We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 185,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Heat Exchangers for Electronic
Equipment Cooling

Abdelhanine Benallou

Abstract

Recent developments in the electronic equipment market have been very
demanding on two important design parameters: the size of the equipment and the
efficiency of the cooling system. Indeed, the race for more applications handling in
reduced sizes in the case of smartphones requires the use of important amounts of
energy in tiny volumes. Similar constraints are encountered in the design of the new
generation of vehicles (electric cars, hybrid vehicles, high-speed trains, airplanes),
which impose the use of highly integrated electronic structures, resulting in signif-
icant power densifications (up to several hundred Watts/ cm?). In some CPU
boards, the power generated per unit chip area is in the order of 500 kW/m?.
Cooling of such boards requires low volume and lightweight heat exchangers to
transfer tremendous amounts of heat. The same situation is encountered for most
newly developed demotics’ equipment. This chapter reviews available state-of-the-
art technologies for electronic equipment cooling, including passive and active tech-
niques, as well as one and two-phase heat exchange. Directions for the design of the
different heat exchangers will also be given.

Keywords: passive cooling, active cooling, spray cooling, refrigerated cooling, heat
pipes, cold plates, vapor chambers, microchannel heat sinks, thermal resistance,
carrying capacity, thermal program, effective thermal conductivity

1. Introduction

Operation of active electronic components (transistors, integrated circuits,
microprocessors, CPUs, GPUs, etc.) generates significant amounts of heat, around
500 kW/m?, quite comparable to the flux densities encountered at the nose of a
space shuttle entering the atmosphere.

If this heat is not extracted, it leads to important increases in the temperature of
these components. Such increases ineluctably induce degradation of the bonding
wires, delamination of solders, and/or the appearance of leakage currents. More-
over, temperature gradients between electronic chips and their soles generate
cyclical thermomechanical stresses throughout the lifetime of the chips, which
results in thermal fatigue, leading ultimately to component failure.

Thus, one of the problems with the operation of active electronic components is
energy dissipation; How can an electronic system get rid of the heat its operation
generates? Usually, for each electronic component, manufacturers specify a maxi-
mum operating temperature (the maximum junction operating temperature, T,,,).
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If they are not properly cooled when operating, electronic components will cer-
tainly reach T,, and probably go over it. They then can completely lose their
properties, which could lead to an alteration of the operation of the circuit boards or
the systems they compose. This alteration can manifest through a complete break-
down of the systems or through a shortening of the mean time between failures
(MTBF), leading to a premature aging.

Consequently, design techniques of electronic systems always consider a built-in
cooling system, often called a heatsink to allow the component to get rid of the
generated energy by dissipating it toward its surroundings. Heat sinks are actually
special heat exchangers; they ensure the evacuation of the heat generated by the
operation of electronic components.

This chapter reviews state-of-the-art technologies available for electronic equip-
ment cooling. These technologies include passive and active, as well as one and two-
phase heat exchange. Directions for the design of the different heat exchangers are
also be given.

2. Passive heatsink technologies

Passive heat sinks are heat exchangers in the form of finned radiators, generally
made of aluminum. They are called passive because they do not have any moving
mechanical component (fan) designed to force airflow. Air moves through them
only due to density difference: Hot air goes upward as it is replaced by cooler air. It
is for this reason that passive sinks transfer heat to air essentially by natural con-
vection'. This type of heat sinks is, by far, preferred for cooling electronic systems
[2]; they are cost-effective, simple to find and assemble, and they generate no
power consumption or noise.

The most widely used passive heat exchangers are finned natural convection heat
sinks.

2.1 Finned heat exchangers

In their simplest version, these heat sinks are constituted of finned surfaces.
Figure 1 shows examples of finned heat exchangers used as heat sinks on electronic
components. They are usually constituted of materials having a high thermal con-
ductivity, such as aluminum or copper. But other new materials, like ceramics, can
also be found.

The sink is usually mounted on the electronic component, which generates heat,
thus increasing its heat transfer area’ with ambient air. Figure 2 shows a transistor
mounted on a finned heatsink.

& W

Figure 1.
Examples of finned heat sinks. Sources [3, 4].

! For a better understanding of natural convection see Ref. [1].
2 The heat transfer area is the surface thru which energy is transferred from the electronic component to

the environment.
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Figure 2.
A heatsink fixed on a transistor. Source [5].

It can be seen from this figure that this type of mounting permits to increase the heat
transfer area; the heat generated by the transistor is transferred to ambient, not only
through the external surface of the transistor but also through the surfaces of all the fins.

In such situations, the heat transfer process depends on several parameters such
as the temperature difference between air and the electronic component, the total
area of the fins and their position (vertical/horizontal), the fins spacing, etc.

2.2 Design fundamentals
2.2.1 Thevmal resistance

Despite this complexity of the heat transfer process, design techniques usually
use a simple model to represent the flow of energy through a heatsink. This simple
model is based on a similarity between the way that heat moves from one medium
to another and the way that electric current flows from one potential to another. We
know that if a point at a potential V, (Figure 3a) is separated by an electrical
resistance R from a second point (at V;), and then an electric current 7 flows
between these two points, such that:

. Vo—-V4
- - 1
= M
Similarly, it can be shown that the power, Q, of heat dissipation between a point
at temperature T, and a point at temperature T, (Figure 3b) is given by:

Tc _Ta

Q:R—th (2)

Where Ry, is called the thermal resistance between these points [6].
Ry, is expressed differently for conduction and convection as follows:

e For a conduction heat transfer:

L
Ry = = 3)

VO R i V1 Tc Rth Q Ta

@—AMA-—© —AMAN"—©
(a) (b)

Figure 3.
Thermal resistance model for heat flow. (a) Electric curvent iflows between V, and V,. (b) Heat flux Q flows
between T, and T,,.
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Where L is the material thickness, k is the thermal conductivity, and A is the
heat transfer area.

e For a convection heat transfer:

1
A (4)
Where / is the convective heat transfer coefficient and A is the heat transfer
area.

2.2.2 Electronic component without a heatsink

Consider an electronic component with junction temperature T}, in an ambient
environment (air for example) at T,.

As shown in Figure 4, the heat generated by the component is transferred by
conduction from the junction to the external surface of the case. Then, heat is
conveyed by convection and radiation to the ambient environment.

For normal operating temperatures, conduction and convection are the
prevailing modes. The total heat transfer resistance is therefore given by the fol-
lowing:

Rja = Rjc + Rca (5)

Where:

Rj4 is the junction to ambient resistance.

Rj¢ is the conduction resistance.

