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Abstract: Temperature-related frustrations, such as heat exhaustion, heat stroke, hypothermia, and
frost damage, are some of the most prevalent health risks encountered by humans. The aggravation
may be lethal for individuals who reside or work in conditions of protracted and high temperature.
Temperature-control technologies, such as underfloor heating and air conditioners, have been studied
and applied to give individuals with a pleasant and, more crucially, an endurable temperature.
However, it may be challenging to install these technologies in an exterior or enclosed space. In
addition, they are inflexible for individual requirements, such as mobility and personal-temperature
management. A wearable bio-inspired pulsing-flow (discontinuous) cooling system, which can
significantly enhance cooling performance, is proposed in this work. The proposed system is
implemented with valves to generate pulsating flows. Given that traditional mechanical-valve
actuation systems continue to face limits in terms of switching frequency, interface wear loss, and
size limitations for wearable-garment applications, a ferrofluid-based shape-controllable micro-valve
is proposed to reduce the size and weight of the cooling system. An empirical approach is adopted to
avoid the extensive computational simulation of the thermo fluidic dynamics involved, so that efforts
can be focused on the design of an innovative scaled prototype built from ferrofluid valves positioned
in a specific array of the cooling tubes. This allows the performance of continuous and pulsating
cooling-flow systems to be compared on the same flow rate baseline. The results demonstrate that
the proposed technology not only delivers superior cooling efficiency, but also has the potential to
provide individualized temperature regulation in a “live” garment.

Keywords: bio-inspired flow; pulsation cooling; individualized cooling; wearable temperature
conditioning; live garment; empirical approach

1. Introduction

Temperature-induced deterioration of human bodies has been a major source of
public concern for decades. In thermally demanding conditions with excessively hot or
cold temperatures, it is critical to keep the body’s temperature within tolerable, if not
comfortable, ranges. Air conditioning is one of the most common methods for controlling
circumambient temperatures. However, there are situations in which air conditioners
are difficult to be implemented and insufficient to fulfil the temperature, mobility and
pragmatic requirements of an individual. Therefore, it is highly desirable to have a wearable
or portable device capable of providing individualized, adaptable thermal management.

Many designs, such as garments, caps, and neck-worn items, have been devel-
oped for thermal management [1-6]. Potential consumers of such thermal-management
items include, however are not restricted to, the army, the fire department, astronomers,
construction-site employees and summer workers in mines [7-10]. People can benefit from
simple and cost-effective remedies in the event of heat waves [11]. In the context of this
personal-temperature-management application, it is critical to achieve maximum efficiency

Energies 2022, 15, 8826. https:/ /doi.org/10.3390/en15238826

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15238826
https://doi.org/10.3390/en15238826
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2495-5683
https://orcid.org/0000-0002-0459-7081
https://doi.org/10.3390/en15238826
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15238826?type=check_update&version=1

Energies 2022, 15, 8826

20f18

while minimising weight and size to preserve the wearer’s mobility [12,13]. As demon-
strated in Teunissen’s work, by comparing a phase-changing material (passive-cooling)
garment with a liquid cooling vest, the efficiency of active-cooling systems (with a power
input) is proved to be higher than that of passive cooling systems. According to Trunissen,
a power source (including batteries, fuel tanks and fuel cells, etc.) and a heat exchanger
are required for active-cooling systems. Miniaturizing these components is a challenging
task which not only reduces the bulkiness of such garments but also increases the cooling
efficiency [14-17].

Cooling systems with a coolant fluid are considered to be one of the most commonly
used cooling systems implemented on individualized garments, and the system is simple
to deploy [18,19]. According to Luo’s work [1], the garment’s design with integrated heat-
transfer pipes show a better efficiency than other systems. The liquid (coolant) inside the
pipe is used to transfer heat from (cooling) or to (heating) the human bodies. For example,
G. Bartkowiak introduced in this previous work the LCG (liquid cooling garment) system,
which has the unique feature of a knitted cloth which covers the heat-transfer pipes [20-23].
This garment also implemented various layers with varying heat resistance to enhance the
heat transmission between the human body and the coolant while minimising the heat
transfer between the coolant and the surrounding environment. Another LCG created by
T. Ernst consists of a garment with refrigeration lines and a vapor-compression cooling
system [6]. All components of the cooling system, including the power supply, a 2-litre
water tank and a condenser placed on the backside of the garment, are integrated into
this system.

