Chapter 4 )
Heat Flow Management in Portable ekl
Electronic Devices

Sagar Mane Deshmukh and Virendra Bhojwani

4.1 Introduction

The recent developments in the technologies help to reduce the size of the electronic
devices. The electronic devices are very compact, which are prepared from assembly
of more number of small components (dense arrangement). The devices mentioned
come into the category of the portable electronics devices/components. The applica-
tions of which are mentioned as follows: (a) cassette players, (b) audio devices, (c)
radios, (d) telephones, (e) mobile phones, (f) laptop computers, (g) pagers, (h) wrist
watches with remind capabilities, (i) small toys, (j) switches and (k) resonators, etc.
The power back up to the systems is generally provided by the batteries (Yeatman
2007) and or fuel cells (Ali et al. 2014). The power supplied to the different locations
must be conditioned. The small components consuming the power in the electronic
devices generate heat. Because of the space constraint dissipation of the heat from
the devices becomes very difficult and hence heat flow management is key concern
in the small electronic devices.

The maximum allowable temperature on the electronic component would be
between 80 and 120 °C (Mjallal 2017). The hand-held devices should be main-
tained with temperature in the range of 42-45 °C. The conventional cooling tech-
niques cannot be used at small scale because of different issues related to transfer of
the heat, e.g. heat transferring media (air) has poor thermal conductivity, no space
available for the movement of the heat-carrying media, placement-related issues, etc.

In case if the heat is not removed from the system, it may lead to following
shortcomings (Mjallal 2017), (a) decreased life of the electronic components, (b) low
voltage problems, (c) power conversion issues, power leakage issues and degradation
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of the chip life, (d) poor overall efficiency of the device, etc. It is very essential to
maintain proper heat balance in the portable electronic devices.

In order to achieve a proper heat balance and/or to avoid the locally observed
hotspots, diffusion of the heat should be done at fast rate and in large amounts. Heat
flow management in the micro-electronic systems is based on cooling techniques
used to remove the heat. This chapter explains the different cooling techniques used
in the electronics cooling.

4.2 Recent Techniques Used to Get the Heat Flow
Management in Electronics Systems (Cooling
Technologies)

Following are the technologies used for heat flow management in the electronic
systems,

Heat Sinks

Cold plates for the electronics cooling
The natural air cooling

Forced air cooling

Use of the heat pipes

Use of the Peltier effect for cooling
Use of the synthetic jets for cooling
Electrostatic fluid acceleration cooling
Immersion cooling

Use of the phase change materials.

All the above cooling technologies used to cool the micro-electronics systems are
discussed in detail below.

4.2.1 Heat Sink Designs

Heat sink is a device often called as heat exchanger which is made up of metallic
surfaces like copper or aluminium, etc. The simple heat sink with rectangular fins is
shown in Fig. 4.1. It collects heat from the electronic device (location or platform
where heat is generated) and transfers it to the transferring media (generally fluids
like air, water, etc.). The main purpose of using the heat sinks in the electronic devices
is to increase the area of surface for heat sharing. Sometimes the surface on which
the heat sink is to be placed is not similar to the surface of the heat sink and heat
spreaders are used. Heat spreaders are the connections between the heat sinks and
the electronic device from which heat is to be removed.
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Heat sink

Heat spreader / plate

Electronic component to
be cooled

Heat flow from the
Electronics component to
Heat spreader and then to
Heat sink

Fig. 4.1 Heat Sink with rectangular fins

Three types of heat transfers are generally involved in the process (as shown in
Fig. 4.1) viz. (a) Conduction of the heat from electronic device to heat spreader and
(b) conduction of the heat from heat spreader to surface of the heat sink and (c)
convection and radiation from heat sink to cooling media.

4.2.1.1 Heat Conduction

The heat conduction is a phenomenon that occurs because of the energy sharing
between the molecules with higher energy levels and lower energy levels. The energy
transfer occurs from the higher energy level to lower energy level. Following equation
can be used to calculate the heat by conduction:

B KAdT
1= dx

where,

g Heat transfer from electronic chip to the heat sink through heat spreader in
‘Watt’.

K  Thermal conductivity of the heat spreader and heat sink (it varies from metal to
metal), “W/mK’.

A Surface area used for heat transfer, ‘m
dr
ax

2

)

The temperature gradient existing along ‘X’ direction, ‘K/m’.

The general equation for heat conduction in all the three directions can be written
as:
q=—-KAVT,
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where,

vT ;0 —i—'(S -|—k5
=1 — —_— _—
8x ](Sy 8z

where,
i, j and k are the unit vectors along x, y and s directions.

4.2.1.2 Convection

The convection of heat occurs generally between solid surfaces (e.g. heat sink surface)
to the fluids (e.g. air) which are in the motion. The equation used is as follows:

q = hA(Tsurface — Thuia)

where,

h Heat transfer coefficient for convection, W/m?k,
Turtace Temperature of the surface (e.g. Surface of heat sink), K
Thuia  Temperature of the fluid in motion (e.g. Temperature of air), K,

4.2.1.3 Radiation

The energy transferred through the electromagnetic waves is called as radiation heat
transfer.

4 4
q=0¢ A (Tsurface - Tﬂuid)

where,

o Stefan Boltzmann constant,
¢ Emissivity.

4.2.2 Cold Plates for Portable Electronic Cooling

The method allows use of the metal plate (cold plate) between electronic component
(source of the heat) and the working fluid which collects the heat from metal plate. The
method is used to cool the micro-electronic circuits require higher thermal conduc-
tivity and higher heat flux carrying capacity. The liquids have a higher capacity to
carry heat compared to the air. The method which facilitates to use liquids in cooling
of the electronic systems is use of cold plates. The simple sketch of the cold plates
used in the cooling applications is shown in Fig. 4.2. The cold plates are very simple
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in construction which includes cold plate surface/s (either on one side or both side),
which are mounted on the hot zones created by the system (e.g. Electronic compo-
nents generating heat) from which heat is to be removed. The heat collected by the
surface of the cold plate is supplied to the working fluid flowing through the passages
by convection mainly. Depending on the nature of the working fluid, the temperature
is increasing or it is converted into the vapour phase. Figure 4.2 shows following
locations, entry for the cold working fluid, front side and back side surfaces for
collecting heat from system and outlet for the hot working fluid. The collected heat
by working fluid can then be rejected at a required place. The working fluids used in
the cold plates are single-phase or two-phase substances. The single-phase working
fluids are oil-based fluids. The two-phase working fluids are mainly dielectric fluids
and different refrigerant series.

The different arrangements of the cold plates are shown in Figs. 4.3, 4.4, 4.5
and 4.6. Figure 4.4 shows the arrangement of batteries combined together without
addition of the cold plates in between them.

Figure 4.5 gives the clear picture of how cold plates are arranged between the
batteries. It also shows the holding supports required in the arrangement.

This arrangement includes the use of cold plates between the batteries and fans
placed on both the sides of the module. The performance of this system is better than
the first module because it includes the heat collection from the hot battery surfaces
by working fluid in the cold plate and the air circulation by the fan. The air used in

Cold working Pipes/tube Hot working
fluid In s carrying fluid out
fluid to and

from the
cold plates

Back side surface

Front side surface

Fig. 4.2 Simple cold plates used in the cooling applications
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Fig. 4.3 Silicon cold plates Silicon cold plates

sandwiched between the -
batteries (Li et al. 2019) saﬂdWlChEd between

batteries

Batteries

Fig. 4.4 Normal module
(without cold plates) (Li
et al. 2019)

Fig. 4.5 Cold plates of
silicon material are placed in
between batteries (Li et al.
2019)
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Fig. 4.6 Cold plates of
silicon material and air flow
circulation over it by fans (Li
et al. 2019)

the system has a low thermal conductivity and hence the heat dissipation rates can
be decreased.