Rc4 is a convection resistance.

Note that Rj¢ is generally quite low, but R¢,4 is usually high enough to limit heat
transfer from the component to environment.

2.2.3 Electronic component with a heatsink

Figure 5 shows the electronic component of Figure 4 to which a finned heatsink
was added in order to take advantage of its large contact area with ambient, thus
permitting a better spread of the heat generated by the component.

In this case, as well, heat is transferred from the component to the ambient
essentially by conduction and convection. Energy transfers are therefore
represented by a series of thermal resistances:

Ta
Convection to T
. a
ambient T
R Case to ambient resistance
Case @ B
[
mmm - >, - T >
A hES
1 N
' S Rjc Juncti i
| - JC Junction to case resistance
1 Teeee
Junction ’[
T;
Figure 4.

Heat vesistance of a sink.
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Ambient
Finned Tamomooes -~ Ta
sink el III|I|II||IIIIII ~~ |I ——— "" I """"
Rsa Sink to ambient resistance
e > RCS Case to sink resistance
|, > T ----- N S
i i Alj -
Thermal ! ' ' N R Junction to case resistance
interface i : A
1 : T >
1 S
Case -------- ' Junction T;
Figure 5.

Total resistance of a heatsink.

Rjc, the junction to case thermal resistance; a conductive resistance which depends
on the thickness, ¢;c (between the junction and the thermal interface), on the area
Sjc, and on the thermal conductivity k;c. Rjc is given by the following:

€jc
Ric =
€ kicSie

(6)

Rcs, the case to heatsink thermal resistance; a conductive resistance that takes
into consideration the thickness and conductivity of the case and interface material.
Rcs is given by the following:

@)

R4, convection resistance between the fins and air. Rg4 is a convective resistance
given by the following:

1

Rss = IS (8)

Where Sr is the fins surface area in contact with ambiance and % is the convec-
tion heat transfer coefficient between the fins and the ambient environment (see
Appendix 1).

The sum Rjc + Rcs + Rsa represents the heat exchanger thermal vesistance
between the junction and ambient. The thermal resistance of the heat exchanger is then
given by the following:

ejc ecs 1

R, =R R Roy = —
th = NG+ Res K kicSic * kcsScs i hSp

9)

Thus, the heat exchanger thermal resistance is a parameter, which depends on the
materials constituting the heatsink, the casing, and the thermal interface material. It
also depends on the surface area in contact with air, the configuration of the fins,
their number, the position of the heatsink (horizontal/vertical), air temperature,
etc. Its determination is somewhat complicated [6] and often necessitates the
running of experiments.

Hopefully, when integrated systems are offered, values of the thermal resistance,
Ry, are given by manufacturers’ data. In the case where the heat exchanger is
mounted from separate pieces, the heat exchanger thermal resistance can be com-
puted from Eq. (9). Electronic component suppliers’ data sheets give the parameters
necessary for the computation of Rcs. Similarly, characteristics of gaskets
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Ne° Source Heatsink Thermal resistance R (°C/W)
1 (7] Ry, = 2.4°C/W
2 [8] Ry, = 17°C/W
3 9] Ry, = 28°C/W
4 [10] Ry, = 55°C/W
5 [11] Rin: 7-80°C/W
6 [12] Ry 2-56°C/W
7 [13] Ry, = 11°C/W
8 [14] Ry, = 4.75°C/W
9 [15] Ry, = 63°C/W
10 [16] Ry, = 14°C/W
Table 1.

Values of Ry, for different heat sinks.

(eventually), gap fillers, and other interface materials will permit the calculation
of Rcs. Finally, Rgy can either be taken from heatsink data sheets (Table 1 shows
values of Rg4 for different heatsink makes), or calculated from Eq. (8) and
Appendix 1.
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T.(°C)

Figure 6.
Dissipation power as a function of ambient air temperature.

Remarks:

i. Sometimes, some manufacturers give two values of the thermal resistance
of the heatsink. This can be the case in two situations:

o If the heatsink is such that it can be mounted vertically or horizontally,
the lower value of thermal resistance corresponds to the vertical
mounting of the fins, which does not get in the way of air movement
from the low to the high parts of the fins. Heat transfer is therefore
more efficient. In contrast by opposing air movement, horizontal
assembly of the fins leads to a 20% of efficiency.

o If the gasket and the filling material resistances are not included, the
second value corresponds to the resistance of these mounting
accessories. In this case, one should add the two values to obtain the
thermal resistance, Rcs + Rsa.

ii. In this chapter, Ry, refers to the total resistance of the heat exchanger, as
shown in Eq. (9).

iii. It should be noticed that the smaller the heat exchanger thermal resistance is,
the higher is the dissipation power Q, and the better is the heat exchanger
and the cooling of the electronic equipment. Figure 6 shows the evolution
of the dissipation power as a function of the surroundings temperature for a
component with T,, = 130°C, using different heat exchangers: Ry, = 1°C/W
to Ry, = 10°C/W

3. Passive heat exchanger design

The simplest design technique uses the thermal resistance model of the heat
exchanger. It supposes that the coolant (air for example) temperature, T,,, is
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constant in contact with the heatsink. Using this model, the power of heat dissi-
pated by a heatsink is written as follows:

T, —T,

Q= (10)
Rth

Where:

Q is the heat flux from the component to ambient air (Watts),

Ty and T, are, respectively, junction and air temperatures (°C),

and Ry, is the thermal resistance of the heat exchanger (°C/W).

Three design problems can generally be encountered:

* A sizing problem: Given an electronic component or system with a maximum
power generation P, how can one choose, among commercially available
products, the heatsink that would ensure dissipation of the heat generated
during operation?

* A verification problem: You have an electronic component/system with a
heatsink mounted on. Is this heatsink correctly sized; that is, will it fit your
electronic component or system?

* Positioning circuit boards on a rack for optimal heat exchange: How can a number
of circuit boards are placed in a rack so that cooling is optimal?

3.1 Heat exchanger sizing

In this case, it is desired to find a commercially available heatsink, capable of
dispersing the heat generated by the operation, in surroundings of temperature T,
of an electronic component with a maximum power generation Q,,,, and a
maximum junction operating temperature, T,,.

The sizing procedure is carried out in two steps.

STEP 1: From component, thermal interface, and heatsink datasheets select
those which satisfy the space constraint. Get the values of Q,,,x, Ty, Rjc, Rcs, and
Rsa.

STEP 2: Write Eq. (10) for Q,,,, and determine the thermal resistance of the
heatsink which will insure operating temperature not exceed T,.