The previous studies carried out by Ernst and Bartkowiak mainly focused on the use
of new materials for the coolants. However, this research presented a novel pulsation
flow pattern to enhance the cooling efficiency. This study proposes a bio-inspired pulsa-
tion/discontinuous cooling method, in which the coolant flows through an array of parallel
pipes in a novel ‘scanning’ or ‘sweeping’ fashion. Each pipe waits for its turn to send the
coolant fluid from the main intake to the main outlet. The discontinuous- or pulsation-flow
method is inspired by our own circulatory system, where the blood flows to the organs as a
discontinuous pulsation flow generated by heart. The 'sweeping’ process appears to have
a remarkable multiplicative impact on the Reynolds number of the coolant flow, causing
turbulence and enhancing heat exchange. The frequency of the sweeping process appears
to have some intriguing, but not entirely understood, effects on the Reynolds number. By
comparing the performance of the proposed discontinuous pulsation system with a control
reference system, it verifies that the proposed system has a higher cooling efficiency than
the traditional continuous flow system. However, the bulkiness of the garments due to
the integration of fabric, pumps and valves of the proposed method is still a challenge
for designing a garment with mobility and comfort. Our aim is to show the proposed
ferrofluid-based valve has the potential to miniaturize and simplify the cooling components
in the pulsating flow system [24].

Ferrofluid Micro-Valves

Ferrofluid was found in 1963 by the National Aeronautics and Space Administration
(NASA) [25]. It is a colloidal liquid suspension of ferromagnetic nanoparticles. The fer-
rofluid’s superparamagnetism and miniaturisation properties have attracted significant
concern and attention in research endeavours and published papers during the last few
decades [26-30]. It has been extensively researched for electromagnetic engineering [31-34],
mechanical engineering [35,36], and medical uses [37,38]. For example, ferrofluid has
been applied to reduce the friction in mechanical and aerospace applications [35,39], seal
liquids in electrical devices [40,41], target magnetic medication and conduct magnetic hy-
perthermia [42,43]. With the rapid development of these advanced technologies, ferrofluid
research and development has become increasingly important.

Ferrofluid has been applied for micro-pumping and micro-valve applications in previ-
ous work carried out by Evrim and Arzu [28,44]. In Evrim’s work, the ferrofluid is actuated



Energies 2022, 15, 8826

30f18

by rotating magnetic field sources. Doganay and Liu have carried out similar works which
introduce different designs of rotatory magnet [45,46]. However, this actuation method
requires a large space for the external rotating magnetic source compared to the small size
of the micro-valve. Furthermore, it is hard to control the shape of the ferrofluid valve to
generate a controllable flow with rotating magnetic-field actuation.

In this paper, ferrofluid is used to build a micro-valve for the discontinuous-flow
cooling system to reduce the bulkiness of the garment design. Due to the properties of the
high magnetic susceptibility of the ferromagnetic nano-particles and the superparamag-
netism of the ferrofluid, the geometry of the ferrofluid can be easily altered by an external
applied magnetic field. Consequently, the geometry of the ferrofluid can be predicted and
controlled by adjusting the externally applied magnetic field. Thus, the ferrofluid can be
implemented as a valve controlled by an external magnetic field generated by permanent
magnets and coils. This design significantly reduces the size and weight compared with
traditional mechanical valves. Therefore, the proposed ferrofluid valves offer potential
flexibility for the system to be miniaturised for personal-garments applications.

