel[31]. Although numerous studies of
oscillators[32], valves[33], logics[34] and energy sources[35,36] have enabled the development
of fluid driven automatic soft robots[37,38], up to now, few have been reported on the analysis

and control of interior flow fields for the fluidic fabrics in wearable systems.

Nature itself shows us that network arranged fluid channels are self-adjustable and can
distribute fluid in a large area based on the balance of flow resistance caused by power loss in
different dendric channels. Thus, no floods occur in regions with plentiful river systems[39,40],
capillaries are self-adjusting between hot and cold environment for temperature and pressure
control[41], water and nutrition can be distributed to numerous terminals by thousands of
branches in a tree. The appropriate control of power loss in different parts of a network with
fluid channels can effectively control the flow field for desired flow distribution with higher
flow velocity. Thus, the heat performance of wearable heat transfer panels can be significantly
enhanced. This work proposed a new network-structured wearable heat transfer panel with low
head loss for fast and uniform flow velocity inside, and studied the mass transfer mechanism,

flow field evolution and local head loss of this network structure.

1.2 Problem Statement

Wearable thermal management systems play a crucial role in a variety of extreme environments,
ensuring that individuals can acquire and maintain a desired temperature despite external
conditions. Water is our daily life access material with the highest specific heat capacity. It can

transfer large amounts of heat during the interaction with objects of temperature gradient around.
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Many heat transfer panels use water as the heat exchange medium for better heat exchange
efficiency such as space suit, water cushions in wearables and cooling tower, high performance
computer cooling systems in other thermal management systems. Traditional water-based
wearable heat transfer panels usually have high head loss due to the single-tube arrangement
with limited branches of fluid channel and relatively large density of water, which results in
low flow velocity and suboptimal heat transfer capabilities, the effectiveness of these systems

is often hampered by the limitations inherent in traditional wearable fluidic heat transfer panels.

The fluid needs to take more time to go through the whole circulation, this may cause poor heat
transfer efficiency as the head loss is very high due to lots of turnings, corners and narrow
diameter of tube inside, then the fluid velocity cannot be very high. This further cause the
uneven heat exchange rate at inlet and outlet, as the temperature gradient near inlet is very large
and more heat can be exchanged at this place, while the temperature gradient near the outlet is
much smaller as the majority heat exchange has been conducted previously. This caused poor
heat performance and imposed restrictions on increasing the total heat transfer ability of
wearable heat transfer panel. To enhance the performance of wearable thermal management
systems to transfer large amount of heat rapidly, several potential research areas need to be

explored are listed follows:

1. Thin, light and flexible wearable heat transfer panel with limited power supplier.

The soft surface of wearable heat transfer panel may burst if the inlet flow rate is forced
to increase. Even though it is beneficial for better heat exchange ability since the flow
contains high amount of turbulence with increased flow rate, the head loss will be quite

high when the velocity magnitude is increased. The wearable thermal management



systems are worn on the human body and powered by a limited energy source (e.g.
portable rechargeable batteries). Also, simply increasing the fluid volume inside
wearable heat transfer panel will make the heat transfer panel heavier and too thick to
be worn on human body. Safety and energy usage efficiency need to be considered first.
Thus, designing a wearable heat transfer panel with less fluid consumption and higher
flow rate inside can significantly enhance the heat performance and make it easier to

use€.

. Lack of comprehensive flow field analysis for wearable heat transfer panels.

A significant knowledge gap exists in the comprehensive understanding of flow fields
within wearable heat transfer panels. Also, the fluid channel of heat transfer panels in
this work is brand new designed. The flow rate distribution determines the heat transfer
capability in different parts of heat transfer panel, and the uniform heat performance
strongly relies on the flow velocity evenness. The reinforcement dots inside not only
exist for reducing water consumption, but also play the key role of flow manipulation
by separating the incoming flow into two streams thus acquired the purpose of
manipulating flow field by different arrangement of these reinforcement dots. This
study seeks to bridge this gap through meticulous mapping and analysis of the flow field
dynamics using computational fluid dynamics (CFD) simulations, complemented by
experimental validation. Such detailed scrutiny is expected to unveil stagnation points
or zones of inefficient heat transfer, thereby informing design modifications that

optimize fluid distribution and thermal regulation.



3. Needs for optimization of kinetic energy transfer and flow resistance.

The role of kinetic energy transfer during fluid circulation in wearable heat transfer
panels, and its impact on system performance remains underexplored. Head loss is
ubiquitous during the process of fluid moving, adding obstacles in fluid field not only
can separate the incoming flow, but also causes energy dissipation then to reduce the
fluid velocity. Since this work aims to make the large area wearable heat transfer panel
with uniform heat performance and extreme fast temperature time, the velocity of flow
inside should be fast and the flow resistance at different places ought to be meticulously
controlled to make sure the uniform heat performance. This makes the head loss
manipulation of reinforcement dots at different parts of the wearable very important, as
low head loss can increase the fluid velocity but appropriate head loss for flow field
homogenization and turbulence can improve the flow field evenness and heat

convection for better heat transfer capability.

By delving into these research areas, we can develop wearable thermal management systems
that offer superior heat transfer capability to individuals operating in various environments.
These improvements will not only enhance personal safety but also expand the potential
applications of wearable thermal management in fields such as aerospace, military operations,

and outdoor sports.



1.3 Objectives

To develop the new network-structured wearable heat transfer panel with fast flow velocity
inside is meaningful and important. The goal can be achieved by 1) designing network structure
channel heat transfer panel with fewer corners and reinforcement dots; 2) study the flow field
inside the network structure; 3) calculate and compare the local head loss of different network
structures; 4) arrange different network structures at suitable regions of the wearable heat

transfer panel for desired properties. The specific objectives are listed as follows:
1. To design body-mounted heat transfer panels

A network structure wearable heat transfer panel will be designed which incorporates
limited numbers branching channels and optimized flow paths. This could control the
flow rate of different areas for heat transfer panel and facilitate more effective heat
distribution with faster flow velocity. Also, developing scalable solutions that can be
customized to fit different body shapes and sizes will ensure that a wider range of users

can benefit from these new wearable heat transfer panels.

2. To conduct CFD simulations, flow field visualization experiments of network

structure and thermal modelling of potential application

Advanced computational models can help predict the performance of wearable heat
transfer panels under various conditions, aiding in the design and testing process. This
research will study the flow field evolution under different boundary conditions by CFD

simulations and explore the mass transfer mechanism. Then the thermal modelling of a



rapid contrast therapy for human leg will be performed for the application evaluation of

the network structure wearable heat transfer panel.

To improve energy efficiency of the heat transfer panels

Improving the energy efficiency of wearable thermal management systems is essential,
particularly for scenarios where power supply is limited. This could involve the use of
phase change materials (e.g. ice) or thermoelectric elements that leverage body heat as
an external energy source. This research will employ power loss theory to conduct a
comparative analysis of power loss types and magnitudes across various network
structure flow channel designs. The objective is to identify configurations that minimize
energy dissipation while maximizing heat exchange efficiency. This may involve the
design of passive flow elements (reinforcement dots and buckling) to balance the
contribution of viscosity and turbulent factors in total power loss, thereby enhancing

heat transfer without necessitating an increasement in pumping power.

To develop guidance for engineering design and safety

Establishing design guidelines and safety standards for wearable heat transfer panel will
be important to ensure user safety and promote widespread adoption. This research will
list the general guidelines of designing different shapes of wearable heat transfer panel

for the purpose of customization.



1.4 Methodology

To solve these research problems and achieve the goals of objectives, research methodology of
this research ought to be listed in a comprehensive review to find out the key issues of designing
rapid wearable heat transfer panel, network structure flow field analysis and flow rate control

by local head loss calculation. This work adopts the following methodology:

1. Wearable thermal management strategy selection for large area rapid

temperature switch.

The thermal management strategy is numerous, such as air/liquid cooling, micro fans
ventilation, phase change materials, etc. And they are selected based on the scenarios it
will be applied, such as outdoor workers for air cooling, heavy industry workers for
liquid cooling and athletes cooling garments during sports for passive cooling materials.
Here this work chooses fast contrast therapy for after sports recovery of elite athletes as
the scenario of designing this rapid wearable heat transfer panel. This therapy requires
a high level of heat transfer and temperature switch in a large variety. By acquiring this
requirement, the rapid heat transfer panel can meet the extreme thermal transfer
requirement in wearables and have the potential to be applied in other areas. Based on
the thermal modelling and simulation of this rapid contrast therapy, the amount of heat
transfer can be roughly calculated. Then, after the most suitable strategy is selected, the
control logics need to be designed for acquiring the best heat efficiency. Last, other
potential strategies also need to be tested and evaluated for further improvement of the

current rapid thermal management system.
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2. Design a nature-inspired network structure to acquire high flow rate for wearable

heat transfer panel to perform large area rapid thermal management.

Inspired by nature, the network structure owns lots of advantages of distribution fluid
such as large coverage area, adjustable flow rate and relatively low head loss. First, this
study will redesign the fluid channel inside to reduce the large head loss at corners and
turnings. Then, reinforcement dots will be added into the fluid channels to reduce the
water consumption of this wearable heat transfer panel. Third, based on the previous
allocation of guide vanes and reinforcement dots, three wearable heat transfer panels for
the purpose of rapid temperature switch will be designed (full leg, thigh, calf). Fourth,
specific simulations and experimental validation will be conducted for testing the above
five rapid wearable heat transfer panels. Last, analysis on previous simulations and
experiments helps give a tentative design principle on design such kind of rapid

temperature switch wearable heat transfer panels.

3. The study of network structure flow field evolution and mass transfer mechanism

for explaining flow field behaviour of rapid wearable heat transfer panel.

The heat performance of wearable heat transfer panel strongly relies on the flow field
evolution inside the fluid channel. First, the network structure parameters will be
defined to describe the structure difference among them. And detailed instantaneous
simulation of a specific network structure will be performed under different inlet
velocity to study the fluid field evolution of network structure, the velocity field,
pressure field and vorticity field will be detailed investigated respectively together with

the periodic analysis of fluid field. Second, with the tentative understanding of network
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structure fluid field, flow field visualization experiments will be conducted for the
validation of the simulation results previous and the study of mass transfer mechanism
inside the network structure. The results here will explain the fluid field behaviour of
wearable heat transfer panels in the previous section. Last, the time-averaged simulation
will be performed to help understand the long-time behaviour of network structure, as
the heat transfer panel will be covered on human body for at least several minutes. Based
on the analysis of local fluid field behaviour of network structure, we can understand
the macro behaviour of heat transfer panel which is consists of hundreds of
reinforcement dots and set up the foundation of the following flow field manipulation

by appropriate local head loss control.

. Research on large area flow field manipulation by local head loss control of

different network structure and the design guidance of soft heat transfer panel for

different purposes.

To do the head loss calculation of the heat transfer panel, the energy balance equation
directly deduced from Navier-Stokes equations is applied in this work. First, power loss
calculation of a network structure with inlet velocity from 0.025 m/s to 1 m/s will be
performed, the analysis of different power loss sections is based on the flow field
evolution and mass transfer mechanism analysis in previous section. This part will
detailed investigate the power loss constitution with the change of inlet velocity together
with the spatial distribution of different power loss type. Second, the power loss
visualization of instantaneous and time-averaged flow field will be conducted to find
out the power loss generating region and the triggering factor. Third, the water
temperature of network structure surface and inside will be compared together with the
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surface Nusselt number to evaluate the heat transfer capability of different inlet velocity.
Fourth, power loss calculation will be performed on other representative network
structures for comparison, the time-averaged velocity field and pressure field will be
analysed first to have a general understanding of these different network structures.
Then, instantaneous velocity field evolution and time-averaged power loss and surface
Nusselt number map will be extracted for comparison. Fifth, a general manipulation
principle of flow field for wearable heat transfer panels will be proposed and shed light

on other potential applications.

1.5 Project Significance

Wearable personal thermal management system offers a novel solution by localizing climate

control, thereby reducing the need for other cumbersome equipment. This thesis delves into the

role of light, thin and flexible wearable heat transfer panel in providing personalized thermal

regulation-focusing on the flow field manipulation analysis for enhanced heat performance.

With the successful making of these three customized wearable heat transfer panels, the novel

fluid channel design principle shows excellent fluid field manipulation capability. This thesis

has delivered the following positive outcomes.

1.

A nature-inspired network structure is proposed for wearable thermal transfer fluidic
fabric devices by flow field manipulation to achieve rapid and uniform temperature with
large coverage area. The nature-inspired network structure is exemplified by a rapid-
contrast-therapy heat transfer panel fluidic fabric designed for fast sports recovery of

elite athletes, which offers a series of temperature cycles switching from 5°C to 40°C in
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arecord short period of time in less than 10 s with uniform surface temperature covering
body area, over 6 times of conventional single-tube heat transfer panel. This network-
structured fluidic fabric is made by adhering two pieces of composite fabrics together
with welded reinforcement dots and guide vanes, when inflated with fluid, those
cylindrical dots cluster formed spatial curved walls, which forms the network-structured
flow field. They are equipped with appropriate power loss control of the ratio

components due to inertial and viscous forces in the transitional flow field.

Based on the successful making of the network-structured wearable heat transfer panel,
self-adjusting fluid field and mass transfer mechanism in the network structure are
further analysed for better understanding the behaviours of wearable heat transfer panels.
The self-adjusting fluid field constructed by numerous curved walls formed by
reinforcement dots shows the evolution details from pure laminar flow regime to
turbulence dominate transitional flow regime, which reveals the fundamental
interactions between the fluid and the novel network-structured fluidic fabric. It shows
the similarities and differences between the flow field of the network structure and the
traditional flow field around the cylinders and clarifies the basic flow situation in the
network structure. The 4-step mass mixing mechanism inside the network structure was
induced by cross layout of high- & low-pressure region inside the network structure
flow field thus facilitates the automatic homogeneity adjusted flow field. It also unveils

stagnation points or zones of inefficient heat transfer- recirculation bubble.

Power loss calculation results of different network structures were analysed to reveal
energy transfer in the fluid circuit, and further shows the principle of manipulating fluid
field. The power loss of the network structure for homogenization fluid field can be
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controlled by changing their parameters, therefore the power loss components of
different types are regulated for a desired purpose. The numeric simulations show the
kinetic energy transfer in the fluid circuit and energy dissipation in a 4-step mass mixing
process, offering engineering guide of parameter selection and optimization for the
network-structured fluidic fabrics. The excellent performance of these heat transfer
panels was realized by design of appropriate network structures at different parts of heat
transfer panels. It helps find suitable network structure for wearable heat transfer panel

with much less power loss in flow field homogenization.

This work shed new light on the development of fluidic fabric heat transfer panels. It illustrates
their great potentials in other thermal management devices with large cover area such as air-
conditioned clothing, thermal management system in space exploration, quick charging lithium
battery in electric automobile, effective cooling of computers and other machines and so on.
Through this exploration, this novel fluid field manipulation methodology may contribute to
the ongoing discourse on the integration of technology with human physiology and the

environment, paving the way for sustainable and inclusive technological advancements.

1.6 Structure of the Thesis

In this work, a kind fluidic wearable heat transfer panel with novel fluid channel for fast uniform
fluid transfer has been developed. The content is organized in 7 chapters, with the respective

focal points listed as follows:
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Chapter 1 is the introduction, consisting of background description, problem statement,
objectives, research methodology, project significance and thesis structure. This part gives the
background and prospects of wearable thermal management systems, reveals the drawbacks of
current fluidic based wearable heat transfer panels and lists the objectives for improving these
drawbacks. Then, methodology for realizing these objectives is clarified and the significance

of this research is stated.

Chapter 2 is a comprehensive review of wearable thermal management systems. This part first
gives a brief description of wearable thermal management systems, and traditional human
thermoregulation methods are stated. Following the review of mediums for thermal transfer in
wearable thermal managements systems. Then, different personal thermal management
strategies and capacity evaluation methods are described. Last, is the review of fluid dynamics
research on traditional rigid heat transfer panel and propose the current problems and potential

solutions of wearable heat transfer panel development.

Chapter 3 is the whole thermal management system feasibility evaluation. This section first
calculates the heat transfer amount during the rapid contrast therapy of 5 cycles, which need
extremely huge thermal transfer between skin and heat transfer panel interface. Then the
potential methods for realizing this purpose are proposed and give a detailed description. Last

is the exploration of other advanced methods.

Chapter 4 is the design of network structure wearable heat transfer panels for full leg, thigh,
calf, knee and ankle. This section mainly focuses on the design and analysis of full leg wearable
heat transfer panel. First, the general layout thinking of guide vanes is proposed and then is the

arrangement of reinforcement dots. Second, is the simulation results and experiments analysis.
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Third, is the application of design principle on other four wearable heat transfer panels and their

simulation and experiment results analysis.

Chapter 5 is the flow field evolution and mass transfer mechanism of network structure. This
part first describes the fluid field evolution of one representative network structure under
different inlet velocity. Then, flow field visualization experiments are performed for
simulations validation and study on mass transfer mechanism. Last, the time-averaged

simulation results are presented show the long-time flow field condition of network structure.

Chapter 6 is power loss analysis of representative network structures and the propose of network
structure fluid field manipulation principles. This section first lists the power loss of a
representative network structure with different inlet velocities. Then, detailed analysis on power
loss type constitution and spatial distribution is presented. Based on the power loss calculation,
the thermal transfer performance of network structure is also analysed. Last, other
representative network structures are analysed and compared, and the general manipulation
principle of flow field for wearable heat transfer panels will be proposed and shed light on other

potential applications.

Chapter 7 gives a summary of the whole research work, this part also discusses the limitations
of present research work and gives suggestions the outlook of future work for the improvement

of large area fluid field manipulation.
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CHAPTER 2 Literature Review

2.1 Introduction

Thermal comfort is a multidisciplinary area involves different scientific domains — including
thermal physiology, building science, psychology and so on. As a crucial aspect of thermal
physiology, thermoregulation is gaining prominence due to global warming[42]. Thermal
comfort can be described as “that condition of mind which expresses satisfaction with the
thermal environment” defined by the American Society of Heating, Refrigerating, and Air-
conditioning Engineers (ASHRAE) Standard 55-66[43]. Achieving thermal comfort
necessitates the maintenance of thermal homeostasis in the body, which is influenced by the
heat produced through human metabolism and the heat exchange with the surrounding

environment[44].

With the progress and development of human society, some people need to work in hot or
humid environments such as firefighting, industrial work, military tasks, and sports. Thermal
physiological strain poses a threat on human, thus leading to the diminish of their endurance
and performance[45]. Air conditioners are widely used for human thermal regulation when
performing indoor activities[46]. However, for outdoor activities, alternative methods for body
temperature are needed and this prompt the study for wearable thermal management

technologies.

Garments play a crucial role in personal thermoregulation by influencing the exchange of heat
between the human body and its environment[47]. Although the human body possesses intrinsic

mechanisms to adjust its temperature, such as by modulating metabolic rates, blood flow,
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sweating, and pore adjustments, these natural processes can be insufficient under extreme
environmental conditions[9]. In hot weather, the body may increase sweating and blood
circulation to dissipate heat more effectively. However, in situations where these self-regulation
abilities are overwhelmed—such as in extreme temperatures or adverse environmental

conditions—functional garments become essential for maintaining thermal comfort.

Personal thermal garments are emerging as a key technology for mitigating health issues caused
by thermal extremes and providing an environmentally friendly answer to the rising energy
demand[48]. As global temperatures rise, there is increasing pressure to ensure personal
comfort in hot climates. With projections indicating that global energy consumption could triple
by 2050, the need for advanced thermoregulation garments is more pressing than ever[49]. In
recent decades, there has been extensive research dedicated to developing intelligent
thermoregulation garments, with personal heating garments making substantial strides and
gaining a strong market foothold. These garments leverage cutting-edge heating materials, such
as carbon nanotubes[50,51], carbon fibers[52,53], graphene[54,55], and metallic nanowire
meshes[56,57], to offer effective heating solutions. Meanwhile, there is an equally strong
demand for cooling garments designed for use in situations like intense physical activity in heat

and specialized protective wear for astronauts, medical staff, and firefighters.

The idea of personal cooling garments was initially introduced in 1958[58], yet it wasn't until
1962 that the first refrigeration garment for personal use was manufactured for the aerospace
sector. Following this development, various types of cooling garments—including fluid-cooled,
radiative-cooled, and thermoelectric (TE)-cooled versions—have been designed and assessed.
Nevertheless, the technical challenges in attaining highly efficient cooling effects in garments
have resulted in the PCG market evolving more slowly.
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Recently, driven by the rapid advancement of smart and functional textiles and the increasing
global demand for energy-efficient solutions, significant efforts have been made to advance
personal thermal management garments. This has involved exploring new materials, cooling
technologies, and optimizing device structures. In this review, we concentrate on cutting-edge
developments in the field of personal thermal management garments. We categorize these
garments into two groups based on whether they require an external power source for their
heating or cooling functions: passive cooling and active cooling. Additionally, we outline the
primary challenges faced in developing these garments and highlight future directions aimed at

accelerating progress in personal thermal management solutions.

2.2 Human thermoregulation and self-adjustment

process

Human thermal production is a critical aspect of physiological processes, primarily driven by
cellular metabolic activity. This process involves the conversion of over 80% of metabolic
energy into heat. In cellular metabolism, energy is initially stored in adenosine triphosphate
(ATP)[59]. During activities that require energy, such as maintaining basal metabolic rates or
conducting physical work, ATP breaks down into adenosine diphosphate (ADP) and a free
phosphate, releasing heat. Notably, only about 25-30% of this metabolic heat is applied to
mechanical work like muscle contractions, while the remaining 70% is retained within the body,
serving no direct physiological function. The regulation of thermogenic activity involves both

neural and humoral factors, with sympathetic nervous excitation and hormones such as
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adrenaline and thyroid hormones enhancing metabolic rates and thus increasing heat

production[60,61].
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Figure 2.1 Heat dissipation routes of the human body[7]. The human body generally

dissipates heat via four routes: radiation, conduction, convection, and evaporation.