Figure 4.7 shows the module in which the cold plates made from silicon are
connected to the copper tubes. The performance of the system is improved because
of the higher heat dissipation by copper tubes. Table 4.1 presents the data related to
different types of the cold plate designs and related data.

The working fluids used in the cold plates should have following properties:

(a) Higher thermal conductivity (required to carry maximum possible heat from the
hot zones)

(b) Higher specific heat (required to raise the temperature of the working fluid at the
fast rate and to ensure the collection of the heat is performed at faster possible
rates.

(c) Lower viscosity (This property is important for the faster fluid movement and
to allow the lowest possible size of the tubes used for cold plates)

(d) Freezing point should be as low as possible (to avoid its freezing on the inner
surface of the pipes)

(e) Higher flash point (to avoid explosions in the system)

(f) Low toxicity

(g) Low corrosion

Fig. 4.7 Cold plates of
silicon material connected to
the copper tubes (Li et al.
2019)
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(h) Higher thermal stability (to maintain the required properties in the fluid)
(i) Higher chemical stability

(G) Low cost

(k) Easily available.

The commonly used working fluids in the cold plates are as follows:

(a) Water

(b) Deionized water

(c) Inhibited Glycol and water solutions
(d) Dielectric fluid.

Some of the commonly used working fluids in cold plates along with their
properties have mentioned in Table 4.2.

Advantages

(a) Simple in construction

(b) This method does not require the additional power to cool the system

(c) The additional surface area needed to enhance the heat transfer is not required
(e.g. in case of heat sinks it is required)

(d) It can be directly connected to the electronic components

(e) Localized cooling of the electronic components is possible

(f) The heat transfer capacity is higher compared to the air cooling system

(g) Because of number of cold plate materials available in the market, weight of
the system can be reduced by proper selection of the material

(h) Less space is required for its installation

(i) Can be operated in any orientation by setting the required flow direction

() No moving parts and hence less maintenance is required

(k) No noise and vibrations are generated in the system.

Disadvantages

(a) Because of more number of connected parts, chances of failure increases

(b) It needs working fluid to carry away heat from the electronic system (water
cannot be used all the time)

(c) This system needs the micro channels for the flow of liquid which are to be
fabricated by precise techniques and hence cost increases

(d) Pressure drop in the micro channels is main trouble (maintaining required flow
rate is problematic).

Applications

(a) Cooling of the computer CPU
(b) Cooling of the micro-electronics (IGBT)
(c) Cooling of transistor
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Table 4.2 Common working fluids suitable to use in cold plates and their properties (Rowe 1995,
Thermal systems manual)

Working fluid in | Freezing Flash Viscosity in | Thermal Specific | Density,

cold plate pointin °C | pointin |kg/ms conductivity | heat, J/kg | kg/cu. m
°C In W/m K K

Aromatic (DEB) | < —80 57 0.001 0.14 1700 880

Silicate ester < =50 >175 0.009 0.132 1750 900

(Coolanol 25 R)

Aliphatic (PAO) | < —50 >175 0.009 0.137 2150 770

Silicon <—110 46 0.0014 0.11 1600 850

Fluorocarbon < —100 None 0.0011 0.06 1100 1800

EG/Water (50% | —37.8 None 0.0038 0.37 3285 1087

EG by volume

and 50% water

by volume)

PG/Water (50% | —35 None 0.0064 0.36 3400 1062

EG by volume

and 50% water

by volume)

Methanol/water | —40 29 0.002 04 3560 935

(40% methanol

by wt. and 60%

water by wt.)

Ethanol/water -32 27 0.003 0.38 3500 927

(44% by wt.

Ethanol and

56% by wt.

water)

Potassium =35 None 0.0022 0.53 3200 1250

format/water

(Potassium 40%

by wt. and Water

60% by wt.)

Ga-In-Sn —10 None 0.0022 39 365 6363

(d) Cooling of the battery
(e) Cooling of higher power lasers

(f) Cooling of fuel cells

(g) Cooling of medical equipments

(h) Cooling of motor drives.
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4.2.3 Convective Air Cooling

This is the old and simple method used to cool the electronic systems. In this method,
the naturally available air is used to cool the electronic systems. This method utilizes
the concept of density difference to carry away heat from the systems. The cold
air (with more density) is supplied to the system (to be cooled), it absorbs heat and
becomes hot (with less density). The buoyancy effect pushes the less dense air upward
and the fresh air can again be supplied at the bottom or the side of the system. This
process of supplying the air at the bottom and its removal at the top or side of the
system will be continued constantly to remove heat. Looking at the requirement of
the system vents are provided at the top or the side of the electronic systems (for
outgoing air) and at the bottom or side (for incoming fresh air). The heat flux carried
in this method depends on the amount air supplied and the space which is available
to carry the heat flux from the system. The distribution of temperatures on IC chips
was analyzed using the ANSYS FLUENT in mixed convection mode (Mathew et.
al. 2018).

The Newton’s law of cooling can be used to find out how much heat flux is carried
by air. The following is the equation to find out the heat flux (Incropera 2007 Edition)

Q = hA(Ts — Ta)®

where,

Q Heat carried away by the air, W

h  Heat transfer coefficient, W/m2K

A Cross-sectional area of the surface, m
Ts Temperature of the source of heat or electronic surface, K
Ta Temperature of the air, K

b scaling exponent

2

Advantages

(a) Easy air availability and
(b) No power required to run this cooling system.

Disadvantages

1. The heat-carrying capacity depends on the natural air movement
2. It cannot be used when large amount of heat is to be carried
3. It cannot be used in micro-electronic systems because of space constraints.

Applications

(a) Electronic board cooling (comparatively large size)
(b) Condenser cooling in absence of the forced air draught.
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4.2.4 Forced Air Cooling

This method includes creation of the forced draught of the air through external agency
(e.g. Fans or blowers). This is very common method used to cool the electronic
systems. The air is used as media to remove the heat from the electronic components.

Advantages

(a) The heat flux carrying capacity is more compared to natural type air cooling

(b) The size of the system can be reduced for the same heat flux carrying capacity

(c) The air supply and removal vents location can be changed based on orientation
and space availability

(d) Easy air availability.

Disadvantages

(a) It needs power to drive the fans or blowers, etc.

(b) Cost increases because of the additional accessories

(c) The amount of heat carried is less compared to other recently developed cooling
techniques which use the liquid coolants.

Applications

(a) Computer CPU cooling

(b) Laptop battery cooling

(c) Cooling of an electronic chip
(d) Cooling of the LEDs

(e) Cooling of the Inverters.