2. Models

Bio-inspired discontinuous pulsing flow has been widely investigated for thermal-
managing applications with various levels of achievement. The thermal fluidic dynamics
of a discontinuous pulsation flow with different control settings could be extremely compli-
cated, and this work does not attempt to address them all. In fact, the mechanisms through
which discontinuous flow affects thermal efficiency remain poorly understood. An empiri-
cal approach is used in this work, to explore the proposed bio-inspired pulsation-cooling
idea on a individualized garment, as shown in Figure 1. The cooling performance of the
proposed discontinuous-flow system is validated by measuring and analysing the heat-
exchange efficiency of two distinct flows: a traditional continuous flow passing through a
serpentine pipe (as the benchmark) and a bio-inspired discontinuous-pulsing flow flow-
ing consecutively through each of the parallel pipes at a time, with the same main inlet
and outlet.

4 Garment

Cooling

Container(pumps,
cooling module)

Figure 1. Cooling system for garment.

2.1. Model of Cooling System

The models of the traditional cooling system (with continuous flow patterns) and the
proposed bio-inspired system (with discontinuous pulsation flow patterns) are shown in
Figure 2. The serpentine-shaped pipe design is one of the most commonly used designs for
traditional tubular cooling systems. It provides a large area of contact surface for the pipe
and heating source in a limited volume and the implementation of the pipe is simple. The
serpentine pipe is widely applied to car radiators, domestic heaters and power-plant cooling
systems, etc. The model of the serpentine pipe for the continuous-flow system is shown
in Figure 2. The fluid is propelled by the pump and flows through the serpentine pipe,
which has a heating pad underneath it. The system works in the following way: the heat is
generated from the heating pad. Then it transfers to the fluid inside the serpentine pipe
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due to the conduction effect and the fluid carries the heat into a heat-exchanging cooling
module (water block). The cooled fluid returns to the water pump and restarts another
cycle of cooling. There are challenges remaining for this traditional system: that the cooling
efficiency mainly depends on the material of pipe and coolant. Another challenge is that the
cooling effect along the serpentine pipe is not equally distributed because the coolant fluid
is heated up by the heating source, which leads to large temperature difference at the inlet
and outlet of the pipe. The fluid temperature at the end of the pipe is significantly higher
than the fluid temperature at the beginning of the pipe, which means the cooling efficiency
towards the end of the pipe is lower than at its beginning. The proposed discontinuous-
pulsation flow system is inspired by the blood circulation systems of humans and animals,
in which the heart pumps the blood as a pulsation flow into different arteries. The model of
the proposed system is shown in Figure 2b. Instead of a serpentine pipe, the model consists
of five parallel pipes with valves at the beginning of each pipe. Each pipe is connected to
the same central inlet and outlet. The valves are turned on sequentially so that the fluid
can only flow through one pipe at a time, i.e., in a "scanning’ or 'sweeping’ manner. The
overall flowrate of the main inlet and outlet is measured and set to be the same as the
flowrate of the continuous system. As shown in Figure 3, the blue line is the flow rate of
the continuous system, and the orange line is the flow rate of the discontinuous system.
There are some differences in the flow rate of the two systems, which are caused by the
on—off switch action of the valves in the discontinuous system. However, the error is in an
acceptable range which will not affect the temperature result.

In the proposed system, the temperature of the fluid at the beginning of each pipe is
evenly distributed, as shown in Figure 2b, and, thus, the efficiency of the cooling process
is increased. The main drawback of the proposed method is that it requires a valve for
each pipe to control and generate a discontinuous-pulsation flow, which means more
components are integrated into the garments system and influence the mobility of the user.
Given that, a ferrofluid-based micro-valve is proposed in this work to minimise the weight
and size of the cooling system for a garment. The proposed method significantly improves
the cooling efficiency. With the ferrofluid valve implemented, it provides the potential
for the system to be integrated to a garment with acceptable weight and higher efficiency.
Experiments were carried out to validate and analyze the cooling efficiency of the proposed
discontinuous-flow method and the traditional continuous-flow method. In addition, a
finite-element-based computational fluid dynamics (CFD) model was developed, for future
study, to simulate the influence of valves on fluid flows.

Solenoid Valves

Cooling tube _%_ Cooling tubes

CE Cooling System ——

(a) Continuous system (b) Discontinuous system

Cooling System

Figure 2. Models for traditional and proposed systems.

