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Abstract

Modern high-power electronic systems, specifically high-power computer chips, demand
transformative liquid cooling solutions as traditional air cooling struggles to meet ever-increasing
heat fluxes. In data centers, rising microprocessor thermal design powers—escalating from air
cooling limits of 280 W to beyond 700 W—necessitate a shift toward liquid cooling. Thus, this
dissertation begins with a literature survey on the necessity of liquid cooling in data centers.
One key observation from this review establishes that while single-phase immersion cooling
offers potential, it requires localized enhancement to overcome inherent inefficiencies. Rec-
ognizing the promise of synthetic jet devices for targeted heat removal, this work pioneers the
development of mesoscale Liquid Synthetic Jet Devices, a class previously explored mostly in
air. To bridge this gap, dual air and water, analytical, numerical, and experimental studies were
performed.

Regarding air-based synthetic jet cooling, a new fabrication approach based on additive
manufacturing was presented. This method enabled the production of ultra-thin devices—
as thin as 4 mm—without mechanical fasteners and with complete freedom in device cavity
design. Hotwire anemometry tests revealed air jet exit velocities exceeding 106 m/s using
a single piezoelectric diaphragm, among the highest reported in the literature. Diaphragm
deflection measurements were performed using a laser displacement sensor. Next, lumped
element modeling, tuned solely on diaphragm deflection behavior, accurately predicted device
performance and was validated using hotwire anemometry. By fabricating and testing multiple
synthetic jet devices with different geometries, it was demonstrated that the impulse generation
rate—which accounts for both jet velocity and flow rate—better correlates with enhanced heat
transfer capabilities than jet velocity alone. Thermal tests showed that, compared to natural
convection, the manufactured devices achieved over 13 times greater heat removal rates, with
an average heat transfer coefficient exceeding 120 W/(m?-K) over a 30 mm x 30 mm heated
surface.

Next, the fabrication extended to liquid synthetic jet device design and manufacturing.

The devices were waterproofed and operated at higher voltages than air-based devices. Due
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to reduced operating frequencies, they achieved operational jet generation with minimal power
consumption as low as 50 mW. In an immersion cooling test setup designed to evaluate liquid-
based synthetic jet devices in deionized water, liquid synthetic jet impingement showed a heat
transfer coefficient of up to 1.52 W/(cm?-K). Compared to existing methods, superior heat
removal per unit of consumed power was achieved. This work demonstrates an advancement
in sustainable thermal management, showing that such a small and inexpensive device can
improve the coefficient of performance of single-phase immersion cooling by up to 12 times.
Furthermore, the first lumped element model for liquid synthetic jet devices was proposed.

Lastly, the analytical model was further studied in conjunction with numerical computa-
tional fluid dynamics simulations and additional thermal tests in harsher environments. Fab-
rication improvements increased the device’s operational frequency from 155 Hz to 210 Hz.
Results demonstrated heat transfer enhancement, with the liquid synthetic jet device achieving
a peak heat transfer coefficient of 1.7 W/(cm?-K), an 8.7-fold improvement over mixed convec-
tion cooling, while maintaining low power consumption (0.22 W). The device cooled a 144 W
heated surface from 72 °C to 31.5 °C under a crossflow rate of 2 GPM at 20 °C. Particle Image
Velocimetry experiments and high-speed videography helped determine diaphragm deflection
values based on a parametric study using computational fluid dynamics simulations. Later,
lumped element models tuned with computational fluid dynamics results were used to under-
stand liquid synthetic jet operation in an expanded frequency domain. This enabled the first
report on the jet formation criterion for water-based liquid synthetic jet devices, with a value of
+6 for circular orifices.

Collectively, this dissertation charts a roadmap that unites immersion liquid cooling strate-
gies with liquid synthetic jet technology, offering scalable, energy-efficient, and solid state and
sustainable thermal management solution for next-generation data centers and high-power elec-
tronics. Future work will explore multi-jet array configurations, enhanced surface integrations,
optimized voltage amplification, and long-term reliability—particularly in two-phase immer-

sion cooling environments—to further refine and commercialize this approach.
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Chapter 1

An Insight into the Shift from Air to Liquid Cooling in Electronics Cooling:
a Survey on Component-Level Data Center Cooling

The increasing heat flux in electronic components has driven a notable shift from air cooling to
liquid cooling solutions. To explore this transition, this chapter delves into the move towards
liquid cooling in data center applications, as presented in our recently published review article
[1].The evolving data-generation landscape requires faster and more efficient microprocessors,
prompting innovative manufacturing methods for smaller and faster transistors. Transistor con-
gestion and increasing demand for parallel processing push the thermal design power of micro-
processors well beyond 280 W, a limit for air cooling, and are expected to surpass 700 W by
2025. Consequently, transitioning towards liquid cooling is necessary. This chapter is intended
to serve as a comprehensive road map for understanding this shift. It covers four major liquid
cooling techniques: indirect water cooling with rear door heat exchangers, direct liquid cooling
using water blocks or evaporators, single-phase, and two-phase immersion cooling. Indirect
water cooling with rear door heat exchangers is a simple water cooling adaptation for reducing
the power consumption of existing air-cooled data centers, but it faces the same limitations as
air cooling for high-power servers. With enhancements such as reduced hot air leakage, active
rear door heat exchangers, and deployment in locations conducive to free cooling, this approach
could provide highly efficient data centers for the foreseeable future. Direct liquid cooling is
well suited to meet the increasing demands for thermal design power with the highest heat
transfer coefficient report of 25 W/(m?-K), using the microjet impingement of a water-based
manifold in the die. Emerging technologies are new thermosyphon systems, on-die/on-lid re-