4.2.5 Heat Pipes

Heat pipes have found to be the best method for portable electronic cooling devices.
The heat pipe technology is used because of its simple structure, high efficiency, cost-
effective and flexibility. The heat pipe uses the working fluids whose phase change
can be used to collect the heat from one location and to transfer it to the another
location. It is effectively used in the portable electronic devices for cooling purposes
because of its capacity to handle the heat is more than the generally used heat sinks
of higher thermal conductivity (e.g. Copper or Aluminium). The heat pipe facilitates
large amount of heat transfer with minimum temperature drop.
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4.2.5.1 Principle of Operation of the Heat Pipe

The operation of the heat pipes depends on collection of the heat at the evaporator’s
location (Working fluid collects the heat from the electronic device which is heated)
and discharging the heat at the condenser’s location (working fluid rejects the heat in
the cooling media or to the environment). The simple construction of the heat pipe
is shown in Fig. 4.8. In the construction of the heat pipe following components play
a significant role (a) Evaporator—The heat transfer takes place from the electronic
device (hot spot) to the heat pipe and then it’s given to the working fluid which helps
in the evaporation of the fluid (Heat collection process).

(b) The working fluid in the vapor form is transferred from the evaporator to the
condenser by pressure drop in the fluid.

(c) Condenser—The working fluid reaching in the vapour form is converted into
liquid form (Heat rejection process).

(d) Wick —The working fluid in the liquid form returns from condenser to the
evaporator through wick by the influence of the capillary action and pressure drop.

The main condition to get the movement of the working fluid in the heat pipes is

APcapillary > APliquid + APvapour + APgravity

where,

AP pitlary  The maximum capillary force inside the wick or structure
APjqia  Pressure drop required to transfer the fluid from condenser to evaporator
AP yapour  Pressure drop required to transfer the fluid from evaporator to condenser

Condenser section:
Heat rejection
Metal wick by working fluid

Evaporator section:
Heat addition

into working fluid Liquid flow

Vapour flow

Isothermal section separating
evaporator and condenser

Fig. 4.8 Principle of operation of the heat pipe
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APgayiy  Pressure drop because of the gravity force (it depends on the orientation
of the heat pipe)

Miquid L O

APjiguiqg = —— W€ =X
T pliquiaK Awhfg

where,

Miiquid  Viscosity of the working fluid in the liquid form

L Effective length used for the transfer of the fluid in heat pipe,
Q Fluid flow rate

Pliquia  Density of the working fluid

K Permeability of the wick structure

Aw  Wick cross-sectional area

hfg Latent heat of vaporization of the liquid.

The vapour pressure drop can be calculated from the following formulae

1 6MvapourLeffective 0

AP, vapour — 2
Vapour
2 4p Avapourpvapourhfg

where,

Mvapour  Viscosity of the vapour phase of the working fluid
Lefrecive  Effective length

Ayapour  Cross-sectional area of the vapour chamber
Pvapour  Density of the vapour

hrq Latent heat

Q Fluid flow rate

Dyapour  Distance of the vapour chamber

The maximum pressure drop in capillary is calculated as follows

2U]iquid

AP, capillary =
Teffective
where,

A Pegpitlary  Maximum pressure drop in the capillary
Oliquid Surface tension
Teffective Effective radius of the wick pores

The maximum allowable heat transfer is

PliquidTliquid/ £¢ AyK 2 Pliquid& Lettective SN ¥
Qmax - -

Mliquid L frective Teffective Oliquid




4 Heat Flow Management in Portable Electronic Devices 79

where,

¢ The angle between heat pipe axis and horizontal (This is considered to be positive
when the evaporator is installed above the condenser and it is negative for opposite
case)

If, =0,
Then the equation is modified as follows,

PliquidOliquid fg AyK 2
Qmax =
Miliquid Leffective FVeffective

4.2.5.2 Heat Pipe Structural Details

The structure of the heat pipe includes three parts which are, (a) The container used
in the pipe, (b) wick structure used and (c) working fluid used for handling the heat
(may be heat collection or heat rejection).

The Container Used in the Heat Pipe

The container of the heat pipe is a metallic body that allows flow of heat through
its structure from and to working fluid. Generally, it is selected based on following
parameters,

(a) High thermal conductivity

(b) Good wettability

(c) Good machinability

(d) Ability to get welded easily

(e) High strength to weight ratio

(f) Good compatibility with the surrounding

(g) Good compatibility with the working fluid

(h) Less porous

(i) Ability to maintain minimum temperature difference between wick structure
and the heat source.

Wick Structure Used

This is very important part of the heat pipe which helps to transfer the fluid from
condenser to the evaporator by capillary action in any required orientation/position
of the heat pipe.
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Fig. 4.9 Wick with sintered structure (Elnaggar 2016)

The wick structures are observed in following types.

(a) Wick with sintered structure
(b) Wick with grooves
(c) Wick with screen mesh.

All these wicks are discussed in detail below,
(a) Wick with sintered structure

Figure 4.9 shows wick with sintered structure. In this type of wick, very small pore
size increases capillarity force generated in the process, which is essential during the
antigravity applications. The permeability is low. This type of wick helps to maintain
the very small temperature differences between condenser and the evaporator. The
lower thermal resistance in the arrangement leads to improve the thermal conductivity
of the heat pipe. The cylindrical wicks are shown in Fig. 4.9 The Permeability values
of the rectangular heat pipes were similar to the cylindrical ones. The copper powder
can be sintered at a temperature of 800—1000 °C.

(b) Wick with grooves

Figure 4.10 shows the wick picture with grooves fabricated on the internal surface of
the channel carrying the working fluids. This can be used in any orientation but with
low capillary force used to drive the fluids. It’s used for the small-capacity power
applications. The different parameters which are important while designing this type
of wick is size of the grooves and its material.

(¢) Screen mesh wick

The screen mesh wick is shown in Fig. 4.11. This wick shows very good character-
istics when more power is to be handled at any random orientation. In this type of
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Fig. 4.11 Screen mesh wick (Elnaggar 2016)

the wick structure major role is played by the wick thickness, number of layers of
fiber, material of the fiber used and type of the fluid used.

Characteristics of the working fluids used in the heat pipes.

The working fluid which is circulated in the flow channels plays a very important
role in heat pipes. It has to carry heat from one location and drop it to the other
location. The working fluid must have following characteristics.

1. It must not react with the wick structure and materials of the walls
2. Lower viscosities

3. It should have higher thermal conductivity

4. Tt should have higher latent heat
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Table' 4.3 Prop ertie§ of the Working fluid | Boiling points | Melting points | Useful

working fluids used in the o o .

heat pipe (Elnaggar 2016) O O z}z(ér)kmg range
Helium —261 —271 —271 to—269
Nitrogen —196 —210 —203 to—160
Ammonia -33 —78 —60 to 100
Acetone 57 -95 0-120
Methanol 64 —98 10-130
Flutec PP2 76 -50 10-160
Ethanol 78 —112 0-130
Water 100 0 30-200
Toluene 110 -95 50-200
Mercury 361 -39 250-650

5. It should possess good wet ability with the wick structure and material of the
wall

6. It should be thermally stable

7. It should have good surface tension.

The properties of the working fluids used in the heat pips are presented in Table 4.3.
The distilled water is used as a working fluid normally but many scientists have
conducted trials by adding the nano-particles in the water to check the performance.
Other fluids listed in the table have been also used for electronic cooling.

4.2.5.3 Types of the Heat Pipes
Cylindrical Heat Pipe

In this type of the heat pipe, the arrangement to circulate the working fluid is provided
in the structure (through wicks). This is one of the old types of the heat pipe and it
is simple in construction.