2.2. Model of Ferrofluid Valve

This paper proposes a ferrofluid valve which is actuated by an external magnetic field
produced by coils. The diagrammatic representation of the proposed ferrofluid valve is
shown in Figure 4. A permanent magnet is placed beneath the tube to absorb the ferrofluid
and maintain its fixed position. A electromagnetic actuator is put on the top of the tube to
generate a controllable magnetic field. When there is no excitation in the coil, as shown in
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Figure 4a, the ferrofluid is attracted by the permanent magnet, which opens the valve and
allows the fluid to flow through. When there is an excitation, the coil generates a vertical
magnetic field which actuates the ferrofluid to form into a closed valve and blocks the fluid
flow, as shown in Figure 4b. Therefore, the ferrofluid valve can be manipulated to apply
an effective valve action by manipulating the excitation of the coil. The parameters of the
ferrofluid valve are shown in Table 1.

Flow rate of two cooling systems

AT |'vyl'w‘ AR

Flow rate (L/min)
= -
w IS

N
o

0 10 20 30 40 50 60 70 80 90 100
Time (s)

—8—continuous ~ —@— discontinuous

Figure 3. Flow rate of the continuous and discontinuous cooling system.

(@) (b)
Figure 4. Ferrofluid-valve model: (a) coil excitation off, valve on; (b) coil excitation on, valve off.

Table 1. Parameters of ferrofluid.

Symbol Parameter Value Units
Pf density of ferrofluid 1212 kg/m?
Op density of Fe304 5240 kg/m3
@ volume fraction ratio 0.05 -
ow density of water 1000 kg/ m3
Hw viscosity of water 1x1073 Pa-s
Ur relative permeability of ferrofluid 1.05 -
My viscosity of ferrofluid 113 x 1073 Pa-s
Hrm relative permeability of water 1 -

Hr,p relative permeability of FezOy 2.46 -
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3. Methods
3.1. Ferrofluid-Valve Design

The electromagnetic actuation for the ferrofluid valve is generated by the coil on the
top side of the tube. An iron core is put in the middle of the coil to enhance and gather
the magnetic flux. The coil is wound 500 times using the copper wires with a diameter
of 0.1 mm. The diameter of the soft iron core and the coil is 2 mm. The coil excitation is
controlled by a micro-controller ATmega1280 (MICROCHIP, Chicago, United states) and
a power supply of 12 V. FEM-based electromagnetic models were carried out to calculate
the magnetic-flux distribution generated by the coil. The software platform is COMSOL
(version 5.6, COMSOL, Stockholm, Sweden) Multiphysics.

An experiment on controlling the shape of the ferrofluid valve was conducted and
presented, for the future work, to build different shapes of valves which generate different
types of flow and can potentially increase the cooling efficiency of the system.

3.2. Design of Cooling Systems

The piping and instrumentation diagram (P&ID) of the traditional continuous-flow
system is shown in Figure 5a. The coolant fluid is pumped into the serpentine pipes and
absorbs heat generated by the heating source (heating pad), which is used to simulate the
heat from human body. The heated coolant then flows into the water block and Peltier
module for cooling down and back to the pump for the next cooling cycle. A flowrate meter
is attached to the main inlet of the pipe to measure the flowrate of the continuous flow.

The P&ID of the proposed discontinuous flow system is shown in Figure 5b. Instead of
serpentine pipe, the proposed system uses five parallel pipes connected with ferrofluid valves.
The coolant flows into each of the parallel pipes sequentially and then it is cooled by the
water-block module for the next cooling cycle. These parallel pipes allow the coolant to have
an evenly distributed temperature and, thus, a more efficient cooling effect. A flowrate meter
is connected to the main inlet of the pipes to measure the overall flowrate of the proposed
system and to keep the flowrate the same as that of the traditional continuous system.

@6 mm1/8” Solenoid valves

? 6 mm 1/8 XXX

® 8 mm 1/4
Flow
sensor

Flow
sensor

® 8 mm 1/4”
Heating pad

Heating pad
? 8 mm 1/4”
Pump
@8 mm 1/4”

mm 1/4” 1+

@6 mm1/8”
Heat transfer tubes

® 6 mm 1/8”
Heat transfer tubes

Water block &
Peltier module

Water block &

Peltier module
(@) (b)

Figure 5. P & ID of cooling systems. (a) P & ID of continuous system; (b) P & ID of discontinuous system.