Written for Q.. and T,, Eq. (10) gives the following:

To - Ta
Qmax = pT (11)
th
Rearranging, we obtain:
T, — T
Rth = 7}(92—7”0’96 z (12)

Hllustration 1

An electronic chip is required to operate at a surrounding temperature of 45°C. This
chip is mounted with a casing having a thermal vesistance Rjc, and with thermal
interface materials having a global resistance Rcs. The data sheet of the chip shows that it
can generate up to Q. at T,y

Supposing there are no space or geometric constraints, what ave the heat sinks that can
be used among those of Table 1.
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Data:

Ric = 0.3°C/W Rgs = 0.4°C/W.

Qunax =10 W T,, = 85°C.

Solution

Using Eq. (12), the thermal resistance at maximum power is: Ry, = 852 = 4°C/W
The adequate heatsink resistance is obtained using Eq. (9) as follows:

Rsa = Ry — (Rjc + Rcs)
Rjc +Rcs = 0.7 °CAy = Rsa = 3.3 °CAy

This means that only heat sinks with thermal resistances lower or equal to 3.3°C/W
will be able to give heat exchangers with Ry, < 4°C /W, thus ensuring safe operation of
this chip.

This is the case for veferences 1 and 6 only.

3.2 Heat exchanger verification

In this case, it is desired to verify if a given heatsink will permit the safe
operation of an electronic component at a known surroundings temperature.

The verification procedure is carried out in four steps.

STEP 1: From data sheets (component, thermal interface, and heatsink) get the
values of Qyux; Tops Rjcs Res, and Rga.

STEP 2: Calculate Ry, from Eq. (12): R;.

STEP 3: Calculate Rg, from Eq. (13) as follows:

RSA = Rth (R]c + Rcs) (13)

STEP 4: If Rss <Rg, then the heatsink will do the job.

Hllustration 2

You bought an electronic component with a heatsink mounted on, thus constituting a
heat exchanger ready to use. The heatsink is the one shown under N° 10 in Table 1.

The data sheet of the electronic component gives the following information:
Qnax = 10 Wand T,, = 115°C.

Will this system operate safely at a surrounding temperature of 27°C?

Solution

STEP 1: Quax = 10 W, T,,, = 115°C and

N° 10 in Table 1 gives: Ry, = 14°C/W.

STEP 2: Eq. (11) gives: R;, = 1552 =8,8° & .

STEP 3: Ry, > R,;,: the mounted heatsmk wzll not do the job.

3.3 PCBs optimal assembly

A typical passive heat exchange problem is encountered when one needs to
assemble a set of circuit boards on a rack.

Figure 7 shows a number of boards of the same size, H, placed on a rack
of length L and width w. The spacing between the different circuit boards
is assumed to be constant, §, whereas each board releases a constant flux density, ¢
(W/m?). The cooling of the circuit boards is ensured by natural convection.

In such a configuration, the temperature of the boards is not uniform, rather it
increases with height, reaching its maximum value at H. The spacing é needs to be
such that heat evacuation is optimum.
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Circuit boards
"~
PN

Figure 7.
Assembling a set of circuit boards on a rack.

3.3.1 Optimum spacing of PCBs

A frequent question is; how should the boards be placed on the rack for optimum
heat evacuation? In other words, what is the optimum spacing, 6 ?
The optimal spacing is given by [17]:

w
6 =2,12—— 14
Ra;)’2 (14)
Ra, being the Rayleigh number for, ¢, given by:
4C 2
Ra, =2, 12w1”—kngﬂq (15)
U

Where

* C,, p, P, n and k are respectively the specific heat, the density, the expansion

factor, the viscosity, and the thermal conductivity of air’.

e g gravity constant; g = 9.81 ms ™’

3.3.2 Optimal number of boards

The optimum number of boards of thickness ¢, to be assembled on a rack of
length L, is then given by:

B L
5 +e

*

n (16)

Other issues of importance in rack design such as the determination of heat
transfer coefficients between electronic boards and air, and the calculation of the
heat flux evacuated by natural convection are discussed in Ref. [1].

3 See Data Bank in Ref. [18].

10
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4. Active heatsink technologies

During the last decade, unprecedented technological developments imposed
tremendous flows of information (data or multimedia), implying an ever-growing
need for fast data transfers (Bluetooth, Wi-Fi) and for larger computing and storage
capacities. In addition, the advent of 5G and the Internet of Things means that the
number of connected devices is constantly increasing [19]. Moreover, onboard
electronics and mobile telephony created new ergonomics and space (volume) con-
straints. From a systems engineering perspective, this implies that larger power
circuits have to be integrated in smaller volumes.

Under such conditions, the amounts of energy generated by electronic circuits
are so great that no passive heatsink of a reasonable size will be able to do the cooling job.
This is because passive sinks dissipate heat mainly through natural convection, but
natural convection is no longer sufficient to extract the heat generated by the
operation of these power components. Thus, the use of active cooling systems, with
or without refrigeration or phase change is necessary [20, 21] for the safe operation
of power electronics.

Active cooling systems are heat exchangers where the flow of the heat transfer
medium (air or liquid) is forced by a fan or a pump. Several technologies exist. They
can be sorted into two categories:

i. single-phase heat sinks, and

ii. two-phase heat sinks.

4.1 Single phase

Single-phase heat sinks are heat exchangers in which the cooling fluid (liquid or
gas) does not undergo any phase change, meaning that if the cooling fluid is a liquid,
then it remains liquid throughout the cooling process.

Single-phase heat exchangers used for electronic systems cooling include the
following:

* Forced convection heat sinks
* Cold plate heat sinks

* Microchannel coolers

* Refrigerated coolers

By far, forced convection heat sinks are the simplest.

4.1.1 Forced convection heat sinks

Forced convection heat sinks are typically heat exchangers formed of finned
surfaces similar to those presented in Table 1, where cooling air is forced through
the fins using fans.

Figure 8 shows such a heat exchanger fixed on a CPU board. The fan is mounted
on top of the heatsink to draw air through the fin surfaces.

Depending on the type of fins configuration, the fan can also be mounted in the
middle of the finned heatsink as shown in Figure 9.

11



Heat Exchangers

Fan

Finned
heatsink

WAL/ i

Figure 8.
A fan on a heatsink mounted on a CPU board. Source [22].

Figure 9.
Fan in the middle of a finned heatsink. Source [23].

Figure 10.
Miniaturizged forced convection heatsink module. Source [24].

Very often, the assembly fins-fan is miniaturized in a cooling module similar to
the one presented in Figure 10.