Simultaneous heat loss is managed predominantly through the skin via radiation, conduction,
convection, and evaporation, governed by the temperature and vapor pressure differences
between the skin and the environment[7] (Figure 2.1). When environmental conditions render
physical heat loss insufficient, evaporative processes, including insensible perspiration and
sweating, become vital. Additionally, respiratory activities contribute to heat dissipation, with
processes in the respiratory tract causing expired air to carry away heat through both
evaporation and convection, highlighting the complexity and efficiency of the body's thermal

regulatory systems.
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The JOS-3 model provides a comprehensive framework for simulating the human body's
structure and thermal dynamics by incorporating 85 meticulously defined nodes, which include
a central blood node, multiple arterial, venous, and superficial vein nodes, core nodes, muscle
nodes, fat nodes, and skin nodes (Figure 2.2)[62]. The body is divided into 17 distinct segments,
accounting for all major anatomical parts, such as the head, neck, chest, and limbs. This
segmentation allows for precise modelling of physiological characteristics and processes
specific to each region. The standard body in JOS-3 is characterized by a body surface area of
1.87 square meters and a weight of 74.43 kilograms, serving as a baseline for simulations.
Adjustments to heat capacity, thermal conductance, blood flow, and basal metabolic rate are
made using ratios derived from these baseline values, enabling the simulation of various body

sizes and conditions[63—65].
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Figure 2.2 Concept of joint system thermoregulation model (JOS-3)[62]. JOS-3 has four

layers in the head and pelvis only to maintain sufficient prediction accuracy. In fact, the head
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does not have a muscle or fat layer like the other parts of the body, but it is described as a
thermal layer. Although the layers can be called the first or second layer, we call it muscle and

fat for ease of understanding.

The generation and regulation of body heat is a dynamic process primarily occurring in the core
and muscle layers and involving intricate mechanisms of heat transfer. In the human body, heat
produced internally is conveyed to the skin through conduction between adjacent layers and
through blood flow, which serves as a primary medium for thermal exchange. Conduction
facilitates the movement of heat through tissues directly, while the counterflow heat exchange
system is particularly relevant in narrower segments such as the shoulders, arms, hands, thighs,
legs, and feet, where arterial and venous pathways facilitate efficient heat exchange. Blood flow,
originating from a central node, traverses through arteries, tissue layers, and veins in a
systematic circulation across seven designated routes that end at major body extremities such
as the head, chest, back, and limbs. The complexity of heat distribution underscores the
importance of various factors in calculating heat loss, especially across the skin and through
respiration. Skin heat loss is assessed through sensible and latent heat components, where
sensible heat is influenced by convective and radiative heat transfer coefficients alongside
clothing thermal insulation, all of which vary with posture and are measured using advanced
thermal manikin techniques[66,67]. Latent heat transfer is calculated using the Lewis Ratio
alongside factors such as clothing thermal resistance and vapor permeation efficiency[68,69].
Additionally, respiration contributes to heat loss, closely linked to metabolic activity, with
significant respiratory heat exchange delineated in the core chest region in the JOS-3 model.
This comprehensive understanding of body heat generation and loss, leveraging critical data
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from thermal manikin studies, offers valuable insights into adaptive physiological responses

and informs applications in biomedical research and environmental conditioning strategies.

Human thermoregulation is an intricate physiological process that ensures the maintenance of
optimal body temperature, essential for homeostasis and overall health. This complex system
involves both autonomic and behavioral responses to environmental stimuli, mediated by the
integrated functions of the skeletal muscles, respiratory system, nervous system, endocrine
system, and skin[70]. Autonomic thermoregulation relies on thermosensors distributed
throughout the body that detect temperature changes and relay this information to the central
nervous system[71]. The brain processes these signals and initiates responses via the autonomic
nervous system to thermoeffectors such as cutaneous blood vessels, sweat glands, skeletal
muscles, and adipose tissue[72]. These responses are crucial for either dissipating excess heat
or conserving and generating heat, but they require significant energy, involve complex
circulatory adjustments, and affect the body's water balance[73]. In contrast, behavioral
thermoregulation involves conscious actions aimed at maintaining core body temperature, often
by modifying environmental exposure or engaging in specific activities. Common examples
include changing clothing layers, adjusting posture, or using air conditioning, demonstrating
how humans actively manage their thermal environment[74]. The dual pathways of autonomic
and behavioral thermoregulation highlight the body's remarkable ability to manage thermal
stress through both involuntary physiological adjustments and voluntary lifestyle choices,

crucial for adapting to varying environmental challenges.
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2.3 Passive personal thermal management strategies

Passive personal thermal management strategies do not require external power[75-77] and it
can be classified into two main types: phase change materials thermal management and

radiation thermal management.

2.3.1 Ice cooling and phase change materials (PCMs) thermal

management

Phase change materials (PCMs) present a promising solution for enhancing human
thermoregulation by effectively utilizing the latent heat absorbed or released during phase
transitions to manage the microclimate between garments and the body[78]. A classic example
is the incorporation of ice in cooling garments (Figure 2.3), which rely on the phase change
from solid to liquid to absorb body heat and lower skin temperature, providing thermal comfort
in hot conditions[79]. These garments, widely used in industries such as protective
clothing[80,81], sportswear[6,82,83], and military uniforms[84,85], demonstrate significant
physiological and subjective benefits, as confirmed by studies like those conducted by Juhani
et al. and Cooter et al.[86], which noted improved work efficiency and endurance performance.
However, traditional ice cooling garments suffer from drawbacks such as weight, bulkiness,
and potential skin irritation due to prolonged contact, limiting their practical application[87].
This has spurred research into more flexible and effective options, such as gel ice
technology[88—90], although findings by Dehghan et al.[88] and Chesterton et al.[89] highlight
existing challenges in achieving optimal cooling effects without sacrificing wearability and

comfort.
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Figure 2.3 Illustration of an ice cooling vest[79].

The pursuit of advanced materials underscores the limitations of conventional frozen PCMs,
such as inconsistencies in cooling efficacy and temporal limitations. Emerging research
endeavors focus on developing innovative PCMs that provide more controlled and enduring
thermal regulation for wearable applications[78,91-93]. For instance, Li et al.[94] introduced a
lightweight phase change material garment that showcased significant cooling efficiency with
a manageable weight, emphasizing easy integration into daily attire. Techniques to incorporate
PCMs into textiles—such as impregnation and filling with hollow fibers[95], melt spinning[96],
coating[97] and composite fiber fabrication[98]—have gained traction over the past decade[99—
101]. This 1is illustrated by V. Skurkyte-Papieviene et al.[98], who enhanced PCM
microcapsules' heat storage and release capabilities with thermally conductive additives, and
Yang et al.[100], who designed a 3D-printed, flexible PCM nonwoven fabric that maintained
thermal stability through extensive use. Such advancements reflect a trend towards

multifunctional, durable textiles capable of effective thermoregulation in varying conditions.
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One innovative approach to evaporative cooling in textiles is the three-layer laminate design,
which efficiently uses evaporation to cool the wearer[14]. This design stands out due to its
simplicity and convenience (Figure 2.4), as the garment does not need to be fully soaked in
water for activation; instead, it features a filling opening that allows easy water replenishment
without needing to remove the garment. This feature is particularly advantageous for athletes,
enabling them to maintain cooling through specialized t-shirts or headbands without the
discomfort of being wet. Furthermore, the laminate's low thermal resistance ensures that even
when cooling is not needed, the body temperature does not rise due to the dry laminate's
insulating properties. This design also facilitates direct contact with the skin, enhancing cooling
efficiency compared to designs with air gaps, which can increase thermal resistance and reduce

performance.
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Figure 2.4 Three-layer laminate based on membrane evaporation[14]. (a) Scanning electron
microscope picture of the three-layer laminate; from top to bottom outer Sympatex membrane
(thickness 10 um), textile fabric made of polyester multifilament (100 um), inner Sympatex
membrane (15 pm); (b-d) Diagram of the three-layer laminate and the principle of water

evaporation from the reservoir.
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The primary benefits of this evaporative cooling garment are its lightweight and flexible nature,
making it highly portable. However, its effectiveness can vary significantly depending on
environmental conditions. In extremely humid climates, the cooling performance can be
considerably diminished due to the lower vapor pressure difference between the garment's outer
membrane and the ambient environment. This reduced difference inhibits efficient mass
transfer, which is critical for effective evaporative cooling. Thus, while this design offers
convenience and portability, its reliance on environmental conditions can be a limitation,

necessitating consideration of the intended use environment to ensure optimal performance.

The commercialization and widespread acceptance of wearable PCMs hinge on ongoing
advancements in material science and textile technology, as exemplified by Outlast®
Technologies[102]. Their innovative integration of PCM microencapsulation in fibers
underscores a significant leap in managing thermal loads, minimizing perspiration by nearly
half under high-temperature conditions. This achievement stems from the ability to create
breathable, flexible garments that address the core weaknesses of traditional PCM applications.
The enhanced thermo-regulating capabilities and user comfort potential position PCM textiles
for extensive deployment in personal cooling technologies, marking a pivotal direction in the
evolution of cooling garments. As research continues to push boundaries in PCM performance
and integration, the potential for large-scale implementation of adaptive PCM textiles becomes
ever more feasible, offering promising pathways for future developments in personal and

occupational thermal management.

2.3.2 Radiation thermal management

Advanced textiles designed for human thermoregulation through radiation and moisture control

represent a cutting-edge approach to maintaining thermal comfort and reducing energy
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consumption. Radiation cooling (RC) utilizes the atmospheric window in the infrared (IR)
spectrum between 8 to 13 um, which allows human heat to be directly radiated into space
without consuming external energy[103]. As textiles serve as the interface between the human
body and its environment, they play a crucial role in managing heat exchange. However,
traditional textiles often overlook the potential for controlling thermal radiation. Novel radiative
cooling and warming textiles require precise engineering of IR optical properties, tailored for
either retaining or dissipating heat. This new wave of textiles aims to enhance personal comfort

while contributing to lower energy demands in climate control systems.

Numerous innovative textiles have emerged in the market, leveraging various fibers and
technologies to optimize thermal management. Brands like Columbia's Omni-heat and
Dupont’s CoolMax focus on harnessing unique fiber structures to enhance moisture transport
and reflect body heat, respectively. Nike's AeroReact adjusts its pore size in response to
moisture, altering breathability dynamically. Similarly, Verycool by Yonex integrates xylitol
for a cooling sensation, and Under Armour's HeatGear relies on strategic compression to
improve muscle performance[7]. Each of these textiles utilizes distinct mechanisms to address
heat and moisture management, confirming the industry's focus on integrating advanced
materials for enhanced comfort and functionality. Dual-layer knitted fabrics further capitalize
on contrasting hydrophilic properties to improve one-way sweat transport, showcasing how

engineered textiles can effectively manage moisture and improve thermal comfort[7].

For cooling purposes, recent developments have resulted in textiles like the IR-transparent
visibly opaque fabric (ITVOF), designed by Tong et al.[104] Utilizing low IR-absorptive
polyethylene fibers structured to minimize IR reflection while maintaining opacity, these
textiles focus on maintaining visibility and thermal regulation simultaneously (Figure 2.5).
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NanoPE, another breakthrough material, incorporates nanoporous structures that exploit Mie
scattering to maintain IR transparency[105]. These pores enable NanoPE films to scatter visible
light while preserving mid-IR transparency, offering energy-efficient cooling benefits. The
recent progress in scaling NanoPE for fabric production allows for improved softness and
durability, making it suitable for everyday use. Peng et al.'s work demonstrates that garments
made from NanoPE fibers can reduce skin temperature by approximately 2.3°C compared to
conventional cotton, which correlates with a significant reduction in building energy
consumption[106]. This highlights the crucial potential of advanced textiles in substantially

lowering energy costs associated with thermal management.
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Figure 2.5 Textiles for radiative cooling[105,106]. (a) Schematics of comparison among

normal textile, NanoPE, and normal PE. Only NanoPE satisfies IR transparency and visible
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light opacity at the same time. (b) A schematic diagram of the manufacturing process for the
NanoPE microfiber. (¢) Scanning electron microscope (SEM) image of the cross-section view
of a nanoPE microfiber. Scale bar, 2 pm. The inset shows a lower-magnification SEM image
of the well-preserved cross section of the microfiber. Scale bar, 50 um. (d) A photograph of a

large woven NanoPE fabric. Scale bar, 0.35 m.

Radiative warming textiles have also been the focus of innovative material design, aiming to
reflect human body thermal radiation effectively (Figure 2.6). Traditional metallic fibers,
despite offering high thermal reflection, are often not practical due to their weight and
rigidity[107,108]. Newer approaches involve metal-polymer composite yarns with improved
flexibility and surface-modified textiles using metallic nanomaterials[57,109-111]. Silver
nanowires, as illustrated by Hsu et al.[57], create conductive networks within fabrics to enhance
thermal insulation through reflective and active heating mechanisms. However, optimizing
mid-IR reflectance remains challenging, prompting further research[109,112,113]. Enhanced
designs like nanoporous silver textiles based on NanoPE, as developed by Cai et al.[109],
feature improved reflectivity and a significantly reduced thermal emissivity, allowing for a
notable decrease in energy set points. Alternative strategies using composites of materials like
woven Kevlar fiber with metallic nanowires and reduced graphene oxide showcase high IR
reflectivity, providing localized warming effects and advancing the capabilities of modern
thermal textiles[114,115]. These developments reflect a growing trend towards employing
advanced materials and innovative design strategies to manage heat more effectively, promising

enhanced thermal regulation for diverse applications.
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Figure 2.6 Textiles for radiative warming[57,109]. (a) Concept illustration of Ag nanowire
cloth with thermal radiation insulation and active warming. (b) Reflectance measurement of
normal cloth and AgNW cloth. (¢) Photographs and SEM images of the silver side and PE
side of Nano-Ag/PE. Scale bar, 1 um. (d) Measured total Fourier transform infrared (FTIR)
spectroscopy reflectance of the Ag side of Nano-Ag/PE, cotton, Mylar blanket, and Omni-

Heat.
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2.4 Active personal thermal management strategies

With the rapid advancement of wearable electronic technology, integrating electronic devices
into intelligent thermal management garments has become a key focus area. In this context,
personal thermal management garments powered by external sources have continually evolved.
Currently, the primary types of garments in this domain include fluid-driven thermal

management garments and thermoelectric (TE) thermal management garments.

2.4.1 Fluid driven thermal management garments

Air and liquid thermal management garments represent a significant advancement in wearable
cooling technologies, leveraging longstanding strategies to provide effective thermal regulation
in various environments. Air-cooling garments (ACGs) function by channeling air through the
microclimate between clothing and the body (Figure 2.7), offering benefits such as
affordability, lightweight design, and portability[116,117]. Initially developed for aerospace
and military applications to mitigate heat stress in protective gear for pilots and soldiers, ACGs
have since expanded into broader fields[44]. Conversely, liquid cooling garments (LCGs)
employ a network of circulating water tubes integrated with a micro pump system to transfer
cold liquid across the inner garment layer, effectively lowering body temperature (Figure
2.8)[44,118]. The inaugural use of LCGs was for astronauts, underscoring their effectiveness
in extreme conditions. Through extensive research, both ACGs and LCGs have become pivotal
in sectors like military[119], mining[120], and sports. Recent innovations include hybrid
personal cooling vests (PCVs) that combine phase change materials (PCMs) with ventilation
fans, as demonstrated by Ni et al.[121], highlighting their practicality and efficiency in hot,

humid environments. Furthermore, research by Lou et al. exploring the interaction of body
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position with air tubing networks and thermoelectric cooling plates provides insights for
enhancing the integration and comfort of these garments in everyday use[122]. As such, air and
liquid thermal management garments continue to evolve, offering promising solutions for

thermal comfort across diverse applications.
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Figure 2.7 Introduction of the TACUS[123]. (a) Design and functions of TACUS in cooling

and heating modes; (b) 3D perspective of the integrated TECU; (c) Mechanism of the TECU.

Thermoelectric (TE) thermal management systems offer promising solutions for small-scale
solid-state cooling applications, particularly in industries requiring lightweight, cost-effective

options[124-126]. TE cooling plates (TECPs) have been successfully commercialized,
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facilitating practical applications in wearable cooling devices like the Embr wave bracelet and
Sony Reno pocket, which deliver localized cooling to the skin[127,128]. Innovative
applications, such as the undergarment embedded with a TECP cooling system developed by
Luo et al.[123], demonstrate the potential of these systems in personal thermal management.
This TE module, incorporating a heatsink and tubing network, offers significant energy
efficiency, achieving 15% savings in indoor heating, ventilation, and air conditioning (HVAC)
systems. Despite these benefits, the bulkiness and rigidity of traditional heatsinks pose

challenges to the wearability and flexibility of TE applications.
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Figure 2.8 Schematic diagram of the basic composition of the cooling clothing system[128].

Air-cooled garments (ACGs) and liquid-cooled garments (LCGs) offer promising solutions for
personal cooling but come with inherent limitations largely due to their reliance on external

devices to cool the circulating fluids. This dependency imposes a restriction on the mobility
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and effective working range of individuals wearing these garments, rendering them unsuitable
for a variety of applications where portability and flexibility are essential. In response to these
limitations, Ernst et al. developed a portable cooling system utilizing a vapor compression cycle
with R-134a as the refrigerant[129], as shown in Figure 2.9. While vapor compression systems
are common in HVAC applications—comprising a condenser, evaporator, expansion valve, and
compressor—they typically depend on electrical power, which is impractical for portable
garments. To address this, Ernst et al. proposed incorporating a fuel-driven engine to power the
compressor, albeit at the expense of increased system bulkiness. The designed wearable
garment features a tri-layer construction consisting of an aluminum foil layer and a refrigerant
tube layer functioning as the evaporator, separated from the condenser by an insulation layer.
Although the system delivers a notable cooling capacity of 100-300 W at ambient temperatures
between 37.7 and 47.5 °C, its substantial weight of approximately 5.31 kg poses a challenge
for extended use. Future research should focus on reducing the overall weight of the system,
potentially by substituting lightweight batteries for the fuel-driven engine, while carefully
considering energy density requirements. Additionally, exploring alternative refrigerants
beyond R-134a could enhance the cooling capacity, offering more efficient and portable

solutions for wearable cooling garments.

Due to the high specific heat capacity of water, such kinds of liquid driven cooling wraps are
widely used for sports recovery[130]. Typical example is GameReady® company offers a range
of products (GRPro 2.1 Cold and Compression Therapy System & Med4 Elite) tailored toward
injury recovery and rehabilitation, primarily using a combination of cold therapy and

compression[ 131].

36



Figure 2.9 Wearable cooling garment working based on the vapor compression cycle[ 129].

Gas expansion cooling garments provide an innovative approach to thermal management that
operates based on the vaporization of liquefied carbon dioxide (CO2), eliminating the need for
external power. This technology leverages the rapid expansion and phase change of compressed
CO2, dispensed through an expansion valve, to absorb heat from the environment. As the
liquefied CO2 vaporizes, it extracts energy in the form of the heat of vaporization, effectively
lowering the surrounding temperature. Zhang et al. demonstrated that this method can enhance
cooling effects when the vaporized CO2 is directed over a pure cotton fabric, promoting
increased sweat evaporation on the skin's surface[132,133], as shown in Figure 2.10. Despite
these benefits, careful monitoring of CO2 concentrations is essential, as excessive levels can be

toxic. Zhang et al. observed that CO2 concentrations could reach ten times the normal level
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during tests in a 29.5 m?® enclosed space, highlighting the importance of safety measures. The
primary advantages of gas expansion cooling garments include their lightweight nature
(approximately 1.3 kg), cost-effectiveness, portability, and low operational risk. However,
these garments provide only moderate cooling capacities and are limited by their short
operational duration, with a single CO2 bottle providing cooling for approximately 25 minutes.
Future development of these systems could focus on extending operational duration while

ensuring safe CO2 management to optimize their practicality and effectiveness.
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Figure 2.10 Front view, back view, and the air treatment system of the cooling garment

[132,133].

Fluid-driven thermal management garments, while effective in achieving substantial cooling
performance, face significant challenges when adapting to complex living and working
conditions that demand enhanced comfort and safety. The inherent design of these garments
often results in bulky and heavy configurations, which restrict their practicality and widespread
adoption in everyday life. This bulkiness is primarily due to the embedded heavy devices
essential for their operation, which also introduces safety risks such as potential skin burns from

steam formation[134]. Consequently, there is a pressing need to innovate and refine these
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cooling systems to ensure not only improved efficiency but also enhanced safety and user
comfort. Advances in lightweight materials and safer cooling mechanisms must be prioritized
to overcome these limitations, potentially expanding the applicability and attractiveness of

fluid-driven thermal management garments in diverse settings.

2.4.2 Electricity driven thermal management garments

Individual wearable cooling devices have traditionally relied on air and liquid cooling methods,
which are often criticized for being cumbersome due to their bulky air or fluidic channels,
leading to inconsistent and unreliable cooling performance[135]. These limitations have
spurred interest in homeostatic solid-state cooling technologies, such as electrocaloric[136,137],
magnetocaloric[138], and thermoelectric (TE) cooling systems[139]. Among these, TE cooling,
coupled with joule heating, stands out as a promising option for industrial-scale thermal
management due to its consistent performance and compact design[140]. Unlike traditional
cooling garments, TE cooling systems can be applied directly to the skin without the need for
a thermal exchange medium, enhancing both efficiency and user convenience[141]. This direct
contact capability makes wearable TE cooling and joule heating devices an attractive alternative
for achieving personal thermal comfort, offering a sophisticated solution that aligns with the

evolving demands of modern wearable technology.

Flexible thermoelectric generators (TEGs) are increasingly popular in wearable applications
due to their ability to minimize thermal contact resistance by ensuring robust contact with the
skin[142,143]. This strong contact significantly enhances the temperature differential across the
TEG, a critical factor for efficient operation. The performance of thermoelectric designs (TEDs)
when integrated into wearable devices is influenced by various factors including device

geometry, air speed, the body's heat content, placement on the body, and individual anatomical
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differences[144]. The TED, exemplified in the design shown in Figure 2.11, incorporates
optimized heat spreaders that enhance thermal performance while boosting the durability of the
associated protective clothing. This design leverages two crucial attributes for maximizing
cooling efficiency and power output: low thermal conductivity within the device and high
thermal conductivity in the stretched sheets. Additionally, these sheets are stretchable,
augmenting the flexibility of the TEGs, thereby aligning with the dynamic and diverse demands

of wearable technology applications.
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Figure 2.11 Design, fabrication, and working of wearable thermoelectric device[145].
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Joule heating textiles represent a significant advance in the development of active thermal
management systems, offering enhanced warming capabilities by using the principle of electro-
thermal conversion[146,147], as shown in Figure 2.12. Unlike passive textiles, which rely
solely on regulated radiation and conduction without additional energy, Joule heating textiles
incorporate electrically conductive materials like carbon nanotubes[148], graphene[149],
metallic nanomaterials[111,150,151], and conductive polymers[152]. These materials can be
embedded or applied to textile surfaces to generate heat through decreased electrical resistance
when voltage is applied. This feature is particularly beneficial in wearable applications, where
such textiles must provide effective heating while maintaining durability under mechanical
stress. For instance, the integration of a nanowire percolation network within polymers delivers
a robust electrothermal effect that remains stable even during stretching or bending[151].
Metallic materials, in addition to their Joule heating capabilities, further enhance the
functionality of textiles through superior thermal radiation reflectance, making them suitable

for a variety of environmental conditions[57,114,115,153].
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Figure 2.12 Active Warming Textiles Based on Joule-Heating and Light-to-Heat Conversion

[150,154].