3.3. Experimental Set-Up

The experimental set-up of the traditional and proposed cooling system were built
based on the designs shown in Figure 5. The prototypes were designed to be wearable.
However, in order to better compare the performance between the proposed prototype and
the traditional system during the experimental development stage, the two cooling systems
were implemented on a plywood board with a reference heating pad. The dimensions
(length, width and height) of the plywood board are 610 x 310 x 12 mm, respectively. A
reference heating pad was implemented in the center of the plywood panel to measure the
reference temperature to validate the cooling efficiency of the two cooling systems. The
traditional continuous-flow system is implemented on the left-hand side of the board, as
shown in Figure 6. A heating pad was implemented under the serpentine pipes to simulate
human-body heat source. The proposed discontinuous-flow system was implemented on
the right-hand side of the board with the ferrofluid valves implemented on each parallel
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pipe. A heating pad was put on the bottom of the parallel pipes as well to simulate a
human-body heat source. The heating pads were installed with built-in thermistors which
need to be wired and connected to a micro-controller to measure the temperature of the
heating pad. A resistor R; = 100 k(2 was connected in series with the thermistor of the
heating pad. The resistance of the thermistor can be calculated by Equation (3).

R— V % Rg

“ V-V @

where V is the voltage across the thermistor, and Vj is the reference voltage V) = 5V.
According to Steinhart and Hart equation [47], the temperature (Kelvin) of the thermistor
can be derived as:

T—=— ()

where Ty = 298.1 K is set to be the common room temperature, B = 3950 stands for the
constant of B-coefficient, and Ry = 100 k() represents the resistance of the thermistor at Tj.
The units of the temperature can by easily transferred by: T(K) = T(°C) + 273.15.

The ATmegal280 was used as the micro-controller to control the ferrofluid valves and
to receive and save data from the sensors, including the flowrate meter sensor and the
thermistors. The micro-controller ATmega1280 is driven by Arduino Software (IDE). The
water pumps (Jadeshay LG/BL) generate a flow rate of 2 L/min with a rated power of 12 V.
The water tanks were made of plastic bottles which store the water for the circulation of
cooling system and eliminate the air bubbles of the system naturally. There were several
different types of pipes and tubes used in building the cooling systems: Tubes with 6 mm
inner diameter (ID) and outer diameter (OD) of 9 mm were used for connecting the flow
sensors and water tank. Tubes with 8 mm ID and 11 mm OD were used for the connections
of the water block. In addition, 6 mm ID Heat shrinking tubes were used for the main
body of cooling system, heat transfer, as the walls of these tubes are thinner than most of
the other plastic tubes on the market with reasonable prices. Each end of the tube was
attached to the board firmly by hot glue, so that the tubes were contacted tightly with
the heating pad to maximise the heat-transfer efficiency. The water-block module used
was TEC1-12706 Thermoelectric (Hebei, China) Cooler. The flowrates of the two cooling
systems were measured using a YF-5401 Flow sensor. The overall size of the discontinuous
cooling system was (length, width and height) 270 x 160 x 12 mm. The overall weight
(including permanent magnet and electromagnet) of each ferrofluid valve was 40 g.

Ferrofluid

Pump Flow meter ~ Water block Heating Pad Pump

Continuous Flow  Micro-controller

Figure 6. Experimental set-up built on the polywood panel.



Energies 2022, 15, 8826

8 of 18

3.4. FEM Simulation

The FEM model was built based on the software COMSOL multiphysics. In the simu-
lation of the electromagnet, the magnetic vector potential was calculated by Equation (3).