Forced convection heat exchangers become necessary when Q,,,,, exceeds
70 W/cm? [25]: Using a fan to force air through the finned heatsink increases

12
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significantly heat transfer to air; convective heat transfer coefficients can reach values
as high as 3000 Wm ™ *°C ™" [26]. For comparison, this coefficient is between 25 and
500 Wm >°C ! for natural convection heat sinks [1].

We should underline, however, that including a fan in an electronic system will
require an additional power supply. This will certainly impact the final size of the
system.

4.1.2 Forced convection heatsink design

An important parameter in the design of a forced convection heatsink is the flow
rate of the cooling fluid (e.g., air) going through the fins of the sink [2]. As a matter
of fact, the flow rate generated by the fan actually impacts the heat transfer coeffi-
cient: A higher flow rate will mean a greater cooling fluid velocity, leading to a
better convection heat transfer [1]. The flow rate also impacts the pressure drop
across the heatsink given that for a given fin configuration, higher flow rates
generate higher pressure drops®.

Consequently, the proposed design procedure will search for a balance between a
reduced thermal vesistance and an acceptable pressure drop. It can be organized in the
following seven-step procedure.

STEP 1: Collect heatsink pressure drop data.

Flow over a fanned heatsink generates a pressure drop that depends on
several parameters including the number of fins, the distance between two fins, the
value of the flow rate, etc. [26]. Suppliers of heat sinks will generally be able to
provide, for the different models they propose, plots of the pressure drop versus
the cooling fluid (air) flow rate. These plots are referred to as heatsink working
diagrams where the flow rate is generally expressed in cubic feet per minute
(CFM: ft*/mn).

Figure 11 shows an example of such plots.

140
120 — Rth=1.5°C/W
= . « Rth=15"°C/W
100
© = = = Rth=30°C/W
&
2 80 F———Fsverom Rth=60°C/W
=
2 60
2
[%]
ud
a 40
20
0 ' T T T T ]
0.0 5.0 10.0 15.0 20.0 25.0 30.0

Flow rate (CFM)

Figure 11.
Heatsink working diagram.

* For laminar flow, the pressure drop is proportional to the square of the flow velocity [26].

13
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STEP 2: Get the fan curves.

Similarly, fan suppliers provide plots that give, for each model proposed, the
flow rate achievable by the fan under a given pressure drop. These plots are often
referred to as performance curves of the fans.

Figure 12 presents examples of performance curves for four fans.

STEP 3: Select heatsink candidates based on their working diagrams.

The selection criterion here is the individual thermal resistance, R;,.

STEP 4: Define the allowable coolant temperature rise.

The coolant temperature rise is defined as follows:

AT =T, —T; (17)

where T; and T, are, respectively, the inlet and outlet temperatures of the
coolant.

T; being known (generally, the coolant enters the heatsink around ambient
temperature: T;xT, ), the definition of AT permits to calculateT:

T, =T;+ AT (18)

STEP 5: Determine coolant flow rate for each heatsink candidate.

For each heatsink s under evaluation, the thermal resistance, Rj;, is known. This
makes it possible to calculate the coolant flow rate by combining Eq. (9) and a heat
balance on the cooling fluid:

Equation (9) gives:

T.—-T,
Q=—7% (19)
th
The heat balance for the cooling fluid gives the following:
Q, = m,Cy(T, — T;) = FypC, AT (20)

Where:
* m; is the mass flow rate of the coolant fluid (air) over the heatsink s, kg/sec,

* C, is its sensible heat (J/kg°C),

500
450
400
350
300
250
200
150
100

50

Pressure drop (Pa)

0.0 20.0 40.0 60.0 80.0 100.0
Flowrate (CFM)

Figure 12.
Performance curves of fans.
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* p is its density (kg/m3), and
e F, is the coolant volume flow rate (m?/s).
Substituting for Q; in Eq. (19) and extracting the coolant volume flow rate, Fi:

= _Te—Ta (21)
pC, AT Ry,

STEP 6: Determine the pressure drop for each of the heatsink candidates.

Injecting the values of flow rates into the working diagram gives the pressure
drop which will be generated by each of the heatsink candidates. Figure 13 shows
this procedure for the first two heat sinks considered in Figure 10 (Ry, = 1.5°C/W
and Ry, = 15°C/W), which permits the determination of pressure drops AP; and AP,
generated by when F; and F, flow over sink 1.

STEP 7: Determine compatible fans using the performance curves.

For each heatsink candidate, s, inject the pressure drop, AP;, determined in the

previous step in the performance curves. This will generate the series of flows, F
which will be delivered by fan i, operating against the pressure drop AP;.

Figure 14 shows that, for fan 1, all performance curves cross the line AP;. This
means that any of the fans under evaluation can be used. The choice will then be
made on price and volume criteria.

4.1.3 Cold plate heat exchangers

Cold plate heat sinks could be considered as a particular class of plate heat
exchangers [27]. They are used when thermal powers released by electronic systems
(smartphones, electric cars, onboard avionics systems, TGV, etc.) become so
important that forced convection heat sinks are no longer sufficient [28-30]. They
are constituted of plates that are fitted with pipes (see Figure 15) through which
cooling fluid passes. They are attached to the surfaces of the electronic component
or to the board to be cooled. The coolant is conveyed by means of a pump. The
coolant itself is, in turn, cooled using a compact exchanger [27].

140
120 — Rth=15°c/w /
S| — + + Rth=15°"T/W
100
© = = = Rth=30°C/W
o
g 80 [ | e Rth=60°C/W
<
= 7
§ 60N ~
S e
& 40
20
. / ’ - -— od
0 W TR PP TITOT ST PPTSTSILL) reeeendeeret
0.0 5.0 10.0 15.0 20.0

Flow rate (CFM)

Figure 13.
Determination of pressuve drops for heat sinks 1 and 2.
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Figure 14.
Determination of deliverable flows under AP,.

Figure 15.
A cold plate heatsink and its thermal scan. Sources [28, 29].

4.1.4 Microchannel heat exchangers

Microchannel heat sinks can be considered as a particular subclass of printed
circuit heat exchangers [27]. These are indeed very small exchangers with overall
dimensions not exceeding a few millimeters.

In contrast to their very small dimensions, they allow heat transfers in the order
of 800 W/cm? [30-33]. The cooling fluid (generally air) circulates in
microchannels, of microscopic equivalent diameters (approximately 10-60 pm),
formed by etching on metal plates or in composite materials [34]. These
microchannels have heights of the order of 0.5 mm. The modules thus formed are
placed under the electronic components to be cooled [35]. Figure 16 illustrates such
an assembly where the circuit board to be cooled is shown in semi-transparency,
above the microchannels.