The integration of smart control systems into Joule heating textiles transforms them into
sophisticated personal thermal management devices. An exemplary innovation by Huang et al.
introduced a sandwich-structural textile combining Ag nanofibers and Pt nanofibers to serve

dual functions as a heater and temperature sensor, respectively[150]. This design exhibits high
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thermal stability and precise temperature control and can be managed interactively via
smartphone[150]. The system enables users to set desired temperatures through a mobile app,
which communicates with a microcontroller unit (MCU) via Bluetooth to adjust the power input
to the textile's Joule heating elements. Although the fully integrated application of such smart
textiles with temperature control has yet to be realized, this work charts a promising course for
future developments in the domain of interactive and responsive clothing technology. By
enabling real-time adjustment and monitoring of thermal conditions, these advanced textiles

could significantly enhance user comfort and energy efficiency in personal apparel[150].

Beyond the Joule heating mechanism, advancements in dual-mode heating textiles further
expand the versatility of active warming solutions. Li et al. leverage biomimetic MXene
textures inspired by the black scales of Bitis rhinoceros to develop stretchable textiles that
combine solar and electric heating[154]. These textiles exploit a highly hierarchical structure
for broad-spectrum light absorption, achieving up to 93.2% efficiency in light-to-heat
conversion. By mimicking natural textures, these MXene-coated textiles offer dual heating
capabilities that utilize both sunlight and electrical power. This innovative approach not only
enhances the efficiency of heating but also paves the way for the development of integrated
solar-electric dual-heated textiles. The success of this technology hinges on advancing the
MXene coating process, allowing it to uniformly cover individual fibers[154]. Such progress
would enable scalable production and further elevate the functionality of active warming

textiles, providing sustainable and efficient heating solutions for various applications.
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2.5 Conclusions and outlook

It is obvious that wearable thermal management is gaining more and more attention of scientific
researchers due to its wide application. From this brief review, we see that the wearable thermal
management system can be simply divided into four major groups: passive phase change
materials wearable thermal management strategy, passive radiation wearable thermal
management strategy, active fluidic wearable thermal management strategy and active
electricity driven wearable thermal management strategy. Even though all these wearable
thermal management systems are applied in numerous scenarios, the heat transfer capability is
still limited in some specific conditions, and the volume and weight of wearable thermal
management system is also cumbersome for some people. In all these four categories of thermal
management strategies, the fluid driven wearable thermal management system is the one have
the potential to perform large heat transfer combined with lightweight and relative comfort.
This is due to the nature of fluid: relatively large heat capacity and no fixed shape. However,
all current wearable fluidic thermal management systems are limited due to the low fluid
velocity inside. This is due to the inappropriate design of fluid channel and small power input
of fluid pump. But all the research works up to now are still lack of the fluid dynamics design
of fluidic wearable thermal management systems. And this thesis will focus on solving this
problem to develop a wearable heat transfer panel with large fluid velocity and even surface

temperature mapping for wearable thermal management.
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CHAPTER 3 Wearable Thermal Management
Strategy and System Evaluation

3.1 Introduction

Wearable thermal management systems have garnered significant attention in recent years due
to their potential applications in various fields, including sports recovery[82], healthcare[19],
and personal comfort[155]. These systems can be broadly categorized into passive and active
thermal management devices. Passive systems, such as phase change materials (PCMs)[156]
and thermally conductive fabrics[57], rely on inherent material properties to regulate
temperature. In contrast, active systems, including thermoelectric coolers (TECs)[145] and
liquid cooling garments[157], utilize external power sources to achieve precise thermal control.
Despite their promise, both categories face limitations. Passive systems often suffer from
limited thermal regulation capacity and slow response times, while active systems can be bulky,

energy-intensive, and complex to integrate into wearable formats.

In the realm of sports recovery, effective thermal management is crucial for enhancing muscle
recovery, reducing inflammation, and improving overall athletic performance[158]. Sports
competition is no longer the effort of the athletes themselves, but also with the technologies
applied to them. The speedy recovery between and after tournaments is of great importance for
athletes to release their potential abilities in the next competition. The main strategies employed
in wearable thermal management for sports recovery include localized heating and cooling,
dynamic temperature modulation, and hybrid systems that combine both heating and cooling

functionalities. The rapid contraction therapy (RCT) by hot and cold water immersion has been
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used to help the athletes provide short effective recovery by increasing the blood flow in human
body, reducing the muscle swelling and mitigate the pain during strenuous exercise[159].
However, current wearable sports recovery devices are hindered by their low heat transfer
capabilities. Most existing devices are designed to operate at a single temperature during one
cycle and lack the ability to perform rapid temperature switches, which is essential for
optimizing therapeutic outcomes. Also, taking these tools for RCT to the competition site is
unrealistic in most cases, because the equipment is too large. Developing a portable RCT device

can help athletes get better performance in their following competition.

This chapter will focus on the research of several critical issues for the development of a novel
wearable RCT device. First, evaluating the thermal transfer quantity between human body and
hot/cold water in immersion RCT through thermal simulation. Such simulations can provide
insights into the efficiency and effectiveness of heat transfer mechanisms, guiding the design
of more advanced systems. Second, the development of control logistics is crucial for enhancing
energy efficiency, ensuring that the devices can deliver the desired thermal effects without
excessive power consumption. Third, exploring innovative designs for external hot and cold
sources can significantly improve the performance and versatility of wearable thermal

management systems.
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3.2 Methodology

3.2.1 Heat transfer model and numeric simulation set up for water

immersion rapid contrast therapy (RCT)

As illustrated in Figure 3.1a, the model setup for the heat transfer simulation is presented. The
dimensions of the human thigh are defined as having a length of 45 cm and a diameter of 14
cm. The leg is composed of skin, muscle, blood vessels, connective tissues, and bones. Skeletal
muscles are crucial for rapid recovery post-exercise. Given that the skin is approximately 1 mm
thick and consists of about 60% water, comparable to muscle tissue which contains about 70%
water, the skin's thermal properties have been neglected in this simulation. Similarly, blood
vessels and connective tissues occupy a minimal proportion of the leg, and their thermal impact
is reduced as blood vessels constrict during cooling and dilate during heating cycles. Hence,

the thigh in this simulation is modelled solely with muscle tissue.
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Figure 3.1 Schematics of the thigh model set up and grid distribution of the computation
domain. The cylinder is assumed as an adult’s thigh filled with muscle by covering a thin

water layer with constant temperature switching between 5°C and 40°C.

The outer surface of the leg is assumed to be covered with a 0.5 cm layer of water, and the
temperature of this layer is maintained constant throughout the designated period. To evaluate
the maximum heat transfer, the temperatures for the hot and cold cycles are set to 40°C and
5°C, respectively. The cold cycle is applied for 1 minute, followed by the hot cycle for 2 minutes,
with a total of five hot and cold cycles being administered. The simulation utilized the

predefined material properties for muscle and water in COMSOL Multiphysics 6.0.

During the whole heat transfer period, the heat transformation between the human leg and water

should obey the following time-dependent equations [160]:

3 -
pCy 3+ pColl - VT +VG = Q + Qeeq (3-1)

48



q = —kVT (3-2)
Where p is the density of muscle, C, is the heat capacity of muscle, T is temperature, ¢ is the
time, % is the velocity vector of translational motion, ¢ is the heat flux by conduction, Q
contains additional heat sources = 0 in this case, Q.4 1s the thermoelastic damping and accounts
for thermoelastic effects in solids, k is the thermal conductivity of muscle, V is Laplace

operator.

To determine the upper limits of heat transfer, the muscle temperature is set to 45 °C. The water
region is initially set to 5 °C for the first 60 seconds, then switches to 40 °C for the next 120
seconds, reflecting the conditions of rapid contrast therapy. This process is repeated for a total
of five cycles. The interface between the muscle and the water, which is assumed to be
continuous as depicted in Figure 3.2, serves as the boundary for calculating the energy transfer

between the water and the thigh.

Figure 3.2 The surface for calculating the energy transfer (between water and leg). By

integrating the heat flux on this plane, the total heat flux consumption can be calculated.
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The boundary condition between the leg and water can be expressed as the following thermal

contact equation [160]:

Mg qq =y " qu (3-3)

Where the subscripts # and d refer to the upside and downside of the slit, respectively.

All simulations were conducted using the commercial finite element software COMSOL
Multiphysics 6.0. The assumptions employed in this study include heat transfer in solids and
fluids and laminar flow conditions. The mesh size for all simulations was set to "normal" (as
shown in Figure 3.1b). The mesh type was specified as free quadrilateral, and it was

automatically generated by COMSOL Multiphysics 6.0.

3.2.2 Switch logics and external hot/cold source design

The control strategy of this wearable thermal management system starts by proposing the water
circulation route inside. The switch logical design of this wearable thermal management system,
especially for rapid contrast therapy is based on the on/off control of 5 solenoid values, 2 pumps

and 1 drain pump. A prototype for realizing this switch logic is also prepared.

The external hot/cold source plays the role of supporting water with stable temperature
continuously for the circulation of therapy. This work explores the potential of adding extra

heating and cooling components by comparing the one without heating/cooling component.
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This test is conducted on the fast wearable thermal management system — COOLWEAR,

developed by our research team.

The fast wearable thermal management system originated from the elite athlete’s requirement
for fast contrast therapy beside the sports field as a water bathtub is cumbersome. Also, the
current commercial portable wearable thermal management systems can only perform single
temperature therapy, and other indoor thermal management systems cannot perform fast
switching temperature (they usually take more than 1 min to change temperature). We have
demonstrated that our self-developed fast wearable thermal management system is portable and
can perform the temperature switch in 10s. The whole wearable thermal management system
(developed by our research group) contains two parts: an all-in-one thermal management box
for cold and hot water circulation and switching, a soft heat transfer panel for heat transfer to
the human body. This wearable heat transfer panel is made by a traditional textile processing
technology — laminating. The thermal management box contains two water tanks, one for hot
water and the other for cold water. This thermal management box can perform both water
injection and sucking, together with the function of high-pressure air massage. The user can
adjust the water temperature inside the two water tanks and control the hot/cold therapy time

separately for his/her preference.

3.3 Results and discussion

The chapter mainly focuses on (1) the simulation analysis of heat transfer during the water
immersion contrast temperature therapy (2) the determination of switch logics for valve control

temperature gradience and (3) thermal management source of thermoelectric (TE) module.
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3.3.1 Heat transfer model and numeric simulation for water immersion

rapid contrast therapy (RCT)

Water immersion rapid contrast therapy, often referred to as contrast water therapy (CWT),
involves alternating between hot and cold water immersion. This technique is popular among
athletes for its potential benefits in recovery, reducing muscle soreness, and improving
circulation. By preparing two hubs with adjustable temperature settings, the hot water should
be comfortably warm, typically around 38-43°C, while the cold water should be quite cold,
around 5-15°C. Immerse part of the body in the cold water for 1-2 minutes. This causes blood
vessels to constrict, which can help reduce inflammation and muscle soreness. Quickly switch
to the hot water for 2-4 minutes. This helps to dilate blood vessels and increase blood flow to

the muscles. Alternate between hot and cold water immersions for a total of 3-4 cycles.

Figure 3.3 is the calculated temperature gradient distribution of the thigh in cross-section view.
From the four pictures during the first cooling cycle. Even after 120 s of immersion in cold
water, the temperature inside the thigh is still very high. This means that during the fast contrast

temperature therapy, only the periphery part of the leg will be effectively affected.
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Figure 3.3 Temperature gradient distribution of a leg in cross-section view during the first

cooling cycle at Os, 10s, 60s and 120s.

The simulation results show that the temperature on the surface of the thigh decreases/increases

sharply before and after the switch of the water temperature (Figure 3.4). The thermal flux

power is high at the beginning, which is up to ~6 kw, this can be explained by the Z_: section in
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equation (3-1), as the temperature gradient is really high at the beginning, this makes the heat

transfer quite fast. Later, the thermal flux slowly come down, as the temperature of periphery

. . : T . .
part of the leg is decreasing, which also reduce the value of 3¢ \n equation.
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Figure 3.4 (a) The calculated temperature on the surface of the leg vs. time, (b) the calculated

thermal flux power through the surface in Figure 3.2 between the leg and water.

Figure 3.5 shows the overall thermal flux consumption in one thigh, which is integration result
of the thermal flux power curve over the time in Figure 3.4b. The energy consumption in the
cool cycles is much higher than that in warm cycles, this is also because the temperature
difference, AT, in cool cycles is almost 40 °C. With the number of cycle increase, the thermal

flux in cool cycles is decreasing and increases in warm cycles. This is also caused by the change
of %. In first cycle, the surface temperature of the leg is 45 °C, much higher than 5 °C of the

cold water, this makes the cycle consume the most thermal flux energy in all 10 cycles.
However, with the increasement of cycle number, the overall temperature of the leg has
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decreased, this makes the thermal flux energy consumption decreased in the following 4 cycles.
When it comes to the warm cycle part, the thermal flux energy consumption is increasing, which

is the same reason as mentioned above. The overall temperature of the leg is decreased and the

. oT
increasement of PP makes more heat transfer between leg and warm water.
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Figure 3.5 Overall thermal flux consumption of one thigh during the five RCP therapy cycles.

In all, the requirement of energy consumption in the fast contrast temperature therapy has been
figured out. Guidance can be given for the selection of components for rapid contrast therapy
device. The potential highest heat transfer between skin surface and the wearable heat transfer
panel is ~360 kJ in 15 min. The thermal transfer is quite large for wearable thermal management
systems, so water is selected as the heat transfer medium for wearable heat transfer panel in the
following experimental tests. The fast switch between hot and cold therapy poses extreme high

requirement on the fast water injection and short hot/cold water alternating period. The ideal
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time gap is less than 10s. Obviously, traditional wearable heat transfer panel cannot reach this
standard, and the fluid channel need to be redesigned based on the study of internal fluid
dynamics. Also, as the wearable heat transfer panel need to perform at least two therapies of
different temperatures, the valves and pumps control and water mixing of different temperatures

need to be optimized.

3.3.2 Determination of switch logics for higher energy efficiency

The rapid thermal management system uses water as heat exchange medium because of its large
heat capacity. Different from other water based wearable heat transfer panels which only need
to perform therapy with a particular temperature without changing, this wearable heat transfer
panel needs to perform at least two different temperatures for contrast therapy, this requires a
new switch logic for switching different water temperatures and may cause severe mixing of
water with large temperature difference. This would further decrease the energy usage
efficiency since the power and space of external hot/cold source is limited. Considering the
high heat flux power and limited electric power provided by a portable power bank, the
optimization of switch logical design of different pumps can effectively enhance the

performance of this rapid contrast therapy system.

The switch logical design was developed in two categories. In these two figures, the number
“0” means the state of the valve is close, water cannot go through in this direction, while the
number “1” means open and water can pass the valve in this direction (Figure 3.8). The first
one is the simplest just with hot and water tanks (Figure 3.6), for the purpose of portable and
boarding. The first configuration needs fewer valves and the whole system is very simple, which
will be used in our current device development. the second is the device added the heating and

cooling function by additional thermoelectric units (Figures 3.8a-b), which makes the loop
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logical circuit more complex and the cost for fabrication is higher, together with the energy
consumption, but this configuration can heat and cool water inside the water tank. The second

configuration will be clarified in the following 3.3.3 section.
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Figure 3.6 Schematic diagram of switch logical design of six different state. (a) cold cycle
state, (b) cold drain state, (c) cold water reflux procedure, (d) hot cycle state, (e) hot drain

state, (f) hot water reflux procedure.
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The whole control system consists of 5 solenoid valves (labels 1,2,4,5,8), 2 pumps (labels 3,6)
and 1 drain pump (label 9). Label 7 remains for thermoelectric units in the second configuration.
Details of the first configuration are shown in Figures 3.6. The prototype for realizing this
switch logics is the PLC relay control system as shown in Figure 3.7. For higher energy
efficiency, the whole circulation is divided into 6 cycle states. Cold/hot cycle states are the
longest state for hot/cold therapy. Cold cycle state keeps components 1,2,3,9 on and 4,5,6,8 off,
which ensures the cold water circulation between soft heat transfer panel and cold water tank.
Hot cycle state keeps components 4,5,6,9 on and 1,2,3,8 off, which ensures the hot water
circulation between soft heat transfer panel and cold water tank. Cold/hot drain cycle states are
used for sucking the remaining cold/hot water inside the soft heat transfer panel into the cold/hot
water tank for reducing the water mixing of different temperatures in the next therapy cycle.
Cold drain state keeps components 2,8,9 on and 1,3,4,5,6 off while hot drain state keeps
components 5,8,9 on and 1,2,3,4,6 off. This state can extract water both from the inlet tube and
outlet tube for shorter sucking period as this state do not perform well in therapy with few and
stagnate water inside soft heat transfer panel. Less time in this state the faster switch between
two temperatures therapy can be achieved. Cold/hot water reflux procedure are used for further
reducing the water mixing of different temperature based on previous cold/hot drain state. Since
the remaining water in soft heat transfer panel during previous circulation cannot be completely
sucked out, this procedure can use the afterward injected temperature water to push the previous
temperature water into the corresponding water tank. The key factor on this procedure is to
control the working time of this procedure, otherwise more water of different temperature may

be injected into the wrong water tank and caused low energy efficiency. Cold water reflux
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procedure keeps components 2,4,6,9 on and 1,3,5,8 off while hot water reflux procedure keeps

components 1,3,5,9 on and 2,4,6,8 off.

Figure 3.7 PLC/relay control system made in Industrial Center of The Hong Kong

Polytechnic University based on the switch logical design above.

By comparing directly injecting the contrast temperature water into the soft heat exchange panel,
the appropriate allocation of the 6 cycle states can enhance the energy usage efficiency and
obviously enhance the thermal performance of this wearable system. The time relay design is

based on the water consumption volume and fluid velocity.
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3.3.3 Heating and cooling capability of commercial thermoelectricity
(TE) modules

Previous section detailed investigated control logics of hot/cold water circulation control. By
appropriate arrangements of the state of valves and pumps in fluid circulation circuit, the energy
usage and therapy performance are effectively improved. However, the previous section only
contains the hot/cold water tank without heating/cooling function. This part will study the
possibility of heating and cooling by thermoelectricity (TE) modules: tests for the heating and
cooling ability of TE modules and heating/cooling performance when attached to COOLWEAR

thermal management system.

Even though the two logics switch circuits are different (Figure 3.6 & Figure 3.8), the function
output is the same: providing the heat transfer device with cold and hot water for time intervals.
The output signal of a programmable logic controller (PLC) is the same. Figure 3.8 is the
simplified switch logical design of Figure 3.6 with the adding of TE modules. Figure 3.8a is
the cold cycle with TE modules while Figure 3.8b is the hot cycle with TE modules. The
hot/cold water need to go through the hot/cold planes of TE modules for heat transfer. During
the cold cycle, the water passes through the cold water tank, cold plane and leg surface and the
hot water only passes through hot water tank and hot plane for heat collection. During the hot
cycle, the water passes through the hot water tank, hot plane and leg surface and the cold water

only passes through cold water tank and cold plane for cooling down.
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Figure 3.8 Heating ability test of thermoelectric (TE) module. (a) Schematic diagram of
switch logical design of cold cycle with TE modules; (b) Schematic diagram of switch logical

design of hot cycle with TE modules; (c¢) Experimental set up of TE heating ability test.

For testing the TE heating ability, four pieces of TE modules are combined for testing. They
are powered by a 300-watt power adapter. Two pumps are located in the hot water tank and
cold water tank for water circulation. Both hot and cold water tanks contain 2.4 litre water,
respectively. Temperature sensors are placed inside these two water tanks for temperature
measurement. The initial temperature of cold water tank is set as 0°C, and the initial temperature
of hot water tank is set as room temperature (22.4°C). As shown in Figure 3.9, is the
temperature vs. time when keep the whole test system running. The cold water tank is set and
maintained around 0°C with ice. This can help test heat production capability under the worst
working condition. The temperature inside hot water tank keeps increasing linearly. It reaches
40°C when 750 s and 50°C when 1336s. The total power consumption of TE modules is ~204
watt. The heat generation during the whole test is ~2.78 x 10° J. The heating power of these
four pieces of TE modules is ~208 watt. Thus, the heating power of each TE module unit is ~52

watt.
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Figure 3.9 Heating ability test result of thermoelectric (TE) module by keeping the cold water

around 0°C and testing the temperature change of hot water side.

For testing the TE cooling ability, eight pieces of TE modules are combined for testing,
experimental set up are shown in Figure 3.10. They are powered by two 300-watt power
adapters. Two pumps are used for water circulation. Hot and cold water tanks contain 800 ml
and 300 ml water, respectively. The hot water circulation contains more water for 360 water
cooling fans. Temperature sensors are placed inside these two water tanks for temperature
measurement. Both initial temperature of cold water tank and hot water tank are set as room
temperature (22.4°C). This experimental set up aims to test the cooling ability of TE modules
under the extreme using scenarios — without any ice inside but providing the hot water
circulation part with enough heat dissipation facility (two 360 water cooling fans). This
experimental set up aims to test the best cooling performance of TE modules under the best
heat dissipation condition. Since the thermal management box is designed for portable, the two
360 water cooling fans is the maximum volume for the purpose of portable, otherwise it maybe

too large to carry. The temperature inside the hot water tank reaches 42.5°C and keep as a
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constant after 360 s. The temperature inside the cold water tank reaches 5°C from the beginning
22.4°C after 240 s. So the heat transfer power from cold plane to hot plane of this TE modules
is ~99 watt and the cooling power of each TE unit is ~12.5 watt. This means under the best heat
dissipation condition of a portable device, the TE unit can transfer 12.5 J heat energy from cold

plane to hot plane every second.

R360 water cooling fa

Figure 3.10 Cooling ability test experimental set up of TE heating ability test.

Based on previous data, the TE unit can transfer 12.5 J heat from cold plane to hot plane while
generating total 52 J heat on the hot plane at the same time. This means that the generated heat
is four times higher than the transferred heat and the adding or extra heat dissipation is necessary.
The temperature difference between cold and hot plane strongly affects the heat transfer ability
from cold plane to hot plane. When the hot plane is under good heat dissipation condition, the
heat transfer ability of TE modules can be enhanced. That’s why the temperature curve in

Figure 3.9 is linear while nonlinear in Figure 3.11.
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Figure 3.11 Cooling ability test result of thermoelectric (TE) module start when both hot and
cold water tank are 22°C (room temperature). (a) Final temperature of hot and cold water tank
with 360 water cooling fans; (b) Final temperature of hot and cold water tank without 360

water cooling fans; (¢) Temperature vs time result of TE module with 360 water cooling fans.