Vx (u IV x A) =je 3)

where y represents the magnetic permittivity, A stands for the magnetic vector potential,
and j. represents the current density. The magnetic field H and the magnetic induction
intensity B can be expressed as:

B=VxA 4)
H=pu"'B ®)

In the FEM simulation of permanent magnets, the magnetic field H’ at the non-current
region follows the conditions:

VxH =0 (6)
The magnetic scalar potential V;; can be expressed as:

H' = -VV, @)
The magnetic induction intensity B at the non-current region can be expressed as:

B" = po(H + M) ®8)
V-B =0 ©)

where M represents the magnetization factor, and p stands for the permeability of vacuum.
By substituting Equations (7) and (8) into (9), V), can be rewritten as:

-V (VOVVm - yoM) =0 (10)

The magnetic force applied on the ferrofluid can be calculated by the integration of
the surface stress tensor. The stress tensor can be calculated as [9]:

1
;qn::—E&fon+(m~Hﬂﬂ (11)

where n; is the boundary normal pointing out from the ferrofluid, T; is the stress tensor of
air. The value of the simulation parameters are shown in Table 1.

4. Implementation and Results
4.1. Ferrofluid Valve

FEM-based models were built to simulate and calculate the magnetic flux distribution
of the ferrofluid valve, in order to predict and analyze the ferrofluid action under applied
magnetic field. The simulation results were validated by the experimental results, that
the geometry of the ferrofluid valve can be regulated by controlling the magnetic flux. As
the size of the models is small, the effect of gravity is minor in comparison to the strong
magnetic force.

The magnetic flux in the proposed ferrofluid valve is generated by both of the per-
manent magnets on the bottom side of tube and the coil on the top side. Figure 7a shows
the calculated magnetic flux distribution inside the tube of the ferrofluid valve without
excitation of the coil. The main density of magnetic flux is distributed on the bottom side of
the tube, because of the permanent magnet, and, thus, the ferrofluid is adsorbed on the
bottom of the tube, which is in-agreement with the experimental result shown in Figure 7b.
The valve turns ‘on’ and allows fluid to pass through, where there is no excitation on the
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coil. According to the calculation result of the FEM model, the horizontal magnetic force on
ferrofluid generated by a permanent magnet is 0.5 N, which makes the ferrofluid capable
of withstanding a pressure of 1.8 x 10* Pa.

Wb -m™2

0.4

coil ferrofluid

() (b)

Figure 7. Magnetic-flux distribution and ferrofluid shape without excitation. (a) Simulation model
for magnetic flux. (b) Experimental shape of ferrofluid with non-optimised coils (front view). (c) Side
view of valve.

In order to close the ferrofluid valve and block the fluid flow, an excitation of 0.9 A
was injected into the coil to generate a vertical magnetic flux. As shown in Figure 8a, the
magnetic flux is distributed evenly in the whole tube which actuates the ferrofluid to form
as a closed valve, as shown in Figure 8b. The closed ferrofluid valve blocks the fluid flow
through and the measured flowrate is reduced to below the minimum measurement range
of the flowrate meter, which is close to 0 mL/min.

Wb -m™2

0.4
0.35

0.3

(a)

Figure 8. Magnetic-flux distribution and ferrofluid shape with excitation. (a) Simulation model for
magnetic flux. (b) Experimental shape of ferrofluid with non-optimised coils (front view). (c) Side

view of valve.

Several more groups of simulation and experimental results with various combina-
tions of permanent magnets were carried out to verify the assumption that the geometry
of the ferrofluid is determined by the magnetic flux. As shown in Figures 9a and 10a,
the permanent magnet (rectangular shape) with different orientations generate different
magnetic flux distributions. The geometry of the magnetic-flux distribution corresponds
well with the shape of the ferrofluid shown in Figures 9b and 10b. Permanent magnets in
the experiments were positioned in the exact same location and orientation as the simu-
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lation models, which means the magnetic flux generated was in the same shape with the
simulated results.

Wb-m=2

«PM  Ferrofluid

& i |
(@) (b)

Figure 9. Geometry analysis of ferrofluid (‘' shape). (a) Simulation model for magnetic flux. (b) Ex-

perimental shape of ferrofluid.

Similar results with more valve-shape designs are shown in Figure 11. These results
confirm that the geometry of the ferrofluid valve can be manipulated to an exact shape
by regulating the external magnetic-flux distribution. The ferrofluid valve with differ-
ent shapes can generate a variety of flow patterns, which could potentially change the
heat-transfer method (from conduct to convection) of the flow and, thus, increase the
cooling efficiency.