However, microchannel cooling suffers from several drawbacks: complex
implementation, significant pressure drops associated with microchannel flow.
Moreover, it does not quite meet the requirements of thermal management in
power electronic systems [36].

4.1.5 Refrigerated heat exchangers

Significant efforts have been devoted during the last 10 years to the develop-
ment of a new kind of heat sinks. These are constituted of heat exchange plates
associated with refrigeration cycles and a refrigerant as the heat transfer fluid
[37-39]. Such refrigerated heat exchangers are used to cool power electronic
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Cooling fluid outket

Circuit board

Cooling fluid inlets

Figure 16.
Overall dimensions of a micro-channel heatsink.

systems such as laser power supplies and their optical systems. They are able to
extract heat flux densities exceeding 1000 W/cm? while keeping microchips at
temperatures below 65°C [39-44].

Note, however, that mounting this type of heat exchanger on electronic equip-
ment remains difficult due to the fact that all the components of a refrigeration
cycle (compressor, expansion valve, evaporator, and condenser) must be assembled
in rather tiny spaces (Figure 17).

These systems must therefore meet an important challenge: the miniaturization
required by designs favoring small sizes [21, 42, 43].

4.2 Two-phase heat sinks

These are phase change micro-exchangers, where the cooling fluid (generally a
liquid) undergoes phase changes (from liquid to vapor and back to liquid) during
the heat transfer process. Two-phase heat sinks are generally constituted of a vessel
containing a heat transfer fluid; water in most cases. The lower surface of the vessel
is in contact with the heat source (electronic equipment), and the upper surface is
in contact with the cooling medium (generally air). Figure 18 presents the
operating principle of this system.

When in contact with the lower surface (heat source), the heat transfer fluid
evaporates by absorbing the heat generated at this surface. The vapor then goes

Condenser
Throttling valve GRS
Evaporator
Electronic component to be K Compress

Figure 17.
Exploded view of a chip mounted under a refrigerated heatsink.
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1
i Electronic component :
“----  heat source

Figure 18.
Operating principle of a two-phase heatsink.

upwards, toward the upper surface where it gets cooled and condensates. Con-
densed liquid falls back along the walls of the vessel, down to the lower surface,
where it absorbs again the heat and evaporates. This cycle is repeated as long as heat
is generated by the electronic equipment.

This way, two-phase heat sinks are used to remove heat from the heat source to
the ambient environment. The lower surface acts as an evaporator and the upper
one plays the role of a condenser.

Note that two-phase heat exchangers involve latent heat instead of sensible heat
in energy transfers, thus allowing large amounts of heat to be exchanged over small
areas, which leads to great compactness.

Two-phase heat sinks include the following:

* Spray coolers

* Vapor chambers

* Heat pipes.
4.2.1 Spray coolers

Spray coolers are a special class of two-phase heat exchangers since the heat
transfer fluid undergoes a series of evaporations and condensations [45, 46]. The
electronic component is cooled by a jet of fluid, which partially evaporates while
absorbing heat (see Figure 19). The heat transfer fluid is sprayed directly onto the
surface of the power component to be cooled [47-49].

Spraying enhances the vaporization of the fluid even at relatively low tempera-
tures (60-75°C, under 1 Atm.). It is generally realized using a single injector [50] or
multiple injectors [51].

However, like refrigerated exchangers, the realization of spray cooling is rela-
tively complex. As shown in Figure 20, it requires, in addition to the sprayers, the
installation of a condenser to collect the vapors generated and a pump or compres-
sor to feed the injectors.

4.2.2 Vapor chambers
Vapor chambers are the most common two-phase-heat exchangers where a heat

transfer fluid (water in most cases) is placed in a sealed envelope: the chamber [52].
The lower surface of the chamber is mounted on the electronic component to be
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Condensation

Liquid
droplets

Injectors

Figure 19.
Spray cooling system.

{Condenseur

Injectors

Component

Pump

Figure 20.
Spray cooling cycle.

cooled. As described above, the liquid absorbs the heat generated by this component
to evaporate. The vapors then condense on the cold surface of the chamber, which
transfers the ambient environment the energy liberated by the condensation
process [53, 54].
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Figure 21.
Vapor chamber heat exchanger. Source [55].

Figure 21 shows this type of heat exchanger. It should be noted that the dimen-
sions are extremely small to meet the requirements of miniaturization of onboard
electronics and mobile telephony. The typical thickness of such an exchanger is
2-8 mm.

Current developments focus on the ultra-miniaturization of these exchangers
by introducing ultra-thin evaporation chambers: thicknesses from 0.3 to 2 mm
using walls made of titanium, stainless steel, or copper alloys. Table 2 shows the
current uses of these types of exchangers, as well as their typical dimensions and
the thermal powers conveyed.

4.2.3 Heat pipes

A heat pipe consists of a sealed tube, containing a heat transfer fluid, without
any other gas (see Figure 22). In most cases, only a small quantity of water suffices:
About 1 cc of water for a 150 mm long, 6-mm heat pipe is typical.

In one of its zones (vaporization zone), the heat pipe tube is in contact with the
hot source to be cooled. The heat recovered from this source increases the temper-
ature of the heat transfer fluid causing it to evaporate.

The resulting vapors then accumulate in the condensation zone of the heat pipe
where they condense on the internal walls of the tube, releasing their latent heat
to the ambient environment (see Figure 22). The condensate flows in droplets on

Domain of use Thickness Length Width Power Construction materials
(mm) (mm) (mm) range (W)

Smart phones 0.3-0.4 80 50 5 Copper alloy or stainless steel
Portable 0.5 220 60 15-25 Copper alloy
microcomputers
Base telecommunication 2-4 100 100 50-100 Copper or copper alloy
stations
Graphic boards 2-4 200 90 200-350 Copper or titanium
Servers 34 150 80 200-400 Copper
Game consoles 3-5 150 150 150-200 Copper
Power inverters 3-8 450 450 500-2000 Copper

Table 2.

Vapor chamber uses and construction materials.
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Figure 22.
Heat pipe working principle.

the walls of the tube and returns to the vaporization zone to be again submitted to
the heat flow and to evaporate.

4.2.4 Heat pipe exchanger

These special heat exchangers are generally formed of a number of heat pipes
usually made of copper, where several fins (the fin stack) have been mounted in the
condensation zone.