The effect of TE modules is still unclear in real application scenerios since the above data of
TE modules capability are acquired in extreme conditions. The experimental set up in Figure
3.12 aims for testing the temperature maintenance ability of TE modules. The temperature
maintenance test is performed by attaching the 8 pieces of TE modules to the circulation of our
research group developed COOLWEAR fast contrast therapy system. The hot plane is attached
to the circulation of hot water tank and the cold plane is attached to the circulation of cold water
tank with two water pumps. The eight-pieces TE modules are powered by a 600-watt power

adaptor. The room temperature is ~20°C. The two soft heat transfer panels are expanded on the
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ground for controlling the heat dissipation (as the temperature on surface skin is difficult to
control). The COOLWEAR performs 5 cycles of contrast therapy. 1 minute for cold water
circulation and 2 minutes for hot water circulation. This system can automatically heat the water
when temperature is lower than a particular value (50°C setting in this test) in hot water tank

and the maximum power of heating is ~400 watt. Total 5 cycles last for 15 minutes.

.Cold tank

-~

Figure 3.12 Temperature maintenance ability experimental set up of thermoelectric (TE)

module by attaching to COOLWEAR system.

As shown in Figure 3.13, the temperature maintenance test is under five different primary
conditions: (a) cold water tank with 1.5 litre room temperature water and 1.5 litre ice, hot water
tank with 3 litre 50°C water, all 8 pieces TE modules turned on. The total power consumption
of this state during water circulation is 600 watts — 1000 watts. (b) cold water tank with 1.5 litre
room temperature water and 1.5 litre ice, hot water tank with 3 litre 50°C water, but all 8 pieces
TE modules turned off. The total power consumption of this state during water circulation is
~400 watts. (c) The cold water tank temperature is maintained under 5°C with enough ice, hot

water tank with 3 litre 50°C water, 4 pieces TE modules turned on. The total power consumption
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of this state during water circulation is ~700 watts. (d) The cold water tank temperature is
maintained under 5°C with enough ice, hot water tank with 3 litre 50°C water, all 8 pieces TE

modules turned on. The total power consumption of this state during water circulation is 600

watts — 1000 watts.

Cold tank Hot tank TE state

(a)1.5L water (25C) + 1.5Lice 3L water (50C) (<400W) 8 on (600W)
(b) 1.5L water (25°C) + 1.5Lice 3L water (50C) (400W) 0 on (0W)

(c) Maintained under 5C 3L water (50°C) (400W) 4 on (300W)
(d) Maintained under 5C 3L water (50C) (<400W) 8 on (600W)
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Figure 3.13 Temperature maintenance ability testing results of thermoelectric (TE) module
by attaching to COOLWEAR system. (a) Temperature vs. time during five cycles with 8 TE

modules turned on, the original state of water tank in this test is 1.5 liter room temperature
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water mixed 1.5 liter ice in cold water tank and 3 liter 50°C hot water in hot water tank; (b)
Temperature vs. time during five cycles without TE modules, the original state of water tank
in this test is 1.5 liter room temperature water mixed 1.5 liter ice in cold water tank and 3 liter
50°C hot water in hot water tank; (c) Temperature vs. time during five cycles with 4 TE
modules turned on, the original state of water tank in this test is maintained under 5°C in cold
water tank and 3 liter 50°C hot water in hot water tank; (d) Temperature vs. time during five
cycles with 8 TE modules turned on, the original state of water tank in this test is maintained

under 5°C in cold water tank and 3 liter 50°C hot water in hot water tank.

As shown in Figure 3.13a, the temperature in hot water tank is maintained mostly higher than
45°C. A sudden drop on temperature occurs during the temperature switch period as some cold
water may be mixed into the hot water tank is unavoidable. The temperature in cold water tank
is increasing with the increment of switching circulations. The final temperature value is around
20°C which is not suitable for a cold therapy since the temperature is too high. Even though the
temperature is slightly dropping during the cold therapy circulation, the TE modules cannot
maintain the temperature under a particular value. But the TE modules can total maintain the
temperature in hot water tank. This test results show the 8 pieces of TE modules and heater
inside can maintain the hot water tank temperature, but the situation is not desirable on the cold
water tank side, together with high power consumption. Figure 3.13b shows the results without
TE modules, the temperature in water tank can also be maintained higher than 40°C. This means
the heating power 400 watts is enough for 5 cycles. However, when comparing the temperature
curve in cold water tank in Figure 3.13a&b, no obvious difference between these two results.
Even though there is a slight temperature decrease in condition (a), the final temperature is just
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2°C lower than that without TE modules. So, the TE modules are not suitable for onsite cold
water tank temperature maintenance. They can only be used for the cold water preparing of cold
therapy with sufficient time. Since the TE modules can maintain the hot water temperature on
the previous two conditions, the following two conditions aim to test the heating ability of TE
modules under extreme temperature difference between hot and cold plane. As shown in Figure
3.13c&d, temperature can be maintained above 45°C and this temperature is high enough for
hot therapy. In general, due to the nature of TE materials, even though it is small and not noisy
when comparing to other cooling devices, it is unavoidable to produce too much extra heat for
heat transfer from cold plane to hot plane. This makes them not suitable for onsite portable cold
therapy, especially for this kind of contrast therapy with unavoidable hot and cold water mixing

during temperature switch.

3.4 Summary

In this chapter, we have explored the potential applicable strategy for the fast contrast therapy,
evaluated the controlling logics and temperature maintenance capability of fast contrast therapy
system. With the thermal modelling and simulations of water immersion rapid contrast therapy,
the strategy for thermal management is cooling/heating by water circulation due to the large
heat transfer during water immersion. To reduce the mixing of different temperature water, an
optimized switch design is proposed for higher energy efficiency with appropriate sucking and
reflux period control. Portable heating/cooling strategies like directly adding ice, heat by
heating rod, TE cooling and heating are tested and evaluated. For onsite fast contrast therapy,

directly adding ice for cold therapy and heating by heat rod is the most suitable thermal
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management strategy. TE modules consume too much energy and large heat transfer amount
from cold plane to hot plane. They are more suitable for thermal management without large

thermal transfer amount and frequent large difference temperature switching.
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CHAPTER 4 Network-Structured Fluidic
Fabrics for Large Area Rapid Wearable
Thermal Management

4.1 Introduction

Fluidic fabrics are widely used in the realm of wearable technology, offering versatile
applications particularly in thermal regulation and force feedback mechanisms. These advanced
textiles are used in sports recovery[159] and medical sectors[161] by providing precise thermal
control and localized cooling or heating for injury treatment and rehabilitation. In Virtual and
Augmented Reality (VR/AR) applications, fluidic fabrics contribute to immersive experiences
through haptic feedback, enhancing user interactions by simulating touch and force
sensations[162]. Furthermore, outdoor enthusiasts benefit from these fabrics in garments
designed for efficient thermal management, ensuring comfort across varying environmental
conditions. In extreme environments such as space exploration[163], fluidic fabrics are integral
in maintaining astronaut body temperatures, crucial for prolonged missions and extravehicular

activities.

The core functionality of these diverse applications lies in the meticulous flow control within
the fluidic fabrics. So that, the heat and force can be delivered in the desired way. However, a
significant challenge arises in large-area thermal regulation: the slow flow velocity. This
limitation often leads to uneven temperature distribution and large time span latency in large
cover area, undermining the efficiency and effectiveness of the wearable's thermal management

system. Traditionally, wearable heat transfer panels have relied on circulating water, air, or
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utilizing phase-change materials for heat transfer. Despite their utility, these methods inherently
suffer from the same drawback—single-channel flow systems. This single-channel approach
causes the problem of slow and uneven thermal distribution, particularly over expansive areas.
To address this issue, large-area fluid distribution network composed of numerous branching

structures is proposed.

Inspired by naturally occurring models such as tree branches, river systems, and biological
capillaries, these network structures aim to enhance the uniformity and speed of fluid flow[39-
41]. The trees can distribute the nutrition to the terminals for leaves due to the numerous
branches mass transfer. There are no floods in areas with plenty of rivers. This is because the
flow rate can be adjusted when one channel is blocked. Thus, this blocked water can be
distributed to other rivers. Biological capillaries can control the flow rate of blood at different
temperatures by adjusting the flow resistance at different parts. Then less flood would be
transferred to the low temperature region for thermal regulation. All these examples shows that
the network structure can effectively manipulate the flow field in a large area by controlling the

flow rate at specific channels or areas.

By mimicking these intricate natural patterns, fluidic fabrics can potentially achieve more
efficient thermal regulation across broad surfaces, paving the way for more advanced and
effective wearable technologies. This work proposed a network structure which can distribute
water over a large area for covering human body. For fast fluid velocity and uniform
temperature distribution, the flow resistance at different regions of this device is preciously
controlled and the turnings of the wearable heat transfer panels are reduced to two for less head
loss due to the velocity direction change. Based on this network structure, five wearable heat
transfer panels specifically for fast contrast therapy is prepared. The full leg wearable heat
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transfer panel can be fulfilled with water in 6 s and perform the different temperature switch in
10 s. The thigh and calf wearable heat transfer panels can be fulfilled with water in 4 s and 3 s,
respectively. And both can perform different temperature switch in 10 s. The last two wearable
heat transfer panels are for knees and ankles, the area is much smaller when compared to the
previous 3 wearable heat transfer panels, both can also perform different temperature switch in

10 s.

This chapter first tells the fabrication method and experimental testing of the wearable heat
transfer panels. Secondly, the analysis of experiments and numerical simulation results on a
representative traditional wearable heat transfer panel for sports recovery is conducted. Thirdly,
the design principles of this network-structured is proposed and the experiment results and
numerical simulation results on full leg wearable heat transfer panel are analysed. Last, other
two wearable heat transfer panels (thigh, calf) are fabricated based on the previous design

principles.

4.2 Methodology

4.2.1 Device fabrication
Three network-structured devices (wearable heat transfer panels for whole leg, thigh and calf)
were made by ratio-frequency welding two pieces composite fabrics of polyamide fabric

laminated with a thermoplastic polyurethane film in an aluminium mold, using a SANDEN

KS 4000T welder (Figure 4.1).
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Figure 4.1 SANDEN KS 4000T welder for making network-structured devices. By ratio-
frequency welding two pieces composite fabrics of polyamide fabric laminated with a

thermoplastic polyurethane film in an aluminum mold.

The manufacturing process of the network-structured fluidic fabric is shown in Figure 4.2.
Firstly, the outline of the wearable heat transfer panel is cut. Then, by ratio-frequency welding,
the guide vanes and reinforcement dots are adhered thus the network structure fluid channels
are formed. Last, by covering the wearable heat transfer panel over the leg, and injecting fluid

inside, the wearable heat transfer panel can perform hot/cold therapy.
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Figure 4.2 (a-b) Manufacturing process of the network-structured fluidic fabric were first cut
out shape of layers and then adhering two pieces composite fabrics and PVC tubes by ratio-
frequency welding; (c) The full leg network-structured heat transfer panel contains
reinforcement dots and guide vanes for controlling the flow field inside, the two kinds of
welding units formed the nature inspired network-structured wearable heat transfer panel for
large area rapid thermal management; (d) The laminated fabric was soft and can be adapted to
complex shapes for the purpose of wearable, the heat transfer fluid can go through the
channels formed by these reinforcement dots and guide vanes to conduct large area rapid

thermal management.

The making process of network-structured fluidic fabrics can be modified thus making
multilayer fluidic fabrics with different functions. Figure 4.3a is the two-layer network
structure with single fabric material. This can be used for simple wearable heat transfer by
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injecting different temperature water. Figure 4.3b is the three-layer network structure with 3
kinds of fabric materials which can fill two different fluids. The inner fluid channel can be
injected with water for thermal regulation and the outside fluid channel can be injected with
compressed air for force feedback (such as massage). Figure 4.3¢ is the four-layer network
structure with 3 types of materials for pneumatic actuating, anisotropy flexible fluidic fabric
upside and inextensible fluidic fabric downside. By welding the four layers, three types of

materials together, the fluidic fabric can provide force feedback with compressed air inside.

Layers 2&3 (inside)

Figure 4.3 (a) Two-layer network structure with single fabric material; (b) Three-layer
network structure with 3 kinds of fabric materials which can fill two different fluids (e.g.
water and air); (¢) Four-layer network structure with 3 types of materials for pneumatic

actuating, anisotropy flexible fluidic fabric upside and inextensible fluidic fabric downside.
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4.2.2 Numerical simulation and experimental set up

All the reinforcement dots in wearable heat transfer panels are set 5 mm in diameter, and the
distance between each dot is different depending on the corresponding function area. Since the
dimension in the thickness direction is much smaller than that in the spanwise direction, its flow
in the thickness direction is neglected for simplifying to two-dimensional models. This can
accelerate the calculation without sacrificing the general flow field characterizing accuracy.
Otherwise, the simulation would be tedious and time consuming. The 3D space fluid field
simulation of network structure is analyzed in the following chapter with modified parameters
for better analyzing. The shapes of the following wearable heat transfer panels are designed to

fit the legs, thighs and calves of elite athletes.

The heat transfer inside the wearable heat transfer panels can be expressed as follows[164]:

aT — -
dzpC, 5T dzpCou-VT +V-q =d;Q + qo + dzQp + dzQua (4-1)
4 = —d,kVT (4-2)
— ba -
P =Rt (4-3)

Where p is the density, C, is the specific heat capacity at constant pressure, T is the absolute

temperature, U is the velocity vector, g is the heat flux by conduction, Q contains heat sources

other than viscous dissipation.

The flow of water inside the wearable heat transfer panels can be expressed as follows [164]:

ap 5\
StV (pV)=0 (4-4)
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v = 5\ 7 1 u = 1u T
E+V-(|7V)—f—;Vp+;|72V+§;|7(|7 V) (4-5)

To fit the boundary conditions mentioned in chapter 3, the primary water temperature inside is

set as 40°C and the water temperature from inlet is set as 5 °C. The velocity of the inlet ranges

from 0.25 m/s to 1 m/s, which corresponds to the output performance of the pump in our
laboratory. No heat transfer with the surroundings. The calculation is time-dependent, and the

calculation time is set as 30 s. The physics fields are heat transfer and laminar flow.

Experimental set up of the network structure device fluid field observation is shown in Figure
4.4. Since the heat transfer panel is flexible and the measurement of internal fluid field is quite
difficult. The fluid field is observed by an infrared camera. When the heat transfer panel is
injected with different temperature water, the fluid field evolution can be roughly presented
with the temperature mapping. Figure 4.4a is the experimental set up, the fluid field
observation is obtained by the temperature distribution during water injection and different
temperature water switching, the temperature is observed by an infrared camera on top of the
network structure device. Figure 4.4b is the fluid control section consists of two water pumps,
two flowmeters and two liquid manometers are placed at inlet and outlet. The water pumps are
for water injecting and sucking. The flowmeters are for measuring the flow velocity. The liquid

manometers are for pressure drop measurements.

As the heat transfer panels for legs (full leg, thigh, calf), users prefer to place their legs
horizontally on the ground. In the cases from this thesis, the gravity effect can be neglected to

reduce the simulation time

77



Figure 4.4 Experimental set up of the network structure device fluid field observation by an
infrared camera. (a) The fluid field observation is obtained by the temperature distribution
during water injection and different temperature water switching, the temperature is observed
by an infrared camera on top of the network structure device. (b) Fluid control section
consists of two water pumps, two flowmeters and two liquid manometers are placed at inlet

and outlet.

4.3 Results and discussion

4.3.1 Traditional wearable heat transfer panels

Traditional wearable heat transfer panels are usually constructed by single tube channel or
simple one-way fluid circulation routine, as shown in Figure 4.5. Their fluid channels are

allocated arbitrary just to cover the heat transfer area without the consideration of heat transfer
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efficiency. The channels contain lots of turnings and the flow resistance is very high when
increasing the flow velocity inside. This limits the heat transfer quantity during the working

time of heat transfer panel.

Figure 4.5 Traditional commercial single tube wearable heat transfer panels, all the fluid
channels of these wearable heat transfer panels are allocated arbitrary. (a) Water-cooling

mattress; (b) Water-cooling T-shirt.

Game ready wrap is a representative wearable heat transfer panel of wide single channel with
numerous reinforcement dots (Figure 4.6). Figure 4.6a is the schematic diagram of Game
Ready wrap for full leg. The curved guide vanes along the single fluid channel can mitigate the
bucking effect of periphery fabrics. This can further improve the conformability of this
wearable heat transfer panel. The reinforcement dots inside are designed for the purpose of
reducing the thickness when inflated with cold water. As shown in Figure 4.6¢&d, the wearable
heat transfer panel is ~4.27 mm in thickness when injected with water and ~1.27 mm in

thickness of welded fabrics. The dots density is also very high, the diameter of reinforcement
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dots is ~4.28 mm. This makes the full leg wearable heat transfer panel light and thin when it is
working on human body with water circulating inside. The water consumption of this full leg

wrap is ~500 ml.

Figure 4.6 Traditional commercial single tube wearable heat transfer panel — Game Ready
wrap for full leg. (a) Schematic diagram of Game Ready wrap for full leg — constructed by

curved guide vanes and numerous reinforcement dots. (b) This wearable heat transfer panel
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contains a wide fluid channel with many reinforcement dots and turnings. (c-e¢) The wearable
heat transfer panel is ~4.27 mm in thickness when injected with water and ~1.27 mm in

thickness of welded fabrics. The diameter of reinforcement dots is ~4.28 mm.

The heat transfer coefficient and pressure drop are important criteria for evaluating the thermal
performance of all heat transfer panels. Appropriate power loss control and uniform velocity
distribution are of great importance due to the characteristics of the flexible wearable heat
transfer panel: 1. large coverage area, 2. same position of the water inlet & outlet. Traditional
single tube wearable heat transfer panels (Figure 4.5) usually contain many corners to ensure

the whole panel is filled with water, but this results in high power loss and low fluid velocity.

Figure 4.7 shows the heat performance of this wrap for full leg. It takes ~164 s for this wearable
heat transfer panel reaches a steady state. The temperature is uneven, and it is increasing
gradually from inlet to outlet along the direction of this single channel tube the water passes by.
This is caused by the heat transfer between heat transfer panel and the ambient air. The front
water can absorb more heat due to longer heat transfer time and the temperature is higher. This
uneven temperature mapping and long fluid field developing time (time for reaching a steady

state) can be improved by accelerating the flow velocity inside.
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Figure 4.7 The temperature distribution of Game Ready wrap for full leg, the outlet
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temperature reaches a steady state after 164s. Also, the temperature distribution of this

wearable heat transfer panel is uneven due to the low flow velocity inside.

Figure 4.8 shows the numerical simulation calculation results of Game Ready wrap for full leg.
The inlet velocity is set as 0.15 m/s, the simulation results show the full leg wrap takes ~160 s
to reach a steady state. This corresponds to the previous experimental results. As shown in
Figure 4.8a&c, the velocity magnitude is higher in the middle part of the wide tube while

relatively lower at the corners. A ‘die’ area with quite low velocity occurs at the bottom part of
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this full leg wrap. Due to the nature of single tube and the contribution of numerous
reinforcement dots, the velocity evenness inside the tube can be guaranteed. The uniformity of
heat transfer can be enhanced by increasing the flow velocity inside. Figure 4.8d is the pressure
mapping of this full leg wrap. The highest pressure occurs at the inlet while the lowest near the
outlet. The pressure drop shows the flow resistance the fluid inside need to overcome. Usually,
the pressure drop would increase together with the flow velocity. Simply increase the velocity
at inlet by using a larger pump is not acceptable for wearable heat transfer panels. This can
make the pressure at the inlet extremely high and further tear the fabric and cause water leakage.
The following channel redesigned network-structured wearable heat transfer panel shows
uniform temperature mapping and extreme fast flow velocity, which significantly enhance the

heat performance of wearable heat transfer panels.
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Figure 4.8 Numerical simulation calculation results of Game Ready wrap for full leg, the
inlet velocity is set as 0.15m/s. (a-b) The temperature distribution at 90 s and 160 s. (¢) The
velocity magnitude distribution of this Game Ready wrap when the flow field is fully
developed. (d) The pressure distribution of this Game Ready wrap when the flow field is fully

developed.

4.3.2 Network-structured wearable heat transfer panel for full leg

The full leg example (Figure 4.2¢) shows the general procedure of designing and making this

rapid wearable heat transfer panel based on the following 2 chapters analysis: A 4-step mass
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mixing mechanism, controllable automatic homogeneity by adjusting the flow field and power
loss evaluation. Final versions of the three wearable heat transfer panels (full leg, thigh and calf)
were acquired based on large amounts of simulation results for different network structure

parameters and extensive experimental proof and validation.

4.3.2.1 Design principles of network structures and practical application
performance

Network structures are widely present in nature (Figure 4.9). They are widely used for mass
transfer from limited sources to numerous terminals with extensive coverage. Areas with plenty
of rivers can adjust the flow rate of each branch to avoid floods. In life entities, branches of
trees are used for distributing water and nutrients to the terminals of leaves and capillaries can
easily shrink and expand to control the flow rate of blood. The network structures can
effectively control the flow rate of each dendritic channels by adjusting the wall shapes of them.
Figure 4.10a-c shows schematic diagrams of single tube/network structure fluidic fabrics filled
with fluid; network fluidic fabrics contains numerous reinforcement dots for flow field
manipulation with wider fluid channel while the single tube can only transfer fluid in a narrow
channel with lots of turnings. Figure 4.10d-e shows cross-sectional view of network structure
device filled with fluid inside. Figure 4.11 shows the idea of electric-fluidic analogy. The
reinforcement dots in the wearable heat transfer panel can be used for the flow field
manipulation. Based on the idea of network structure and flow field control by reinforcement

dots, the wearable heat transfer panel with fast flow velocity successfully designed.

85



Figure 4.9 Network structure in rivers follows the natural topology of landscape, while that of
trees and capillaries are self-adjustable when one branch is blocked and can distribute fluid

and mass in large area.
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Figure 4.10 (a-b) Schematic diagrams of single tube/network structure fluidic fabrics filled
with fluid, network fluidic fabrics contains numerous reinforcement dots for flow field
manipulation with wider fluid channel. (c) The fabricated network fluid channel, fluid can

pass through the channels formed by the reinforcement dots and the curved walls formed by
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the laminated fabrics. (d-e) The cross-section view of network structure device filled with

fluid inside.
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Figure 4.11 Schematic of network-structured fluid channel and electric-fluidic analogy.