Wb-m™>

os PM Ferrofluid

0.25

0.05 B

(b)

Figure 10. Geometry analysis of ferrofluid. (a) Simulation model for magnetic flux. (b) Experimental

shape of ferrofluid.
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Figure 11. Geometry control of ferrofluid. (a) Square-shape ferrofluid. (b) ‘U’-shape ferrofluid.
(c) Triangle-shape ferrofluid.

4.2. CFD Analysis of Valve Actions

In this work, although the proposed cooling system was built empirically, CFD mod-
elling was used to offer a first-order analysis of the flow behaviour during pulsation and
continuous flow. This will provide important insights into the complicated thermal fluidic
dynamics when “sweeping” management is applied on the cooling tubes. Furthermore,
the switch action of the ferrofluid valve has a unique influence on the flow patterns of the
cooling system. The CFD analysis of the valve on-off action can help to better understand
how the ferrofluid-valve action influences the flow manner of the coolants. The CFD
models are built to simulate the fluid dynamics when the valve is controlled to act in on
or off status, as shown in Figure 12. The left-end pressure is adjusted at 10° Pa, and 0 Pa
is set to the right end. In Figure 12a, the valve is fully open and allows the fluid to flow
through as a laminar flow, which transfers heat in a conduction way. In Figure 12b, when
turning the valve partially off, the closing valve generates a counter flow as a vortex which
can convert the laminar flow to turbulence. Therefore, the heat-transfer method changes
from conduction to convection, which significantly increases the heat-transfer efficiency.
Therefore, when using the proposed ferrofluid valves to generate a discontinuous pulsation
flow to a cooling system, it also has the potential to increase the heat-transfer efficiency by
creating turbulence in the flow.
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mm?3 /s

(b)
Figure 12. CFD analysis insight of pulsation flow. (a) Laminar flow with valve turned ‘on’.
(b) Turbulent flow with valve turned “off’.

4.3. Optimisation of the Sweeping Frequency

In this work, an empirical approach was used to figure out the optimal ‘sweeping’
frequency for the optimised cooling efficiency. The micro-controller was configured to
generate different sweeping frequencies for the ferrofluid valves. To investigate the impact
of the ‘sweeping’ frequency on cooling efficiency, pulsation periods ranging from 0.01 s to
5 s were used (frequency ranging from 0.2 Hz to 100 Hz). Three different pulsation dura-
tions (0.2 s, 1 s and 5 s) were selected to show the results of temperature measurement in
real time, as shown in Figure 13. The figure shows the temperature difference, in other
words, the cooling efficiency, between the reference heating pad and the two continuous-
and discontinuous-flow systems. As the heating pad keeps generating heat with power
supply, the measured temperature increases with time. The temperature difference between
the proposed discontinuous system and the reference heating pad is shown in red color in
Figure 13, and the temperature difference between the reference pad and the continuous
system is shown in blue color. The maximum temperature difference between the discon-
tinuous system and the reference is around 3 °C with 1 s pulsation time. The maximum
temperature difference between the continuous system and the reference is 2 °C, which
is not frequency-dependent. It is obvious that the temperature difference, which stands
for the cooling efficiency, of the proposed discontinuous system is greater than that of
the traditional continuous system. This confirms that the proposed cooling method can
increase the cooling efficiency compared with the traditional method.

In order to understand the influence of the sweeping frequency on the cooling effi-
ciency, an average temperature difference between the proposed discontinuous system
and both the continuous system and reference temperature was measured and is shown
in Figure 14, where the sweeping frequency ranges from 0.2 Hz to 100 Hz. The data was
collected and analyzed from the average temperature at 7 min of the measurement time.
The temperature difference between the proposed system and the reference heating pad is
plotted in red color, and the temperature difference between the continuous system and the
proposed system is plotted in blue color. It can be seen in the figure that the temperature
difference increases as the sweeping frequency increasing from 0.2 Hz to 1 Hz. The tem-
perature difference then returns to the same level, with 0.5 Hz sweeping frequency when
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the frequency increases to 100 Hz. This is because, on the one hand, when the switching
frequency is too low, the proposed system works as a continuous system with only one
valve on and all the other valves off. On the other hand, when the frequency is too high, the
proposed system works as a continuous system with all valves on. Therefore, the cooling
efficiency of the proposed discontinuous system is similar to the continuous cooling system.
The results of this empirical approach reveal that the optimal sweep frequency for this
proposed prototype is around 1 Hz.
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Figure 13. Sweeping—period influence on the temperature difference of two cooling systems. (a) 0.2 s
pulsation period; (b) 1 s pulsation period; (c) 5 s pulsation period.
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5. Discussion