As shown in Figure 23, each pipe is bent in a U form, slightly flattened
where contact is made with the mounting base plate (hot area), and filled with a
heat transfer fluid. When the copper pipes are going to be directly in contact with
the environment, protection against corrosion could be obtained by nickel plating.

Each heat pipe acts actually as a heat mover from the area where heat is generated
(the base plate) to the cooling area (fin stack) where air movement carries the heat
away.

Rules of thumb

1.To maximize the amount of energy received from the heat source (the
electronic component), each heat pipe should be placed directly above this
source. The closer and tighter the contact is, the better is the heat transfer.

2.To improve the contact between the source and the heat pipe, sections of the
pipes that are in contact with the source are flattened to about 30-65% of their
original diameter.

Fin stack
Cooled area

Base plate
Hot area

U bent coper
pipes

Figure 23.
Fixing the fin stack to the base plate.
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3.The bend radius of the heat pipes is to be fixed with care in order not to alter
the integrity of the pipes.

4.The minimum bend radius should be three times the diameter of the heat pipe.

Note that the heat pipes can be directly fixed on the electronic component to be
cooled. Figure 24 shows a heat exchanger made of six copper heat pipes that are
directly fixed on a central processing unit (CPU) to convey heat to a 13 fin stacks.
The advantage is a direct contact between the component and the heat pipes, thus
reducing the thermal resistance of the base plate.

A more elaborated version is the U-shaped vapor chamber design where a
U-shaped heat plate replaces the heat pipes, the heat plate operating in the same
way as flattened pipes. Figure 25 shows a heat exchanger formed from a vapor
chamber bent to offer a large copper base to be in direct contact with the power
electronic component. This design offers the advantage of a large direct contact
area, which translates into a better performance: more than 20% better than the
design of the pipe.

Fins

Heat pipes

CPU

Figure 24.
Heat pipe heatsink to cool a CPU.

(@) (b))

Figure 25.
U bent vapor chamber with a fin stack. (a) Complete vapor chamber and (b) showing inside the chamber.

22



Heat Exchangers for Electronic Equipment Cooling
DOI: http://dx.doi.org/10.5772/intechopen.100732

4.3 Two-phase heat exchanger design
4.3.1 Design fundamentals
4.3.1.1 Carrying capacity

The performance of a two-phase heatsink is measured by its carrying capacity,
Q, defined below.

Definition

The carrying capacity, Q, of a two-phase heat exchanger is defined as the amount
of heat the device can move out per unit time.

From its definition, Q is an energy per unit time, which is a power which should be
expressed in Watts.

For a given two-phase heat exchanger, the value of Q depends on several
parameters: the size of the vessel, the latent heat of the transfer liquid used, the
thermal conductivity of the metal constituting the vapor chamber or the heat pipe,
convections (inside and outside the vessel), etc. However, we should note that, in
two-phase heat sinks, energy is essentially transferred through the vaporization-
condensation process, involving latent heat.

4.3.1.2 Two-phase thermal budget

Definition

The thermal budget, AT, of a two-phase heat exchanger is defined as the differ-
ence between the temperature of the electronic component (heat source), T, and
the temperature of the ambiance where the component will operate, T,:

AT =T, - T, (22)

The carrying capacity, Q, is proportional to the thermal budget AT (see Eq. (9)).
Thus for low thermal budgets, it will be difficult to achieve high values of Q. In
this case, two-phase heat sinks should be used, mainly when AT < 40°C.

4.3.1.3 Effective thermal conductivity

Heat exchange in two-phase sinks is actually complicated to model. It involves
several heat transfer mechanisms: conduction through the vapor chamber or the
heat pipe metal envelope, evaporation, condensation, convection inside and outside
the vessel, etc. The exact representations of these transfers are interesting on the
theoretical level of analysis. But, for sizing and design purposes, a more practical
approach has been adopted by manufacturers and system designers. This approach
is based on the thermal resistance model, in a way similar to that presented in
Subsection 2.1 for single-phase heat sinks.

Let us recall that in conduction and in convection, thermal resistance models
permit to express the power transferred Q in terms of Ry, and the thermal budget,
AT, as follows [2, 47]:

Q= %, where, Ry, is the thermal resistance, which is expressed differently for
conduction and convection:

¢ For a convection heat transfer:

= (3)
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Where % is the convective heat transfer coefficient and A the heat transfer area.

¢ For a conduction heat transfer:

L
Rcond _ 24
Where L is the material thickness, A the heat transfer area, and k is the thermal
conductivity.
Similarly, two-phase heat exchanger energy transfers are represented using an

effective thermal resistance, R, such that the carrying capacity, Q, is given by:
=_— (25)

With R = ALT#’ where k4 is the effective thermal conductivity of the two-phase

heat exchanger and A is its heat transfer area of the heat sink.

Definition

The effective thermal conductivity, kg, of a two-phase heat exchanger is defined as
follows:

QL
ke = AAT (26)

Where Q is the carrying capacity, A is its heat transfer area, AT is the thermal
budget (temperature difference between evaporator and condenser sections) and L
is the effective length of the vessel which is the distance from the midpoint of the
evaporator to the midpoint of the condenser.

It should be noted that, unlike the thermal conductivity of materials, the
two-phase heat exchanger thermal conductivity varies with length. It is not a physical
property of the material, but it is a modeling representation of heat transfer in
two-phase heat sinks.

This modeling—using effective thermal conductivity, k. e—makes it possible to
represent two-phase heatsink energy transfers by a simple thermal resistance model, just
the same way thermal resistance was used in single-phase heat sinks.

Effective thermal conductivities of two-phase heat exchangers range from 1500
to 50,000 W/m°C. For comparison, the thermal conductivities of the best energy
conductors are around 400 W/m°C. Effective thermal conductivities of two-phase
heat exchangers can reach 10-100 times the conductivity of the best thermal
conductors like copper.

4.3.2 Design steps

Generally, manufacturers of two-phase heat exchangers supply, among other
information on their product, the following parameters:

* Operating temperature limits: generally between 20 and 250°C.
* The heat exchanger carrying capacity.
* The heat exchanger thermal resistance.

The following five-step procedure is proposed to design two-phase heat
exchangers.
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STEP 1: The datasheet of the electronic component to be cooled gives the power
and operating temperature: Q (W) and T,, (°C).

STEP 2: Knowing ambient temperature, T,, calculate the thermal budget AT as
follows:

AT =T, —T, (27)
STEP 3: Calculate the design thermal budget ATy, as follows:
ATp = AT -5 (28)

STEP 4: Divide the design thermal budget, ATp, by the power, Q, of the electronic
equipment to be cooled. This division will give the maximal thermal resistance to be
assured by the two-phase heatsink: Ry,

STEP 5: Select the two-phase heatsink having a thermal resistance R < Rpj.

