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This review quantitatively examines and compares the heat transfer characteristics of several cooling
technologies with potential application in the server electronics industry. Strategies that have been
examined include traditional air cooling, single and two-phase indirect liquid cooling, heat pipes, pool
boiling, spray cooling, and jet impingement. The characteristics that have been examined include heat
flux values, coolant temperatures, and coolant flowrates; which serve as indicators of the heat transfer
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ﬁywordls;d i limitations and power requirements of each cooling solution. A direct comparison against anticipated
Al :";:];“g EAH: server heat loads has shown that some form of liquid cooling is necessary in high performance computing
Liquid cooling applications; where individual processor heat loads are expected to reach 300 W by the year 2020. While
Heat pipes in the case of general purpose computing, where individual processor heat loads are expected to reach
Pool boiling 190 W, air cooling remains a viable option; although other factors such as operating costs, chip reliability,
Spray cooling and waste heat recovery may still encourage the use of liquid cooling.

Jet impingement
Heat transfer

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cooling of server electronics is a growing concern for businesses
and government organizations involved with data processing, stor-
age, and telecommunication. The main basis for this concern is the
increasing cost and complexity of thermal management in server
housing facilities. As the industry continues to adopt newer gener-
ations of processors that offer improved computational perfor-
mance and capabilities, the rise in generated heat becomes
unavoidable.

In a typical data center, roughly 33% of the total electricity con-
sumed is allocated to thermal management of server electronics
[1]. Concurrently, total global electricity usage in data centers
has increased from approximately 152 billion kW h/year in 2005
to 238 billion kW h/year in 2010; roughly 1.3% of glabal electricity
use [2]. In the United States alone, total data center energy usage
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amounted to 91 billion kW hfyear in 2013 and is projected to reach
140 billion kW hfyear in 2020; resulting in operating electricity
costs of $13 billion/year and annual carbon emissions of 150 mil-
lion metric tons [3]. These trends have exacerbated issues pertain-
ing to energy consumption, operational costs, and the overall
carbon footprint of server housing facilities; thus generating major
discussions on the limitations and practicality of traditional air
cooling strategies. Consequently, substantial efforts have been
made to research and develop alternative liquid cooling solutions
in an attempt to mitigate such issues.

Several reviews have been published in recent years dealing
with thermal management challenges within data centers as well
as available cooling technologies. Kant [4] chiefly reviews storage,
networking, and management challenges within large virtualized
data centers; however detailed discussions regarding standard ser-
ver rack layouts and traditional air cooling systems are also pro-
vided. Garimella et al. 2] identify major drivers necessary for
progress at both business and technological levels within data cen-
ters. Implementations of liquid cooling within industry are
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Nomenclature

Ans heat spreader area (cm?)

Aw heated surface area (cmz)

hege effective heat transfer coefficient (W/cm? K)
Pran fan power consumption (W)

Poump ~ pumping power consumption (W)

AP pressure drop (kPa)

Q coolant flowrate (cm?/s)

q total heat transfer rate (W)

q"us heat spreader heat flux (W/cm?)

Rus heat spreader thermal resistance (K/W)
R’ TIM thermal resistance (K cm?/W)

Toath coolant bath temperature (°C)

T; coolant inlet temperature (°C)

T coolant outlet temperature (°C)

Tsar coolant saturation temperature (°C)

Tw heated surface temperature (°C)
Acronyms

CDhU coolant distribution unit

CRAC computer room air conditioning
CRAH  computer room air handling

HP high power
HPC high performance computing
LHP loop heat pipe

LP low power

LTS loop thermosyphon
MCHS  microchannel heat sink
PM porous medium

RDHx  rear door heat exchanger

SCHx side car heat exchanger

discussed with focus upon energy savings resulting from waste
heat recovery. Garimella et al. [1] provide a comprehensive quali-
tative review of the various thermal management technologies
available within industry. Solutions examined include air cooling,
liquid cooling (direct and indirect, single and two-phase), and mis-
cellaneous cooling technologies such as thermoelectrics and syn-
thetic jets. Ebrahimi et al. [5] focus upon methods and
technologies available for data center waste heat recovery. Solu-
tions such as air cooling and indirect single and two-phase liquid
cooling are discussed quantitatively in terms of heat loads and sys-
tem operating temperatures. Zhang et al. [6] review various tech-
nologies and configurations available for data center free cooling;
estimated costs and energy savings are presented for airside,
waterside, and heat pipe free cooling systems. Fulpagare and
Bhargav [7] provide a general review on recent advances in data
center thermal management. Numerical and experimental studies
regarding air cooled data centers are summarized with focus upon
facility layouts, efficiencies, performance metrics, and lifecycle anal-
yses. Liquid cooling solutions such as on-chip water cooling and rear
door heat exchangers are also discussed briefly. Oré et al. [8] focus
upon the integration of renewable energy technologies into existing
data center infrastructures and their respective impacts upon data
center energy efficiencies and carbon footprints. Air cooling and var-
ious liquid cooling strategies are described along with their poten-
tial for free cooling. Finally, the Data Center Handbook [9] provides
a comprehensive overview of the various cooling technologies and
configurations available to data center engineers. Emphasis is placed
upon air cooling and its numerous arrangements while alternative
liquid cooling strategies such as on-chip single and two-phase
cooling, pool boiling, and sealed dielectric systems are also dis-
cussed in great detail. Estimated energy savings associated with
these technologies are also presented.

Collectively, these reviews paint a comprehensive picture of the
various technologies available for data center thermal manage-
ment. There is however a lack of direct quantitative comparison
between the numerous cooling solutions proposed by researchers
or industry. It is the aim of this design review to provide such an
assessment through a fixed set of quantitative evaluation criteria.
Additionally, the heat transfer mechanisms of each cooling solu-
tion are briefly reviewed while emphasis is placed upon their ben-
efits and drawbacks as seen in industry applications. The overall
intent is to provide a useful design tool for thermal engineers
involved in server cooling applications; particularly at a time when
new and innovative cooling technologies are frequently emerging.
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2. Evaluation criteria

In this review, cooling solutions are evaluated quantitatively
through their heat transfer limitations and power requirements.
The following sections summarize the motivation and significance
behind these criteria.

2.1. Heat transfer limitations

The foremost characteristic of any cooling solution is its heat
transfer limitation. This is defined as the maximum rate at which
heat may be generated by a processor while die operating temper-
atures remain below acceptable limits; typically recommended to
be 85 °C [5]. This definition must also assume that a practical set
of operating conditions apply. For example, an air cooling system'’s
heat transfer limitation may be increased considerably by reducing
inlet air temperatures; however this approach is rendered unprac-
tical beyond a certain point due to amplified vapor-compression
cooling costs.

Heat transfer rates of proposed cooling solutions are well docu-
mented in literature and are usually quantified through either the
wall heat flux metric or the heat transfer coefficient. The wall heat
flux metric is simply the total heat transfer rate divided by the
heated surface cross sectional area. The heat transfer coefficient
instead employs the total convective heat transfer area (i.e. base
and fin surface areas) while also taking into account the heated
surface and coolant temperatures.

Although very commonly used to rate the efficacy of a given
cooling solution, these metrics fail to provide sufficient informa-
tion necessary for direct comparison between alternative technolo-
gies. The wall heat flux metric provides no indication of the heat
spreading area required for effective heat dissipation. An air cooled
heat sink for instance, will require larger base and fin areas in rela-
tion to a waterblock when cooling processors of identical power
and size. The waterblock is therefore a more effective cooling solu-
tion as it requires less server area for similar heat dissipation; the
chip heat flux metric fails to identify this. The heat transfer coeffi-
cient faces a similar problem. The total convective heat transfer
area, which accounts for extended surface areas, does not directly
characterize the server area required for a given cooling solution.

In sight of this, this review quantifies the heat transfer rate of a
given cooling solution through the heat spreader heat flux metric;
the total heat transfer rate divided by the overall base area of the
heat spreader. This is not a perfect metric as it has relinquished
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Table 1
ASHRAE predictions for processor|server heat loads expected by the year 2020 [10].
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Component/server Number of CPUs Power (W) 2020 Rack heat load (kW)
Year 2010 Year 2015 Year 2020

High power HPC processor 1 250 300 300 -
Low power HPC processor 1 165 210 210 -
General purpose 45 processor 1 140 175 190 -
General purpose 25 processor 1 140 140 140 -

1 U rackmount server 4[server 1000 1100 1200 50.4
2 U rackmount server 4/[server 1400 1800 2000 420
4 U rackmount server 4[server 2300 3100 3300 33.0
7 U blade server chassis 2/blade 5500 6500 7500 450
9 U blade server chassis 2/blade 6500 8000 9500 38.0
10 U blade server chassis 2/blade 8000 9000 10,500 420

information related to extended surfaces or fin properties. As a
result, it may not be used as a linear scaling factor when hypothe-
sizing larger heat spreader areas for the same cooling solution; the
conventional heat transfer coefficient is appropriate for such a cal-
culation. The heat spreader heat flux metric does however allow
for a direct comparison of heat transfer rates and required server
areas among different cooling solutions. The experimental studies
examined in this review are ultimately compared through an
effective heat transfer coefficient calculated as follows:

q
hef =~ 1

i T M
where q is the total heat transfer rate, Ays is the heat spreader area,
and Ty, and T; are the heated surface and inlet temperatures, respec-
tively. In the case of pool boiling, T is replaced with the coolant bath
temperature, Thath.

2.2. Power requirements

Capital and operating expenditures of liquid cooling solutions
are seldom documented in literature; hence prohibiting any form
of direct quantitative comparison. An indirect quantitative assess-
ment is possible however through examination of coolant temper-
atures and flowrates; properties that are appropriately
documented in experimental studies.

Simply put, higher coolant temperatures promote the use of
free cooling and waste heat recovery, thus reducing the overall
operating cost of vapor-compression cooling [6]. Reduced coolant
flowrates decrease the mechanical fan or pump work required
for adequate thermal management; thus contributing to a further
reduction in operating costs [5].

One consideration readers should keep in mind is that many of
the parameters necessary to perform such evaluations are not pre-
sented in a clear or effective manner in many experimental publi-
cations. This is particularly true for parameters related to coolant
flow and temperatures. As a result, the authors have attempted
to the best of their abilities to estimate these values based upon
available data.

3. Server component heat loads

Major heat generating electronics within servers include pro-
cessors, memory modules, voltage regulators, chipsets, and power
supplies [ 10]. With respect to thermal management, processors are
deemed the most problematic of these components due to their
high heat flux; they account for as much as 50% of total server
power consumption while taking up minimal server area [ 10]. Con-
sequently, the majority of experimental studies found in literature
consider only processor geometry and heat loads in order to test
and evaluate cooling technologies; remaining server components
are seldom considered.

As a benchmark for the heat transfer limitations presented in
this study, ASHRAE's predicted heat loads for several processor
and server classes are presented in Table 1. By the year 2020, indi-
vidual processor heat loads are expected to reach 140-190 W in
general purpose servers and 210-300 W in high performance com-
puting (HPC) applications [10]. Server heat loads are expected to
range between 1.2 and 3.3 kW in rackmount servers and between
7.5 and 10.5 kW in blade server chassis [10]. The resulting total
heat generated by a single 42 U server rack may therefore range
between 33 and 50 kW [10].

In brief, the 42 U server rack is the most common configuration
for mounting servers and modular assets within data centers [5]. It
measures up to 78 in. in height and up to 25 by 30 in. in width and
depth [5]; these dimensions may fluctuate depending upon the
presence of additional rack entities such as vented rear and front
doors. The minimum thickness of a single modular asset to be
mounted onto a standard server rack is 1 rack unit (U), which is
equivalent to 1.75 in. A 42 U rack may thus support up to 42 indi-
vidual 1 U rackmount servers,

The geometric differences between the aforementioned server
classes are demonstrated in Fig. 1. Rackmount servers are horizon-
tally orientated modules containing dedicated fans, power sup-
plies, and management infrastructure [4| The thickness of a

1U Ra

2U ckmoun Server

Ackmount Server
4U RaCkm{)unt Sel’ver
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U Blade Server Chassis

SU Blade Server Chassig
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Fig. 1. Size comparison of common server types.
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rackmount server may vary depending upon the number of CPUs
contained within (and thus the size of the cooling equipment
required) or upon the size and quantity of other components such
as serial hard drives [5]. Blade server chassis, on the other hand,
minimize spatial requirements by distributing power and airflow
to several blade servers contained within a single chassis [5]. Blade
servers may be horizontally or vertically oriented; regardless of
this, the removal of dedicated fans and power supplies permits
the storage of a larger number of server modules per rack unit
[5]. As shown below however this does not necessary lead to
higher heat dissipation per rack unit.