This heat transfer panel for a whole leg can be filled uniformly in less than 6 s with a 24 V
water pump at the inlet, power ~30 W (Figure 4.12 & Figure 4.16), much faster than traditional
commercial wearable heat transfer panels (more than 1 min, Figure 4.7 & Figure 4.12) and
those without an appropriate dots and tube arrangement design (Figure 4.27). The results
showed the appropriate arrangement of network structure can significantly increase the fluid
velocity and enhance the performance of wearable heat transfer panels. The heat efficiency was
obviously enhanced due to faster fluid velocity inside, leading to a lower circulation time and
a large temperature gradient between the heat transfer panel and skin surface. The outlet

temperature of the network-structured heat transfer panel in this work reached a stable state in
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6 s and the temperature difference between the outlet and inlet was less than 3 °C. The fast fluid

velocity and uniform temperature distribution meant that the local power loss of each part of

this heat transfer panel was reasonable.
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Figure 4.12 (a) This full leg network-structured wearable heat transfer panel showed much

faster thermal management than one commercial product on sale, the heat efficiency was

obviously enhanced due to fast fluid velocity inside thus less circulation time and large

temperature gradient between heat transfer panel and surface skin, the outlet temperature of

network-structured heat transfer panel in this work went to a stable state in 6 s and the

temperature difference value between outlet and inlet is less than 3 °C, fast fluid velocity and

uniform temperature distribution means the local power loss of each part of this heat transfer

panel was in a reasonable level: (b) Outlet temperature comparison of final version of this

work, FHTP with inappropriate network structure and single tube arrangement in Figure 4.27

by the same pumping system. With appropriate network structure, the final version of our

FHTP showed faster thermal management, while the water took ~ 12 s to the water outlets



and more than 24 s for temperature uniform distribution. The lower fluid velocity causes the
outlet flow temperature to drop more slowly. Also, with the potential safety problems caused

by high pressure.

For real application scenarios, another two wearable heat transfer panels were used, thigh and
calf, for this wearable thermal management system. An onsite thermal performance test of the
thigh wearable heat transfer panel was conducted for this wearable thermal management system
(Figure 4.13). Figure 4.13 shows the skin temperature before and after the 1-minute cold
therapy with a water temperature of ~ 5 °C, and most of the thigh surface is affected. The areas
of the guide vanes and reinforcement dots, however, show higher temperatures. This means the
cross-directional thermal conductivity is poor. As the fabric inflates, the welding dots form air
gaps between the fabric and skin such that thermal transfer is only by radiation. Our network-
structured wearable heat transfer panels have been used by elite athletes for enhancing their
competition performance. Figure 4.14 shows the real scenario with an athlete using the calf

network-structured heat transfer panel for fast sports recovery.
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Figure 4.13 Applications of the network-structured wearable heat transfer panels for thigh.
(a) Demonstration of thigh experiment by thermal management system. An infrared camera
was placed nearby for recording surface temperature; (b-c) Skin temperature before & after 1-
min cold therapy. The heat transfer panel can effectively decrease the temperature on the
thigh uniformly; (d-e) Surface temperature mapping on human body of the thigh heat transfer
panel during cold therapy and the temperature switch period. This uniform heat performance

can also be achieved when worn on the human body.
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Figure 4.14 An athlete is using the thermal management system with network-structured calf

wearable heat transfer panels for fast contrast therapy after training on field.
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We designed this network-structured heat transfer panel (Figure 4.2¢) by changing “R” and “D”
and the local pressure drop can be controlled (detailed investigated in chapter 5), thus
manipulating the flow field at different parts of heat transfer panel. For reducing kinetic energy
loss at the corners of tubes, this heat transfer panel contains only two major corners on the top
side (Figure 4.15a). Thus, the heat transfer panel is divided into 4 different function areas —
function area 1 (FA1), FA2, FA3 & FA4 (Figure 4.15b&c). The parameters (this will be
detailed discussed in Chapter 5 & 6) of the network structure are different in the 4 function
areas. FA1 is close to the inlet tube, and the fluid velocity is very large. The dot density here is
smaller leading to less power loss, but large enough for dispersing the velocity from a narrow
inlet. After the incident flow is dispersed by FA1l, FA2 will distribute the water into three
narrow tubes. The flow resistance Z3 of the two tubes on the side was the same. The distance
from inlet to outlet of the two side tubes is shorter than that of the central tube in FA2 (Figure
4.15¢ & Figure 4.16a). Water will then go to FA3 - the flow resistance Z3 is larger than Z2 to
avoid velocity unevenness, so that more water can go to FA3. As the inlet and two outlets are
located at the bottom, this will make the water tend to flow to the central axis and reduce the
fluid rate at the margin of FHTP thus weaken the heat performance. FA3 was designed with
one long and short guide vanes with numerous reinforcement dots. This part is affected not only
by the arrangement of dots, but also the change in velocity direction. The two guide vanes
formed the three inlets of FA4 and the flow rate on the margin of FHTP is the largest while
with lower flow resistance/pressure drop/power loss. The other two outlets are designed for
eliminating the “die area” (a second flow formed vortex with extreme low flow velocity) under
the long guide vane. The two outlets are much narrower and with higher density of

reinforcement dots. This means Z4 + Z2 is smaller than Z5 + Z3, so that water in these two
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areas can go to FA4 (main heat transfer area) almost at the same time (Figure 15¢ & Figure
4.16b&c) when passing through the two routes. The dot density in FA4 is higher leading to less
water consumption (for smaller thermal management box) and better velocity evenness. The
velocity in FA4 is much smaller thus making the flow resistance Z7 small. Figure 4.16
indicated that the appropriate network structure can evidently increase the water velocity for
less circulation time thus enhancing the heat transfer coefficient and keeping the pressure drop

at a reasonable level.
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Figure 4.15 Rapid and uniform thermal performance of full leg network-structured heat transfer
panels. (a-b) A well-designed network-structured wearable heat transfer panel for whole leg
(~0.32 m?) with 4 functional areas (FA) for the purpose of dispersion (FA1), fast transfer (FA2),
connection (FA3) and large area heat transfer (FA4), appropriate control of network-structured
parameters can make the heat transfer panel with fast fluid velocity, uniform heat performance
and suitable power loss; (c) Equivalent fluidic circuit diagram for network structure heat

transfer panel with four functional areas.
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Figure 4.16 The heat transfer panel for whole leg can be filled with water quite fast in ~6 s (Vo
= 0.8 m/s) and show uniform heat performance due to appropriate control of network-structured
parameters in different parts of this wearable heat transfer panel, this fulfilled the requirement

of fast contrast temperature therapy for fast recovery of athletes after training.

4.3.2.2 Flow field analysis

Previous part tells the design principles of the network-structured full leg wearable heat transfer
panel. Experiments and simulation results in this part further reveals the fluid field evolution
inside and outward temperature mapping behaviour. However, real applications are always
more complicated, since the boundary conditions are different under different usage scenarios.
Figure 4.16 shows the full leg wearable heat transfer panel can be filled with water quite fast
in ~6 s. This part mainly focuses on the fluid field analysis when it is fully developed. The
purpose of this part is to have a general understanding of the macro fluid field of this full leg
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wearable exchanger. The following experiments only focus on the fully developed fluid field
indirectly indicated by surface temperature mapping. The simulations only focus on the
simplified two-dimensional models. Previous Game Ready wrap simulation shows the

calculated results roughly corresponds to the experiment results.

Figure 4.17 & Figure 4.18 are numerical simulation calculation results of wearable heat
transfer panel for full leg. The only difference is the inlet velocity is 0.5 m/s in Figure 4.17
while 1.0 m/s in Figure 4.18. By comparing velocity mapping, the velocity can be
nondimensionalized since the flow states are the same. The first reinforcement dot and the
following several arrows of reinforcement dots are of great importance, which is named as FA1
for the purpose of dispersion the inlet fluid. The first reinforcement must be placed in the middle
part of the fluid channel. If this reinforcement dot is located close to one boundary of inlet guide
vane, the uneven flow can affect the following fluid field evolution and cause the flow tend to
concentrate in one particular routine and weaken the heat transfer capability of the whole
wearable heat transfer panel. Reinforcement dots and guide vanes of inappropriate design is
detailed discussed in section 4.3.4. The angle of the inlet guide vanes cannot be too high. The
guide vanes at inlet are parallel to the inlet flow direction. After the first reinforcement dot, the
angle of guide vanes is set as ~7° with a curve connect to the inlet guide vanes. The connection
curve and inlet guide vanes can restrain the backward-facing step flow. The direction of this
flow is usually adverse to the inlet flow, this may cause severe energy dissipation and decrease
the flow velocity. The following four reinforcement dots are located near the connection curve
for restraining the backward-facing step flow. It can be further proved by the vorticity contour
map. The following reinforcement dot is located in the middle part of the previous last two

reinforcement dots for the purpose of further dispersion. Other following reinforcement dots
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are in hexagonal sampling lattice with larger dots distance for smaller flow resistance. When
the water goes into the FA2, two extra guide vanes occur. The middle water tunnel continues
to expand gradually. The two narrow water tunnels aside the middle water tunnel contain
reinforcement dots with higher density. This has been explained in previous part for avoiding
too much water goes on the two aside channels and weaken the heat transfer on the margin part
of this heat transfer panel. The flow field shows distinct Karman Vortex Street. This is different
from most commercial wearable heat transfer panels as most of their fluid field are laminar
flow. Transition flow contains both laminar and turbulence factors. It doesn’t cost too much
energy dissipation but enough for flow field homogenization. Despite the two corners and low
velocity regions at the end of the vertical guide vanes, most part of this wearable heat transfer
panel show uniform and fast flow velocity. This ensures the excellent heat performance of this
wearable heat transfer panel. The pressure contour maps show the highest pressure occurs near
the inlet and the lowest near the outlet. The result corresponds to the previous full leg Game
Ready pattern simulation results. But the highest pressure is ~1600 Pa when inlet velocity is
1.0 m/s, four times higher than the value ~400 Pa when the inlet velocity is 0.5 m/s. It shows

the relationship between inlet velocity and pressure drop is nonlinear.
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Figure 4.17 Numerical simulation calculation results of wearable heat transfer panel for full
leg (Vo = 1.0 m/s). (a) The velocity magnitude distribution of this wearable heat transfer panel
when the flow field is fully developed; (b) The pressure distribution of this wearable heat
transfer panel when the flow field is fully developed; (c) The vorticity distribution of this

wearable heat transfer panel when the flow field is fully developed.
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Figure 4.18 Numerical simulation calculation results of wearable heat transfer panel for full
leg (Vo = 0.5 m/s). (a) The velocity magnitude distribution of this wearable heat transfer panel
when the flow field is fully developed; (b) The pressure distribution of this wearable heat
transfer panel when the flow field is fully developed; (c) The vorticity distribution of this

wearable heat transfer panel when the flow field is fully developed.
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Figure 4.19 & Figure 4.20 are the temperature mapping of the full leg wearable heat transfer
panel with inlet velocity 0.5 m/s and 1.0 m/s, respectively. This experiment is performed by
running this heat transfer panel with hot water into a stable state, the suddenly switching the
inlet tube from hot water tank to cold water tank to observe the fluid field indicated by
temperature mapping. The difference between the two experiments are the time for the cold
water to replace the hot water. It takes ~10 s for the cold water to replace the hot water when
the inlet velocity is 1.0 m/s while ~44 s when the inlet velocity is 0.5 m/s. The macro fluid field
evolution tendency with different inlet fluid velocity is almost the same, this corresponds to the
V/Vo velocity mapping in simulation results. The difference between simulation results and
experiments is the “die” area located at the end of the inlet guide vanes. The “die” area
disappeared in experiments because of boundary layer caused extra flow resistance. The flow
resistance in other directions is larger than that in the two-dimensional simulation results. The
temperature mappings show obvious asymmetry. As shown in Figure 4.20c-d, the flow
velocity on the right part is always higher regardless of the inlet flow velocity. Two factors
make this phenomenon happens: 1. The asymmetry guide vane at inlet for the purpose of air
massage affects the following flow field evolution. The large vortex inside this small “die” area
affects the inlet velocity direction and lead more fluid turns to the right side. 2. The human leg
is naturally asymmetry; right part of this wearable heat transfer panel is smaller than the left
part. This caused the right part flow resistance is smaller under the condition of the same

reinforcement dots density.
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Figure 4.19 Temperature mapping of wearable heat transfer panel for full leg (Vo= 0.5 m/s) at

different times. It takes ~44 s for the cold water to replace the hot water.

(a) 0.5s(b) 3s(c)

Figure 4.20 Temperature mapping of wearable heat transfer panel for full leg (Vo= 1.0 m/s) at

different times. It takes ~10 s for the cold water to replace the hot water.
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4.3.3 Network-structured wearable heat transfer panels for thigh and

calf

Another two network-structured wearable heat transfer panels for thigh and calf are also design
based on the principle for making the full leg wearable heat transfer panel through an
appropriate network structure design at 4 different function areas of the heat transfer panel
(Figure 4.21). On consideration of the garment fitting and device user friendly, the inlet and
outlets are set at the bottom of the wearable heat transfer panel. Thus, the thigh heat transfer
panel inlet guide vanes and FA1&FA2 dots arrangement are different from the full leg due to
the larger distance vertical to the inlet flow direction. The inlet guide vanes are much shorter,
and the angle is increased to ~10°. The two network-structured heat transfer panels for thigh
and calf show excellent uniformity for the heat transfer process and extreme short switching

times between two different temperatures (Figure 4.22).

The thigh wearable heat transfer panel can be filled in 4 s. Figure 4.23 is the numerical
simulation calculation results of this wearable heat transfer panel and Figure 4.24 is the
temperature mapping of wearable heat transfer panel when the cold water is replacing the hot
water. Near the inlet, the flow passes through the first reinforcement dot without causing severe
backward-facing step flow due to the two slant reinforcement dots besides. However, a large,
inflated bulge occurs between the first two reinforcement dots in the middle line of wearable
heat transfer panel, and this further causes the poor heat transfer in this region. Same
phenomenon also occurs in the two inner turnings near the end of the inlet guide vanes.
Although the flow resistance is still not perfect and this makes the flow velocity on the right
part lower when comparing to the left side, the thigh wearable heat transfer panel can also
perform the water replacement in ~12 s (~8 s when inlet velocity increases to 1.0 m/s).
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The calf wearable heat transfer panel can be filled in 3 s. Figure 4.25 is the numerical simulation
calculation results of this wearable heat transfer panel and Figure 4.26 is the temperature
mapping of wearable heat transfer panel when the cold water is replacing the hot water. As the
geometry shape of calf wearable heat transfer panel is similar to that of full leg heat transfer
panel, the guide vanes and reinforcement dots design strictly follow the principle of full leg
heat transfer panel. The performance is better due to smaller area. The calf wearable heat

transfer panel can perform water replacing in ~6s (~3 s when inlet velocity increases to 1.0 m/s).

Figure 4.21 Rapid and uniform thermal performance of network-structured heat transfer panels
for thigh and calf. The two well-designed network-structured wearable heat transfer panels also
contain 4 functional areas (FA) as illustrated in the previous full leg wearable heat transfer

panel.
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Figure 4.22 Wearable heat transfer panels for thigh and calf, respectively, show uniform
temperature, implying that water can be filled in 4 s (Vo = 1.0 m/s) and 3 s (Vo = 1.1 m/s)
appropriate control of network-structured parameters can make the heat transfer panel with fast

fluid velocity, uniform heat performance and suitable power loss.
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Figure 4.23 Numerical simulation calculation results of wearable heat transfer panel for thigh

(Vo = 0.5 m/s). (a) The velocity/Vo distribution of this wearable heat transfer panel when the
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flow field is fully developed; (b) The pressure distribution of this wearable heat transfer panel
when the flow field is fully developed; (c) The vorticity distribution of this wearable heat

transfer panel when the flow field is fully developed.

Figure 4.24 Temperature mapping of wearable heat transfer panel for thigh (Vo = 0.5 m/s) at

different times. It takes ~12 s for the cold water to replace the hot water.
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Figure 4.25 Numerical simulation calculation results of wearable heat transfer panel for calf

(Vo = 0.5 m/s). (a) The velocity/Vo distribution of this wearable heat transfer panel when the

104



flow field is fully developed; (b) The pressure distribution of this wearable heat transfer panel
when the flow field is fully developed; (c) The vorticity distribution of this wearable heat

transfer panel when the flow field is fully developed.
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Figure 4.26 Temperature mapping of wearable heat transfer panel for calf (Vo = 0.5 m/s) at

different times. It takes ~6 s for the cold water to replace the hot water.

4.3.4 Wearable heat transfer panels with inappropriate network

structure and guide vanes

Figure 4.27 are three typical wearable heat transfer panels with inappropriate network
structures and tube arrangements. They show us the consequence without appropriate guide
vanes, network structure and single channel. All these three experiments were performed with

the same pump for water circulation. Figure 4.27a&d-g is the calf heat transfer panel without
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appropriate guide vanes. Although the guide vanes and reinforcement dots are located almost
in a symmetry pattern, the fast fluid velocity caused the unstable flow field thus make the flow
rate distribution uneven. This wearable heat transfer panel even can not be filled. Figure
4.27b&h-k is the full leg wearable heat transfer panel allocated with high density reinforcement
dots. Due to the high head loss caused by the reinforcement dots, it takes ~25 s to fill the whole
wearable heat transfer panel. The last one (Figure 4.27¢c&l-0) is the same as the gameready full
leg wrap in tube and dots arrangement. This single tube arrangement heat transfer panel also
takes ~22 s to be filled. Much slower than our record ~6 s. This further shows the huge

improvement of our nature-inspired network-structured wearable heat transfer panels.
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Figure 4.27 Wearable heat transfer panels with inappropriate network structures and tube
arrangements. (a) Calf heat transfer panel with an inappropriate tube arrangement; (b) Full leg
heat transfer panel with an inappropriate network structure; (c) Full leg heat transfer panel with

a single tube arrangement; (d-g) Calf heat transfer panel with an inappropriate tube arrangement
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showing poor heat transfer evenness and extremely low fluid velocity due to unreasonable head
loss manipulation; (h-k) Full leg heat transfer panel with an inappropriate network structure
showing extremely low water velocity and low heat transfer efficiency. Too many dots resulted
in a very high pressure at the inlet and further caused water leakage; (1-o) Full leg heat transfer
panel with a single tube arrangement that also shows extremely low water velocity and low heat
transfer efficiency. Too much head loss at the corner also results in very high pressure at inlet

and further causes water leakage.

4.4 Summary

In this chapter, we have designed three novel nature-inspired wearable heat transfer panels (full
leg, thigh and calf) which can perform two different temperatures switching in 10 s. Arising
from the idea of network structure on flow field and mass transfer adjustments in nature, the
fluid channel of these wearable heat transfer panels is redesigned, and the number of corners is
decreased to two for reducing the energy loss. The function of reinforcement dots is extended
for manipulating the flow field and distribute the fluid to the desired region (not only for
reducing the water consumption). The engineered network-structured wearable heat transfer
panels show faster fluid circulation velocity and more uniform temperature mapping when

comparing to those without appropriate network structure and guide vanes arrangement.
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CHAPTER 5 Flow Field Evolution and Mass
Transfer Mechanism of Network-Structured
Fluidic Fabrics

5.1 Introduction

Wearables are devices designed to be worn on the body, offering seamless integration into daily
activities for enhanced connectivity and convenience. As technology advances, wearables are
increasingly used for diverse applications, from health monitoring[165] to augmented reality
experiences[ 166]. Fluids used in wearables play a crucial role in enhancing the functionality
and comfort of these devices. These fluids can be found in various components such as flexible
batteries, cooling systems, and materials that alter their properties in response to environmental
changes. Flow field control in wearable devices is pivotal for optimizing their performance and
user comfort. This meticulous engineering ensures wearables operate efficiently and reliably,

providing users with a seamless and comfortable experience.

In traditional fluid dynamics, passive control and active control are two fundamental
approaches to managing fluid flow[167]. Passive control involves the use of fixed design
elements, such as surface modifications or streamlined shapes, to influence the flow without
the need for external energy input. Active control, on the other hand, employs external
mechanisms like actuators or pumps to dynamically adjust and manipulate the flow, often
responding to real-time conditions for enhanced efficiency and performance. Both strategies
are integral to optimizing the behavior of fluids in various applications, from aerodynamics[ 168]

to industrial processes[169]. However, no such kind of systematic fluid field control strategy is
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applied in designing wearable fluidic thermal management devices. Most wearable thermal
management devices research just focuses on material design, system integration and garment

fitting.

The flow field evolution plays a key role in heat transfer of wearable heat transfer panels.
Traditional water-based wearable heat transfer panels typically suffer from high head loss due
to their single-tube design with few fluid channels and the relatively high density of water. This
design limitation leads to low flow velocity and reduced heat transfer efficiency. Consequently,
the performance of these systems is often undermined by the constraints of conventional
wearable fluidic heat transfer panels. The fluid takes longer to circulate through the system,
resulting in poor heat transfer efficiency due to significant head loss caused by numerous turns,
corners, and the narrow diameter of internal tubing. Consequently, the fluid velocity remains
low, leading to an uneven heat exchange rate between the inlet and outlet. Near the inlet, where
the temperature gradient is large, more heat is exchanged, while near the outlet, the smaller
temperature gradient limits heat transfer since most of the exchange has already occurred. This
results in subpar heat performance and constrains the overall heat transfer capacity of the

wearable heat transfer panel.

In the previous chapter, several nature-inspired wearable heat transfer panels are designed and
fabricated. All of them can be filled with water in less than 6 s and perform the temperature
switching in less than 10 s. This nature-inspired network structure shows excellent fluid field
manipulation capability by controlling the flow resistance at different parts of the network fluid
channels. The network structure is composed of guide vanes and numerous reinforcement dots.
Results in previous chapter show that the reinforcement dots not only can reduce the water
consumption to avoid too much inflation, but also contribute to the fluid field manipulation.
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When injected with fluid, the fabric inflates. The reinforcement dots inside and the curved walls

form a special kind of special-shaped cylindrical array.

In fluid dynamics, the study of flow around a cylinder is a fundamental problem that has
significant applications in engineering and environmental sciences[170]. This research area
involves understanding how fluids (such as air or water) behave as they move past a cylindrical
object. Researchers investigate various flow patterns that arise at different Reynolds numbers,
including laminar, transitional, and turbulent flows[171]. They examine how these flow
patterns influence forces such as drag and lift, which are critical in designing efficient structures
and vehicles. Additionally, the phenomenon of vortex shedding, where vortices periodically
detach from the cylinder at higher Reynolds numbers, is explored due to its implications for
vibration and structural noise. Detailed analysis of the boundary layer around the cylinder helps
in understanding heat transfer and friction, which are important for optimizing designs in
engineering applications like pipelines, bridges, aircraft, and underwater vehicles. However,

this kind of special-shaped cylinder has never been investigated.