Figure 4.12 shows the cylindrical heat pipe which involves three sections mainly
(a) evaporator section, (b) middle section (adiabatic zone) and (c) condenser section.

The studies conducted earlier show that design of the cylindrical heat pipe with
very less heat loss at the middle section is possible. The cylindrical copper heat pipe
with working fluid water was tested. The two layers of the wicks were used with 150
meshes. The temperature drops of less than 5 K were observed in their studies. The
steady-state value of the temperature of the vapour was found to be increasing with
either increasing the heat input or decreasing the water flow rate.
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Heat collecting portion

Heat rejecting
(Evaporator)

portion (Condenser)

Collected heat Heat rejection

converts the gas
into liquid which
will be transfered
to evporator

converts the liquid
into gas which
will be transfered
to condenser

Fig. 4.12 Cylindrical heat pipe (Elnaggar 2016)

Flat Heat Pipe

The flat heat pipe consists of the evaporator section and the condenser section which
is rectangular in shape. One section of the evaporator can be maintained at the
middle of the device and remaining three sections of condenser placed surrounding
the evaporator section. Figure 4.13 shows the flat type of the heat pipe. The model
in the figure was prepared by the Wang and Vafai (2000). Temperature difference
was found to be uniform on the surfaces. The coefficient of the heat transfer was
calculated and it was 12.4 W/m? °C and the fluxes was varying between 425 and
1780 W/m?.

Micro Heat Pipe

Figure 4.14 shows the micro heat pipes. Micro heat pipes have fabricated as wick
with groove of sharp edges. The sharp edges provided improve the capillary pressure
to force the liquid. Figure shows the different shapes of the micro heat pipe which
were fabricated and tested by (Hung and Seng 2011). Micro heat pipes with different
designs were fabricated square star (4 corners), hexagonal star (6 corners), octagonal
star (8 corners) grooves and corners with width ‘w’ were tested. The configuration
included apex angles which were varied between 20° and 60°. The following impor-
tant parameters play very important role in the design of the micro heat pipe, which
were total length, area of the cross-section, shape of the cross-section, number of
corners and acuteness in the angles at corners.

Oscillating/Pulsating Heat Pipe

The schematic diagram of the oscillating heat pipe is shown in Fig. 4.15. The
construction of this type of the heat pipe does not include the wick structure to
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Fig. 4.13 Flat heat pipe (Elnaggar 2016)

transport the condensate back to heating section and hence there is no scope for coun-
tercurrent movement of liquid and vapour in pipeline. The fluctuation of the pressure
waves drives the self-exciting oscillation inside the channels/passages, the oscillation
creator accelerates the heat transfer from end to end. The heat transfer is enhanced
with the oscillating mechanism in this type of the heat pipe. The changes in the pres-
sure results into the increasing the volume and the contraction during the change of
phase from vapour to liquid results into thermally excited oscillating motion of the
liquid plugs and vapour bubbles between evaporator section and condenser section.
This was a result of the flow of both liquid and vapour in the same direction. The
important parameters which control the performance of this type of the heat pipe are
diameter of the tube, number of turns provided, filling ratio, nano fluids, etc.

4.2.54 General Design Consideration for Heat Pipes

The analytical and numerical methods can be used for designing the heat pipes. The
measurement of the pressure and the velocity inside the heat pipe is not possible
because of its smaller size. The calculations by analytical approach give an idea
about these parameters. The numerical approach is very useful in understanding the
thermal resistances and the heat flow conditions in the heat pipes by knowing the
temperature profiles generated at various locations. The successful running of the
cooling systems used in the electronic devices depends on the characteristics of the
flowing fluid in the system.
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Fig. 4.14 micro heat pipes (Elnaggar 2016). (a) Different cross-sectional areas of the heat pipes (i)
square star grooves, (ii) hexagonal star groove, (iii) Octagonal star groove, (iv) equilateral triangle.
(b) Optimally charged equilateral triangle and star groove micro heat pipes (Lt-total length, Le-
Evaporator length, Lc-Condenser section length, Lm-length of the middle section, gin-heat in the
system, qout-heat out from the system, ul-liquid velocity, uv-vapour velocity)

Considerations While Designing the Heat Pipe Systems

(a) The fluid used in the system is incompressible, it is at steady state, 2D analysis
is accurate and flow is laminar.

(b) The working fluid is ideal gas

(c) Phase change does not lead to heat generation
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Fig. 4.15 Oscillating heat pipe (Elnaggar 2016)

(d
(e)
®

No chemical reaction

Physical properties are supposed to be constant

Proper coupling between liquid—vapour, liquid-surface and vapour surface
interfaces.

Advantages

(@)

(b)
(©)
(d)

(e)
®

Ability to transfer large amount of heat at very small temperature difference
between the condenser and evaporator section, because of very high thermal
conductivity (cycle operated on two-phase cycle)

No moving components and hence its maintenance-free, noise-free, vibrations
free and more life

Size of the heat pipe can be very small and easily installed in the portable
electronic devices

The device can be operated at any orientation and hence can be used in portable
electronic devices.

It can be fitted at a location where conventional fans can’t be placed

The sizes of the condenser and evaporator could be different with controlled
evaporation and condensation rates. It helps to accommodate the heat pipes in
available space.
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Disadvantages

(a) Less suitable for the applications with less space availability

(b) The configurations of the heat pipes with multiple pipe design need more space
and it is costlier

(c) Not suitable for high-power micro-electronic systems

(d) Less flexibility compared to the vapour chambers (cannot be placed in the
systems which have uneven platforms).

Applications
The heat pipes have been used in the following applications mainly:

(a) Refrigerator systems for cooling purposes

(b) Air conditioning systems for cooling purposes

(c) Heat exchanger systems for heat collection and rejection
(d) Capacitor cooling

(e) Transistor cooling

(f) Desktop cooling

(g) Laptop cooling.

4.2.5.5 Heat Pipes for Computer Applications

The biggest benefit of higher thermal conductivity of the heat pipes leads to increases
its applications in electronic cooling systems. In heat pipes, heat transfer rate is very
fast. The scientists have suggested a perfect match of heat pipes in electronic cooling
systems, notebooks, personal computers, etc. The systems which include integration
of the fins and the heat pipes to cool the high power and high-temperature systems
were developed by Ligierski and Wiecek (2001). The heat pipe system used to cool
the desktop PC is shown in Fig. 4.16.

The simple cooling systems with due modifications (heat pipes with cooling fins)
were compared with the basic systems by Kim et al (2003). The system showed
reduced noise levels and increased cooling effect.

The systems proposed by the Yu and Harvey (2000) designed heat pipe for the
Pentium II machine and found that the performance of the machine in terms of the
mechanical and thermal management systems was improved.

The system of heat pipes with heat sink was fabricated to reduce the noise level
in cooling system of the PC CPU which includes heat sink with fan.

The design (as shown in Fig. 4.17) which includes the close-end oscillating heat
pipes which were used for cooling of the CPU of the of PC, fabricated by Wang et al.
(2007).

The diagram included the evaporator Sect. (0.05 m) and the condenser
Sects. (0.16 m) with vertical orientation. The working fluid used was R134a. The
model was developed to take a load of 70 W. The system performance was improved



88 S. M. Deshmukh and V. Bhojwani

Test results at 30 cfm fully ducted flow

0.4 C/W 0.31 C/W 026CW 02 ;
. S
@ Q D F \)

AlVCu Heat sink Same heat Increased heat
heat Sink volume increased  sink volume sink volume and
more than A as B added more heat

pipes forfurther

reduction in Rca

fin efficiency added heat

reduced due to pipes increased

larger fins fin efficiency and
reduced base
spreading
resistance
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N

Fig. 4.18 Heat sink with and without heat pipe integration (Elnaggar 2016)

compared to the conventional heat sink system. The design of heat sink with and
without heat pipe integration is shown in Fig. 4.18.