Rules of thumb

1. Derate the thermal budget by 5°.

2.1In the case of heat pipes, if bending is considered, derate the carrying power by
2.5% for every 45-degree bend.

3.When heat pipes are flattened to ensure a better contact with the base plate,
the flattening should be in the range of 30-65%.

4.Flattening implies a 15-30% reduction in the carrying capacity of the heatsink.

A. Appendix 1

Determination of heat transfer coefficients for electronic components and
circuit boards under natural convection

A.1 Electronic components under natural convection in air

(29)

T. _ T.\ 02
h — ) w a
3 53( q )

Where:
H is the height of the small electronic component, expressed in meters
T, and T, are, respectively, the wall temperature and the ambient temperature

A.2 Circuit boards under natural convection in air

(30)

T, — T, °%
h— 244 )

Where:
H is the height of the electronic board considered, expressed in meters
T, and T, are, respectively, the board and the ambient temperatures.

25



Heat Exchangers

Author details

Abdelhanine Benallou
SIGMA TECH, Rabat, Morocco

*Address all correspondence to: pr.benallou@gmail.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

26



Heat Exchangers for Electronic Equipment Cooling

DOI: http://dx.doi.org/10.5772/intechopen.100732
References

[1] Benallou A. Energy Transfers by
Convection (Energy Engineering Set—
Volume 3). NJ, USA: John Wiley & Sons
Inc.; 2019

[2] Wilcoxon R, Martin G. Fan cooling—
Part 1: Determining flow rate. In:
Electronics Cooling Magazine. PA, USA:
Lectrix, Spring; 2021. pp. 6-9. Available
from: https://www.electronics-cooling.
com/wp-content/uploads/2021/03/
Electronics-Cooling_Spring-2021.pdf

[3] https://encryptedtbn0.gstatic.com/
images?q=tbn:ANd9Gc
RQ6FHjqlqAQ3svtm02NWba
v]zOMuFOyviRQ&usqp=CAU

[4] https://ae01.alicdn.com/kf/HTB1e
3UmoY_I8K]Jjy1Xaq6zsxpXaK/Round-
D133mm-Pre-drilled-led-pin-fin-
heatsink-fit-for-CREE-cob-cxb3590-
Bridgelux-V29-50.jpg_Q90.jpg_webp

[5] Nuts and Volts: https://www.

nutsvolts.com/uploads/wygwam/NV_
0709_Post_Fig 2_1.jpg

[6] Simons RE. Estimating parallel
plate-fin heat sink thermal resistance.
Electronics Cooling. 2003;9(1):8-9

[7] Sonelec: http://www.sonelec-
musique.com/images/radiateur_to3_
ml25_simple.jpg

[8] Sonelec: http://www.sonelec-musique.
com/images/radiateur_t0220_ml24.jpg

[9] Sonelec: http://www.sonelec-musique.
com/images/radiateur_to5_co180.jpg

[10] Sonelec: http://www.sonelec-musique.
com/images/radiateur_to5_ml61.jpg

[11] Mikkelsen-electronics: http://
www.mikkelsen-electronics.com/
images/FingerKK.jpg

[12] Myheat sinks: https://myheat sinks.

com/docs/images/standard-heat-sinks/
cold-forged/round-pin-heat-sink.jpg

27

[13] https://asset.conrad.com/medial0/
isa/160267/c1/-/en/183947_BB_00_FB/
image.jpg?x=600&y=600

[14] Fischerelektronik: https://www.
fischerelektronik.de/fileadmin/_

migrated/pics/aufsteckgr.jpg

[15] https://cdn.webshopapp.com/shops/
297304/files/322145950/800x1024x2/
to-5-heatsink-63c-w-9mm-x-127mm-
skk56-fisher.jpg

[16] https://i.ebayimg.com/images/g/
3R4AAOSwTKZ{MItz/s-1640.jpg

[17] Bar-Cohen A, Rohsenow W.
Thermally optimum spacing of vertical
natural convection cooled parallel
plates. Journal of Heat Transfer. 1984;
106:116

[18] Benallou A. Mass Transfers and
Physical Data Estimation (Energy
Engineering Set—Volume 1). NJ, USA:
John Wiley & Sons Inc.; 2019. pp. 179-180

[19] Amalfi RL, Enright R, Kafantaris V.
Emerging 5G Networks: Potential
Economic Benefits of Two-phase
Thermal Management. Electronics
Cooling Magazine. PA, USA: Lectrix;
June 2021. pp. 19-23. Available from:
https://www.electronics-cooling.com/wp-
content/uploads/2021/07/Electronics-
Cooling-Summer-2021.pdf

[20] Zhang H, Che F, Lin T, Zhao W.
Modeling, Analysis, Design, and Tests
for Electronics Packaging Beyond
Moore. Woodhead Publishing, UK:
Elsevier Science; 2019

[21] Phelan PE, Chiriac VA, Lee T-YT.
Current and future miniature
refrigeration cooling technologies for
high power microelectronics. IEEE
Transactions on Components and
Packaging Technologies. 2002;25:
356-365



Heat Exchangers

[22] https://upload.wikimedia.org/
wikipedia/commons/thumb/2/25/
AMD_heatsink_and_fan.jpg/220px-
AMD_heatsink_and_fan.jpg

[23] https://2.imimg.com/data2/ WI/RM/
MY-615568/pin-type-heat-sink 500x500.

)Pg

[24] Advanced Thermal Solutions Inc.:
https://www.mouser.fr/images/marke
tingid/2019/microsites/122375246/Quad
%20Flow%?20Dual%20Flow.png

[25] PRIATHERM. Design your cooling
system using forced convection in just
three easy steps. Available from: https://
priatherm.com/design-your-cooling-
system-using-forced-convection-
in-just-three-easy-steps/ [Accessed: 13
December 2018]

[26] Simons RE. Estimating parallel
plate-fin heat sink pressure drop. In:
Electronics Cooling Magazine. PA, USA:
Lectrix; April 2016. Available from: h
ttps://www.electronics-cooling.com/
2016/04/calculation-corner-estimating-
parallel-plate-fin-heat-sink-pressure-d
rop/ [Accessed: 24 July 2021]

[27] Benallou A. Série Ingénierie de
’Energie, volume 6, Echangeurs de
Chaleur: Conception et Algorithmes de
Calcul. Section 1.5, ISTE Editions.
London; 2021. pp. 5-16 (under press)