As the special-shaped cylinders inside the network structure play a key role in flow field
manipulation. This chapter studies the flow field evolution of this special-shaped cylinders
inside the wearable heat transfer panels and clarifies how the network structure controls the
local flow field to give the heat transfer panel excellent performance with faster and uniform

fluid velocity.
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5.2 Methodology

This part introduces the methodology of flow field on network-structured fluidic fabrics and
involves the definition of network structure, numerical simulation and flow visualization

experiments set up.

5.2.1 Definition of network structure

Due to the nature of the “balloon effect” of liquid-tight inflatable laminated fabrics, the cross
section of inflated network structure consists of various arcs as shown in Figure 5.1¢-d. This
work only considers the power loss when filled with water where the sample reaches the steady
state, and no significant deformation occurs during this period. As the wearable heat transfer
panel is flexible and its shape is changeable, three main parameters for defining the outline of
the network structure are R (length between two reinforcement dots), D (diameter of
reinforcement dot) and 7 (radius of inflated membrane), as shown in Figure 5.1a-d. Next, by
rotating the Z axis shown in Figure 5.1b, one hexagonal unit cell is completely constructed
(Figure 5.1¢). “R” and “D” together define the distance between dots for fluid to go through,
“r” reflects mainly the fluid pressure inside the wearable heat transfer panels. All these
parameters are controllable when a heat transfer panel is applied with different fluid pressures
inside (e.g. the distance between two dots — “R”, will decrease and thickness — “r”’, will increase
as the fluid pressure is increased). Figure 5.1d is the cross-section of the inflated heat transfer

panel obtained by a spatial digitizer.
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Figure 5.1 (a-c) Schematic diagram of the three parameters (R, D, r) used to define the

reinforcement dots arrangement and thickness of the heat transfer panel; (d) Cross-section of
the inflated heat transfer panel obtained by a spatial digitizer; (¢) Hexagonal unit cell definition
for evaluating the power loss density and the three lines (red, green and black) for extracting

the time averaged velocity.
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This 3D structure is used to simulate the flow field inside the network structure. The whole flow
field is divided into 12 hexagonal unit cells to study the flow field evolution and pressure drop
inside the network structure. The power loss evaluation was conducted by summation of the
energy balance equation which will be discussed in Chapter 6. Three rows of reinforcement

dots were placed to make sure that the flow is fully developed inside the network structure.

5.2.2 Numerical simulation set up

The numerical simulations of the fluid field of network fluidic fabrics were conducted using a
commercial computational fluid dynamic software ANSYS FLUENT v22.1. The equations
were discretized by the finite volume method. High quality mesh generation can ensure the
accuracy and convergence of numerical simulations. A tetrahedron structure mesh was
generated by ICEM with 5 boundary layers. All these meshes were then transferred into a
polyhedral structure mesh by Ansys Fluent (Figure 5.2a-c¢). The average Y plus value was less
than 1.2, which meets the required value of the grid Y plus with the SST k- turbulence model

(Figure 5.2d).
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Figure 5.2 (a-c) Grid distribution of the computation domain, the grid type used in this work
is polyhedral grid, grid quantity is ~394 million with 5 layers of boundary grid; (d)

Distribution of Y plus, the maximum value is less than 1.2.

To ensure that the flow inside the network structure was fully developed, three points were
placed as shown in Figure 5.3 to monitor the fluctuation of the velocity field. Shown in Figure
5.4 are the velocity magnitude of three monitor points versus flow time. It presents the data for
the velocity magnitude for the first 1 s for each inlet velocity from 0.1 m/s to 0.6 m/s. When the
flow field is fully developed into a steady state (the velocity magnitude evolves into a periodical
fluctuation status), the time-averaged simulation is finished. Figure 5.8, Figure 5.10 and
Figure 5.12 show the velocity magnitude versus flow time for each inlet velocity from 0.025

m/s to 1.0 m/s. Several quasi-periodicities of flow field are included in the simulation for all
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inlet velocity conditions; the time-averaged result is acceptable for the power-loss evaluation

and flow-field analysis.
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Figure 5.3 Location of three monitoring points in computation domain, for the purpose of

identifying the fully developed flow field.
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Figure 5.4 Data for steady flow field formation. The velocity evolved into a periodic

variation which shows the flow field was fully developed.
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Considering that the Reynolds number (Re) calculated from the hydraulic diameter inside the
network structure is high (2802 when Vo = 0.1 m/s, 8405 when Vo = 0.3 m/s, and 16809 when
Vo = 0.6 m/s) and the flow inside is not pure laminar, Ansys Fluent was used to solve the
incompressible 3D steady Reynolds-averaged Navier-Stokes (RANS) equations. In Reynolds
decomposition, every instantaneous quantity is decomposed into the time-averaged part and

fluctuating part. The governing equations can be expressed as follows[172]:

5 (0T) =0 (5-1)

O (puan) = 9P 0| (0w 0% 2, Ouk)_ i ]
ax]' (pulu]) - axi + 6xi [ﬂ (ax]' + axi 3 6” axk> pulu]] (5 2)

where u; and pu;u; are the Reynolds averaged velocity vector and the Reynolds stress tensor;
u; in term puju; is the fluctuating component of the flow velocity. u is the dynamic viscosity.
As Re inside the network structure is high, the SST k — w turbulence model was used for

numerical simulation of network structure. The SST k — w turbulence model[173] mainly

includes two equations of turbulent energy k and turbulent eddy frequency w.

0, (N 0 [(y B, _
0(pw) i 7. _ i He 6_w [ _ 2 _ 1 a_ka_a) )
at + ox;] (pujw) = ox; [(,U‘*‘Jk) ox; + akPk Bspw? + (1 F1)Zp Y T (5-4)

where ' =0.09, o,, = 1/0.856. The model coefficients i3, 0,3, @3, 3 are liner
combinations of the corresponding coefficients of basic k — w model and k — € model. y; is

the turbulent viscosity and is defined as:
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pak

U, = (5-5)

max (a1 w,SF,)

where a; = 0.31[173], F, is a blending function that restricts the limiter to the wall boundary

layer, S is an invariant measure of the strain rate.

The boundary conditions are set as follows: the inlet of network structure is set in a particular
velocity magnitude from 0.025 m/s to 1.0 m/s and outlet pressure is set at 1 atm. The material
inside the network structure used to produce soft heat transfer panel is TPU and the roughness
of'the TPU surface is 0.5 um and 2 um on the fabric surface. Thus, the wall roughness is selected
as 0 mm for simplification of the simulation and following analysis. The criterion for solution

convergence was set as 107 and the time step of transient simulation was 0.0002 s.

5.2.3 Experimental set up of flow visualization

The flow visualization experiments were conducted in the Water Tunnel Laboratory located in
The Hong Kong Polytechnic University, as shown in Figure 5.5. The whole flow visualization
system was made up of the following components: a 3D-printed transparent mold with a
network structure; a container for water circulation inside the network structure mold; an ink

injection machine with three different colors; a high-speed camera for capturing ink streamlines.
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Figure 5.5 (a-b) Top view and front view of the flow visualization experimental set up; (c-d)
Top view of the 3D-printed transparent mold with the network structure from the circulation
container and high-speed camera; (e) Schematic diagram of cross-section view of the

container for water circulation inside the network structure mold.
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Figure 5.5e shows the cross-section of the water-circulation container. The network structure
(mold, inlet and outlet) was immersed in water. Inlet and outlet were placed on the upper side
of the 3D-printed network structure mold and close to the wall ahead to avoid unexpected
turbulence in the network structure 3D-printed mold. Three ink release needles were placed as

shown in Figure 5.6 & Figure 5.16.
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Figure 5.6 (a) Time-averaged velocity in Line 2 (Figure 5.1), for comparison with
experiment results; (b-1) Two examples of how to acquire the velocity magnitude in flow
visualization experiments.
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5.3 Results and discussion

5.3.1 Verification of simulation

Verification of the simulation was conducted by grid independent verification and experimental
verification. The power loss density calculated by Eq. (6-1) is shown in Figure 5.7. We can see
that the value of power loss density did not change obviously when the grid quantity was larger
than 2.04 million. Finally, we chose a polyhedral structure mesh with a grid quantity of 3.94
million. The power loss density value is different when the row number changes. This may not
be important for a single case but is very important for our analysis as we need to quickly
compare the flow resistance of different dot arrangements for the device design and choose the
appropriate layout strategy in the appropriate part of the network structure. The results show
that a power loss density value of around 8000 W/m?® (Figure 5.7b). This means that the power
loss value was representative for most dots’ power loss inside the network structure when the

row number is larger than 3. It can also represent the flow resistance of this kind of dot layout.
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Figure 5.7 (a) Power loss density vs. grid quantity; (b) Total power loss density of each row

vs. row number.

121



Experiments were also undertaken for verification. Figure 5.6 shows the time-averaged
velocity magnitude along line 2 (Figure 5.1e) by numerical simulation. Figure 5.6b-i depicts
the approximate velocity near line 2 (~ 0.15 m/s and ~0.163 m/s, respectively). By comparing
the time-averaged data with the experimental data, the acceptable deviation is less than 5%
between experimental data and simulation results, we found that the deviation was acceptable.
The verification of simulation in this work also considers the fluctuating caused by Karman

Vortex Street.

5.3.2 Flow field evolution of network structure

The fluid field of network structure is different with different inlet velocities. On considering
the velocity is different at different parts of the network-structured wearable heat transfer panel,
the flow field regime needs to be studied under these conditions. This part investigates the flow
field regime of inlet velocity ranging from 0.025 m/s to 1.0 m/s. The range of velocity includes
almost all possible conditions inside the network-structured wearable heat transfer panel. The
inlet velocity can reach up to 1 m/s. The flow field regime only includes two different states in

this kind of network structure: pure laminar flow and transition flow regime.

5.3.2.1 Pure laminar flow regime

As shown in Figure 5.8 is the velocity magnitude of three monitoring points shown in Figure
5.3 of 2 second time-averaged simulation. The velocity is almost a constant in 2 s. The velocity
does not change on the monitoring point near the first row of reinforcement dots and slightly

fluctuate when the flow passes through the following two rows of reinforcement dots. These
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results show the flow field inside the network structure is pure laminar when the inlet velocity

is lower than 0.05 m/s.

(a) V,=0.025 m/s (b) V,=0.050m/s
0.141
0.071
__0.06] Point 1 0.12] Point 1
o Point 2 ’(;0 104 Point 2
£ 0.05] — Point3 | —— Point 3
>0.04 2.0.081
§0.03; S0.06-
o
>0.02 >4 o4
0.014
002 ——m 77—
s
00 04_ 08 12 16 20 00 04 _08_ 1.2 16 2.0
Flow time (s) Flow time (s)

Figure 5.8 Velocity magnitude of three monitoring points shown in Figure 5.3 of 2 seconds

simulation. (a) Vo= 0.025 m/s; (b) Vo = 0.05 m/s.

Figure 5.9 is the CFD instantaneous simulation results of velocity magnitude/pressure/vorticity
contour in the x-y plane of inlet velocity 0.025 m/s and 0.05 m/s, respectively. On the windward
side of the reinforcement dots, the velocity is low and almost drops to nearly zero due to the
blockage of reinforcement dots. The fluid pressure is at its maximum in this part. This is like
the stagnation point of flow around cylinders. The velocity accelerates as the fluid move away
from the stagnation point and slide along the flank part of the reinforcement dots as the flow
channel is narrower. But due to the low flow velocity and Reynolds numbers, the separation
point tends to occur quite smoothly and symmetrically around the reinforcement dots. Beyond
the separation points, the flow forms a wake behind the reinforcement dots. This wake is

symmetric and smooth, flowing in parallel layers with minimal mixing across layers, the shape
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is “bat-like”. Around the reinforcement dots surface, the pressure is highest at the stagnation
point and decreases along the surface to a minimum at the sides of the reinforcement dots, and
then it increases toward the back as the boundary layer begins to separate and forms the wake.

This varying pressure distribution creates a net pressure drag force on the reinforcement dots.

(b)Pressure (Pa (c)Vorticity (s™)
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Figure 5.9 CFD instantaneous simulation results of velocity magnitude/pressure/vorticity

contour in the x-y plane. (a-c) Vo= 0.025 m/s; (d-f) Vo = 0.050 m/s.

5.3.2.2 Transition flow regime

As shown in Figure 5.10 is the velocity magnitude of three monitoring points shown in Figure
5.3 of 1 second simulation. Different from the results when the inlet velocity is lower than 0.05
m/s, the velocity magnitude at the monitoring points starts to fluctuate when the inlet velocity
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is higher than 0.075 m/s. The fluctuation is weaker when the flow passes through the first row
of reinforcement dots and more obvious in the monitoring points of the second and third rows
of reinforcement dots. With the increasement of inlet velocity, the magnitude and frequency of

velocity go up. This shows the evolution of flow field is periodic.
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Figure 5.10 Velocity magnitude of three monitoring points shown in Figure 5.3 of 1 second

simulation. (a) Vo =0.075 m/s; (b) Vo= 0.1 m/s; (c¢) Vo= 0.2 m/s; (d) Vo= 0.3 m/s.

Figure 5.11 is the CFD instantaneous simulation results of velocity magnitude/
pressure/vorticity contour in the x-y plane of inlet velocity from 0.075 m/s to 0.2 m/s. The flow

regime is obviously in the transitional flow regime occurs between laminar and fully turbulent
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flow. This flow regime presents a complex blend of laminar and turbulent characteristics,
significantly influencing the flow dynamics and forces experienced by the reinforcement dots.
Within this regime, the boundary layer on the reinforcement dots formed walls transitions
progressively from laminar at the front to turbulent towards the rear. As shown in Figure 5.11,
the vortex starts to shed when the flow passes through three rows of reinforcement dots —
Karman vortex street, and the location for vortex start to shed is at the rear of the computational
domain. Also, no obvious vortex shedding near the reinforcement dots. Initially, the flow
remains laminar and well-ordered near the stagnation point but begins to develop turbulent
fluctuations further along the surface. As the flow transitions around the rear of the cylinder,
the wake becomes more turbulent, and complex compared to the steady, symmetric wake in
laminar flow. The wake width in the transitional regime is generally broader than in laminar

flow but narrower than in fully turbulent conditions.
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Figure 5.11 CFD instantaneous simulation results of velocity magnitude/pressure/vorticity

contour in the x-y plane. (a-c) Vo = 0.075 m/s; (d-f) Vo= 0.1 m/s; (g-i) Vo= 0.2 m/s.

The transition to turbulent flow leads to fluctuations in the pressure and velocity distribution
around the reinforcement dots (Figure 5.10). Pressure on the forward-facing side of the
reinforcement dots remain relatively high, while the rear-facing portion experience low

pressure (Figure 5.11). Compared to the previous entirely laminar regime, the presence of
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turbulent patches in the boundary layer can reduce pressure drag because the turbulent boundary
layer can better adhere to the cylinder’s surface before separating, thus delaying flow separation
and narrowing the wake. However, on condition that the wall roughness is selected as 0 mm for
simplification of the simulation, the actual flow regime in wearable heat transfer panels contains
more turbulence when compared to the simulation results. Because the roughness of wall

surface can induce an earlier transition to turbulence.

5.3.2.3 Transition flow with more turbulent factors

Figure 5.12 is the velocity magnitude of three monitoring points shown in Figure 5.3 of 1
second simulation. Figure 5.13 is the CFD instantaneous simulation results of velocity
magnitude/pressure/vorticity contour in the x-y plane. The inlet velocity of the above simulation
results ranges from 0.4 m/s to 1.0 m/s and the flow exhibits a mix of coherent structures
interspersed with chaotic, turbulent patches. The flow regime of this part is also transition, the
vortex shedding still remains an important phenomenon, but the vortices are more irregular.
The vortex shedding occurs at the second row of reinforcement dots. The flow may exhibit a
mix of coherent structures interspersed with chaotic, turbulent patches. The fluctuation of
velocity is more intensive with larger magnitude. Intermittent patches of turbulence
interspersed within laminar regions. This patchiness grows as the flow moves along the curved
walls of reinforcement dots. In the lower part of the transitional regime, the boundary layer may
separate from the surface earlier, like laminar flow around a cylinder. As turbulence develops
in the boundary layer, it can cause reattachment of the flow downstream of the initial separation
point, resulting in a more chaotic and turbulent wake behind the reinforcement dots, also more
obvious Karman vortex street (Figure 5.13). Due to the increasement of inlet velocity, vortex

shedding becomes more irregular compared to the periodic vortex shedding seen in the previous
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transition flow regime. This results in the frequency of vortex shedding fluctuates, and the
vortices themselves can be more irregular in size and strength. The Strouhal number, which
relates the vortex shedding frequency to cylinder diameter and flow velocity, can be less stable
and show more variability during transitional flow due to the mixed characteristics of both

laminar and turbulent flows.
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Figure 5.12 Velocity magnitude of three monitoring points shown in Figure 5.3 of 1 second
simulation. (a) Vo= 0.4 m/s; (b) Vo= 0.5 m/s; (c¢) Vo= 0.6 m/s; (d) Vo= 0.8 m/s; () Vo= 1.0

m/s.
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Initially, as the flow transitions from laminar to turbulent, the drag coefficient might increase
due to the enhanced wake turbulence. However, as the flow fully transitions and the turbulent
boundary layer adheres better before separation, the drag coefficient may reduce. The lift (or
side force) and drag forces on the cylinder are not just averaged values but exhibit considerable
temporal fluctuations. This can lead to vortex-induced vibrations (VIV) and noise, where the
periodic shedding of vortices synchronizes with the natural frequencies of the cylinder,
potentially causing structural fatigue or resonant vibrations. Obvious vibrations can be felt by
skin around the FA1 of the wearable heat transfer panel. Luckly, this condition only occurs
when the wearable heat transfer panel is small or in experimental test for extreme performance
test. As flow regime in most part of network-structured wearable heat transfer panel will not
reach this standard. Also, to mitigate this phenomenon at places with high velocity, we can
choose fabrics with lower roughness on the surface to reduce the flow resistance as surface

roughness elements can trip the boundary layer into turbulence sooner.
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Figure 5.13 CFD instantaneous simulation results of velocity magnitude/pressure/vorticity

contour in the x-y plane. (a-c) Vo= 0.4 m/s; (d-f) Vo= 1.0 m/s.

5.3.3 Mass transfer mechanism of network structure

The main contribution to mass transfer inside the network structure flow field is by convection.
Three ink release needles (yellow, red and blue) were placed as shown in Figure 5.6 & Figure
5.16. Ink visualization experiments depicted vividly mass transfer inside the network structure
based on the research of flow field evolution previous. Figure 5.14 is the schematic diagram of
four turbulent areas of flow around a cylinder for comparing with the special shaped cylinder

clusters in this work.

Figure 5.15 shows the schematic diagram of the 4-step mass transfer inside the network

structure: (i) Velocity gradient and vorticity induced rotary mixing and elongation; (ii)) Wake
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alternative vortex shedding induced mixing; (iii) High-pressure region splitting; (iv) Low-

pressure region suction.

Figure 5.14 Schematic diagram of four turbulent areas of flow around a cylinder [], area 1
(Narrow area of decelerating flow), area 2 (Boundary layer region attached to the surface of
the structure on both sides), area 3 (Shear and accelerated flow area on both sides), area 4 (A

wide area of downstream separated flow called the wake).
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Figure 5.15 Schematic diagram of crossed layout high- & low-pressure region and the 4-step
mass transfer behavior inside the mixing area: (i) Velocity gradient and vorticity induced
rotate mixing and elongation; (i) Wake alternative vortex shedding induced mixing; (iii)

High-pressure region split; (iv) Low-pressure region suck.
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V,=0.025m/s (b) V,=0.05 m/s

Figure 5.16 A typical flow visualization capture with three ink colors, clearly depicted the
interaction of one dot with surrounding dots in different rows, showed the flow evolution
from a single streamline into a more homogenous state at different inlet velocities. (a) Vo =

0.025 m/s; (b) Vo =0.05 m/s; (¢) Vo= 0.075 m/s; (d) Vo= 0.1 m/s.

Steps (1) & (ii) contributed to the mixing behavior of the network structure by the accelerating
velocity and alternating positive and negative vortex shedding. Firstly, when two flows go into
the middle part of two dots, the two-block mass starts to rotate, mix and becomes elongated due
to the velocity gradient and vorticity. Figure 5.16 shows that the width of the red ink stream is
thinner when the flow goes into the middle part of two reinforcement dots, which means that
the stream is elongated, and the vortex structure in Figure 5.16b-d shows the rotation behavior
in step (i) caused by the previous dots. Secondly, as the velocity gradient in X direction is larger,

the block mass with larger velocity will go ahead and the other part with lower velocity falls
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behind. This makes the ink drop turn into an arc-shape and continue being elongated in the Y
direction, as shown in Figure 5.17 & Figure 5.18. Also, due to the alternative vortex shedding
effect downstream of the dots, the ink drop acquires momentum in the X direction. This

contributes to both the mixing effect and the step (ii) splitting procedure.

Figure 5.17 Shape change of a typical ink drop — step (i) & (ii) induced the rotation and

distortion behavior of ink drop (Vo = 0.1 m/s).

Figure 5.18 Mixing of two different ink streams — wake alternative vortex shedding in step (i)

& (i) caused the mixing (Vo = 0.1 m/s).

The elongation of the ink drop is caused by the large velocity gradient in shear and accelerated
flow areas on both sides (named as Area 3 in Figure 5.14), as shown in Figure 5.24, and the
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rotation of the ink drop is caused by the pushing and sucking effect of the high- & low-pressure
regions. Hence, the rotation behavior (vorticity) is weak when the flow passes the Row 1 dots,
while it is distinct between Row 2 and Row 3 as the ink drop acquires vorticity from dots in
Row 1. Figure 5.17 & Figure 5.18 illustrate the arc-shaped ink drop behavior affected by the
velocity gradient and vorticity. By comparing Figure 5.17, the angle of the arc increases as the
velocity on the right side is higher. Also, the formation of the arc is due to the sucking effect of
the low-pressure region in Row 1 — the sucking force decreases the velocity of the right side of
the ink drop which causes the curvature of the ink drop. The higher velocity on the right side
then increases the angle of the arc. Figure 5.18 depicts the mixing point of two adjacent ink
drops. Due to the alternative vortex shedding effect of the flow after the dots, Flow 1 moves to
the right part when compared to the position in Figure 5.18a. Together with the velocity

induced rotation, Flow 1 and 2 start to mix.