The server and rack heat loads presented in Table 1 are shown
graphically in Fig. 2. The server heat load represents the total heat
dissipated by a single server module of a given type; the rack heat
load represents the total heat dissipated by a 42U rack fully

| 2010 Server Heat Load

_ 2015 Server Heat Load

60
10 _ 2020 Server Heat Load
7{}2[} Rack Heat Load

50
S g a5
2 Z
z =
- 03
3 i 3
g =
% 30 =
) e
2 £
@ 4 &

20

10

-0
\@ & F
c‘-‘° N o o
Sy @9* OO
S O F S
2y B &

Fig. 2. Comparison of server and rack heat loads for various server types.

occupied by identical server modules of a given type. 1 U rack-
mount servers possess the lowest server heat loads (1-1.2 kW);
yet their corresponding rack heat load (50 kW) exceeds those of
blade server chassis (38-42 kW). The aim of this comparison is
solely to discourage the misconception that blade servers are nec-
essarily more problematic from the standpoint of heat dissipation.

4. Cooling solutions

A hierarchy of the cooling solutions discussed in this review is
presented in Fig. 3. All cooling solutions may be categorized into
three distinct groups: air cooling, indirect liquid cooling, and direct
liquid cooling. The following sections summarize the heat transfer
characteristics of each cooling solution based on existing
experimental work.

4.1. Air cooling

Air cooling is currently the most well established cooling solu-
tion adopted by the data center industry and it is commonly imple-
mented through the hot/cold aisle arrangement represented in
Fig. 4 [11]. Heated fadility air is cooled by either computer room
air conditioning or air handling units (CRAC/CRAH) and delivered
to allocated cold aisles through an underfloor plenum [9]. The dif-
ference here is that CRAH units utilize water-air heat exchangers
to cool fadlity air while CRAC units rely upon refrigerant-filled
evaporators [9]. At the server level, all electronics are cooled
through direct forced air convection with heat sink attachments
required for high heat flux components [9]. Dedicated server fans
drive cold aisle air through individual servers and release the
heated exhaust air back into the facility through allocated hot
aisles [11]. The efficiency of this process may be augmented
through the method of aisle containment; where either the hot
or cold air streams are confined to prevent air mixing and recircu-
lation [11]. Although not quantified in this review, server fan oper-
ation within data centers yields extreme acoustic noise levels that
are approaching limitations set by health and safety standards [1].

A detailed schematic of a processor and heat sink assembly typ-
ically employed in traditional air cooling systems is shown in
Fig. 5. In its most basic form, the chip package consists of a func-
tional die attached to a base substrate via appropriate solder joints
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Fig. 3. Air and liquid cooling solutions examined in this review.
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Fig. 4. Hot/cold aisle air cooling arrangement.
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Fig. 5. CPU internal geometry and air cooled heat sink assembly.

Table 2

Air cooling operational characteristics based on experimental work and case studies.
Ref. Analysis q (W) 4"us (Wjem?) her (Wjem*K) — Q (em¥s) (O (0  As(m’)  Auan’)  Tu(0)
[13] Heat sink 250 2.50 0.0417 24,000 30.0 38.6 100 4,00 90
[15] Heat sink 300 4.00 0.0667 20,000 20.0 324 75 4.00 80
[16] Heat sink 110 1.33 - 7740 - - 83 1.44 50
[17] Heat sink 103 1.62 0.0463 12,000 35.0 42.1 64 256 70
[18] Heat sink 227 - - - 16.0 40.0 - - 72
[19] Rack 6000 - - - 16.7 431 - - -
[11] Rack 45,000 - - - 16.6 32.0 - - -
[20] Data center - - - - 244 - - - -
[20] Data center - - - - 209 - - - -

[12]. Underfill epoxy encapsulates the solder bumps and absorbs
thermal stresses caused by thermal expansion disparities between
the die and base substrate [12]. The term junction temperature (T;)
is defined as the temperature at the interface between the die and
underfill (i.e. the bottom surface of the die) [13]. On the opposing
side, the die is enclosed by a lid (also serving as a heat spreader)
with thermal interface materials applied on both its inner and
outer surfaces [13]. A thermal resistance network between the
junction temperature and air inlet temperature (T;) has also been
included in Fig. 5. The sole intention here is to demonstrate the
resistive interfaces that exist between the die and cooling equip-
ment (i.e. Rgie, R 1, Riig. Rrivm2) regardless of the cooling solution;
only Ry, and R; are affected by implementing an enhanced air or lig-
uid cooling solution. The resistive interfaces within the chip pack-
age may be subsided using direct liquid cooling strategies
however.

Due to the absence of sealed enclosures and facility/server level
piping, air cooling is more versatile in relation to liquid cooling
strategies | 14]. In this context, versatility defines the level of ease
with which a cooling solution is implemented across servers of
varying forms and sizes. A highly versatile solution facilitates ret-
rofitting and installation processes |1}, while also minimizing the
need for customization. Additionally, the absence of liquid coolants
and fluidic connectors presents the opportunity for low-
maintenance, highly reliable hot swapping of entire servers as well
as their internal components [14]. These factors, along with sim-
plicity in design and installation, have rendered air cooling a
prominent thermal management solution in large data centers.

4.1.1. Heat transfer limitations of air cooling
Heat transfer and flow characteristics of air cooled systems
based on recent experimental work are presented in Table 2.
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This table examines various domains of analysis including individ-
ual heat sinks, racks, and complete data centers. The heat transfer
parameters listed include the overall heat transfer rate (q) and the
heat spreader heat flux (q"ys) which is calculated based upon the
base area of a given heat sink (Ays) rather that the heated surface
area (Aw). The temperature parameters listed include the heated
surface temperature (Ty,), and the inlet and outlet air temperatures
(T; and T,) which in this case correspond to cold and hot aisle tem-
peratures. The flow parameters listed include the volumetric flow-
rate of air (Q) and the fan power (Py,,) required to induce this flow.

In spite of the popularity of air cooling, only a limited number of
studies have actually focused upon its heat transfer limitation. Xu
et al. [13] numerically predicted the heat transfer limitation of air
cooling to be 340 W at a die temperature of 90 °C and with a heat
sink base area of 100 cm?. The numerical approach involved three
dimensional finite element modelling of the processor package and
heat sink base combined with analytical modelling of convective
heat transfer across heat sink fins. The heat transfer limitation
was identified through a parametric study of material properties,
assembly configurations, and fin geometries. The highest heat
spreader heat flux of 4.0 W/cm? was obtained from Katoh et al.
[15] where a traditional heat sink was compared experimentally
to an enhanced pulsating heat pipe heat sink assembly. The pulsat-
ing heat pipe repeatedly contacts the heat source and heat sink fins
in a serpentine fashion; thus enhancing heat spreading and yield-
ing a 40% reduction in thermal resistance relative to traditional
heat sinks.

Given that the heat generation rate of general purpose proces-
sors is expected to range from 140 to 190 W by the year 2020
[10], the current heat transfer limitation of air cooling is clearly
not an inhibiting factor to server cooling. In the case of HPC how-
ever, where heat generation rates currently range from 210 to
300 W [10], the heat transfer limitation of air cooling does not per-
mit further increase in chip power densities.

The heat transfer limitation of air cooling may be extended by
means of increasing heat sink base and fin areas; although this is
counterproductive given the nature of the industry to minimize
spatial requirements [1]. Limitations may also be extended by
reducing cold aisle air temperatures; however this challenges ASH-
RAE facility temperature specifications for operator comfort and
safety [21]. Reduced cold aisle temperatures also increase operat-
ing costs associated with vapor-compression cooling.

4.1.2. Power requirements

Due to poor thermophysical properties, air cooling generally
requires lower coolant temperatures and higher flowrates relative
to liquid cooling strategies; both of which increase operating
expenses. Cold aisle temperatures have typically ranged from 16
to 25°C while hot aisle temperatures have ranged from 30 to
45°C [8,9,22]. In order to attain feasible free cooling, outdoor air
temperatures must remain sufficiently lower than cold aisle tem-
peratures [6]. In particular, case studies have indicated that out-
door air temperatures between 9 and 16 °C are ideal for free
cooling of air cooled data centers [23,24]. These climatic require-
ments limit the free cooling capability of air cooled data centers
in warmer regions.

Unfortunately, studies involving air cooling seldom provide the
information necessary to calculate fan power requirements. As a
result, technical documentation from fan manufacturers SUNON
[25] and DELTA [26] has been examined for 80 x 80 mm server
fans (which are standard for 2 U servers) that deliver the flowrates
observed in experimental studies. Rather than providing a specific
range of fan power requirements, it suffices to say that their
magnitudes are in the order of watts and not hundredths or
thousandths of watts.
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A prominent method for reducing power consumption in air
cooled data centers is to utilize rear door (RDHx) or side car (SCHx)
heat exchangers [27-29]. These technologies embody water-air
heat exchangers located along the rear or sides of individual server
racks, and serve to cool heated exhaust air prior to its re-entry into
the facility [29]. This approach of delivering cooling water to indi-
vidual racks alleviates the power consumed by CRAC/CRAH fans
and is estimated to reduce operating and capital costs by as much
as 30-40% [29].

4.2. Indirect liquid cooling

Indirect liquid cooling involves heat dissipation in a manner
such that no direct contact exists between the liquid coolant and
electronic components. This strategy is implemented by replacing
traditional air cooled heat sinks with some form of liquid cooled
heat sink or evaporator [9]. Recent research in this field has been
focused on the performance of microchannel heat sinks (MCHS)
due to their enhanced heat transfer characteristics relative to tra-
ditional cold plates or waterblocks [30,31].

In a typical implementation shown in Fig. 6, coolant distribution
units (CDU) exchange heat between an external cooling source (i.e.
supply water, water tower, chiller, etc.) and the closed internal
coolant loop that is thermally attached to the electronics [28].
Within the facility, coolant is delivered to individual racks and ser-
vers where heat is extracted through forced convection; additional
heat transfer mechanisms may exist at the chip level, however
these are specific to the type of liquid cooling solution being dis-
cussed. Typically, only processors are liquid cooled due to their
high heat flux and simplified geometries while remaining server
components are air cooled [14]. Nonetheless, certain cooling solu-
tions, such as Asetek’s RackCDU D2C™ [32] and IBM’s Power 775
Supercomputer [28], have extended liquid cooling to additional
server components.

Indirect liquid cooling enables the use of coolants with substan-
tially superior thermophysical properties relative to air [1]; thus
extending heat transfer limitations and decreasing power con-
sumption by permitting higher coolant temperatures and reduced
flowrates. The trade-off however is a reduction in versatility due to
the addition of sealed enclosures and facility/server level piping
required to maintain and direct liquid flow [14]; thus cooling sys-
tems must now be tailored to specific server and facility layouts.
Furthermore, fluidic connections prohibit the easy hot swap access
to server electronics that is customarily permitted with air cooling
[14]. Quick-disconnect fluidic connectors still permit low-
maintenance hot swap access; however they raise reliability con-
cerns by presenting an additional opportunity for leakage [1].
The following subsections provide further details on the three
major types of indirect liquid cooling: single-phase, two-phase,
and heat pipe cooling.

4.2.1. Single-phase cooling

Single-phase cooling specifically involves sensible heating of
the circulating coolant; hence no phase change is expected or per-
mitted to occur. Water is accordingly the most practical choice of
coolant here due to its high boiling point and superior thermo-
physical properties relative to common dielectric fluids and refrig-
erants [33]. There are however added risks pertaining to coolant
leakage that have discouraged enthusiasm for water cooling sys-
tems within data centers [1]. Selected industry implementations
of water cooling in servers have been developed by IBM [34], Ase-
tek [35], and CoolIT Systems [36]. A recently common feature in
water cooled systems is the integration of cold plates and centrifu-
gal pumps into a single package. This reduces spatial requirements
while increasing reliability in servers with multiple processors that
are liquid cooled in series [35].
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Table 3
Single-phase water cooling operational characteristics based on experimental work.
Ref.  Type qW)  g'us(Wjem?)  her(Wjem*K)  Q(cm’fs)  Ti()C) T (°C) Aus(cm?) A, (am®)  Tw(°C)  AP(kPa)  Poump (W)
[39] PM 140 50 0.625 420 20 30 28 05 100 35 0.14
[37] MCHS 1150 43 1.87 27 20 30 27 27 43 0.90 0.025
[40] MCHS 36 100 4 6.40 20 336 0.36 0.36 45 115 0.75
[41] MCHS 448 100 244 10.1 15 28 448 448 56 30 03
[42] MCHS 272 121 3.46 16.7 35 39 225 225 70 55.3 0.921
[43] MCHS 220 137 212 31.7 20 21.7 1.61 0.15 85 21 0.67
[38] MCHS 273 170 3.62 2.70 25 50 1.61 1.61 72 10 0.027
[44] MCHS 25 268 0.103 0.33 20 38 9.45 9.45 46 38.6 0.013
[45] MCHS 30 9.87 0.395 0.40 25 423 3.04 3.04 50 4.0 0.0016
[46] MCHS 625 100 1.82 6.67 20 42 6.25 6.25 75 1.0 0.0067
147] MCHS 375 93.8 125 16.7 50 55 4 395 125 19.5 033
[48] MCHS 170 47.8 239 16.7 60 62 3.55 231 80 14 023

Heat transfer and flow characteristics of single-phase water
cooling systems based on recent experimental work are presented
in Table 3. These studies have focused upon chip level thermal
management through some form of cold plate design such as
microchannel or porous medium (PM) heat sinks. Additional
parameters included in this table are the heat sink pressure drop
(AP) which, when multiplied by the coolant volumetric flowrate
(Q), yields the required pumping power (Ppump) Necessary to main-
tain the given flow. The highest heat transfer rate of 1150 W has
been obtained from Rimbault et al. [37| where the performances
of CuO-water nanofluid and water were compared experimentally
using a 27 cm? microchannel heat sink. Interestingly, pure water
yielded the largest heat transfer coefficient as well as the lowest
heat sink pressure drop relative to all tested volume fractions of
CuO-water nanofluid. The highest heat spreader heat flux of
170 W/cm? has been obtained from Lee et al. [38] where sectional
oblique fins were used instead of continuous channels to modulate
flow. This discontinuity in the extended surfaces forced re-
initialization of thermal boundary layers as well as secondary flow;
both of which contributed to enhanced heat transfer. Overall, heat
spreader heat flux values in single-phase water cooled systems
have ranged from 2.68 to 170 W/cm? which represents a substan-
tial improvement relative to air cooling.