The heat pipe with U shape fitted in the fins (as shown in Fig. 4.19) was developed
to cool the high-frequency processors (Intel core 2 duo, Intel core 2 Quad, AMD
Athlon 64 series, AMD phenomenon series). This system included the phenomenon
of transfer of the heat from the CPU to the flat base plate and then to the heat sinks
and heat pipes. The calculation of the thermal resistance was the main target in the
study conducted by Wang (2008). The lowest thermal resistance value of 0.27 °C/W
was observed during their studies.

!!l

Fig. 4.19 U-shaped heat pipes used in cooling system of desktop a Multiple heat pipes and, b Twin
heat pipes (Elnaggar 2016)
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Table 4.4 Different heat pipe designs (Elnaggar 2016)

. M. Deshmukh and V. Bhojwani

Sr. No | Type of the heat | Number of heat | Arrangement of | The total Authors
pipe pipes used in the | the heat pipe thermal
system resistance
obtained

01 L-type 3 Horizontal 0.475 °C/W | Kim et al.
(2003)

02 U-type 2 Horizontal 0.27 °C/W | Wang et al.
(2007)

03 U-type 2 and 4 Horizontal 0.24 °C/W | Wang (2008)

04 U-type 1 Horizontal 0.5 °C/W Liang and
Hung, (2010)

05 L-type 6 Vertical 0.22 °C/W | Wang (2011)

06 U-type 4 Vertical 0.181 °C/W | Elnaggar et al
(2011a, b)

07 U-type 2 Vertical 0.2 °C/'W Elnaggar et al
(2011a, b)

The velocity and heat input played a significant role in controlling the thermal
resistance in the cooling systems designed above. The cooling system performance of
the vertical arrangement was found to be superior to the horizontal arrangement. The
lowest value of the thermal resistance was observed to be 0.181 °C/W for heat load
equal to 24 W and velocity of coolant equal to 3 m/s. The second cooling system was
designed to increase the effective thermal conductivity to improve the performance
of the system. The data related to the different types of the heat pipes is presented in
Table 4.4.

Important Points
(a) The heat sinks with heat pipes are more efficient systems compared to
conventional systems.

The orientation of the system plays a significant role in deciding the performance
of the cooling system.

Vertical orientation is superior in performance compared to the horizontal one
Multi-heat pipe’s performance is better than the single heat pipes.

(b)

(©)
(d)

The system which uses heat pipes to cool the laptop system is shown in Fig. 4.20.
Elnaggaretal. (2013) developed system which was implemented to cool the processor
(size 10 mm X 10 mm) of the laptop. In the system, the heat pipe was fixed on the
processor surface where heat is picked up by the evaporator section and transferred
to the condenser section where it is rejected by conventional methods.
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Fig. 4.20 Laptop cooling through the heat pipe system (Elnaggar 2016)

4.2.6 Peltier Cooling Devices

The Peltier cooling devices work on the principle of the Peltier effect. The Peltier
effect was first introduced in the market in 1834. As per this effect when two dissim-
ilar metals are connected together to form the junctions and if DC current is applied
at these junctions, this causes a temperature difference across these junctions. The
Peltier effect is also called as thermoelectric effect. The device which produces the
Peltier effect is shown in Fig. 4.21. In this device the P- and N-type semiconductor
material is sandwiched between these ceramic wafers. The ceramic material acts as
a good electric insulator and increases the strength and rigidity of the system. The
N-type semiconductor material has excess of the electrons and the P-type semicon-
ductor material has deficit of it. The couple formed by N- and P-type semiconductors
is shown in Fig. 4.21. The thermoelectric system used in cooling applications may
have several hundreds of the couples working to generate cooling effect. The electrons
from the P-type semiconductor material move to the N-type semiconductor mate-
rial through the electric wires/connectors and the electrons attain the high energy
absorbing state which is used to collect the heat from heat source (e.g. Electronic
component). The electrons will continue its flow through the lattice structure and
move from the N-type semiconductor material to the P-type semiconductor material
and lower the energy level by dropping the heat at heat sink (location where heat is
to be rejected).

The performance of the Peltier cooling device depends mainly on the temperature
of the heat source (electronic component to be cooled), temperature of the heat sink
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Fig. 4.21 Basic working principle of the Peltier cooling device

Power source (DC)

(location of the heat rejection) and amount of heat that is to be transferred/handled
by the cooling system. The temperature and heat of the location (heat sink) where
heat is to be rejected is calculated by using following mathematical Eqs. (4.1) and
4.2)

Thot,side = Tambiem + Rthermal Qhot,side (41)

Qhot,side = Qcold,side + Pinpul (42)

The temperature difference across the Peltier cooling module is calculated by the
following Eq. (3).

ATPeltier device =— Thot,side — Lcold,side (43)
where,
Thotside The temperature of the hot side or sink side, K
Teold side The temperature of the cold side or electronic component side, K
Tambient The temperature of the surrounding, K
Riermal The thermal resistance offered by the heat exchanger, K/W.
Ohotside The amount of the heat rejected by thermoelectric device at its hot

side or sink side, W
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Table 4.5 Allowable temperature rise above surrounding

Sr. No | Modes of heat transfer | Allowable temperature rise at heat sink °C

1 Natural convection 20-40

2 Forced convection 10-15

3 Cooling by liquids 2-5 (this rise is considered above the coolant temperature)

O cold side The amount of the heat collected by thermoelectric device at its cold
side or electronic component side, W

Piput The input electrical power supplied to the Peltier cooling device, W

ATpeltier device ' The temperature difference across the Peltier cooling device, K

The heat sink temperature close to ambient temperature helps in retaining the
performance of the Peltier cooling device and in maintaining the required temperature
on the cold side of the cooling device. If the thermal resistance of the heat sink is
increasing because of any reason in that case, following are the allowable rise in the
temperatures of heat sink above surrounding for different modes of heat transfer.
The data of the Allowable temperature rise above surrounding for different modes
in presented in Table 4.5.

The total heat load on the device includes following

(a) Heat load from the electronic components, because of its power consumption

(b) Heat load generated because of chemical reaction at various locations

(c) Heatload because of two close electronic or other components with temperature
difference because of radiation

(d) Heat load because of convection

(e) Heat load because of the insulation losses

(f) Heat load because of the conduction losses through the metallic components
(accessories used for connecting the parts screws, nuts, bolts, etc.)

(g) Heat load because of the transient response of the system (accumulated load).

Advantages

(a) No moving parts involved in the cooling system
(b) Two-fold use (Can be used as heater or cooler)
(¢) No noise

(d) No vibrations

(e) No cooling fluids used in the circuits

(f) Less maintenance

(g) More life

(h) Leak proof

(i) Can be produced easily with small size

(G) Very much flexible.
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Table 4.6 The materials
used for preparing the Peltier

device (Chanyoung et al.