Steps (iii) & (iv) contribute to the distribution behavior of the network structure by the high- &
low-pressure regions. Thirdly, when the elongated ink drop is approaching the high-pressure
region, the blockage by the reinforcement dots spilts the ink drop into two parts, as shown in
Figure 5.19. Fourthly, each spilt part of the ink drop enters the wake of the dot - occupied by
vortices that can enhance mixing in the low-pressure region. Together with the acceleration

effect in Area 3, the ink drop becomes split again, as shown in Figure 5.20.
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Figure 5.19 Flow visualization of ink stream split by high-pressure region — step (iii) & (iv)
(Vo= 0.1 m/s), (a-c) marked in red showed the streamline is approaching the high-pressure
region, (d-f) marked in purple and red showed the split stream line by high-pressure region

and the sucked ink by low-pressure region, the stream line was finally divided into three parts.
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Figure 5.20 Flow visualization of ink stream sucked by low-pressure region — step (iv) (Vo =
0.1 m/s), the ink marked in pink was sucked by low-pressure region and the ink marked in

yellow went forward, the stream line was divided into two parts.
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After the step (i) & (i), the ink drop is approaching the high-pressure region. As the red mark
shows in Figure 5.19a, due to blockage by the reinforcement dots and the alternative vortex
shedding effect mentioned in step (ii), the ink streamline turns right, and some part of the ink
drop is affected by the low-pressure region. The high-pressure region then splits the following
ink streamline to the left (purple marked in Figure 5.19d). Finally, as shown in Figure 5.19e,
the ink streamline is divided into 3 parts: 1. Left side ink stream (purple); 2. Right side ink
stream (red); 3. Ink drop remaining inside the previous low-pressure region (red). The velocity
inside the low-pressure region is low, but this region also contributes to the mass mixing and
further splits the ink streamline. When the ink drop is approaching the boundary of the
triangular mixing and distribution area, the sucking force of the low-pressure area sucks part of
the ink drop into the low-pressure region (pink arrow in Figure 5.20) while the remaining part
of the ink drop goes forward. However, due to the large area of the low-pressure region, the lee

side area shows low velocity magnitude and mass transfer is poor in this area.
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Figure 5.21 Self-homogeneity adjusted flow field with location of high- & low-pressure area

with different attack angles when Vo = 0.1 m/s: (a,d) 0 °; (b,e) 15 °; (c,f) 30 °.
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This 4-step mass mixing mechanism has a significant effect on improving the flow velocity
evenness (uniform temperature distribution) and enhancing the performance stability of
network-structured devices. The general mixing effect can be seen in Figure 5.16 after the flow
passes three rows of dots, as the arrow 4 depicts, and the yellow and blue ink streamlines
become diffused. All these phenomena show that the hexagonal unit cell cluster-network
structure can enhance mass mixing. This self-homogeneity adjusted mixing mechanism ensures
velocity evenness and further enhances the uniform heat transfer performance of the whole heat

transfer panel.

5.3.4 Analysis of time-averaged flow field of network structure

This part focuses on the time-averaged simulation results of network structure. Previous results
vividly show us the flow field evolution and the mass transfer mechanism. But the wearable
heat transfer panel need to work for at least several minutes and the instantaneous results cannot

show the long-time flow field evolution and the impact on wearable heat transfer panels.

The fluid field inside the wide fabric channel easily becomes uneven without an appropriate
network structure (Figure 4.27). Compared to conventional single tube fluidic fabrics (Figure
4.5), the flow field inside the network structure mirrors the flow around a special-shaped
cylindrical array. Flow field evolution strongly relies on the shape of the curved walls formed
by dots. The flow field around the reinforcement dots can also be divided into 4 typical regions
(Figure 5.14): a narrow area of decelerating flow (Area 1); a boundary layer region attached to
the surface of the structure on both sides (Area 2); shear and accelerated flow areas on both
sides (Area 3); the downstream separation flow area of the wake (Area 4)[174]. Due to the

curved-wall structure, Area 3 on the two flanks of the reinforcement dot shows a bat-like shape
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Figure 5.22 CFD time-averaged simulation results of velocity magnitude contour in the x-y
plane. (a) Vo= 0.025 m/s; (b) Vo =0.05 m/s; (¢c) Vo= 0.075 m/s; (d) Vo= 0.1 m/s; (¢) Vo =
0.2 m/s; (f) Vo= 0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i) Vo= 0.6 m/s; (j) Vo= 0.8 m/s;

(k) Vo= 1.0 m/s.
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(Figure 5.22 & Figure 5.24a). The corresponding instantaneous velocity field result is shown
in Figure 5.9, Figure 5.11 & Figure 5.13. The wake behind the dots is obviously squeezed due
to the stream guidance effect of the following row of dots. In the region between Area 3 and
Area 4, the velocity gradient is high. Due to the viscosity of water, the velocity in Area 4 behind
the reinforcement dot is low and even turns into the reverse direction that further forms a
recirculation bubble. Also, the velocity magnitudes in the experiments and simulation results
are compared in Figure 5.22 & Figure 5.24a, which shows the simulation results are reliable;

details of the validation can be found in the Methodology part.

As shown in Figure 5.23 & Figure 5.24b, the pressure evidently drops when the water passes
one row of dots. These reinforcement dots form a curved wall structure contributing mainly to
the power loss inside the network structure. The high- & low-pressure regions on the windward
side (Area 1) and lee side (Area 4) show relatively low velocity magnitude. The pressure inside
the recirculation bubble core is low. The pressure difference and velocity gradient between the
high- & low-pressure regions together contribute to mass transfer inside the network structure.
The time-averaged velocity along three lines marked in Figure S.1e shows there is almost no

difference when the local velocity is nondimensionalized (Figure 5.25).
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Figure 5.23 CFD time-averaged simulation results of pressure contour in the x-y plane. (a) Vo
=0.025 m/s; (b) Vo =0.05 m/s; (c) Vo= 0.075 m/s; (d) Vo= 0.1 m/s; (¢) Vo= 0.2 m/s; (f) Vo
=0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo=10.5 m/s; (i) Vo= 0.6 m/s; (j) Vo= 0.8 m/s; (k) Vo= 1.0

m/s.
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Figure 5.24 (a) Time-averaged V/Vo magnitude contour in the x-y plane (Vo= 0.1 m/s) and
the velocity magnitude comparison of simulation and experiments results at the place marked
by red broad line , regions with high velocity gradient around the dots are mixing area; (b)
Time-averaged pressure coefficient (Cp) depicted the crossed layout of high- & low- pressure

region (Vo= 0.1 m/s).

The nature of the 4-step mixing mechanism is the crossed layout of the high- & low-pressure
regions. The four mixing steps are not separate and two adjacent steps are usually performed
simultaneously. The hexagonal layout of dots is six-fold symmetrical and can completely
overlap with the pattern after each rotation of 30°, making this layout show good isotropy. As
the incident angle of flow inside the network structure is not always directly vertical to the
layout shown in Figure 5.21a, this hexagonal layout can ensure that every dot inside network
structure has the capability of mass mixing. Figure 5.21 shows the location of the high- & low-

pressure regions when the incident angle is different. All these three incident angle results show
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the existence of high- & low-pressure regions; the only difference is that the pressure drop is
the highest when the incident angle is 0° and the lowest when 30°. This means that the energy

loss decreases when the incident angle is approaching 30°, which may weaken the mass mixing

. : R, R :
effect. As the distance of two adjacent rows decreases (from \/_% to 5) and the distance between

two adjacent column dots in one row increases. It weakens the interactive effect of these
surrounding dots. As the 4-step mass mixing mechanism relies on the interaction of fluid and
dots, the mixing behaviour of the mass tends to occur in Area 3 of these dots where the
momentum in the X & Z directions can be given to the mass nearby. When the distance between
two adjacent column dots increases, the unaffected region between the two column dots also
expands where the flow resistance is much lower. Also, with the distance decreasing between
two adjacent rows, the dots of the following rows become inside Area 4 of front row dots where
the velocity is quite low and the interactive effect with fluid is weak. This means the flow

resistance caused by this dot is low.
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Figure 5.25 Time-averaged Vy/Vo distribution along line 1,2 & 3 marked in Figure 5.1.
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In general, the hexagonally arranged network structure can self-adjust the homogeneity of the
network structure fluid field by the crossed layout of the high- & low-pressure regions. This
can also be explained by the 4-step mass mixing mechanism and further ensures the rapid

uniform temperature distribution in the heat transfer panel.

5.4 Summary

In this chapter, the flow field evolution and mass transfer mechanism of a network structure is
detailed investigated. The flow field of network structure can be divided into three different
regimes with different inlet velocity: pure laminar, transition flow and transition flow with more
turbulent factors. The mass transfer mechanism works based on the crossed layout of the high-
& low-pressure regions located in the windward side and lee side of the reinforcement dots.
The mass transfer process can be divided into 4 continuous steps: (i) The velocity gradient and
vorticity induced rotation mixing and elongation; (ii)) Wake alternative vortex shedding induced
mixing; (iii)) High-pressure region splitting; (iv) Low-pressure region sucking. Due to this
uniform mass transfer mechanism, the time-averaged flow field shows homogeneity velocity

distribution and appropriate convection between fluid in x-y plane and boundary layer.
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CHAPTER 6 Flow Field Manipulation by
Head Loss Control of Network-Structured
Fluidic Fabrics with Different Parameters

6.1 Introduction

Wearable thermal management systems are advanced technologies integrated into clothing and
accessories to regulate body temperature efficiently. These systems enhance comfort, improve
performance, and safeguard health by preventing overheating or hypothermia. They find
applications in sports[175], healthcare[176], and military contexts[47], ensuring optimal

temperature management in various conditions.

Fluid circulation cooling/heating systems are an advanced type of wearable thermal
management technology that regulate body temperature through a network of thin tubes
embedded in garments[177]. These tubes circulate a temperature-controlled fluid, such as water
or a water-glycol mixture, moved by lightweight pumps. The fluid is cooled or heated using
external heat transfer panels before flowing through the garment, managed by an integrated
control unit that adjusts the fluid temperature based on sensor data. This system efficiently
provides precise thermal regulation by absorbing body heat when cooling or transferring
warmth when heating, ensuring uniform and consistent temperature control, and enhancing

comfort and performance in various conditions.

Traditional water-based systems face challenges such as high head loss and suboptimal heat
transfer due to the fluid dynamics within limited fluid channels. To enhance these systems,

previous chapters focus on developing thin, lightweight, and flexible heat transfer panels that

145



can operate efficiently with limited power sources while ensuring safety and energy efficiency.
Additionally, a comprehensive analysis of flow fields within these systems is conducted to
improve heat transfer capabilities, utilizing computational fluid dynamics (CFD) simulations

and fluid field visualization experiments.

However, the nature of fluid field manipulation is by controlling the velocity and pressure field.
This involves the energy transfer during the fluid circulation and further requires another
important area to investigate is optimizing kinetic energy transfer and managing flow resistance
to maintain uniform heat performance and efficient fluid velocity. In fluid dynamics, energy
loss—often referred to as head loss—describes the dissipation of energy as fluid flows through
a system and is influenced by several factors, significantly impacting the efficiency of fluid
movement and heat transfer[ 1 78]. The two main types of energy loss are frictional losses (major
losses) caused by friction between the fluid and the walls of the pipe or channel, and minor
losses associated with components like valves, fittings, and bends that introduce resistance and
turbulence. Viscosity, a measure of a fluid’s resistance to flow, plays a crucial role in these
losses, with higher viscosity fluids experiencing more frictional resistance[179]. Additionally,
turbulence in fluid flow, as opposed to laminar flow, leads to greater resistance and higher
energy losses, further affecting the system’s efficiency[180]. Understanding these factors is

essential for optimizing fluid systems to minimize energy loss and enhance overall performance.

Based on previous chapters results, this chapter further investigates the energy transfer during
the process of water circulation. Firstly, the power loss calculation of a specific network
structure (fluid field investigated in chapter 5) with inlet velocity ranging from 0.025 m/s to 1.0
m/s. The calculation is performed by using the energy balance equation deduced directly from
the Navier-Stokes equations. Secondly, the analysis on the energy loss type is performed. The
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power loss constitution under different kinds of flow field is investigated and then the power
loss type is visualized to show the location where it is generated. Thirdly, the effect of power
loss on heat transfer is performed. This can help us know how to choose the most suitable inlet
velocity for a desirable heat transfer capability. Last, other four representative network
structures are analysed to help us know the effect of different network structures and give the

guidance on designing the wearable heat transfer panels.

6.2 Methodology

6.2.1 Numerical simulation set up

The numerical simulation results are processed based on the results in chapter 5. Details of the

numerical simulation can be found in section 5.2.2.

6.2.2 Analysis method of power loss for network structure

Power loss can be calculated by approaches such as total pressure loss, entropy production
theory[ 181] and energy balance equation. The total pressure loss analysis cannot offer sufficient
internal information from simulation results, while the entropy theory not only includes
hydraulic loss but also involves the transfer of internal energy. The theory chosen for this work
was the energy balance equation that was deduced directly from the Navier-Stokes
equations| 182—184], since viscosity and turbulence are two key factors for power loss analysis,

and the power loss calculated here is the power loss of water. The energy balance equation is:
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(6-1)
where
; ou; . 0u; 2
—pu; = e (S + 5) - Zaypk (6-3)

where u; is the Reynolds averaged velocity vector; u represents the dynamic viscosity; &

represents the Kronecker delta symbol; p represents the fluid density, kg/m3; k is the

turbulent energy, m?/s%; —pu; u is the section for Reynolds stress tensor; u; in term pu u is

the fluctuating component of the flow velocity; u; represents the turbulent viscosity.

The power loss is the sum of the four items (PL1-PL4) on the right side of Eq. (6). PL1 is the
diffusion loss of the kinetic energy due to Reynolds stress; PL2 is the diffusion loss of the
kinetic energy due to viscous stress; PL3 is the turbulent kinetic energy produced due to the
transformation of the kinetic energy to the turbulent kinetic energy; PL4 is the viscous energy

dissipation of mean kinetic energy.
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6.3 Results and discussion

6.3.1 Power loss calculation and visualization

After the discussions on mass transfer and flow field evolution, this section reveals the energy
dispersion in the network structure. To evaluate the power loss of a particular parameter defined
hexagonal unit cell, a three-dimensional (3D) network-structured flow field with 4 x 3
reinforcement dots layout (Figure 5.1) was set up. The inside wall shape of network structure
can be controlled by changing the three parameters, D, R and r, defined previously. Parameter
chosen for power loss calculation and visualization: 5-20-25 (D = 5mm, R = 20mm, » = 25mm).
Then the power loss of different network structures can be determined by the energy balance
equation (6) derived from the Navier-Stokes equations (see in Methodology). Figure 6.1 shows
the integration results of power loss density in spatial region of heat transfer panel restricted by

hexagonal prism 12 (HP12), HP13, HP22, HP32, HP33 mentioned in Figure 5.1.
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Figure 6.1 Average power loss density of hexagon region (D = 5mm, R = 20mm, r = 25mm;
5-20-25) at each row of reinforcement dots shown in Figure 5.1, the power loss increases
with the increasement of inlet velocity and the major power loss types in network structure are

PL 3 and PL 4.
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The calculation results are divided into three groups which corresponds to the previous three
kinds of fluid evolution regime: pure laminar flow regime (Figure 6.1a), transition flow regime
(Figure 6.1b) and transition flow with more turbulent factors (Figure 6.1c). As shown in
Figure 6.1a, the total power loss is quite low. This is because the flow regime is pure laminar.
Head loss during a pure laminar flow regime is primarily due to friction, and is directly
proportional to the fluid's viscosity, the pipe length, and the flow velocity, and inversely
proportional to the fluid density, the pipe diameter squared, and gravity[185]. Since the pipe
shape, fluid physical parameters and gravity are fixed, the increasing of head loss is mainly due
to the increasement of flow velocity. When the flow regime is pure laminar, most of the head
loss is contributed by the viscosity caused friction (PL4). When the inlet velocity increases to
higher than 0.075 m/s, the turbulence factors occur in the head loss when the flow passes
through the second row. This means the first reinforcement dots contribute the turbulence. But
the velocity is still not high enough to trigger turbulence only with one arrow of reinforcement
dots. In the transition flow regime, the contribution of PL3 and PL4 are nearly equivalent.
However, when in the transition flow regime with more turbulent factors, PL3 becomes the
dominant head loss type due to higher velocity. The PL4 also increased in this flow regime but
with smaller increasement. The total power-loss density increases with the increasing velocity

(Figure 6.1).
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Figure 6.2 (a) PL3 distribution in spatial region, mainly occurs at inner part of network
structure (5-20-25); (b) PL4 distribution in spatial region, mainly occurs near the walls of

network structure (5-20-25).

In general, the flow inside network structure is transitional flow, which contains both features
for the laminar and turbulent flows. The major power loss sections are power loss section 3
(PL3) and PL4, which were induced by transformation of the laminar to the turbulent kinetic
energy in the central part of flow field and viscosity dissipation at the boundary layer region of
flow field (Figure 6.2), which are contributed by inertial and viscous forces, respectively. The
PL3 increases much faster and is the dominant head loss type when the flow is pure laminar,
PL3 and PL4 are nearly equivalent when flow is transition flow, the PL4 increases faster and is
the dominant head loss type when the flow contains more turbulent factors (Figure 6.3). PL1
and PL2 are not the key factors for head loss in network-structured flow field. The frequency
and inlet pressure increase with the increasing of inlet velocity while the drag coefficient
decreases (Figure 6.4). The power loss of this network structure parameter is 82.2 W/m® when
the inlet velocity is 0.1 m/s (Figure 6.1b). This means the total power loss is quite small and

the results show this structure is suitable for most parts of this wearable heat transfer panel. As
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the velocity in FA4 is much smaller when comparing the that at the inlet, the velocity in FA4

after dispersion is around 0.1 m/s.
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Figure 6.3 The power loss constitution of different rows at different inlet velocities.
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Figure 6.4 Frequency, pressure & drag coefficient vs. different inlet velocity of 5-20-25
network structure, the inlet pressure and vortex shedding frequency increase with the

increasement of inlet velocity magnitude.
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As shown in Figure 6.5, Figure 6.6, PL3 is mainly induced by the disturbance of reinforcement
dots, which corresponds to the step (i) & (i) in mixing & distribution mechanism - large flow
velocity gradient behind the separating point (pink arrow 2 in Figure 6.7) and previous vorticity
induced rotation (pink arrow 1 in Figure 6.6i). PL3 contributes to the mass mixing in the x-y
plane for the improvement of velocity evenness. Power loss induced by viscosity dissipation
(PL4) mainly occurs at the windward side walls of the dots because of the curved wall structure
caused by the “balloon effect”. When the flow passes the curved walls around dots, the
thickness of channel (length in z-axis) decreases, and the flow is forced to go along the x-y
plane of the flow network. Boundary laminar flow layers near the walls are destroyed and the
heating performance of heat transfer panel is enhanced. By comparing the instantaneous and
time-averaged results, the power loss density pattern is almost the same when the inlet flow
velocity is lower than 0.05 m/s. It shows that the flow is pure laminar, which corresponds to the
flow regime analysis previous. However, when the inlet flow velocity is larger than 0.075 m/s,
the instantaneous power loss density contour starts to turn into chaos. It shows the turbulence
factors starts to occur from this flow regime. Although the flow density map shows the
calculated results of all kinds of power loss type, most power loss in x-y plane is contributed
by PL3. By comparing the results of vorticity map in previous section and the power loss

density, the PL3 is mainly caused by the turbulent of the rotation of the vortex.
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Figure 6.5 Visualization of total power loss density in instantaneous flow field in x-y plane,
the power loss mainly occurs where velocity gradient is high together with significant mass
mixing. (a) Vo = 0.025 m/s; (b) Vo= 0.05 m/s; (c) Vo= 0.075 m/s; (d) Vo= 0.1 m/s; (e) Vo=
0.2 m/s; (f) Vo= 0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i) Vo= 0.6 m/s; (j) Vo= 0.8 m/s;

(k) Vo= 1.0 m/s.
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Figure 6.6 Visualization of total power loss density in time-averaged flow field in x-y plane.
(a) Vo=10.025 m/s; (b) Vo= 0.05 m/s; (c) Vo= 0.075 m/s; (d) Vo= 0.1 m/s; (¢) Vo= 0.2 m/s;
(f) Vo= 0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i) Vo= 0.6 m/s; (j) Vo= 0.8 m/s; (k) Vo=

1.0 m/s.
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6.3.2 Heat transfer performance of network structure

The wearable heat transfer panel needs to transfer energy between the skin surface and the
internal fluid and works locally based on the 4-step mass transfer and curved wall structure.
This part investigates the heat performance of network structures based on previous analysis on
flow field evolution and power loss density. The inlet temperature is set as 5°C and the
temperature outside the network structure is set as 38°C. The network structure assumed by
fully covered by an aluminium shell of 0.3 mm thickness. The setting is different from the actual
using scenarios of wearable heat transfer panels (watertight fabric constructed network structure
covering on skin surface), the purpose of this setting is just to find out the heat transfer

capability on different parts of the network structure.

Figure 6.7 is the water temperature distribution inside network structure of x-y plane by time-
averaged simulations with different inlet velocity. In all calculation cases, the temperature in
areas without reinforcement dots are much lower, while higher in the lee side of reinforcement
dots. The temperature is the highest in the lee side of the first row of reinforcement dots and the
lee side of the last row of reinforcement dots is the lowest. This can be explained by the
contribution of turbulence caused convection. When the inlet flow velocity is 0.1 m/s, the
temperature at lee side is the highest, but the temperature at this place show no obvious
difference when the inlet velocity is higher than 0.2 m/s. It shows that the effect of convection
for heat transfer under this thermal transfer condition has reached to a choke. On considering
the power loss is much higher if we try to increase the velocity magnitude inside the network
structure. The velocity 0.1 m/s is very suitable for this parameter network structure since the
power loss is acceptable and the convention for heat transfer is enough. Also, even though the

temperature is high at the lee side of reinforcement dots, the actual condition is that this part do
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not directly contact with the skin surface and the thermal transfer is mainly conducted by

radiation.

Time-averaged Z-plane temperature distribution (°C)
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Figure 6.7 Water temperature distribution inside network structure of x-y plane by time-
averaged simulations with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo= 0.2 m/s; (¢) Vo =

0.4 m/s; (d) Vo= 0.6 m/s.

Figure 6.8 is the temperature distribution on the surface network structure of by time-averaged
simulations with different inlet velocity. The results show almost the same conclusion in

previous paragraph. The heat transfer ability shows no obvious change when the inlet velocity
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is higher than 0.2 m/s in most part of areas without reinforcement dots. The temperature is the
lowest at the place with high power loss consumption. This surface temperature results can be

further analysed by the surface Nusselt number.