The proposed bio-inspired cooling system shows a better cooling efficiency than that of
the traditional continuous system. According to the previous data, the optimised sweeping
frequency for this particular prototype is 1 Hz. Figure 15 shows an overall comparison
of the cooling efficiency of different systems over the measurement period of 7 min. The
temperature data is the averaged temperature of several repeated experiments, in order to
reduce the system errors of measurement. The temperature of the reference heating pad
is plotted in green color. It is increasing over time due to the Joule effect on heating. The
proposed system and the traditional system are plotted in red and blue color, respectively.
As shown in Figure 15, both systems exhibit a lower temperature over time than that of the
reference heating pad, which illustrates that both the systems absorb heat from the heat
source effectively. The temperature of the traditional cooling system is mostly the same as
the reference heating pad in the first 50 s of measuring time. Then, the traditional system
starts to cool down the temperature by 1.5 °C after 7 min of the cooling process, compared
with the reference heating temperature. However, the proposed system starts to cool down
the temperature at the beginning of the measurement and the temperature is reduced by
3.5 °C at 7 min, compared with the reference temperature. The proposed cooling system
shows not only a quicker cooling response, but also an increased cooling efficiency overall,
compared with the traditional continuous-flow system. In order to validate the influence of
the switching valves, a measurement with all valves turned on was carried out, which is
equivalent to removing all the valves in the discontinuous system. The result is shown in
Figure 16. The blue line is the temperature of the continuous system, the green line is the
reference temperature, and the red line is the temperature of the discontinuous system. The
result shows that the discontinuous system exhibits an even worse cooling efficiency than
that of the continuous system when all valves are turned on or removed. This is because
the overall flow rate of the discontinuous system is evenly distributed into each of the five
channels, which significantly reduces the Reynold number of each channel.

The proposed bio-inspired cooling method gives a more evenly distributed tempera-
ture on the cooling pipes and, thus, results in a more efficient cooling effect. Moreover, the
discontinuous-pulsation flow can generate a large sudden flow rate which leads to sudden
change in Reynold number and can easily create turbulence to enhance the heat-transfer
efficiency. Furthermore, as shown in the CFD simulation results, the on—off switching
dynamics of the ferrofluid valves can also have the potential to create counter flow and
vortex and, thus, create turbulence to enhance the heat-transfer efficiency.

This prototype outperforms the typical cooling technology in terms of cooling effi-
ciency. However, challenges remain in turning the prototype into a working garment. The
first difficulty is that an individualized garment demands a portable and energy-efficient
technology. This work only looked at cooling efficiency; further research on power use
is needed in the future. The second problem is that the equipments and components for
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an individualized garment must be minimised. In the future, the optimised component
should be used.
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Figure 16. Temperature of all modules with all valves turning on.

6. Conclusions

This work proposes a bio-inspired discontinuous-pulsation flow system for the thermal
management of the design of personal garments. A prototype was presented to demonstrate
the higher cooling efficiency of the proposed system over that of the traditional continuous
flow method. In order to reduce the bulkiness caused by the valves added in the proposed
system, a ferrofluid micro-valve was proposed to control the sweeping frequency of the
discontinuous flow, whilst the weight of the system can be readily reduced to an acceptable
level for a garment. It is envisaged that the proposed system can be easily integrated into a
garment for regulating personal temperature. It has the potential to apply both cooling and
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warming effects by infusing fluid with different temperatures into the system. Thus, based
on our findings, future work may explore the developments of highly flexible management
of the temperature for individualized requirements.
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