S. M. Deshmukh and V. Bhojwani

Material of the Peltier
device

Working temperature
range, K

2015) 1 Bismuth telluride Near to 300
2 Lead telluride 600-900
3 Silicon germanium Up to 1300
4 Bismuth-antimony alloys | Near to 300

Disadvantage

(a) Costly for the same cooling capacities
(b) Lower cooling efficiency
(c) Needs power supply.

Applications of the Peltier Cooling Device
These devices are generally used for following purposes (a) heating, (b) cooling and
(c) maintaining temperature.

(a) Cameras (Charge coupling devices also called as CCDs)
(b) The micro-processors used in electronic circuits

(c) The laser diodes

(d) The blood analyzing device

(e) The portable coolers used during picnics, etc.

The different materials used for fabricating the Peltier device and their working
temperature ranges are mentioned in Table 4.6.

4.2.7 Synthetic Jet Air Cooling

The synthetic jet technology is well-proven technology in which flow of the air is
generated with the help of the diaphragm (or actuator) movement in the cavity. The
movement of the diaphragm is periodic and it is confined to one of the walls of the
cavity. The simple sketch of the synthetic jet formation is shown in Fig. 4.22.

The different devices used for actuation are mentioned below,

Mechanical Drivers

Mainly pistons are widely used as an actuator under this category. This type of
actuator can be used for producing the round synthetic jets. Important features of the
mechanical drivers are as follows:

(a) These actuators are rigid and sturdy

(b) It cannot be used in small systems (limitation on size)

(c) Noise and vibrations is a big problem under fast running of the system
(d) Response time is more compared to other systems.
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Fig. 4.22 Simple sketch of the synthetic jet actuator

Electromagnetic

The electromagnetic type of actuators is mainly solenoid actuators. Important
features of electromagnetic type of actuators are as follows:

(a)
(b)
(©)
(d)
(e)

Quick in response time
Less vibrations and noise
Flow control is easy

More reliable.

Piezoelectric Actuator

Actuator movement control is precise

The Bimorphs, thunder actuators, plasma actuators are the piezoelectric actuators
used to generate the synthetic jets. The important features of the actuator are as

follows:

(a) Quick response,
(b) Suitable for micro systems,
(c) Lightin weight,

(d) Capability to get a very small displacement in given response time,
() Minimum energy consumption for the required output.

Acoustic Actuator

The best example of the acoustic actuator is the loudspeaker. This was used for
underwater vehicle propulsion. Following are the important features of the acoustic

actuator.
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(a) Can be used in small systems
(b) The displacement of the actuator can be controlled easily
(c) Light in weight.

The most widely used diaphragms in this system are piezoelectric (preferred
because of its less weight and power consumption abilities) and electromagnetic
(preferred because of its reliability and low noise characteristics). The following
main two strokes are performed to supply the required cooling air in this technique.

Compression Stroke

The upward movement of the diaphragm creates the compression stroke because of
which the air collected in the cavity will be forced through the orifice present at the top
of the system and vortices are generated in the downstream direction because of the
boundary separation (Didden 1979). The vortices generated in the zones near to the
orifice will be smaller in dimensions compared to the vortices in the zones away from
the orifice. During this stroke, the vortices will vanish after some particular length in
the downstream direction and continuous jet will be formed. The compression stroke
working is shown in Fig. 4.23.

Suction Stroke

Figure 4.24 shows the suction stroke performed by the diaphragm. The downward
movement of the diaphragm creates the suction of the air from ambient (zone near
to the orifice) in the cavity. During this movement of the air the previously formed
vortices during the compression stroke are pushed away from the orifice. If system is
not running as per the design conditions, the vortex formed during the compression
stroke is carried back to the orifice and required jet characteristics will not be obtained
(Rampunggoon 2001).

Downstream direction

Vortex ring formed away from
the orifice (large)

' ¢ jortex ring formed
Diaphragm forcing the ! near the orifice (small)

air in the orifice g
: 2 Orifice

Cavity

Wall =—> Wall

Diaphragm performing the
compression stroke

Fig. 4.23 Diaphragm performing the compression stroke
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Fig. 4.24 Diaphragm performing the suction stroke

Advantages

(a) It has capacity to carry the higher heat flux from the electronics components
even with the lower air flow rates

(b) The noise produced in this system is comparatively less

(c) High reliability of the system (Mahalingam et al. 2007)

(d) Itcan be connected to the electronic systems without the aid of any complicated
fixtures (can be designed as per the requirement of the space)

(e) Construction costs are less

(f) Operated with less noise

(g) The size of the system is less compared to conventional cooling systems where
natural convection is used

(h) More number of options available for the actuators

(i) It can be operated in any orientation (Cheung et al. 2009)

(j) Preparation of multiple orifices is easy to increase the flow rates.

Disadvantages

(a) The most of the actuators operated with electric power

(b) The cost increases when the synthetic jet cooling system is to be produced
precisely in the small size as per the shape of the electronic system

(c) The cooling system with mechanical type of the actuators has less response

(d) The control of the flow rate increases the complexity of the design.
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Applications

(a) Cooling of the electronic systems, e.g. Laptop, handheld PCs, controllers, etc.

(b) The transfer of the thermal energy (Gil and Wilk 2020; Arshad et al. 2020)

(c) Flow control (Gil 2019)

(d) For mixing of the fluids, e.g. automobile, medical, chemical, plastic industries
(Le Van 2019).

4.2.8 Electrostatic Fluid Acceleration

The method involves the use of device called as electrostatic fluid accelerator to get
the movement of the targeted fluid (e.g. air) in the required direction. This technique
uses the Coulomb force to accelerate the electrically charged molecules of the fluid
(e.g. air). There are mainly three steps that are important in order to get the movement
of the fluid in this technique and these are mentioned below:

(a) Ionization of the working fluid particle

(b) Movement of the ionized and non-ionized working fluid particles in the
downstream direction (through ion-ion or ion-neutral particle collisions)

(c) Deionization of the working fluid particle.

The air available is abundant and most of the times the working fluid used in
the micro-electronic systems are air. Let us discuss the working principle with the
help of air as a working fluid. The principle of the working of the electrostatic fluid
accelerator is shown in Fig. 4.25.

(a) Ionization of the working fluid particle
In this step the air is ionized (also called as process of charging the air). The
ions produced in these processes possess the effective/net electrical charge. The
process used to ionize the air molecules is called as corona discharge. This
process of corona discharge is very simple which does not require extreme
conditions (e.g., high temperatures, low pressures, etc.).

(b) The movement of the ionized particles in downstream direction
The ionized particles will have a net charge because of which they will be
repelled by the same charge electrode and attracted by the opposite electrode.
The driving force is mainly created by creating the electric field across the
electrodes. Out of all air molecules, some may not get ionized. So, when
ionized particles are moving towards the oppositely charged electrodes, they
travel to carry non-ionized particles with them. This process generates a thrust.
The propelling of the ions from the electrode will bump these ions on neutral
molecules and accelerate them. It is possible because of the electric field applied.
The ions during this process supply the potent energy and generate kinetic energy
in the molecules of the air (that is a process of accelerating the air molecules).
Part of the energy is wasted to increase the air temperature or driving force is
not created in the required direction.
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Fig. 4.25 The working principle of the electrostatic fluid accelerator

(c) Losing the charge to electrode
Once the ions reach to the electrode of opposite charge they will lose their charge
by receiving the electrons from electrode. During this process, those ions which
are not colliding with the electrode will be moving back upstream in towards the
attracting electrode. In such situation addition electric field needs to be created
to minimize this effect.