Inlet water temperatures have ranged from 15 to 35°C in
experimental studies concerning microchannel heat sinks; how-
ever an impressive inlet temperature range of 45-60 °C has been
observed in industry implementations [34,48-50]. Clearly, these
temperature ranges promote free cooling and waste heat recovery
in a wider spectrum of global climates relative to traditional air
cooling. Liquid cooling of processors also alleviates the load on

air conditioning units as higher air temperatures may now suffi-
ciently cool the remaining low heat flux server components; air
temperatures as high as 50°C have been observed in industry
implementations [49,50|. This extends the potential of free cooling
and waste heat recovery to the high temperature circulating air.

Considering the trade-off between heat recovery and chip ther-
mal reliability, Sharma et al. [51]| have recommended (via opti-
mization strategies) an optimal water inlet temperature range of
40-50 °C with a flowrate of 1 L/min (16.6 cm’[s). A recent experi-
mental study by Carbé et al. [52] complements and drives this
point further. Using a 1.2 kW micro data center test bench involv-
ing four liquid cooled servers (each employing two Intel Xeon 8
core processors), the waste heat recovery potential of a liquid
cooled data center was characterized. Inlet water temperatures of
20 and 40 °C yielded outlet temperatures of 32.5 and 50 °C, respec-
tively, at a flowrate of 1 L/min. The higher end of this range clearly
maximized heat reuse potential; however it also corresponded to a
3% increase in IT power consumption (resulting from leakage cur-
rents inside silicon chips and increased fan power consumption)
and a 9% reduction in liquid cooling capadity (i.e. the portion of
generated heat that was dissipated by water reduced from 81%
to 72%). These results are indicative of the fact that the design of
an ideal liquid cooling solution is largely dependent upon the pri-
orities of data center management.

Woater flowrates for cooling a single processor have ranged from
0.3 to 32 cm?/s. Based on the measured pressure drop across vari-
ous heat sinks, pumping power requirements have been calculated
to range from 0,002 to 0.9 W per processor. This reduction in
power consumption relative to air cooling is clearly attributed to
the increased density and specific heat capacity of water [33];
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however large pressure drops generated across microchannel heat
sinks still yield significant pumping power requirements in certain
cases [42].

4.2.2. Two-phase cooling

Two-phase cooling involves latent heating of the circulating
coolant; hence liquid-vapor phase change is exploited. Choices of
coolants commonly encompass various refrigerants and dielectric
fluids with boiling temperatures lower than acceptable die operat-
ing temperatures [53]. The added benefits of this solution include
enhanced heat transfer rates and reduced temperature gradients
across heated surfaces, both of which are attributed to the isother-
mal nucleation processes present in two-phase flow as well as the
associated latent heat of vaporization [30,31].

The major concerns with this strategy are related to flow insta-
bilities which induce pressure and temperature fluctuations, flow
reversal, and several other behaviors that may ultimately result
in superheating and burnout of heated surfaces [30]. Two-phase
cooling solutions in industry are scarce; a selected implementation
has been developed by Ebullient [54]. Their technology consists of
jetted cold plates that are capable of dissipating 500 W of heat at
an ultimate heat rejection temperature of 55 °C.

Heat transfer and flow characteristics of two-phase cooling sys-
tems based on recent experimental work are presented in Table 4.
The outlet temperature in this table has been replaced by the cool-
ant saturation temperature (Ts,) as all studies maintained the fluid
quality below 1. The highest heat transfer rate of 2160 W has been
obtained from Pranoto and Leong [55] where flow boiling heat
transfer characteristics within graphite foam structures have been
examined. Dielectric liquid FC-72 with a saturation temperature of
56 °C and no subcooling was driven through a 48 cm? porous heat
sink maintaining a heated surface temperature of 85 °C. This study
also examined the effects of adjusting the evaporator gap above
the porous structure. Smaller evaporator gaps caused bubble con-
finement and vapor layer formation over foam surfaces which sig-
nificantly increased wall temperatures. The highest heat spreader
heat flux of 222 W/cm? has been obtained from Agostini et al.
[56] where the saturated critical heat flux of refrigerant R236fa
within a 4 cm? straight finned microchannel heat sink has been
examined. High operating pressures yielded a saturation tempera-
ture of 25 °C for R236fa which maintained a heated surface tem-
perature of 75 °C with no subcooling. Overall, heat spreader heat
flux values in two-phase cooling systems have ranged from 24.2
to 222 W/cm? which represents an improvement relative to
single-phase water cooling.

Coolant inlet temperatures in experimental studies have ranged
from 0 to 63 °C with saturation occurring at temperatures ranging
from 25 to 63 °C; these temperature ranges are comparable to
those of single-phase water cooling. Coolant flowrates have ranged
from 0.66 to 12.2 cm?/s and pumping power requirements have
been calculated to range from 0.002 to 0.62 W per processor. This
indicates a slight reduction in pumping power requirements rela-
tive to water cooling which is attributed to the latent heat transfer
associated with two-phase working fluids [72].

4.2.3. Heat pipe cooling

A heat pipe is a passive two-phase heat transfer device driven
strictly by a temperature difference across its terminals. Vapor
formed at the heat pipe evaporator effectively transports energy
to the condenser by means of pressure driven advection; while
condensed fluid formed at the condenser is driven back to the
evaporator through either capillary action (wicked heat pipe) or
gravity (thermosyphon) [73]. The near-vacuum pressure within
the sealed assembly maintains coolants in a consistently saturated
state; thus permitting the use of water as a two-phase coolant in
electronics cooling applications [74].

Loop heat pipes (LHP) with flat evaporators in particular have
gained precedence in cooling applications due to their compatibil-
ity with processor geometries as well as their effectiveness in
transferring heat over large distances relative to traditional heat
pipes [74]. The operational characteristics of loop heat pipes are
demonstrated in Fig. 7. Heat transferred to the evaporator base
(qin) vaporizes the liquid coolant preserved within the porous wick
structure in the vicinity of the vapor removal channels; this in turn
produces the necessary pressure to drive the newly formed vapor
out of the evaporator [75]. However due to a combination of sur-
face tension and adhesive forces between the liquid and wick
pores, the menisci formed at the liquid-vapor interface generate
sufficient capillary pressure to prevent vapor incursion into the
wicked structure [75]. The result is vapor accumulation within
the vapor collection chamber until there is sufficient pressure to
drive the vapor through the vapor line and to the condenser [73].
Heat extraction at the condenser (o) condenses the vapor flow,
allowing liquid coolant to return to the compensation chamber
located near or within the evaporator assembly [75]. The purpose
of the compensation chamber is to store excess liquid and uncon-
densed vapor much like a reservoir in two-phase cooling applica-
tions [75]. This entire process can only be maintained while the
pressure generated through capillary action across the wick
equates the cumulative pressure drop associated with each

Table 4

Two-phase cooling operational characteristics based on experimental work.
Ref. Type  Coolant q(W)  q"ws (Wjem?)  hegr (W[em?K)  Q(cm®[s)  Ti(°C)  Tar (°C)  Aps (cm?®) Ay (cm?®) Ty, (°C) AP (kPa)  Ppump (W)
[57,58] MCHS FC-72 250 40 0.721 2.1 29.5 56 6.25 6.25 85 5.0 0.0103
[57,58] MCHS FC-72 375 60 1.08 29 29.5 56 6.25 6.25 85 7.0 0.020
[59,60] MCHS R134a 425 188 8.55 6.57 63 63 2.64 2.26 85 94 0.62
[56,61] MCHS R236fa 888 222 444 7.47 25 25 4 4 75 100 0.50
[62] MCHS R134a 1080 180 2.05 12.2 22 25 6 4 110 - -
[63] MCHS R134a 216 88.2 5.88 3.26 29.1 29.1 2.45 2.45 441 - -
[63] MCHS R245a 198 80.8 3.23 2.96 26 26 2.45 2.45 51 - -
[64] MCHS R134a 1100 183 - 5.34 20 25 6 4 - - -
[64] MCHS R236fa 812 135 5.4 3.21 30 40 6 4 55 - -
[64] MCHS R245fa 860 143 - 2.30 25 40 6 4 - - -
[65] MCHS FC-72 84.9 24.2 1.72 0.663 54 56.1 35 35 68.1 - -
[66] MCHS R134a 61.9 27.5 1.96 2.07 20 25 2.25 2.25 34 - -
[67] MCHS R407C 64.7 28.75 1.85 2.20 20 25 225 225 35.5 - -
[68] MCHS HFE-7100 227 105.8 441 2.28 61 61 2.15 2.15 85 1.0 0.0023
[55] PM FC-72 2160 45 1.55 - 56 56 48 48 85 - -
[69] MCHS HFE-7100 84.9 173 2.16 1.32 20 59.6 0.491 0.491 100 10 0.0132
[70,71]  MCHS HFE-7100 98 200 2.5 1.32 0 60 0.49 0.49 80 10 0.0132
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Fig. 7. Loop heat pipe process structure and process diagram.

subsequent step [73]. There exist more sophisticated loop heat
pipe designs; however the current discussion suffices given the
scope of this review. Maydanik et al. [74] review various forms of
loop heat pipes with flat evaporators. Ku [75] provides a very elab-
orate account of the operating characteristics of loop heat pipes
with secondary wicks (which has been omitted from the present
discussion),

One added benefit of heat pipe cooling is the mitigation of leak
risks within servers; heat pipes are highly reliable hermetically
sealed devices that require no fluidic connectors at the chip level
[76]. Additionally, the passivity of heat pipes nullifies pumping
power requirements at the chip level while increasing reliability
due to the absence of moving parts [76]. A selected industry imple-
mentation of loop heat pipe cooling in servers has been developed
by Calyos [77] where various condenser cooling approaches are

offered; these include water and air cooled condensers, as well as
a conductive thermal contact heat exchanger which excludes flu-
idic connectors for easy hot swapping. A selected implementation
of traditional heat pipe cooling in servers has been developed by
Xyber Technologies |78 where the side walls of an actual server
enclosure are replaced by finned heat sinks in order to act as large
air cooled condensers.

Heat transfer and flow characteristics of heat pipe cooling sys-
tems based on recent experimental work are presented in Table 5.
This table lists the primary coolant within the heat pipe as well as
the heat transfer medium used to cool the heat pipe condenser (i.e.
air or water). The inlet and outlet temperatures (T; and T,) in this
case represent the condenser coolant temperatures. The highest
heat transfer rate of 700 W has been obtained from Maydanik
et al. [79] where a 31 cm long compact copper-water loop heat
pipe with a 10.24 cm? flat-oval evaporator was tested. A heated
surface temperature of 87 °C was maintained by cooling the loop
heat pipe condenser with 20 °C water. The highest heat spreader
heat flux of 68.4 W/cm? has been obtained from the same study.
Overall, heat spreader heat flux values in heat pipe cooling systems
have ranged from 2.4 to 68.4 W/cm?. This indicates a significant
reduction in heat transfer limitations relative to water cooling.
Nevertheless, this range exceeds the heat transfer limitations of
traditional air cooling and permits effective thermal management
of both general and HPC servers with a higher dependency upon
heat spreading than in the case of single or rwo-phase liquid cool-
ing systems. With regards to coolant temperatures, heat pipe con-
densers have been cooled using both air and water with
temperatures ranging from 5 to 55 °C in both cases. As with active
two-phase cooling, these temperature ranges are also comparable
to those of water cooling.