Time-averaged surface temperature distribution (°C)
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Figure 6.8 Temperature distribution on the surface network structure of by time-averaged
simulations with different inlet velocity. (a) Vo= 0.025 m/s; (b) Vo = 0.05 m/s; (c) Vo= 0.075
m/s; (d) Vo=0.1 m/s; (e) Vo= 0.2 m/s; (f) Vo= 0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (i)

Vo=0.6 m/s.

159



Figure 6.9 shows the surface Nusselt values (Nu) of the heat transfer panel. There are 3 regions
with relatively high Nu values, which mean better heat exchange ability. The vertical “line”
shaped high Nu region, which corresponds to the mass transfer steps (i) & (ii). The rotation,
elongation and alternative vortex shedding effect in this region contribute to the heat convection
by destroying the boundary layer (Figure 6.7). High Nu regions in front of the reinforcement
dots are caused by mass transfer steps (ii1) & (iv), together with the curved wall structure.
Because on the windward side, the shrinking thickness of the tunnel near the dots decreases the
local divergence and increases the local curl, this further enhances heat convection. Figure 6.8
shows that the temperature is higher on the lee side of the reinforcement dots (low-pressure
region) due to the low flow velocity. The Nusselt values are extreme low when the inlet velocity
is lower than 0.05 m/s. Because in these conditions, the flow is pure laminar and the convention
in vertical direction is very weak. When the velocity is between 0.075 m/s and 0.1 m/s, most
parts of network structure surface show relatively high Nusselt value. Although the Nusselt
value is much higher when the inlet velocity is larger than 0.2 m/s, the power loss is also very

high under these conditions.
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Figure 6.9 Surface Nusselt number of network structure of by time-averaged simulations with
different inlet velocity. (a) Vo= 0.025 m/s; (b) Vo = 0.05 m/s; (c) Vo= 0.075 m/s; (d) Vo= 0.1

m/s; (e) Vo= 0.2 m/s; (f) Vo= 0.3 m/s; (g) Vo= 0.4 m/s; (h) Vo= 0.5 m/s; (1) Vo= 0.6 m/s.
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6.3.3 Comparison of different network structures

Chapter 5 detailed investigates the flow field evolution of network structure with parameter 5-
20-25. Previous part of chapter 6 detailed analyses the power loss and thermal transfer of
network structure with parameter 5-20-25. The basic fluid field condition of this novel network
structure is comprehensive understanded by previous contents. The following section focuses
on the analysis of four representative network structures and study the effects of parameters on
power loss consumption, flow field evolution and heat transfer ability. The four representative

network structures’ parameters: 5-15-25; 5-20-45; 5-25-45; 5-30-45.

6.3.3.1 Time-averaged flow field analysis of the four network structures

As shown in Figure 6.10 is the time-averaged V/Vo magnitude contour in the x-y plane (Vo =
0.1 m/s) of different network structure parameters. These flow fields are like that of 5-20-25
network structure. The V/Vovalue is different when changing the parameters. The highest V/Vo
value of 5-15-25 network structure is ~4. It is higher when comparing to the V/Vo value ~3.3
of 5-20-25 network structure. The difference between 5-15-25 and 5-20-25 network structure
is the parameter “R” (Figure 6.10a). The thickness and reinforcement dots diameter of the two
network structures are the same. The distance between reinforcement dots of 5-15-25 network
structure is smaller. This makes the channel narrower and the interconnection of adjacent
reinforcement dots stronger. The fluctuation of flow field around the one reinforcement dot can
easily affect the flow field around the reinforcement dots nearby. Since the fluid channels are
narrow, the fluid velocity in accelerating area is larger and resulting in the higher V/Vovalue of
5-15-25 network structure. The difference between 5-20-45 and 5-20-25 network structure is

(Y%
r

the parameter (Figure 6.10c). The reinforcement dots’ diameter and distance of the two

network structures are the same. The thickness of 5-15-25 network structure is smaller. This

162



makes the water consumption smaller and the boundary layer constitution higher inside the
network structure basin. The reason for this phenomenon is the same as that in 5-15-25 network
structure. Their fluid channel is narrow when comparing to the one of 5-20-25 network structure.
The difference between 5-25-45, 5-30-45 and 5-20-45 network structure is also the parameter
“R” (Figure 6.10c). Obviously, the V/Vo value decreases with the increasement of “R” value.

This is because the fluid channel is wider.
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Figure 6.10 Time-averaged V/Vo magnitude contour in the x-y plane (Vo= 0.1 m/s) of
different network structure parameters. (a) D = Smm, R = 15mm, r = 25mm, 5-15-25; (b) D =
Smm, R = 25mm, r = 45mm, 5-25-45; (¢) D = 5Smm, R = 20mm, r = 45mm, 5-20-45; (d) D =

5mm, R = 30mm, r = 45mm, 5-30-45.
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Figure 6.11 shows the time-averaged pressure coefficient (Cp) in the x-y plane (Vo = 0.1 m/s)
of different network structure parameters. Obviously, the pressure drop of 5-15-25 network
structure is the highest while the pressure drop of 5-30-45 is the lowest. This phenomenon can
also be understood as the “block™ density formed by reinforcement dots is the highest in 5-15-
25 network structure. Since extra reinforcement dots can cause more flow resistance inside the
fluid channel. However, time-averaged results can only tell us the general behaviour of flow

field. Instantaneous simulation results need to be analysed for more details.

(a) 5-15-25 (b) 5-25-45
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Figure 6.11 Time-averaged pressure coefficient (Cp) in the x-y plane (Vo= 0.1 m/s) of
different network structure parameters. (a) D = Smm, R = 15mm, r = 25mm, 5-15-25; (b) D =
Smm, R = 25mm, r = 45mm, 5-25-45; (¢) D = 5Smm, R = 20mm, r = 45mm, 5-20-45; (d) D =

Smm, R = 30mm, r = 45mm, 5-30-45.
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6.3.3.2 Instantaneous flow field analysis and power loss visualization of the four
network structures

As shown in Figure 6.12 is the CFD instantaneous simulation results of velocity magnitude
contour of 5-15-25 network structure in the x-y plane with different inlet velocity. Different
from the instantaneous simulation results of 5-20-25 network structure, no obvious vortex
shedding is observed in all cases of 5-15-25 network structure. This can be explained by the
narrow fluid channel of this network structure. As the distance between two reinforcement dots
are too small to develop the alternative vortex shedding and the boundary layer constitution is
high, vortex shedding cannot happen in all these cases. Figure 6.13 is the visualization of total
power loss density in time-averaged flow field in x-y plane of 5-15-25 network structure with
different inlet velocity. The power loss mainly occurs at the wake of these reinforcement dots.
This is caused by the friction between the low velocity fluid at the lee side of reinforcement
dots and the high velocity fluid in the accelerating area. Then, small vortices are formed in this
long and narrow friction area. As shown in Figure 6.14 is the CFD instantaneous simulation
results of velocity magnitude contour of 5-20-45 network structure in the x-y plane with
different inlet velocity. The fluid field is very similar to that inside the 5-15-25 network
structure. No obvious alternative vortex shedding in all cases except the case of 0.6 m/s inlet
velocity. Figure 6.15 is the visualization of total power loss density in time-averaged flow field
in x-y plane of 5-20-45 network structure with different inlet velocity. The results show the
same power loss behavior when comparing to that of 5-15-25 network structure. This is also

due to the narrow fluid channel of this 5-20-45 network structure.
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Figure 6.12 CFD instantaneous simulation results of velocity magnitude contour of 5-15-25
network structure in the x-y plane with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo=10.2

m/s; (¢) Vo= 0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.
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Figure 6.13 Visualization of total power loss density in time-averaged flow field in x-y plane
of 5-15-25 network structure with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo =0.2 m/s;

(c¢) Vo=0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.
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Figure 6.14 CFD instantaneous simulation results of velocity magnitude contour of 5-20-45
network structure in the x-y plane with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo=10.2

m/s; (c) Vo= 0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.
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Figure 6.15 Visualization of total power loss density in time-averaged flow field in x-y plane
of 5-20-45 network structure with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo =0.2 m/s;

(c¢) Vo=0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo=10.6 m/s.

Figure 6.16 is the CFD instantaneous simulation results of velocity magnitude contour of 5-
25-45 network structure in the x-y plane with different inlet velocity. Different from previous
two network structures, the vortex shedding occurs when the inlet velocity reaches 0.2 m/s. And
the vortex shedding even occurs behind the second row when the velocity increased to 0.3 m/s.
The maximum velocity increases with the increasing of inlet velocity. The vortex cannot be
generated just after one row of reinforcement dots under network structured heat transfer panels

scenerios. Even though the vorticity of vortex generated by the closest two reinforcement dots
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are entirely in two opposite directions, the vortex generated in the previous row of
reinforcement dots seems do not fade away, the magnitude is even enhanced in the accelerating
region of the next row of reinforcement dots. The mechanism cannot be clarified just based on
current simulation data, but it explains the reason why vortex always do not occur after the first
row of reinforcement dots. It shows that this kind of arrangement of reinforcement dots can
amplifiy the turbulence generated by previous rows of reinforcement dots. Figure 6.18 is the
CFD instantaneous simulation results of velocity magnitude contour of 5-30-45 network
structure in the x-y plane with different inlet velocity. With the increasement of reinforcement
dots distance, the occurance of vortex shedding is advanced to the inlet velocity 0.1 m/s. Also,
the ovality of the vortex is decreasing, and the magnitude of vorticity is increasing. Figure 6.17
is the visualization of total power loss density in time-averaged flow field in x-y plane of 5-25-
45 network structure with different inlet velocity. The vertical line shape high power loss region
only appears after the second row is because the downstream is sugeezed by the following flow
field of the next row of reinforcement dots and the turbulence generated by previous provides
enough vorticity. Figure 6.19 is the visualization of total power loss density in time-averaged
flow field in x-y plane of 5-30-45 network structure with different inlet velocity. Due to the
similar structure parameter to the 5-25-45 network structure, the power loss mapping shows

almost the same features.
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Figure 6.16 CFD instantaneous simulation results of velocity magnitude contour of 5-25-45
network structure in the x-y plane with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo=10.2

m/s; (¢) Vo= 0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.
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Figure 6.17 Visualization of total power loss density in time-averaged flow field in x-y plane
of 5-25-45 network structure with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo =0.2 m/s;

(c) Vo=0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.
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Figure 6.18 CFD instantaneous simulation results of velocity magnitude contour of 5-30-45

network structure in the x-y plane with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo=10.2

m/s; (¢) Vo= 0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo= 0.6 m/s.
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Figure 6.19 Visualization of total power loss density in time-averaged flow field in x-y plane
of 5-30-45 network structure with different inlet velocity. (a) Vo= 0.1 m/s; (b) Vo= 0.2 m/s;

(¢) Vo=0.3 m/s; (d) Vo= 0.4 m/s; (¢) Vo= 0.5 m/s; (f) Vo=10.6 m/s.
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6.3.3.3 Power loss calculation comparison of the four network structures

As shown in Figure 6.20, different network structures display various behaviors in power loss
density. The 5-15-25 network structure shows the largest power loss density in all scenarios.
This is caused by the high PL3 and PL4 of the narrow water tunnel. However, the 5-30-45
network structure shows extremely low power loss density having the lowest PL4 constitution.
This means that the effect of inertial and viscous forces is different when changing the network
structure and inlet velocity. Thus, the power loss can be controlled. When the network structure
is narrow and thin, the volume proportion of boundary layer increases and more PL4 is
generated. Additionally, the viscous force plays a key role in the total power loss consumption.
When the network structure is thick with intensive dots, turbulence will contribute more to the
total power loss, and this results in the increase of PL3. The total energy loss increases when
the inlet velocity is increasing (Figure 6.1 & Figure 6.20), while the drag coefficient decreases,
together with an increase of fluid vibration frequency (Figure 6.4). A higher fluid velocity can
improve the mixing effect in the mass mixing steps (i) & (ii) and further improve the heat
performance. Obviously, the velocity magnitude is higher in the place with a higher power loss
density, which causes higher consumption of transformation of the kinetic energy (PL3) and
viscosity dissipation (PL4). Thus, appropriate control of the network structure can manipulate
the categories of power loss — contributed by inertial and viscous forces — to achieve the desired

local pressure drop at the different function areas of this wearable heat transfer panel.
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Figure 6.20 Average power loss density of different parameters network structure hexagon

region at each row of reinforcement dots shown in Figure 5.1. (a) D



25mm, 5-15-25; (b) D = 5Smm, R = 20mm, r = 45mm, 5-20-45; (c) D = 5mm, R = 25mm, r =

45mm, 5-25-45; (d) D = 5Smm, R = 30mm, r = 45mm, 5-30-45.

The inlet pressure of 5-20-25 & 5-30-45 network structures is low, which makes them suitable
for placing at FA4 and FA1 (Figure 6.21). The velocity magnitude in FA1 is high as it is close
to the inlet. Also, this area needs to distribute large volumes of water. The 5-30-45 network
structure can transfer large volumes of water with low energy loss together with the function of
water decentralization (FA1). Moreover the 5-20-25 network structure is suitable for large area
heat transfer since this network structure shows both low power loss and water volume
consumption. Other network structures can be placed in FA2 & FA3 for the manipulation of

flow resistance to control the rate of flow of different dendrites.
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Figure 6.21 Inlet pressure vs. inlet velocity of different network structures, the 5-20-25

network structure shows the low inlet pressure with relative lower water consumption

(suitable parameter for FA4) while the 5-30-45 network structure shows the lowest power loss
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density together with relative lower inlet pressure (suitable parameter for FA1), other network
structures can be used for control the mass rate of flow in other FAs for the purpose of

uniform heat performance and fast velocity.

6.4 Summary

In this chapter, power loss calculations for different network structures of flow field
homogenization guide the manipulation of pressure drops due to inertial and viscous forces in
the transitional flow field. The constitution of power loss type is different under different flow
regime. PL4 dominates the total power loss in pure laminar regime while PL3 in transition flow
with more turbulent factors. The two power loss types show equivalent contribution when the
flow regime is transition flow. The power loss during the fluid moving process further causes
convection and increase the surface Nusselt number for enhanced heat transfer ability. The flow
field evolution of different flow regime is affected strongly by the fluid channel shape - defined
by “D”, “R”, “r” three different parameters. This further affects the pressure drop caused by
power loss of these network structures. This character of network structure sheds new light on
engineering design and optimization of fluidic fabric heat transfer panels and finally help us
fabricate the novel nature-inspired wearable heat transfer panels which can perform two

different temperatures switching uniformly in 10 s.
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CHAPTER 7 Conclusions and Suggestions for
Future Research

7.1 Conclusions

In this thesis, a nature-inspired network structure has been proposed for wearable thermal
transfer fluidic fabric devices by flow field manipulation to achieve a uniform temperature
rapidly with large coverage area. Three such engineered wearable heat transfer panels were
fabricated for rapid contrast temperature therapy showed a fast-switching time of less than 10
s from hot (40°C) to cold (5°C) temperatures, over 6 times that of a conventional single-tube
heat transfer panel. The excellent performance of these heat transfer panels is realized by the
design of appropriate network structures in different parts of the heat transfer panels. This work
investigates the 4-step mass mixing mechanism inside the network structure, induced by the
cross layout of the high- & low-pressure regions inside the network structure flow field thus
facilitating the homogeneity-adjusted flow field. Power loss calculation results of different
network structures were analyzed to reveal energy transfer in the fluid circuit manipulation,
energy dissipation, fluid velocity. Major findings and contributions of the research are listed as

follows:

(1) The investigation into fast contrast therapy has yielded a comprehensive strategy for
optimizing temperature control and energy efficiency in water immersion systems.
Through thermal modeling and simulations, we identified water cooling and heating as
the optimal approach for managing the significant heat transfer involved in this therapy.

To address the challenge of mixing different temperature water, an innovative switch
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logical design has been proposed, enhancing energy efficiency by optimizing the
sucking and reflux periods. Among various portable heating and cooling methods tested,
the combination of directly adding ice for cold therapy and using a heating rod for heat
therapy emerged as the most effective solution for onsite applications. In contrast,
thermoelectric (TE) modules, due to their high energy consumption and inefficiency in
scenarios requiring rapid and significant temperature changes, are better suited for
scenarios with minimal thermal transfer demands. This research provides a robust
framework for implementing fast contrast therapy effectively, balancing thermal

efficiency and practicality.

(2) The development of three innovative nature-inspired wearable heat transfer panels for
the full leg, thigh, and calf has demonstrated significant advancements in rapid
temperature switching and energy efficiency. By drawing inspiration from natural flow
fields and mass transfer processes, the redesign of the fluid channels—with a reduced
number of corners—has effectively minimized energy loss. The extension of
reinforcement dots' functionality has further optimized flow manipulation, ensuring
fluid delivery to targeted regions and reducing water consumption. The engineered
network structure has resulted in improved fluid circulation velocity and more uniform
temperature distribution, highlighting the superiority of these wearable heat transfer
panels over conventional designs lacking structured flow channels and guide vane
arrangements. This breakthrough offers promising potential for enhanced performance

in wearable thermoregulation technologies.

(3) The comprehensive investigation into the flow field evolution and mass transfer
mechanism within a network structure has unveiled distinct behavioral regimes based
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on inlet velocity: pure laminar, transitional flow, and transitional flow with increased
turbulence. The innovative mass transfer mechanism leverages the strategic
configuration of high- and low-pressure regions around reinforcement dots to enhance
fluid dynamics. This mechanism unfolds in four steps: rotation mixing and elongation
induced by velocity gradient and vorticity, mixing from wake alternative vortex
shedding, splitting of the high-pressure region, and suction in the low-pressure region.
Together, these processes establish a uniform mass transfer that ensures a consistent and
homogeneous velocity distribution across the flow field. The resulting flow field
demonstrates effective convection between the fluid layers in the x-y plane and the
boundary layer, indicating a well-balanced and efficient transfer system that could
enhance performance in various applications relying on network-structured fluid

dynamics.

(4) The exploration of power loss calculations across various network structures has
provided valuable insights into managing pressure drops influenced by inertial and
viscous forces within transitional flow fields. The research highlights that power loss
type PL4 predominates in pure laminar flow regimes, whereas PL3 is more significant
in transition flows with more turbulence. When the flow regime falls within a
transitional state, both power loss types contribute equally. This understanding enhances
our ability to predict and control the associated convection processes, thereby increasing
the surface Nusselt number which is crucial for improved heat transfer. The shape of
fluid channels, determined by parameters "D", "R", and "r", significantly influences
flow field evolution and consequent pressure drops within these network structures.

These findings illuminate new possibilities in the engineering design and optimization
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of fluidic fabric heat transfer panels. Ultimately, this research contributes to the
development of innovative, nature-inspired wearable heat transfer panels capable of
uniformly switching between two temperatures in just 10 seconds, offering promising

advancements in wearable thermoregulation technology.

This work sheds new light on the development of fluidic fabric heat transfer panels. It illustrates
their great potential in other thermal management devices with large cover area such as air-
conditioned clothing, thermal management systems in space exploration, quick charging
lithium batteries in electric automobiles, effective cooling of computers and other machines and
so on. However, future work is required on the influence of fluid type, material and structural
parameters of the network structure, especially with consideration of buckling/wrinkles of the
shell in such fabric-fluid structures. As the wrinkles are located at the boundary of the inner
fluid field, they contribute to heat convection but also cause large extra power loss (by
comparing the power loss consumed in fluid field homogenization). The following section

detailed listed the limitations of current work and the suggestions for future research.

7.2 Limitations and Suggestions for Future Research

This thesis introduces a novel wearable heat transfer panel for fast temperature switching with
high flow velocity and uniform temperature mapping. The above 4 chapters detailed
demonstrated the thermal management system set up, network-structured wearable heat transfer
panels design and fabrication, network structure flow field evolution, local head loss control
for entirety flow field manipulation. However, owing to the insufficient time and resources,

this research remains several limitations, and they need improvement in the further work. Here
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are three main aspects of limitations of current work and corresponding suggestions for

improvement:

(1) Device: Firstly, we finally fabricated three wearable heat transfer panels which can
perform different temperature switching in 10 s with a 30-watt inlet water pump, the
water can be filled uniformly into the heat transfer panel in less than 6 s, but the flow
field in FA4 is still not perfect uniform. Especially the wearable heat transfer panel for
thigh, the velocity at the margin is lower than that close to the inlet guide vanes. This
means the flow resistance manipulation inside the wearable heat transfer panel need
further optimization for higher energy efficiency. Secondly, despite the three heat
transfer panels for full leg, thigh and calf, rapid-contrast-therapy heat transfer panels for
other parts of human body are still under the designing process. They are heat transfer
panels for knee, ankle, shoulder and elbow. All these parts of body are no need for large
coverage but need to be covered with large curvature. This poses a new key factor on
designing these wearable heat transfer panels — how flow field evolves in a curved
network structure. Thirdly, the application of this nature inspired network-structured
fluidic fabrics just focused on the rapid contrast therapy for elite athletes. This device
can be used for any scenario with the requirement large area heat transfer and other

potential applications still need exploring.

(2) Experiments: Flow field visualization are performed by temperature mapping for
entirety wearable heat transfer panel captured by thermal camera and ink streamline for
local network structure captured by high-speed camera. Firstly, all these flow field
experiment results only show the flow field in x-y direction. The cross-section flow field
visualization experiments are needed. Because in this direction, heat transfer is of great
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importance and largely affected by the flow field. Secondly, the temperature mapping
can only roughly show the flow field. Transparent fluidic fabrics can be used for
observing the flow behavior inside the network structure. Thirdly, more advanced flow
field visualization methods can be tried such as tomographic particle image experiments
to get more accurate results of this network structure flow field. Fourth, research on
guide vanes effect need to be done as this thesis only conducted the research on

reinforcement dots.

(3) Theory: The whole flow field manipulation is based on the control of local head loss of
different network structures allocated in different function areas of fluidic fabrics.
Firstly, the parameters of network structures investigated in this work is limited, only
5-15-25, 5-20-25, 5-20-45, 5-25-45, 5-30-45 five groups of representative network
structures. Due to the limitation of the tedious calculation period, modifications are
needed for the simulation. Secondly, the network structure is defined by three
parameters. A new parameter for describe the network structure needs to be proposed
for simplification and nondimensionalization like Reynolds number and so on. The key
point for affecting the flow behavior is the shape of fluid channel — gap between these
reinforcement dots. Thus D and R together affect the width of the fluid channel and d(r)
affects the thickness of the fluid channel. This further results in the dimensionless
process of these parameters — ‘(D*d)/R’ — the “Hydraulic radius” of heat transfer panel.
Thirdly, the vortex evolution in network structure clusters is very important as this can
directly affect the total head loss and the convection of heat transfer, it still need to be

further investigated since this work only scratches the surface power loss.
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