Advantages

(a) The generation of the near laminar profiles of the air with required control over
flow velocity (Michael 2006)

(b) Flexibility in designing the system (very simple electrode geometry in solid-
state)

(c) Manufacture is easy

(d) The amount of power consumption is low (Michael 2006)

(e) Benefit of carrying large amount of heat compared to conventional system and

(f) The ability to decrease the boundary layer formed between the solid—liquid
interface within the closed structure (Michael 2006)

(g) No rotary parts and hence no vibrations and noise in the system

(h) The temperature of the working fluid (air) will be maintained.
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Disadvantages

(a) Electric power consumption for ionization

(b) Limitations on the air flow rate because of the restriction on size of the device

(c) This system has the problem of the reverse air flow

(d) The chances of the sparking in the device are more if the electronic components
(layers) are placed very near to each other

(e) The voltage supplied needs to be carefully controlled in order to get required
corona strength.

Applications

(a) Cooling of the micro-electronics (e.g. micro-processor cooling by thorn
technologies)

(b) Development of fluid flow pattern

(c) To filter the air (Michael 2006)

(d) To add the moisture content in the air (humidification) (Michael 2006)

(e) Audio speakers

(f) Propulsion of the small vehicles (Michael 2006).

4.2.9 Immersion Cooling Technology

The emersion cooling technology involves the use of liquids to collect the heat from
the source (location where heat is generated). This technique is useful to remove
more heat flux compared to the conventional method of removing heat with the help
of heat sinks.

There are mainly two types available in this category; (a) Direct cooling and (b)
Indirect cooling.

4.29.1 Direct Cooling

In this method, the liquid coolant supplied in the channels makes direct contact with
the electronic component. The direct cooling arrangement is shown in Fig. 4.26. In
this arrangement the cooling liquid is supplied at the bottom (right side) and it comes
into contact with the heat-generating sources (e.g. chips, substrates, etc.) during its
path in the upward direction (as shown Fig. 4.26) and the hot liquid exits at the top on
the right side. Because of the direct contact of the liquid coolant and the heat sources,
the thermal resistance offered in the direct contact type method is removed and the
heat flux carrying capacity of this method increases. The liquid coolants used in this
type should not be conductive type (e.g. Mineral oils should be used).

This method offers the temperature of the electronic component maintained
always below the liquid coolant temperature because of the high heat transfer coef-
ficient. The amount of heat collected by the liquid coolant depends upon the coolant
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Fig. 4.26 Immersion cooling through direct contact of liquid coolant with the component to be
cooled

type and the type of the heat transfer mode. The modes of the heat transfer are mainly
forced convection, natural convection and boiling. The boiling mode always carries
the highest heat through the liquid coolants because of its higher heat transfer coeffi-
cients. Figure 4.27 shows the comparison of the different modes of the heat transfer
and their heat transfer coefficients.

The heat-carrying capacity of this method is more than the air cooling methods.
The water cannot be used as liquid coolant in this method, because of its incompat-
ibility with the hardware used in micro-electronic systems. The most widely used
liquid coolants in direct type of the immersion cooling are the (a) FC-72, (b) FC-77
and (c) FC-86.

Important thermo-physical properties comparison for different liquid coolants
is presented in Table 4.7. From Table 4.7 it is very much clear that the thermos-
physical properties (mainly boiling point, specific heat, thermal conductivity and
heat of vaporization) of water is superior compared to FC-72, FC-77 and FC-86.
Because of their compatibility with the electronic components, these are used in the
direct immersion cooling technology.

4.2.9.2 Indirect Cooling

This method involves the cooling of the electronic components with the indirect
contact between liquid coolant and the electronic components. The principle of the
working of indirect method of cooling of the electronic components is shown in
Fig. 4.28. The liquid coolant is supplied through the channel at its one end (Fig. 4.28
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Fig. 4.27 Comparison of the different modes of the heat transfer and their heat transfer coefficients

Table 4.7 Thermo- physical properties of the liquid coolant (Danielson et al. 1987)

Thermo-physical property H,O FC-77 FC-72 FC-87
Boling point in °C 100 97 56 30

(at 1.013 bar)

Density (kg/m®) 1000 1780 1680 1633
Specific Heat KJ/kg K) 4.179 1.172 1.088 1.088
Thermal Conductivity (w/m K) 0.613 0.057 0.0545 0.0551
Heat of vaporization x 10™* (w s/kg) 243.8 8.37 8.79 8.79

at the bottom right side) and it moves through the channel to collect the heat from
the cap/cover plate and exits from its other end of the channel (Fig. 4.28 at the top
right side). The cap is receiving the heat from the various electronic components
(e.g. chips, substrates, etc.). Because of the indirect contact between liquid coolant
and the electronic components the thermal resistance increases and the heat-carrying
capacity of this type is less than the direct type. Water can be used very easily as a
liquid coolant because of its good thermo-physical properties.

4.2.9.3 Single-Phase Immersion Cooling
In this type of cooling the working fluid does not change its phase while collecting

the heat from the electronic components/system and hence it is called single-phase
immersion cooling. The simple working principle of the single-phase immersion
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} Liquid coolant in

Pin fins (Generally with temperature less
than the component temperature)

Cap/Cover plate  Liquid cooled cold plate

Substrate

Fig. 4.28 Immersion cooling through the indirect contact of the liquid with the electronic
components to be cooled

cooling system is shown in Fig. 4.29. The system used to cool the IT equipment
is shown in Fig. 4.30. The most widely used phase of the working fluid is liquid,
because of its high heat-carrying capacity. The amount of heat carried in this type of
method is more than the air type of cooling. Because of no phase conversion (liquid
to gas), chances of explosion are avoided.

4.2.9.4 Two-Phase Immersion Cooling

In this method, the working fluid used in the circuit changes its phase from liquid to
gas after collecting the heat from the electronic components and hence it is called
as two-phase immersion cooling system. The heat-carrying capacity of this type is
more than the single-phase type, which helps to increase the power density up to 10
times as that of the power density of single-phase systems. It has simple construction
and less cost. Figure 4.31 shows the two-phase immersion cooling system.

Advantages

(a) More heat-carrying capacity compared to the air cooling methods

(b) Water can be used as coolant which is easily available

(c) Costis less with water-cooled systems

(d) Can be used in different-sized electronic systems

(e) Two-phase immersion cooling system allows to increase the power density
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Electronic

components Liquid coolant out (hot)

Liquid flowing through
Passage and not changing
its phase

Liquid coolant in (cold)

Fig. 4.29 Single-phase immersion cooling system

Fig. 4.30 Single-phase immersion cooling system used to cool IT equipment (Levin 2016)

Disadvantage

(a) The basic structure of the electronics needs to be modified as per the cooling
system

(b) The cost of the system increases with coolants other than water

(c) The space required is more



4 Heat Flow Management in Portable Electronic Devices 105

Vapour condensation
occuring on coil

fluid recirculation
back to the bath

Vapour rise to the
top

heat genetared
in electronic
components
converts liquid
into gas/vapour

Fig. 4.31 Two-phase immersion cooling system (Kuncoro et al. 2019)

(d) The chances of leakage cannot be tolerated after some usage
(e) The weight of the system may increase.