4.3. Direct liquid cooling

In contrast to indirect liquid cooling, direct liquid cooling per-
mits contact between liquid coolants and electronic components
by exploiting the electrical insulation provided by dielectric fluids
[53.97]. One immediate benefit of such a strategy is an increase
in the versatility of the cooling solution as piping and sealed

Table 5
Heat pipe cooling operational characteristics based on experimental work.

Ref. Heat pipe coolant g (W)  g"us (Wjcm?)  hes (W/cm®K)  Condenser coolant  Q(cm®fs) Ti(°C) To(°C) Aus(cm?) Ay (cm?) T (°C)
[80] Water 200 46.95 1.1 Air - 225 - 426 4 65
180] Water 150 3521 1.41 Air - 55 - 426 4 80
[81] Water 200 143 0.231 Air 15,000 23 34.1 14 14 85
[81] Methanol 175 125 0.202 Air 15,000 23 3272 14 14 85
181] R141b 150 10.7 0.173 Air 15,000 23 313 14 14 85
[82] Water 100 83 0.163 Air = 25 - 12 12 75.8
[82] NF 150 12.5 0.242 Air - 25 = 12 12 76.7
[83] Water 60 24 0.12 Air - 50 - 25 25 70
183] 5i0,-H,0 60 2.4 0.16 Air - 45 - 25 25 60
[84] Methanol 120 10 0.222 Air - 20 - 12 12 65
185] Water 138 827 0.136 Air - 24 - 16.62 9 85
186] Water 197 27.8 111 Air . 25 - 7.1 7.1 50
[87] Water 350 38.9 0.635 Air 22,300 23.7 3678 9 625 85
[88] Ammonia 130 8.13 0.163 Air 6040 20 3794 16 16 70
[88] Ammonia 230 14.38 0.288 Water 8.67 20 2635 16 16 70
188] Ammonia 320 20 0.476 Water 8.67 20 2083 16 16 62
[89,90] Water 60 8.49 0.135 Air - 22 - 7.07 6.25 85
[91] Water 300 333 0.564 Air 40,116 26 3223 9 6.25 85
[92] Water 80 10 0.167 Water - 25 - 8 8 85
[79] Water 700 68.4 1.02 Water 8.33 20 4010 1024 9 87
[93] Water 100 435 0.087 Water 38.9 20 2062 23 16 70
[93] Water 100 435 0.145 Water 38.9 55 5562 23 16 85
[94] Methanol 100 3.7 0.0463 Water 333 5 6.48 27 25 85
[95] Acetone 60 5 0.141 Air - 165 - 12 12 52
[96] Water 140 12.35 0.274 Air - 15 - 11.34 9 60
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enclosures are no longer required at the server level to maintain
and direct liquid flow |14|. Furthermore, a hybrid air-liquid cool-
ing solution is no longer necessary for cooling remaining low heat
flux server components; these components may be directly and
more effectively cooled by dielectric fluids | 14]. Direct liquid cool-
ing solutions involving phase change also yield uniform surface
temperatures due to the associated latent heat transfer [97].

Although the direct contact and phase change phenomena
involved in direct liquid cooling applications may result in reduced
thermal resistances [97], the thermophysical properties of dielec-
tric fluids are notably inferior to those of water [33]. It is therefore
invalid to immediately associate direct liquid cooling with having
enhanced heat transfer characteristics relative to traditional indi-
rect liquid cooling strategies.

Direct liquid cooling solutions that are open to atmospheric
pressure generally permit low-maintenance hot swapping due to
the absence of hermetically sealed enclosures [14]; however addi-
tional maintenance procedures are required to prevent fluid losses
and to degas systems of infiltrating air and humidity [98,99]. This
issue is less prevalent in hermetically sealed direct liquid cooling
solutions. However these systems require additional maintenance
and servicing procedures for hot swapping electrical components;
enclosures must first be evacuated and then refilled with coolant
prior to being re-commissioned [14], The following subsections
provide further details on the three major types of direct liquid
cooling: pool boiling, spray cooling, and jet impingement.

4.3.1. Pool boiling

Pool boiling, also referred to as two-phase passive immersion
cooling, is a passive all-liquid (no air) cooling solution where elec-
tronics are fully immersed in a dielectric bath [97]. The tempera-
ture rise of high heat flux surfaces above the saturation
temperature of the coolant induces nucleate boiling within the
dielectric bath; thus cooling components through latent heat
transfer, bubble induced flow mixing, and gravity driven two-
phase convection [100]. In a typical implementation shown in
Fig. 8, vapor bubbles that are formed at heated surfaces rise to
an allocated vapor space above the dielectric bath where the cool-
ant is condensed through a water-cooled heat exchanger [14].
Recent research in this field has been focused on the effects surface
enhancements upon the heat transfer characteristics of pool boil-
ing [101].

A primary benefit of open bath immersion cooling in specific is
the absence of hermetically sealed enclosures, server level piping,
and fluidic connectors; thus yielding a highly versatile solution
that also permits low-maintenance hot swapping of server compo-
nents [14]. Additionally, the passive heat transfer characteristics

=) Cold supply water
4== Hot return water

= =

—Vapor region

— Liquid region

Fig. 8. Pool boiling arrangement.
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eliminate chip level pumping power requirements while improv-
ing reliability [ 14]; essentially emulating heat pipes while operat-
ing at atmospheric pressure,

Heat transfer and flow characteristics of pool boiling systems
based on recent experimental work are presented in Table 6. This
table lists the type of surface enhancement (if any) tested in each
study. A heat spreader area (Aus) labelled as not applicable (nfa)
indicates that no heat spreading was used in the given study; the
heated surface was cooled directly by the dielectric coolant. Inlet
and outlet temperatures (T; and T,) have been replaced by the
dielectric fluid saturation temperature (T;) and the bath temper-
ature (Th,m) which may differ from the former when the coolant is
subcooled. The highest heat transfer rate of 156 W has been
obtained from Misale et al. [102] where the impact of confining a
heated surface with a face-to-face parallel unheated surface was
studied. Dielectric liquid HFE-7100 with a saturation temperature
of 61 °C and no subcooling was used to maintain a roughened
7.07 cm? heated surface at 72.5 °C. The major findings indicated
that a smaller confinement region drastically reduced heat transfer
at high surface temperatures while such an effect was less appar-
ent at surface temperatures closer to the fluid saturation tempera-
ture. The highest heat spreader heat flux of 98.3 W/cm® has been
obtained from Yu and Lu [103] where the effects of rectangular
fin arrays on pool boiling heat transfer were studied. Dielectric lig-
uid FC-72 with a saturation temperature of 56 °C and no subcool-
ing was used to maintain a 1cm? finned heated surface at 85 °C.
It was identified that closely packed and taller fins engendered
greater flow resistance against vapor liftoff between adjacent fins
causing the heat transfer coefficient to rapidly decay. Overall, heat
spreader heat flux values for pool boiling systems have ranged
from 11 to 98.3 W/cm?. This indicates an improvement in heat
transfer limitations relative to loop heat pipe cooling systems;
yet this range of heat flux values is still inferior relative to active
indirect liquid cooling strategies.

Information regarding water temperatures within condensers is
seldom documented in experimental studies; however atmo-
spheric boiling temperatures for commonly used dielectric cool-
ants have ranged from 49 to 61°C while certain studies have
subcooled dielectric baths to as low as 11 °C. Industry implementa-
tions of open bath pool boiling have recorded water temperatures
as high as 60°C within condenser coils while maintaining chip
temperatures below 85 °C [ 14]. As with all liquid cooling strategies
reviewed thus far, these temperature ranges are comparable to
those of water cooling.

These characteristics have rendered pool boiling a major con-
tender to air cooling; which justifies the recent growth of immer-
sion cooling within the data center industry. A selected
implementation of open bath two-phase immersion cooling in ser-
vers has been developed by 3M [14]. Alternative approaches to
immersion cooling within industry have been implemented by Lig-
uidCool Solutions [115] and Green Revolution Cooling [116] where
heat transfer is dominated by dielectric coolant flow rather than
nucleate boiling. Studies examining the combined effects of forced
convection and nucleate boiling in immersion cooling systems
have been performed by Gess et al. [106,117]. A comparison
between pure pool boiling and a flow condition of 660 mL/min
was performed within a dielectric bath. The addition of forced con-
vection raised the heat transfer limitation of the system by 45% at a
heated surface temperature of 80 °C,

4.32. Spray cooling

Spray cooling involves the dispersion or atomization of liquid
coolants into fine droplets prior to achieving contact with a heated
surface [ 118]; this is accomplished through the large pressure dif-
ferential generated across nozzle orifices. The heat transfer mech-
anisms involved with spray cooling are complex and are still
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Table 6

Pool boiling operational characteristics based on experimental work.
Ref. Surface Coolant q (W) q"us (W/cm?) her (W/cm? K) Tsat (°C) Tpath (°C) Aus (cm?) Ay (cm?) Tw (°C)
[104] Smooth FC-72 70.95 11 0.393 56 56 n/a 6.45 84
[104] Particles FC-72 103.2 11.12 0.383 56 56 9.29 6.45 85
[105] Smooth Novec 649 71.88 11.5 0.479 49 49 n/a 6.25 73
[105] Smooth HFE-7100 75 12 0.545 61 61 n/a 6.25 83
[105] Microfins Novec 649 109.38 17.5 1.46 49 49 n/a 6.25 61
[105] Microfins HFE-7100 109.8 17.5 1.94 61 61 n/a 6.25 70
[106] Smooth Novec 649 70 12.15 0.419 49 49 n/a 5.76 78
[106] Microporous Novec 649 78.75 13.67 1.24 49 49 n/a 5.76 60
[106] Microfins Novec 649 80 13.89 1.26 49 49 n/a 5.76 60
[99] Smooth FC-72 17 17 0.81 51.5 51.5 n/a 1 72.5
[99] Porous FC-72 28 28 2.33 51.5 51.5 n/a 1 63.5
[99] Smooth FC-72 30 30 0.545 51.5 215 n/a 1 76.5
[99] Porous FC-72 58 58 1.16 51.5 215 n/a 1 71.5
[107] Microporous PF-5060 25 25 3.85 51.4 51.4 n/a 1 57.9
[108] Porous FC-72 30 30 1.07 56 56 n/a 1 84
[108] Porous HFE-7100 30 30 1.25 61 61 n/a 1 85
[108] Porous FC-72 57.5 57.5 0.991 56 26 n/a 1 84
[108] Porous HFE-7100 65 65 1.2 61 31 n/a 1 85
[109] Smooth FC-72 17 17 0.633 56 56 n/a 1 83
[109] Nanoparticle FC-72 22 22 0.88 56 56 n/a 1 81
[102,110] Roughened HFE-7100 155.54 22 1.91 61 61 n/a 7.07 72.5
[111] Microporous FC-72 8.2 20 1.25 56 56 n/a 0.41 72
[111] Microporous FC-72 15.6 38 0.585 56 21 n/a 0.41 86
[112] Micro-cavity FC-72 30 30 1 56 56 n/a 1 86
[103] Fin array FC-72 98.3 98.3 2.89 56 56 n/a 1 90
[113] Rough pin fin FC-72 30 30 1.03 56 56 nfa 1 85
[113] Rough pin fin FC-72 50 50 1.06 56 31 n/a 1 78
[113] Rough pin fin FC-72 63 63 0.913 56 11 n/a 1 80
[114] Hoodoo FC-72 25 25 0.714 56 56 n/a 1 91

subject to investigation. Mechanisms such as single-phase convec-
tion, thin film evaporation, and secondary nucleation have been
suggested by researchers attempting to justify the enhanced heat
transfer rates observed in spray cooling systems [118,119].

Direct spray cooling may be implemented in a versatile manner
that is capable of universally cooling all server components. One
particular design suggested by Yan et al. [120]| employs inclined
gas-assisted nozzles to induce multiple sprays covering the major-
ity of a server board’s area. The issue here however is that server
electronics are now sealed within the vapor chamber that main-
tains two-phase coolant flow. This will require high-maintenance
hot swapping procedures as with any hermetically sealed direct
liquid cooling solution [14].