[28] AREELIS Technologies: https://
www.areelis.fr/wpcontent/uploads/
2019/05/plaques_froides-495x400.jpg

[29] AREELIS Technologies: https://
www.areelis.fr/wp-content/uploads/
2019/05/FRE—0814—01—2—495X400.png

[30] Milnes P.D. Phase separation in two
phase microfluidic heat exchangers
[PhD dissertation]. Stanford University;
March 2011 Dissertation available online
at: http://purl.stanford.edu/
ns144db9649

[31] Roland Baviere. Etude de
I'Hydrodynamique et des Transferts de

28

Chaleur dans des Microcanaux.
Dynamique des Fluides [physics.flu-
dyn]. PhD dissertation Diffusée par
Université Joseph-Fourier - Grenoble I,
2005

[32] Meysenc L. Etude des micro-
échangeurs intégrés pour le
refroidissement des semi-conducteurs
de puissance [PhD dissertation]; France:
Institut National Polytechnique
Grenoble; 1998. pp 117-123

[33] Tuckerman DB, Pease RFW.
High performance heat sink for very-

large-scale integrated circuits. IEEE
Electron Device Letters. 1981;2(5):126-129

[34] Ohadi M, Choo K, Dessiatoun S,
Cetegen E. Next Generation Microchannel
Heat Exchangers. Nature Switzerland:
Springer; 2013

[35] Colgan EG, Furman B, Gaynes M,
Graham WS, LaBianca NC,

Magerlein JH, et al. A practical
implementation of silicon microchannel
coolers for high power chips. IEEE
Transactions on Components and
Packaging Technologies. 2007;30(2):
218-225

[36] ITRS. International Technology
Roadmap for Semiconductors, 2007
Edition. Washington, DC: International
Roadmap Committee. Semiconductor
Industry Association; 2007

[37] Marcinichen JB, Lamaison N,
Thome JR. Electronic micro-evaporator
cooling systems and flow control. In:
Thome JR, Kim R, editors. Encyclopedia
of Two-Phase Heat Transfer and Flow.
Singapore: World Scientific Publishing;
2016

[38] Webb RL. Next generation devices
for electronic cooling with heat rejection

to air. Journal of Heat Transfer. 2005;
127(1):2-10

[39] Burnett J. Advances in vapor
compression electronics cooling.



Heat Exchangers for Electronic Equipment Cooling

DOI: http://dx.doi.org/10.5772/intechopen.100732

Electronics Cooling Magazine. PA, USA:
Lectrix; June 2014. pp. 28-32. Available
from: http://aspensystems.com/wp-
content/uploads/2014/07/Electronics-
Cooling-June-2014-Aspen-Article.pdf

[40] Barbosa JR Jr, Ribeiro GB, de
Oliveira PA. A state-of-the-art review of
compact vapor compression
refrigeration systems and their
applications. Heat Transfer Engineering.

2012;33(4-5):356-374

[41] Phelan PE, Catano J, Michna G,
Gupta Y, Tyagi H, Zhou R, et al. Energy
efficiency of refrigeration systems for
high-heat-flux microelectronics. Journal

of Thermal Science and Engineering
Applications. 2010;2(3):1-6

[42] Shannon MA, Phillpott ML,

Miller NR, Bullard CW, Beebe D],
Jacobi AM, Hrnjak PS, Saif T, Aluru N,
Sehitoglu H, Rockett A, Economy J.
Integrated mesoscopic cooler circuits
(IMCCS). In: Proc. ASME-AES. Vol. 39.
Nashville, TN: International Mechanical
Engineering Congress and Exhibition;

1999. pp. 75-82

[43] de Oliveira P A., Barbosa J R. Jr.,
Thermal Design of a Spray-Based Heat
Sink Integrated with a Compact Vapor
Compression Cooling System for
Removal of High Heat Fluxes. Heat
Transfer Engineering, 2015;36:14-15,
1203-1217

[44] Mancin S, Zilio C, Righetti G,
Rossetto L. Mini vapor cycle system
for high density electronic cooling
applications. International Journal
of Refrigeration. 2013;36(4):
1191-1202

[45] Kim ]. Spray cooling heat transfer:
The state of the art. International
Journal of Heat and Fluid Flow. 2007;
28(4):753-767

[46] Cheng WL, Zhang WW, Chen H,

Hu L. Spray cooling and flash
evaporation cooling: The current

29

development and application.
Renewable and Sustainable Energy
Reviews. 2016;55:614-628

[47] Shicheng ], Yibin ], Liping P, Yu Z,
Wenxuan Y. Investigation of spray
cooling performance on different heat
transfer surfaces. In: Proceedings of the
International Conference on Logistics,
Engineering, Management and
Computer Science. Atlantis Press; 2014

[48] Thibault D. Etude du
refroidissement par impact de jets a
travers une paroi mince et avec un
écoulement cisaillant amont: application
aux aubes de turbines [PhD
dissertation]. Ecole Nationale
Supérieure de Mécanique et
d’Aérotechnique. Poitiers, France; 2009

[49] Kercher D, Lee JB, Brand O,
Allen M, Glezer A. Microjet cooling
devices for thermal management of
electronics. IEEE Transactions on

Components and Packaging
Technologies. 2006;26:359-366

[50] Horacek B, Kiger K, Kim J. Single
nozzle spray cooling heat transfer
mechanisms. International Journal of
Heat and Mass Transfer. 2005;48(8):
1425-1438

[51] Horacek B, Kim ], Kiger K. Spray
cooling using multiple nozzles:
Visualization and wall heat transfer
measurements. IEEE Transactions on
Device and Materials Reliability. 2004;
4(4):614-625

[52] Newton E. Vapor chamber cooling
finds growing role in hot products.
Embedded; 30 May 2021. Available
from: https://www.embedded.com/
vapor-chamber-cooling-finds-growing-
role-in-hot-products/ [Accessed: 3
August 2021]

[53] Grover GM, Cotter TP, Erickson GF.
Structure of very high thermal

conductance. Journal of Applied
Physics. 1964;35:1990



Heat Exchangers

[54] Glover G, Chen Y, Luo A, Chu H.
Thin vapor chamber heat sink and
embedded heat pipe heat sink
performance evaluations. 25th Annual
IEEE Semiconductor Thermal
Measurement and Management
Symposium, 2009, pp. 30-37.

DOI: 10.1109/STHERM.2009.4810739

[55] Coolermastercorp: https://web2.
coolermastercorp.com/wp-content/
uploads/2018/01/ultra-slim-vapor-
chamber-2.png

30