Applications

(a) Cooling of the super computers

(b) Cooling of the commodity server (Kuncoro 2019)

(c) Cooling of the server clusters

(d) Cooling of the data centres (this is targeted application recently)

(e) Cooling of the solar cell through single-phase method (Sun et al. 2014)

(f) Cooling of the transformer through single-phase method (Testi 2018)

(g) Cooling of the IT equipment through single-phase method (Shah et al. 2016;
Levin 2016)

(h) Cooling of the server through two-phase method (Lamaison et al. 2017)

4.2.10 Use of the Phase Change Material

The use of the phase change materials in the heat flow management of the micro-
electronics cooling is increased because of its easy availability and flexibility in
design. This cooling method includes two important steps,

(a) Collection of the heat from the electronics components and
(b) Rejection of the collected heat.
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(a) Collection of the heat from the electronics components
This process involves absorption of the sensible heat and latent heat. Initially,
phase change material absorbs the sensible heat from the electronic components
(source of the heat) and its temperature increases without changing its phase
(its state is solid). The process involves storing of heat in the phase change
material. When the temperature reaches to the melting point of the phase change
material it starts absorbing latent heat from the electronic components and it
starts melting. The large amount of latent heat is absorbed by the phase change
material at constant temperature and the procedure is continued till the complete
melting of the phase change material occurs. Hence before selecting the phase
change material, one should have idea about amount of heat that is to be removed
from the electronic components. The latent heat absorbed is generally higher
than the regular materials (which cannot be reinstated by addition and removal
of the heat).

(b) Rejection of the collected heat

During this process, the heat is rejected by the phase change material when the
temperature of the surrounding drops. The heat rejection process converts the
phase change of material from liquid into solid state and it is ready for the next
cycle of the heat collection.

This type of cooling method is called as passive way of heat flow management
in the electronic system. The phase change materials which include gas phases (e.g.
liquid to gas or solid to gas) increase the volume of the cooling systems and hence
these are not preferred in the micro-electronic cooling systems. The phase change
materials can be used for continuous heat storage and intermittent heat storage. The
details of the different phase change materials and their benefits and drawbacks for
different applications are mentioned in Table 4.8.

Advantages

(a) These systems can be fabricated with low cost

(b) Systems are flexible in design because of different materials availability

(c) It gives more reliability in the cooling process

(d) This system can be used for both the intermittent and continuous cooling
operations

(e) These systems can be fabricated in the smaller size (well below the size of
electronic device)

(f) The capacity to absorb the heat (latent heat mainly) is more than other materials
and hence effective way of cooling the systems

(g) These materials are readily available in the market

(h) These materials are chemically and thermally stable and hence can be connected
directly in the electronic systems

(i) No electrical energy is required to operate the cooling system.
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Table 4.8 Summary of phase change materials
Sr. | PCM Design Benefits Drawback Reference
No
1 | paraffin wax The aluminium The good The design of | Kandasamy
enclosure with transient the phase et al. (2008)
128 mm X 10 mm response with | change
dimensions and intermittent material with
internal cavity operation heat sinks was
reduced the also tried and
weight and size | no significant
of the system | change was
observed
2 | n-eicosane The heat storage It was possible Tan and Tso
systems with cavity | to stabilize the (2004)
(filled with temperature
n-eicosane) and extend the
duration of the
operation of the
system
3 | n-eicosane The heat sinks filled | Decreases the | only Tan and Tso
with the PCM rate of increase | applicable for | (2004)
(n-eicosane) of the the
The heat sinks with | temperature intermittent
fins (21 mm height) operations,
and without fins e.g. Mobiles
4 | Thermal energy | PCM with filled Was able to Alawadhi and
storage Thermal energy control the Amon (2003)
storage devices temperature of
(size -101 mm X the electronic
62 mm X 12 mm) components
5 | Paraffin PCM for intermittent | Increase in the Gharbi et al.
and continuous critical time by (2017)
operation 320%
The critical
time is the time
required to
reach 77 °C
6 | Heat Pipe with The heat PCM can lower Weng et al.
tricosane pipes charged with the temperature (2011)

both (a) tricosane
and (b) water

of heater
significantly
(almost by
17 °C)

(continued)
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Sr. | PCM
No

Design

Benefits

Drawback

Reference

7 | (PMCD-32SP)
paraffin) in
polyethylene in a
composite sheet
form

The
MPCM/polyethylene
PCM used in tablets
with sheet of 1.6 mm
in thickness

It is possible to
reduce the
temperature
and only
polyethylene is
sufficient to get
delay in
temperature
rise by 50 °C in
the study

Tomizawa
et al. (2016)

8 |PCMTES

PCM with TES with
sheet thickness less
than 2 mm

The delay in
temperature
observed for
electronic
system and its
cover by 34%
compared to
the case of
without PCM
The PCMs with
the melting
temperature
below 39 °C is
suitable for the
heat flow
management in
the electronic
systems

Sponagle
et al. (2017)

9 |PCMTES

Use of the PCM for
the tablets and tested
for different heat
inputs 3 W, 4 W,

6 W and 8 W)

PCMs can be
used for
continuous
operations up
to 60 min and
temperatures
were reduced
substantially
compared to
case of without
PCM

Ahmed et al.
(2018)

Disadvantages

(a)
(b)
(©)

and all the time

The materials are corrosive in nature (Inorganic phase change materials)
Problem of the instability of the material
The complete conversion of the liquid to solid is not achieved in all the materials
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(d) Some materials show a tendency of the super cool (Inorganic phase change
materials)

(e) Phase change materials with conversion of solid to gas or liquid to gas cannot be
used because of the restrictions on the volume in the micro-electronics cooling
systems

(f) Less experience with long-term operation of the phase change material and
cycles of operation.

Applications

(a) The thermal energy storage and its release based on systems requirements in
micro-electronics cooling

(b) The use of the phase change material is in the storing the solar energy and using
it as per requirement during cooking of food

(c) Cooling of the batteries

(d) Cooling of the electrical and the heat engines

(e) Food storage by maintain the cold space temperature (heat removal from the
space)

(f) Cooling of the human body under heavily worn clothes

(g) Heatbalance in the micro-electronic systems (computer cooling, laptop cooling,
other portable electronics cooling).

4.3 Summary

This chapter emphasizes mainly on the heat flow management required in the micro-
electronic systems. The old and recently developed cooling techniques are discussed
in detail. The working principle of all the recently developed cooling techniques along
with advantages, disadvantages and the specific applications of particular techniques
are presented under every single cooling technique. The different electronics cooling
techniques such as heat sinks, cold plates, natural air cooling, forced air cooling, use
of the heat pipes, Peltier effect for cooling, synthetic jets cooling, electrostatic fluid
acceleration cooling, immersion cooling, phase change materials are compared and
presented below in tabular form to understand their significance, dependence on
parameters and use for specific application.
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Comparison of the cooling techniques:

4.4 Future Scope/Recommendations

There is lot of scope to work in the following fields,

(a) Development of the Peltier materials

(b) Development of the cold plate designs which can be very easily connected to
the micro-electronic systems

(c) Development of the heat pipes or vapours chambers in micro-electronic
components (e.g. mobiles, laptops, etc.)

(d) Developments in the synthetic jet techniques

(e) Scope to check the compatibility of different working coolants used in the
different cooling techniques

(f) Scope to minimize the losses in the connectivity of micro-electronic structures

(g) Scope to minimize the pressure losses and improve flow characteristics in the
micro channels.
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