In contrast, spray cooling may be implemented in an indirect
manner where the heat transfer phenomena take place within spe-
cialized cold plates. A selected example of such an approach has
been developed for military environments by SprayCool™ [121]

where air cooled heat sinks within servers are replaced with spray
cooled cold plate modules. This strategy permits easy hot swap
access to electronics by means of quick-disconnect fluidic connec-
tors; however this solution bears more resemblance to indirect
liquid cooling and is subject to similar drawbacks in versatility.
Heat transfer and flow characteristics of spray cooling systems
based on recent experimental work are presented in Table 7. The
highest heat transfer rate of 503 W has been obtained from Chen
et al. [122] where the heat transfer characteristics of refrigerants
R134a and R22 are compared in spray cooling applications. R22
with a saturation temperature of 11 °C and an inlet temperature
of 0°C was used to maintain a smooth 2.01 cm? heated surface
(503 W) at 46 °C. On the other hand, R134a at a saturation temper-
ature of 26.7 °C and an inlet temperature of 0 °C maintained the
same heated surface at 72.7 °C with a heat transfer rate of only
235.17 W. Although R22 is preferable in terms of heat transfer
characteristics, R134a is considered a prospective alternative due

Table 7

Spray cooling operational characteristics based on experimental work.
Ref. Surface Coolant q (W) q"us (W/em?)  her (W/em?K)  Q(cm®fs) Ti(°C) Ter (°C) Aw(cm?) Tw(°C) AP (KPa)  Ppump (W)
[123] Smooth R134a 231.15 115 2 5.93 9.37 063 2 48.13 - -
[124] Smooth PF-5060 175 3.97 0.064 0.36 26 56.7 44 88 207 0.0751
[125] Smooth R134a 240 120 4.8 6.50 10 10 2 35 480 3.121
[125] Macro-pins  R134a 340 170 6.8 6.50 10 10 2 35 480 3.121
[125] Micro-pins R134a 420 210 8.4 6.50 10 10 2 35 480 3.121
[126] Smooth PF-5060 160 80 1.62 3.33 20.5 31 2 70 379 1.262
[126] Fins PF-5060 250 125 2.53 3.33 20.5 31 2 70 379 1.262
[127] Smooth R134a 13745 28 1.04 0.67 10.7 15.7 4.9 37.7 80 0.0538
[127] Cu Foam R134a 196.36 40 2.58 1.12 10.7 15.7 49 26.2 240 0.269
[128] Smooth Methanol 100 16 0.604 - 285 64.7 6.25 55 100 -
[129] Smooth R134a 22246 138 8.12 4.83 20.3 20.3 1.61 373 105 0.507
[122] Smooth R134a 23517 117 1.61 6.04 0 26.7 2.01 72.7 400 2416
[122] Smooth R22 502.5 250 5.43 5.87 0 11 2.01 46 400 235
[130] Smooth R134a 290 145 2.99 8.04 0.6 0.6 2 48 474 3.809
[131] Cu Foam R134a 147.27 30 231 0.68 10.7 15.7 49 23.7 80 0.0545
[131] Grooved R134a 13254 27 1.17 0.68 10.7 15.7 49 33.7 80 0.0545
[132,133] Roughened R134a 309.7 192 8.53 8.33 203 20.3 1.6 42.8 300 2.5
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to its zero ozone depletion potential, low global warming potential,
non-toxicity, and non-inflammability. The highest heat spreader
heat flux of 250 W/cm? has been obtained from the same study
with R22 as coolant. Overall, heat spreader heat flux values for
spray cooling systems have ranged from 3.97 to 250 W/cm?.

This range of heat flux values exceeds that of indirect two-phase
cooling; however this comes at the cost of increased pumping
power requirements attributed to the large pressure drop gener-
ated across spray nozzle orifices. Flowrates for cooling a single pro-
cessor have ranged from 0.4 to 8.3 cm®/s and pumping power
requirements have been calculated to range from 0.05 to 3.8 W
per processor. Coolant inlet temperatures within these studies
have ranged from 10 to 29 °C with saturation occurring at tem-
peratures ranging from O to 65 °C. These temperature ranges indi-
cate a reduction in free cooling potential relative to single-phase
cooling; although industry driven experimentation may disprove
this conclusion. The reduction in coolant inlet temperatures may
be attributed to the popularity of refrigerants with low saturation
temperatures in spray cooling experimentation.

4.3.3. Jet impingement

Jet impingement exploits high-velocity forced convection by
ejecting coolant directly onto a heated surface through a conver-
gent nozzle [97]. The high speed impingement results in the for-
mation of thin temperature and velocity boundary layers which,
when combined with bubble induced flow mixing and latent heat
transfer, yield desirable heat transfer rates [100,134].

Similar to spray cooling, jet impingement is currently scarcely
implemented in server cooling applications. Core similarities also
exist between the two cooling solutions; namely, the necessity of
a sealed vapor chamber, two-phase coolant flow, and direct contact
with electronic components. As a result, jet impingement is subject
to the same conclusions as spray cooling regarding its versatility
and hot swap capabilities.

Heat transfer and flow characteristics of jet impingement sys-
tems based on recent experimental work are presented in Table 8.
The highest heat transfer rate of 347 W has been obtained from
Joshi and Dede [135] where the impact of subcooling upon jet
impingement onto a 6.45 cm? porous pin fin array is investigated.
Dielectric HFE-7100 at a saturation temperature of 61 °C and an
inlet temperature of 55.5 °C was used to maintain a heated surface
temperature of 66 °C. Major findings indicated that porous coated
fins yield a 79% enhancement in the heat transfer coefficient rela-
tive to plain fins. Additionally, the heat transfer performance of the

system was enhanced by reducing inlet subcooling. The highest
heat spreader heat flux of 275 W/cm? has been obtained from Ndao
et al. [136] where jet impingement heat transfer on smooth sur-
faces, circular pin fins, square pin fins, and hydrofoil pin fins was
investigated. The largest heat transfer rate of 11 W was achieved
through hydrofoil pin fins with an array coverage area of
0.04 cm? and a heated surface temperature of 69 °C. The coolant
used was R134a at a saturation temperature of 36 °C and an inlet
temperature of 26 °C. Overall, heat spreader heat flux values for
jet impingement systems have ranged from 16 to 275 W/cm?.
This range of heat flux values further exceeds that of spray cool-
ing while showing a reduction in pumping power requirements.
Flowrates for cooling a single processor have ranged from 1 to
30 cm?/s and pumping power requirements have been calculated
to range from 0.006 to 1.5 W per processor. This is attributed to
reduced pressure differentials generated across jet nozzles in rela-
tion to atomizing nozzles used in spray cooling applications. As
with most liquid cooling solutions reviewed, coolant temperatures
for jet impingement are comparable to those of single-phase water
cooling. Inlet temperatures have ranged from 20 to 61 °C with
saturation occurring at temperatures ranging from 31 to 68 °C.

5. Comparative design review

The examined cooling technologies are compared directly by
plotting the effective heat transfer coefficients attained from each
study as a function of their corresponding inlet temperatures and
pumping power requirements. The solutions are first compared
within their respective categories followed by a general compar-
ison of all systems.

5.1. Air and active indirect cooling

First, air and active indirect cooling solutions (i.e. water, and
two-phase cooling) are compared as a function of inlet tempera-
tures in Fig. 9a. Effective heat transfer coefficients of air cooling
systems have ranged from 0.04 to 0.07 W/cm? K with the higher
end of the range corresponding to an inlet temperature of 20 °C
and the lower end corresponding to an inlet temperature of
35 °C. This serves as an appropriate benchmark given that HPC pro-
cessor heat loads expected by the year 2020 have approached the
heat transfer limitation of practical air cooling.

Effective heat transfer coefficients of water cooling systems
have ranged evenly from 0.1 to 4 W/cm? K with most data points

Table 8

Jet impingement operational characteristics based on experimental work.
Ref.  Surface Coolant q(W)  @"us (Wfcm?)  hesr(W[em?K)  Q(cm®fs) Ti(°C) Tear(°C) Aus(cm?) Aw(cm?) Ty (°C) AP (kPa) Ppump (W)
[137]  Smooth FC-72 57.6 40 1.82 47 50 n/a 1.44 69 240 0.6
[137] Fins FC-72 119.52 83 3.95 47 50 n/a 1.44 68 240 0.6
[137] Pin fins FC-72 1224 85 5 47 50 n/a 1.44 64 240 0.6
[138] Microchannel HFE-7100 200 100 1.67 20 68 2 2 80 150 1.152
[139]  Smooth PF5060 24 30 0.698 31 56 n/a 0.8 74 - -
[140]  Smooth HFE-7100 64 16 0.5 51 61 n/a 4 83 2.5 0.0188
[140] Smooth HFE-7100 100 25 0.893 51 64 n/a 4 79 9.5 0.285
[136] Smooth R134a 4.6 115 6.97 26 31 n/a 0.04 425 - -
[136] Square pins R134a 7 175 8.14 26 31 n/a 0.04 47.5 - -
[136] Hydrofoil pins R134a 11 275 6.4 26 36 n/a 0.04 69 - -
[141] Smooth HFE-7100 30.18 60 2.5 61 61 n/a 0.50 85 - -
[134]  Micro pin fins FC-72 120 120 2.4 31 56 n/a 1 81 - -
[142]  Smooth FC-72 110 183 0.654 1.807 56 56 n/a 6 84 - -
[143]  Smooth R134a 2.55 255 9.62 1.675 37 47 n/a 0.01 63.5 187 0313
[135]  Smooth HFE-7100 216.59 33.58 1.34 51 61 6.45 3.61 76 0.9 0.0063
[135] Pin fins HFE-7100 33934 52.61 1.75 51 61 6.45 3.61 81 2.7 0.0189
[135]  Porous fins HFE-7100 346.56 43.73 4.16 55.5 61 6.45 3.61 66 3.6 0.0252
[144]  Smooth HFE-7100 37 37 3.08 56 61 n/a 1 68 210 1.502
[144]  Smooth Nanofluid 46 46 3.83 56 61 n/a 1 68 210 1.502
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Fig. 9. Effective heat transfer coefficients derived from active indirect cooling
studies.

falling within the 20-30 °C inlet temperature range; however even
with inlet water temperatures as high as 50 and 60 °C, effective
heat transfer coefficients as high as 1.3 and 2.4 W/cm? K have been
attained. These values are more than an order of magnitude greater
that those of air cooling with an inlet air temperature of 20 °C. This
amplification of cooling capacity and waste heat recovery potential
comes as no surprise given the poor thermophysical properties of
air relative to water as a heat transfer medium.

Two-phase cooling results show further improvement relative
to water cooling with effective heat transfer coefficients ranging
evenly from 0.7 to 6 W/cm? K (excluding an anomalous data point
at 8.6 W/cm? K) with most data points again falling within the 20—
30°C inlet temperature range. Effective heat transfer coefficients
as high as 1.7 and 4.4 W/cm2 K have also been attained at inlet
temperatures between 50 and 60 °C. Therefore even though water
possesses thermophysical properties preferable to those of typical
dielectric coolants and refrigerants, two-phase systems have
demonstrated higher cooling capacities due to the presence of
nucleation and latent heat transfer phenomena.

When comparing water and two-phase cooling systems as a
function of pumping power requirements in Fig. 9b, it is difficult

to draw any conclusions due to the lack of pressure drop data avail-
able in two-phase cooling experimental studies. It is evident how-
ever, that pumping power requirements are generally less than
1 W for both solutions; even in cases with effective heat transfer
coefficients as high a 4 W/cm? K. Although fan power requirements
in air cooling systems were not calculated, it is expected that they
are greater than 1 W while yielding effective heat transfer coeffi-
cients of less than 0.1 W/cm? K. Again, this reduction of pumping
power requirements in liquid cooling systems is mainly attributed
to the superior thermophysical properties of liquid coolants rela-
tive to air.

5.2. Passive cooling

Passive cooling solutions (i.e. heat pipes and pool boiling) are
compared as a function of inlet temperatures in Fig, 10; no graph
is dedicated to pumping power requirements here as these passive
systems consume no energy at the server level. Effective heat
transfer coefficients of loop heat pipe cooling systems have ranged
evenly from 0.1 to 1.4 W/cm? K while those of pool boiling systems
have ranged evenly from 0.4 to 2 W/cm? K (excluding anomalous
data points between 2 and 4 W/cm? K). The larger cooling capaci-
ties of pool boiling systems may be attributed to the absence of
thermal interfaces between heated surfaces and dielectric coolants.
Regardless, both solutions have yielded cooling capacities lower
than those of water and two-phase cooling systems while still sub-
stantially larger than those of air cooling.

The majority of loop heat pipe systems have required condenser
coolant temperatures ranging from 15 to 25 °C while pool boiling
systems have required bath temperatures ranging from 50 to
60°C. It is tempting to conclude that pool boiling offers higher
potential for waste heat recovery; however it should be noted that
a direct comparison between heat pipe condenser temperatures
and pool boiling bath temperatures is not entirely valid. For this
comparison to be warranted, inlet water temperatures within
pooling boiling condensers must be presented instead; however
this data is seldom available in pool boiling literature. Regardless,
industry implementations of pool boiling have successfully made
use of inlet condenser water temperatures as high as 60°C [14]
and a few heat pipe systems reviewed have done so with air and
water condenser inlet temperatures as high as 55 °C. It is therefore
difficult to draw any meaningful conclusions until condenser tem-
peratures are better documented within pool boiling literature.
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Fig. 10. Effective heat transfer coefficients derived from passive cooling studies.
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5.3. Active direct cooling

Active direct cooling solutions (ie. spray cooling and jet
impingement) are compared as a function of inlet temperatures
in Fig. 11a. Effective heat transfer coefficients for both systems
have ranged evenly from less than 0.4 to 9 W/cm? K; interestingly
however, a clear distinction is apparent in their respective inlet
temperatures. The majority of spray cooling studies required inlet
temperatures ranging from 0 to 20 °C while most jet impingement
studies utilized inlet temperatures ranging from 45 to 60 °C (a
number jet impingement data points also appear in the vicinity
of 30°C). The reasons for this discrepancy are not immediately
clear and require deeper investigation into the heat transfer mech-
anisms of these cooling solutions. It is likely however that the pop-
ularity of refrigerants in spray cooling studies versus the
popularity of dielectric fluids (with higher saturation tempera-
tures) in jet impingement studies plays a certain role. Regardless,
this data indicates that jet impingement yields higher potential
for waste heat recovery than spray cooling. A comparison of pump-
ing power requirements shown in Fig. 11b reveals a similar
arrangement. The majority of spray cooling systems have required
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Fig. 12. Ranges of effective heat transfer coefficients from all reviewed studies.

pumping powers ranging from 1 to 4 W while most jet impinge-
ment systems have operated with less than 1 W (less than 0.1 W
in some cases).

5.4. General review

The effective heat transfer coefficients presented above are col-
lected in a single one dimensional bar chart in Fig. 12 in order to
facilitate a general comparison; this figure also indicates the effec-
tive heat transfer coefficients from individual studies within each
bar. With respect to heat transfer limitations, active direct liquid
cooling solutions — namely, spray cooling and jet impingement -
exhibit the most promising results. This superiority over indirect
liquid cooling strategies is attributed to the absence of conductive
thermal interfaces between the coolant and heated surface, as well
as the evaporative and latent heat transfer processes involved [97].
Nonetheless, these solutions are also associated with the highest
pumping power requirements of any liquid cooling solution
reviewed; a characteristic that is attributed to the large pressure
drop generated across jet and spray nozzles [145]. As an additional
drawback, the necessary containment of server electronics within
sealed vapor chambers prohibits easy hot swap access to server
components as evacuation and refill processes are mandatory [14].

Active indirect liquid cooling solutions - namely, single and
two-phase cooling - stand as the next best strategies in terms of
heat transfer limitations. In spite of this inferiority, these solutions
exhibit a substantial reduction in pumping power requirements
while permitting easier hot swap access to server electronics
through quick-disconnect fluidic connectors [28]. Furthermore,
the heat flux values attained through these solutions are more than
sufficient for electronics cooling applications when compared to
traditional air cooling. Conclusively, indirect single and two-
phase cooling solutions are more practical in server cooling appli-
cations than active direct liquid cooling solutions (spray cooling
and jet impingement). A drawback with these solutions however
is a lack of versatility as custom piping layouts are required at both
facility and server levels [14].

Due to their passivity, heat pipe cooling solutions require no
server level pumping power and at the same time yield greater
reliability | 76]; however they also possess the lowest heat transfer
limitations of all liquid cooling solutions reviewed. Nonetheless,
heat pipes present several advantages when compared to single
and two-phase cooling solutions. First, fluidic connectors within
servers are eliminated as heat pipes must be hermetically sealed
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prior to being commissioned [76]; this mitigates issues pertaining
to leakage during assembly. Second, heat pipe condensers may be
effectively cooled by means of air or thermal contact heat exchang-
ers [76,77]; both of which permit easy hot swap access to electron-
ics without terminating any fluidic connections. As an indirect
liquid cooling solution however, heat pipe cooling systems remain
subjected to a lack of versatility.

The most impressive liquid cooling solution reviewed is
undoubtedly open bath two-phase passive immersion cooling or
pool boiling. This approach overcomes the disadvantages of its
competitors by presenting an all-liquid cooling solution that is pas-
sive and versatile, while providing easy hot swap access to elec-
tronics in a manner that is comparable to that of air cooling [14].
In spite of maintenance issues pertaining to coolant degassing
and vapor loss [98], immersion cooling is a highly practical choice
for general purpose server cooling within data centers. For practi-
cal application in HPC servers however, further investigation is
required into the effects of heat spreading on pool boiling heat
transfer [99].

On a final note, air cooling may be considered the least effective
cooling strategy solely from the perspective of heat transfer and
operating costs. The poor thermophysical properties of air yield
the lowest heat transfer limitation of any cooling solution
reviewed along with undesirable coolant temperatures and flow-
rates; all of which exacerbate the issue of thermal management
and increase operating expenses. From the standpoint of reliability
and implementation however air cooling is a prominent strategy
for thermal management. The absence of liquid coolants, sealed
enclosures, piping, and fluidic connectors bolsters reliability while
also rendering a highly versatile system; this facilitates component
hot swapping, installation, and maintenance. It is evident from the
popularity of air cooling within industry that these qualities take
precedence over heat transfer and flow characteristics as the scale
and complexity of data centers intensifies.

6. Conclusions

A review of the heat transfer characteristics of cooling strategies
for server electronics has been presented. Liquid cooling solutions
have exhibited significant improvements in terms of heat transfer
limitations, coolant temperatures, and coolant flowrates relative to
traditional air cooling; this has been attributed to the superior
thermophysical properties and heat transfer mechanisms associ-
ated with liquid cooling.

In the case of general purpose computing, it has been concluded
that the heat transfer limitation of air cooling is not an inhibiting
factor to thermal management. Therefore the implementation of
liquid cooling strategies in such scenarios should be motivated
by other factors such as the reduction of operating costs, improved
chip performance, and the need for waste heat recovery. It is evi-
dent from the cold aisle temperatures observed that waste heat
recovery is less practical, and in some cases impossible, with tradi-
tional air cooling. Solely a heat transfer medium with enhanced
thermophysical properties can engender the desired leap in heat
reuse potential.

The above conclusion does not hold in the case of high perfor-
mance computing, where the rate of chip heat generation has
approached the limitation of air cooling. In such scenarios, the
potential heat transfer limitation of a given cooling solution should
play a larger role in design processes. It has been concluded that
with appropriate heat spreading, all liquid cooling solutions exam-
ined in this study permit the effective thermal management of high
performance processors available until the year 2020. As a result,
alternative factors must be considered when selecting an ideal
liquid cooling solution; these may include reliability, versatility,

hot-swap capability, maintenance requirements, and capital
expenditures.

Acknowledgements

The authors are thankful for financial contributions from the
Natural Sciences and Engineering Research Council of Canada
(NSERC) and the Canada Foundation for Innovation (CFI). The
authors are also thankful for the support and involvement of
Raytheon Canada.

References

[1] S.V. Garimella, L.-T. Yeh, T. Persoons, Thermal management challenges in
telecommunication systems and data centers, IEEE Trans. Compon. Packag.
Manuf. Technol. 2 (2012) 1307-1316.

[2] S.V. Garimella, T. Persoons, J. Weibel, L.-T. Yeh, Technological drivers in data
centers and telecom systems: multiscale thermal, electrical, and energy
management, Appl. Energy 107 (2013) 66-80.

[3] J. Whitney, P. Delforge, Data Center Efficiency Assessment, Natural Resources
Defense Council, 2014.

[4] K. Kant, Data center evolution, Comput. Netw. 53 (2009) 2939-2965.

[5] K. Ebrahimi, G.F. Jones, A.S. Fleischer, A review of data center cooling
technology, operating conditions and the corresponding low-grade waste
heat recovery opportunities, Renew. Sustain. Energy Rev. 31 (2014) 622-638.

[6] H. Zhang, S. Shao, H. Xu, H. Zou, C. Tian, Free cooling of data centers: a review,
Renew. Sustain. Energy Rev. 35 (2014) 171-182.

[7] Y. Fulpagare, A. Bhargav, Advances in data center thermal management,
Renew. Sustain. Energy Rev. 43 (2015) 981-996.

[8] E. Or6, V. Depoorter, A. Garcia, J. Salom, Energy efficiency and renewable
energy integration in data centres, Strateg. Modell. Rev. Renew. Sustain.
Energy Rev. 42 (2015) 429-445.

[9] H. Geng, Data Center Handbook, John Wiley & Sons, Inc., New Jersey, 2015.

[10] Datacom equipment power trends and cooling applications, second ed.,
American Society of Heating, Refrigerating and Air-Conditioning Engineers,
Inc., 2012.

[11] B. Fakhim, M. Behnia, S.W. Armfield, N. Srinarayana, Cooling solutions in an
operational data centre: a case study, Appl. Therm. Eng. 31 (2011) 2279-
2291.

[12] Flip Chip Packaging Technology Solutions. <http://www.amkor.com/go/Flip-
Chip-Packaging>.

[13] G. Xu, B. Guenin, M. Vogel, Extension of air cooling for high power processors,
The Ninth Intersociety Conference on Thermal and Thermomechanical
Phenomena in Electronic Systems, Dover, vol. 1, 2004, pp. 186-193.

[14] P.E. Tuma, The merits of open bath immersion cooling of datacom equipment,
in: 26th Annual IEEE Semiconductor Thermal Measurement and Management
Symposium, 2010, pp. 123-131.

[15] T. Katoh, G. Xu, M. Vogel, S. Novotny, New attempt of forced-air cooling for
high heat-flux applications, The Ninth Intersociety Conference on Thermal
and Thermomechanical Phenomena in Electronic Systems, vol. 2, 2004, pp.
34-39.

[16] H.Y. Zhang, D. Pinjala, P. Teo, Thermal management of high power dissipation
electronic packages: from air cooling to liquid cooling, in: 5th IEEE Electronics
Packaging Technology Conference, 2003, pp. 620-625.

[17] M. Saini, R.L. Webb, Heat rejection limits of air cooled plane fin heat sinks for
computer cooling, in: The Eighth Intersociety Conference on Thermal and
Thermomechanical Phenomena in Electronic Systems, 2002, pp. 1-8.

[18] S.-W. Ham, M.-H. Kim, B.-N. Choi, J.-W. Jeong, Simplified server model to
simulate data center cooling energy consumption, Energy Build. 86 (2015)
328-339.

[19] H. Tian, Z. He, Z. Li, A combined cooling solution for high heat density data
centers using multi-stage heat pipe loops, Energy Build. 94 (2015) 177-188.

[20] H.S. Sun, S.E. Lee, Case study of data centers’ energy performance, Energy
Build. 38 (2006) 522-533.

[21] J.F. Kovar, Power, environmental concerns driving data center design. <http://
www.crn.com/news/data-center/232600187/power-environmental-
concerns-driving-data-center-design.htm>, 2012 (accessed: June 19th, 2015).

[22] Thermal Guidelines for Data Processing Environments, third ed., American
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., 2012.

[23] J. Siriwardana, S. Jayasekara, S.K. Halgamuge, Potential of air-side
economizers for data center cooling: a case study for key Australian cities,
Appl. Energy 104 (2013) 207-219.

[24] K.-P. Lee, H.-L. Chen, Analysis of energy saving potential of air-side free
cooling for data centers in worldwide climate zones, Energy Build. 64 (2013)
103-112.

[25] SUNON. <http://www.sunon.com/>.

[26] DELTA. <http://www.delta-fan.com/>.

[27] T. Gao, M. David, J. Geer, R. Schmidt, B. Sammakia, Experimental and
numerical dynamic investigation of an energy efficient liquid cooled chiller-
less data center test facility, Energy Build. 91 (2015) 83-96.

[28] G.F. Goth, An overview of the IBM Power 775 supercomputer water cooling
system, J. Electron. Packag. 134 (2012) 020906.

015



A.C. Kheirabadi, D. Groulx/Applied Thermal Engineering 105 (2016) 622-638 637

[29] J. Grimshaw, M. McSweeney, S. Novotny, M. Gagnon, Data Center Rack Level
Cooling Utilizing Water-Cooled, Passive Rear Door Heat Exchangers (RDHx)
as a Cost Effective Alternative to CRAH Air Cooling, Coolcentric, 2011.

[30] S.T. Kadam, R. Kumar, Twenty first century cooling solution: microchannel
heat sinks, Int. J. Therm. Sci. 85 (2014) 73-92.

[31] M. Asadi, G. Xie, B. Sunden, A review of heat transfer and pressure drop
characteristics of single and two-phase microchannels, Int. ]. Heat Mass
Transfer 79 (2014) 34-53.

[32] RackCDU D2C Liquid Cooling, Asetek. <http://www.asetek.com/data-
center/data-center-coolers/rackcdu-d2c/>.

[33] C. Borgnakke, R.E. Sonntag, Fundamentals of Thermodynamics, seventh ed.,
John Wiley & Sons, Inc., New Jersey, 2008.

[34] S. Zimmermann, I. Meijer, M.K. Tiwari, S. Paredes, B. Michel, D. Poulikakos,
Aquasar: a hot water cooled data center with direct energy reuse, Energy 43
(2012) 237-245.

[35] Asetek. <http://www.asetek.com/>.

[36] CoolIT Systems. <http://www.coolitsystems.com/>.

[37] B. Rimbault, C.T. Nguyen, N. Galanis, Experimental investigation of CuO-
water nanofluid flow and heat transfer inside a microchannel heat sink, Int. J.
Therm. Sci. 84 (2014) 275-292.

[38] YJ. Lee, P.K. Singh, P.S. Lee, Fluid flow and heat transfer investigations on
enhanced microchannel heat sink using oblique fins with parametric study,
Int. J. Heat Mass Transfer 81 (2015) 325-336.

[39] R. Singh, A. Akbarzadeh, M. Mochizuki, Sintered porous heat sink for cooling
of high-powered microprocessors for server applications, Int. J. Heat Mass
Transfer 52 (2009) 2289-2299.

[40] G.Wang, D. Niu, F. Xie, Y. Wang, X. Zhao, G. Ding, Experimental and numerical
investigation of a microchannel heat sink (MCHS) with micro-scale ribs and
grooves for chip cooling, Appl. Therm. Eng. 85 (2015) 61-70.

[41] W. Qu, I. Mudawar, Experimental and numerical study of pressure drop and
heat transfer in a single-phase micro-channel heat sink, Int. J. Heat Mass
Transfer 45 (2002) 2549-2565.

[42] M. Reyes, ].R. Arias, A. Velazquez, .M. Vega, Experimental study of heat
transfer and pressure drop in micro-channel based heat sinks with tip
clearance, Appl. Therm. Eng. 31 (2011) 887-893.

[43] J.P. Calame, R.E. Myers, S.C. Binari, F.N. Wood, M. Garven, Experimental
investigation of microchannel coolers for the high heat flux thermal
management of GaN-on-SiC semiconductor devices, Int. J. Heat Mass
Transfer 50 (2007) 4767-4779.

[44] R. Chein, J. Chuang, Experimental microchannel heat sink performance
studies using nanofluids, Int. J. Therm. Sci. 46 (2007) 57-66.

[45] N. Tran, C. Zhang, T. Dang, ].-T. Teng, Numerical and experimental studies on
pressure drop and performance index of an aluminum microchannel heat
sink, 2012, pp. 252-257.

[46] YJ. Lee, P.S. Lee, S. Chou, Experimental investigation of oblique finned
microchannel heat sink, in: 12th IEEE Intersociety Conference on Thermal
and Thermomechanical Phenomena in Electronic Systems (ITherm), 2010, pp.
1-7.

[47] E.M. Dede, Y. Liu, Experimental and numerical investigation of a multi-pass
branching microchannel heat sink, Appl. Therm. Eng. 55 (2013) 51-60.

[48] S. Zimmermann, M.K. Tiwari, I. Meijer, S. Paredes, B. Michel, D. Poulikakos,
Hot water cooled electronics: exergy analysis and waste heat reuse
feasibility, Int. J. Heat Mass Transfer 55 (2012) 6391-6399.

[49] P. Parida, M. David, M. lyengar, M. Schultz, M. Gaynes, V. Kamath, B.
Kochuparambil, T. Chainer, Experimental investigation of water cooled server
microprocessors and memory devices in an energy efficient chiller-less data
center, in: 28th IEEE SEMI-THERM Symposium, 2012.

[50] M. Iyengar, M. David, P. Parida, V. Kamath, B. Kochuparambil, D. Graybill, M.
Schultz, M. Gaynes, R.E. Simons, R.R. Schmidt, T. Chainer, Server liquid cooling
with chiller-less data center design to enable significant energy savings, in:
28th IEEE SEMI-THERM Symposium, 2012.

[51] C.S. Sharma, S. Zimmermann, M.K. Tiwari, B. Michel, D. Poulikakos, Optimal
thermal operation of liquid-cooled electronic chips, Int. ]. Heat Mass Transfer
55 (2012) 1957-1969.

[52] A. Carbé, E. Or6, ]. Salom, M. Canuto, M. Macias, J. Guitart, Experimental and
numerical analysis for potential heat reuse in liquid cooled data centres,
Energy Convers. Manage. 112 (2016) 135-145.

[53] P.E. Tuma, Fluoroketone C2F5C(O)CF(CF3)2 as a heat transfer fluid for passive
and pumped 2-phase applications, in: Twenty-fourth Annual IEEE
Semiconductor Thermal Measurement and Management Symposium, 2008,
pp. 173-179.

[54] Ebullient. <http://www.ebullientcooling.com/product/>.

[55] L. Pranoto, K.C. Leong, An experimental study of flow boiling heat transfer
from porous foam structures in a channel, Appl. Therm. Eng. 70 (2014) 100-
114.

[56] B. Agostini, R. Revellin, J.R. Thome, M. Fabbri, B. Michel, D. Calmi, U. Kloter,
High heat flux flow boiling in silicon multi-microchannels - Part IIl: saturated
critical heat flux of R236fa and two-phase pressure drops, Int. J. Heat Mass
Transfer 51 (2008) 5426-5442.

[57] M. Law, P.-S. Lee, A comparative study of experimental flow boiling heat
transfer and pressure characteristics in straight- and oblique-finned
microchannels, Int. J. Heat Mass Transfer 85 (2015) 797-810.

[58] M. Law, P.-S. Lee, K. Balasubramanian, Experimental investigation of flow
boiling heat transfer in novel oblique-finned microchannels, Int. J. Heat Mass
Transfer 76 (2014) 419-431.

016

[59] Y. Madhour, J.A. Olivier, E. Costa-Patry, S. Paredes, B. Michel, J.R. Thome, Flow
boiling of R134a in a multi-microchannel heat sink with hotspot heaters for
energy-efficient microelectronic CPU cooling applications, IEEE Trans.
Compon. Packag. Manuf. Technol. 1 (2011) 873-883.

[60] Y. Madhour, ].A. Olivier, E. Costa-Patry, S. Paredes, B. Michel, J.R. Thome, Two-
phase flow boiling of R134a in a multi-microchannel heat sink for
microprocessor cooling, in: 16th International Workshop on Thermal
Investigations of ICs and Systems (THERMINIC), 2010, pp. 1-6.

[61] B. Agostini, J.R. Thome, M. Fabbri, B. Michel, D. Calmi, U. Kloter, High heat flux

flow boiling in silicon multi-microchannels - Part I: heat transfer
characteristics of refrigerant R236fa, Int. J. Heat Mass Transfer 51 (2008)
5400-5414.

[62] J.E. Park, J.R. Thome, Critical heat flux in multi-microchannel copper elements
with low pressure refrigerants, Int. J. Heat Mass Transfer 53 (2010) 110-122.

[63] S.S. Bertsch, E.A. Groll, S.V. Garimella, Effects of heat flux, mass flux, vapor
quality, and saturation temperature on flow boiling heat transfer in
microchannels, Int. J. Multiphase Flow 35 (2009) 142-154.

[64] A.W. Mauro, J.R. Thome, D. Toto, G.P. Vanoli, Saturated critical heat flux in a
multi-microchannel heat sink fed by a split flow system, Exp. Therm. Fluid
Sci. 34 (2010) 81-92.

[65] A. Megahed, Local flow boiling heat transfer characteristics in silicon
microchannel heat sinks using liquid crystal thermography, Int. J.
Multiphase Flow 39 (2012) 55-65.

[66] F.J. do Nascimento, H.L.S.L. Ledo, G. Ribatski, An experimental study on flow
boiling heat transfer of R134a in a microchannel-based heat sink, Exp. Therm.
Fluid Sci. 45 (2013) 117-127.

[67] H.LS.L. Ledo, FJ. do Nascimento, G. Ribatski, Flow boiling heat transfer of
R407C in a microchannels based heat spreader, Exp. Therm. Fluid Sci. 59
(2014) 140-151.

[68] B.-R. Fu, C.-Y. Lee, C. Pan, The effect of aspect ratio on flow boiling heat
transfer of HFE-7100 in a microchannel heat sink, Int. J. Heat Mass Transfer 58
(2013) 53-61.

[69] J. Lee, I. Mudawar, Critical heat flux for subcooled flow boiling in micro-
channel heat sinks, Int. J. Heat Mass Transfer 52 (2009) 3341-3352.

[70] J. Lee, 1. Mudawar, Fluid flow and heat transfer characteristics of low
temperature two-phase micro-channel heat sinks - Part 1: experimental
methods and flow visualization results, Int. J. Heat Mass Transfer 51 (2008)
4315-4326.

[71] J. Lee, 1. Mudawar, Fluid flow and heat transfer characteristics of low
temperature two-phase micro-channel heat sinks — Part 2. Subcooled boiling
pressure drop and heat transfer, Int. J. Heat Mass Transfer 51 (2008) 4327-
4341.

[72] J.B. Marcinichen, J.A. Olivier, J.R. Thome, On-chip two-phase cooling of
datacenters: cooling system and energy recovery evaluation, Appl. Therm.
Eng. 41 (2012) 36-51.

[73] B. Siedel, V. Sartre, F. Lefévre, Literature review: steady-state modelling of
loop heat pipes, Appl. Therm. Eng. 75 (2015) 709-723.

[74] Y.F. Maydanik, M.A. Chernysheva, V.G. Pastukhov, Review: loop heat pipes
with flat evaporators, Appl. Therm. Eng. 67 (2014) 294-307.

[75] J. Ku, Operating characteristics of loop heat pipes, in: 29th International
Conference on Environmental Systems, 1999.

[76] RJ. McGlen, R. Jachuck, S. Lin, Integrated thermal management techniques for
high power electronic devices, Appl. Therm. Eng. 24 (2004) 1143-1156.

[77] Calyos. <http://www.calyos-tm.com/>.

[78] Xyber Technologies. <http://www.xybertechnologies.com/>.

[79] Y. Maydanik, S. Vershinin, M. Chernysheva, S. Yushakova, Investigation of a
compact copper-water loop heap pipe with a flat evaporator, Appl. Therm.
Eng. 31 (2011) 3533-3541.

[80] W. Zimbeck, G. Slavik, ]J. Cennamo, S.S. Kang, J. Yun, E. Kroliczek, Loop heat
pipe technology for cooling computer servers, in: 11th Intersociety
Conference on Thermal and Thermomechanical Phenomena in Electronic
Systems, 2008, pp. 9-25.

[81] Y.F. Maydanik, V.I. Dmitrin, V.G. Pastukhov, Compact cooler for electronics on
the basis of a pulsating heat pipe, Appl. Therm. Eng. 29 (2009)
3511-3517.

[82] Z. Wan, ]. Deng, B. Li, Y. Xu, X. Wang, Y. Tang, Thermal performance of a
miniature loop heat pipe using water-copper nanofluid, Appl. Therm. Eng. 78
(2015) 712-719.

[83] P. Gunnasegaran, M.Z. Abdullah, N.H. Shuaib, Influence of nanofluid on heat
transfer in a loop heat pipe, Int. Commun. Heat Mass Transfer 47 (2013) 82-
91.

[84] D. Gai, Z. Liu, W. Liu, J. Yang, Operational characteristics of miniature loop
heat pipe with flat evaporator, Heat Mass Transfer 46 (2009) 267-275.

[85] J. Choi, B. Sung, C. Kim, D.-A. Borca-Tasciuc, Interface engineering to enhance
thermal contact conductance of evaporators in miniature loop heat pipe
systems, Appl. Therm. Eng. 60 (2013) 371-378.

[86] J. Choi, W. Sano, W. Zhang, Y. Yuan, Y. Lee, D.-A. Borca-Tasciuc, Experimental
investigation on sintered porous wicks for miniature loop heat pipe
applications, Exp. Therm. Fluid Sci. 51 (2013) 271-278.

[87] J. Li, D. Wang, G.P. Peterson, Experimental studies on a high performance
compact loop heat pipe with a square flat evaporator, Appl. Therm. Eng. 30
(2010) 741-752.

[88] Y.F. Maydanik, S.V. Vershinin, V.G. Pastukhov, S. Fried, Loop heat pipes for
cooling systems of servers, IEEE Trans. Compon. Packag. Technol. 33 (2010)
416-423.



638 A.C. Kheirabadi, D. Groulx/Applied Thermal Engineering 105 (2016) 622-638

[89] R. Singh, A. Akbarzadeh, M. Mochizuki, Operational characteristics of a
miniature loop heat pipe with flat evaporator, Int. . Therm. Sci. 47 (2008)
1504-1515.

[90] R. Singh, A. Akbarzadeh, C. Dixon, M. Mochizuki, R.R. Riehl, Miniature loop
heat pipe with flat evaporator for cooling computer CPU, IEEE Trans. Compon.
Packag. Technol. 30 (2007) 42-49.

[91] J. Li, D. Wang, G.P. Peterson, A compact loop heat pipe with flat square
evaporator for high power chip cooling, IEEE Trans. Compon. Packag. Manuf.
Technol. 1 (2011) 519-527.

[92] S. Wang, ]. Huo, X. Zhang, Z. Lin, Experimental study on operating parameters
of miniature loop heat pipe with flat evaporator, Appl. Therm. Eng. 40 (2012)
318-325.

[93] S. Becker, S. Vershinin, V. Sartre, E. Laurien, J. Bonjour, Y.F. Maydanik, Steady
state operation of a copper-water LHP with a flat-oval evaporator, Appl.
Therm. Eng. 31 (2011) 686-695.

[94] W. Joung, K. Gam, K. Park, S. Ma, ]. Lee, Transient responses of the flat
evaporator loop heat pipe, Int. . Heat Mass Transfer 57 (2013) 131-141.

[95] Z. Liu, D. Gai, H. Li, W. Liu, J. Yang, M. Liu, Investigation of impact of different
working fluids on the operational characteristics of miniature LHP with flat
evaporator, Appl. Therm. Eng. 31 (2011) 3387-3392.

[96] X.H. Nguyen, B.H. Sung, ]. Choi, S.R. Ryoo, H.S. Ko, C. Kim, Study on heat
transfer performance for loop heat pipe with circular flat evaporator, Int. J.
Heat Mass Transfer 55 (2012) 1304-1315.

[97] A. Bar-Cohen, M. Arik, M.M. Ohadi, Direct liquid cooling of high flux micro
and nano electronic components, Proc. IEEE 94 (2006) 1549-1570.

[98] P.E. Tuma, Design considerations relating to non-thermal aspects of passive
2-phase immersion cooling, in: 27th Annual IEEE Semiconductor Thermal
Measurement and Management Symposium (SEMI-THERM), 2011, pp. 1-9.

[99] M.S. El-Genk, Immersion cooling nucleate boiling of high power computer
chips, Energy Convers. Manage. 53 (2012) 205-218.

[100] L. Qiu, S. Dubey, F.H. Choo, F. Duan, Recent developments of jet impingement
nucleate boiling, Int. J. Heat Mass Transfer 89 (2015) 42-58.

[101] M. Shojaeian, A. Kosar, Pool boiling and flow boiling on micro- and
nanostructured surfaces, Exp. Therm. Fluid Sci. 63 (2015) 45-73.

[102] M. Misale, G. Guglielmini, A. Priarone, Nucleate boiling and critical heat flux
of HFE-7100 in horizontal narrow spaces, Exp. Therm. Fluid Sci. 35 (2011)
772-779.

[103] C.K. Yu, D.C. Ly, Pool boiling heat transfer on horizontal rectangular fin array
in saturated FC-72, Int. ]. Heat Mass Transfer 50 (2007) 3624-3637.

[104] S. Sarangi, ].A. Weibel, S.V. Garimella, Effect of particle size on surface-coating
enhancement of pool boiling heat transfer, Int. J. Heat Mass Transfer 81
(2015) 103-113.

[105] B. Ramakrishnan, S. Bhavnani, J. Gess, RW. Knight, D. Harris, R.W. Johnson,
Effect of system and operational parameters on the performance of an
immersion-cooled multichip module for high performance computing, in:
30th Annual Semiconductor Thermal Measurement and Management
Symposium (SEMI-THERM), 2014, pp. 24-28.

[106] ]. Gess, S. Bhavnani, B. Ramakrishnan, R.W. Johnson, D. Harris, R.W. Knight, M.
Hamilton, C. Ellis, Impact of surface enhancements upon boiling heat transfer
in a liquid immersion cooled high performance small form factor server
model, in: IEEE Intersociety Conference on Thermal and Thermomechanical
Phenomena in Electronic Systems (ITherm), 2014, pp. 435-443.

[107] A.F. Ali, M.S. El-Genk, Effect of inclination on saturation boiling of PF-5060
dielectric liquid on 80- and 137-pum thick copper micro-porous surfaces, Int.
J. Therm. Sci. 53 (2012) 42-48.

[108] M.S. El-Genk, J.L. Parker, Nucleate boiling of FC-72 and HFE-7100 on porous
graphite at different orientations and liquid subcooling, Energy Convers.
Manage. 49 (2008) 733-750.

[109] W. Wu, H. Bostanci, L.C. Chow, Y. Hong, M. Su, J.P. Kizito, Nucleate boiling
heat transfer enhancement for water and FC-72 on titanium oxide and silicon
oxide surfaces, Int. J. Heat Mass Transfer 53 (2010) 1773-1777.

[110] M. Misale, G. Guglielmini, A. Priarone, HFE-7100 pool boiling heat transfer
and critical heat flux in inclined narrow spaces, Int. J. Refrig. 32 (2009) 235-
245.

[111] M. Arik, A. Bar-Cohen, S.M. You, Enhancement of pool boiling critical heat flux
in dielectric liquids by microporous coatings, Int. J. Heat Mass Transfer 50
(2007) 997-1009.

[112] CK. Yu, D.C. Ly, T.C. Cheng, Pool boiling heat transfer on artificial micro-
cavity surfaces in dielectric fluid FC-72, ]J. Micromech. Microeng. 16 (2006)
2092-2099.

[113] H. Honda, H. Takamastu, J.J. Wei, Enhanced boiling of FC-72 on silicon chips
with micro-pin-fins and submicron-scale roughness, J. Heat Transfer 124
(2002) 383.

[114] B. Bon, J.F. Klausner, E. McKenna, The hoodoo: a new surface structure for
enhanced boiling heat transfer, J. Therm. Sci. Eng. Appl. 5 (2013) 011003.

[115] LiquidCool  Solutions.  <http://www.liquidcoolsolutions.com/datacenter.
html>.

[116] Green Revolution Cooling. <http://www.grcooling.com/>.

[117] ]. Gess, S. Bhavnani, B. Ramakrishnan, R.W. Johnson, D. Harris, R.W. Knight, M.
Hamilton, C. Ellis, Investigation and characterization of a high performance,
small form factor, modular liquid immersion cooled server model, in: 30th
Annual Semiconductor Thermal Measurement and Management Symposium
(SEMI-THERM), 2014, pp. 8-16.

[118] J. Kim, Spray cooling heat transfer: the state of the art, Int. ]. Heat Fluid Flow
28 (2007) 753-767.

[119] E.A. Silk, E.L. Golliher, R. Paneer Selvam, Spray cooling heat transfer:
technology overview and assessment of future challenges for micro-gravity
application, Energy Convers. Manage. 49 (2008) 453-468.

[120] Z.B. Yan, F. Duan, T.N. Wong, Large area spray cooling by inclined nozzles for
electronic board, in: 12th IEEE Electronics Packaging Technology Conference,
2010, pp. 76-78.

[121] A. Johnston, D. Stone, T. Cader, SprayCool command post platform for harsh
military environments, in: Twenty-fourth Annual IEEE Semiconductor
Thermal Measurement and Management Symposium, 2008, pp. 112-117.

[122] S. Chen, J. Liu, X. Liu, Y. Hou, An experimental comparison of heat transfer
characteristic between R134-a and R22 in spray cooling, Exp. Therm. Fluid
Sci. 66 (2015) 206-212.

[123] Y. Hou, J. Liu, X. Su, Y. Qian, L. Liu, X. Liu, Experimental study on the
characteristics of a closed loop R134-a spray cooling, Exp. Therm. Fluid Sci. 61
(2015) 194-200.

[124] B.Q. Li, T. Cader, . Schwarzkopf, K. Okamoto, B. Ramaprian, Spray angle effect
during spray cooling of microelectronics: experimental measurements and
comparison with inverse calculations, Appl. Therm. Eng. 26 (2006) 1788-
1795.

[125] ].L. Xie, Y.B. Tan, F. Duan, K. Ranjith, T.N. Wong, K.C. Toh, K.F. Choo, P.K. Chan,
Study of heat transfer enhancement for structured surfaces in spray cooling,
Appl. Therm. Eng. 59 (2013) 464-472.

[126] E.A. Silk, J. Kim, K. Kiger, Spray cooling of enhanced surfaces: impact of
structured surface geometry and spray axis inclination, Int. J. Heat Mass
Transfer 49 (2006) 4910-4920.

[127] A.G. Ulson de Souza, J.R. Barbosa, Spray cooling of plain and copper-foam
enhanced surfaces, Exp. Therm. Fluid Sci. 39 (2012) 198-206.

[128] M.R.O. Pando, J.P.P.V. Guerreiro, A.L.N. Moreira, Microprocessor cooling based
on an intermittent multijet spray system, Int. J. Heat Mass Transfer 55 (2012)
2854-2863.

[129] E. Martinez-Galvan, R. Antén, ].C. Ramos, R. Khodabandeh, Effect of the spray
cone angle in the spray cooling with R134a, Exp. Therm. Fluid Sci. 50 (2013)
127-138.

[130] Y.B. Tan, J.L. Xie, F. Duan, T.N. Wong, K.C. Toh, K.F. Choo, P.K. Chan, Y.S. Chua,
Multi-nozzle spray cooling for high heat flux applications in a closed loop
system, Appl. Therm. Eng. 54 (2013) 372-379.

[131] A.G. Ulson de Souza, J.R. Barbosa, Experimental evaluation of spray cooling of
R-134a on plain and enhanced surfaces, Int. J. Refrig. 36 (2013) 527-533.

[132] E. Martinez-Galvan, R. Antén, J.C. Ramos, R. Khodabandeh, Influence of
surface roughness on a spray cooling system with R134a. Part [: heat transfer
measurements, Exp. Therm. Fluid Sci. 46 (2013) 183-190.

[133] E. Martinez-Galvan, J.C. Ramos, R. Antén, R. Khodabandeh, Influence of
surface roughness on a spray cooling system with R134a. Part II: film
thickness measurements, Exp. Therm. Fluid Sci. 48 (2013) 73-80.

[134] D. Guo, J.J. Wei, Y.H. Zhang, Enhanced flow boiling heat transfer with jet
impingement on micro-pin-finned surfaces, Appl. Therm. Eng. 31 (2011)
2042-2051.

[135] S.N. Joshi, E.M. Dede, Effect of sub-cooling on performance of a multi-jet two
phase cooler with multi-scale porous surfaces, Int. ]. Therm. Sci. 87 (2015)
110-120.

[136] S. Ndao, Y. Peles, M.K. Jensen, Experimental investigation of flow boiling heat
transfer of jet impingement on smooth and micro structured surfaces, Int. J.
Heat Mass Transfer 55 (2012) 5093-5101.

[137] L.-H. Chien, C.-Y. Chang, An experimental study of two-phase multiple jet
cooling on finned surfaces using a dielectric fluid, Appl. Therm. Eng. 31
(2011) 1983-1993.

[138] M.K. Sung, I. Mudawar, Effects of jet pattern on two-phase performance of
hybrid micro-channel/micro-circular-jet-impingement thermal management
scheme, Int. J. Heat Mass Transfer 52 (2009) 3364-3372.

[139] C.H. Shin, K.M. Kim, S.H. Lim, H.H. Cho, Influences of nozzle-plate spacing on
boiling heat transfer of confined planar dielectric liquid impinging jet, Int. J.
Heat Mass Transfer 52 (2009) 5293-5301.

[140] MJ. Rau, S.V. Garimella, Local two-phase heat transfer from arrays of
confined and submerged impinging jets, Int. ]. Heat Mass Transfer 67 (2013)
487-498.

[141] S.R. Mahmoudi, K. Adamiak, G.S.P. Castle, Two-phase cooling characteristics
of a saturated free falling circular jet of HFE7100 on a heated disk: effect of jet
length, Int. J. Heat Mass Transfer 55 (2012) 6181-6190.

[142] R. Cardenas, V. Narayanan, Heat transfer characteristics of submerged jet
impingement boiling of saturated FC-72, Int. ]. Heat Mass Transfer 55 (2012)
4217-4231.

[143] E.A. Browne, G.J. Michna, M.K. Jensen, Y. Peles, Microjet array single-phase
and flow boiling heat transfer with R134a, Int. J. Heat Mass Transfer 53
(2010) 5027-5034.

[144] W. W, L.C. Chow, C.M. Wang, M. Su, J.P. Kizito, Jet impingement heat transfer
using a Field’s alloy nanoparticle - HFE7100 slurry, Int. J. Heat Mass Transfer
68 (2014) 357-365.

[145] A. Labergue, M. Gradeck, F. Lemoine, Comparative study of the cooling of a
hot temperature surface using sprays and liquid jets, Int. J. Heat Mass
Transfer 81 (2015) 889-900.

017