frigeration/impingement, two phase impingement, and on/in die microchannel cooling. Air



cooling is still required for peripheral equipment in this method, adding to the complexity and
power consumption. Immersion cooling has the potential of reducing infrastructure size by
one-third of air-cooled data centers. Single-phase immersion cooling, while the most simple
to implement, is limited by the low thermophysical properties of the dielectric liquids and lack
of flow control mechanism. In contrast, two-phase immersion cooling faces significant chal-
lenges related to the use of engineered fluids with global warming potential, health hazards,

and long-term reliability.

1.1 Introduction

Microprocessors, the workhorses of today’s data centers, are shouldering a constantly esca-
lating computational burden. In 2018, the data center industry was estimated to consume
205 Terawatt-hours, approximately 1% of global energy consumption [2]. Data centers in
the United States consume about 2% of national electricity [3]. Back in 2007, even when the
global data sphere was nascent, measuring merely in the zettabytes, the information and com-
munication technology sector was already responsible for 2% of global anthropogenic CO,
emissions [4, 5]. Fast forward to today, the data landscape has ballooned over one hundred
times with forecasts indicating 175 zettabytes by 2025 [5]. Hyperscale companies invested $
37 billion in data centers in just the third quarter of 2020 alone [6]. Global spending is ex-
pected to exceed $ 222 billion in 2023, up from $ 212 billion in 2022 [7]. The industry is in
the midst of what can only be described as a “snowball effect” in data generation, propelled
by the ever-increasing power of data and data processing [8]. This amplification loop is fu-
eled by an insatiable demand for higher power processors, internet of things internet of things
(I0T), artificial intelligence (Al), streaming, edge deployment, and SG+ mobile networks. To
address these growing demands, advanced small modular reactors (SMRs) are being consid-
ered to power data centers [9]. A notable example of this approach is the construction of power
plants based on 24 SMRs in Ohio and Pennsylvania with a total capacity of 1.8 GW for nearby
data centers [10].

Data centers are grappling with cooling systems that pose logistical and environmental

challenges. But the thermal challenges do not stop at mere power usage; they are intricately tied



to the ongoing evolution of semiconductor technologies. High-numerical-aperture extreme-
ultraviolet lithography seems to still keep “Moore’s law on track™ [11, 12]. As we navigate the
transition from 7 nm to 5 nm technology nodes, and potentially to 1 nm within a decade[13],
the impact on thermal management becomes increasingly significant. It merits attention that 3
nm complementary metal-oxide semiconductor platform technology [14] has already achieved
commercial penetration, finding applications in personal smartphones and computing devices.
Although smaller transistors are more efficient, resulting in reduced heat dissipation on a per-
transistor basis, the increasing density of these transistors offsets these gains. For example,
5 nm technology will host 171.3 million transistors per square millimeter, which is 1.8 times
more than the current 7 nm technology [15]. Yet, the industry estimates suggest only a 10-15%
reduction in power usage for this transition [16]. Consequently, the net effect is an increase
in thermal design power (TDP), projected to exceed 700 W by 2025 for even the most ther-
mally efficient CPUs [17]. Various manufacturers already showcase this trend, with NVIDIA’s
Hopper [18] having a TDP of 700 W for Al applications, and NVIDIA Ada Lovelace [19]
anticipated to have a TDP of 616 W. Similarly, Intel’s Sapphire Rapids-SP [20] and AMD’s
Genoa [21] CPUs, based on 10 nm and 7 nm technologies, respectively, exhibit TDPs of 350
W and 400 W. TDP values are expected to rise further as the demand for Al-accelerated tasks,
parallel processing, and neural network training grows.

As high-performance computing continues to ascend, they are compelling a fundamental
redesign of data center infrastructure — most critically, their thermal management systems.
Operating with cooling systems that consume up to 40% of total energy in a data center is no
longer tenable [22]. The urgent need for more energy-efficient cooling solutions is not merely a
matter of operational efficiency; it’s a key strategy for lessening the environmental impact of the
data industry as a whole [23]. Traditional air cooling, long the stalwart in data center thermal
management, is facing an unprecedented challenge: it can no longer efficiently mitigate the
escalating heat produced by the ever-increasing power densities of modern processors. Air, as
a conventional cooling medium, has to be replaced by liquids, as it has reached a tipping point
where its thermophysical nature has become inadequate for the task. The heat removal capacity

of air is only around 37% of water in data centers [24]. As succinctly pointed out by Huang et



al. [25], the choice to transition to liquid cooling is backed by a compelling logic; Whatever
liquid cooling technology is chosen, it will always be more efficient than air since the amount
of energy required for forced convection with air will always be several times greater than that

to move a liquid for the same amount of cooling.

1.1.1 A Broad Look at Data Center Cooling and Previous Review Studies

Cooling systems in data centers currently face a bifurcated mandate: they must simultaneously
augment their operational efficiency while accommodating the exigencies of escalating power
densities [26]. While the shift towards liquid cooling appears to address these dual objectives,
liquid cooling is still a new topic.

From an industrial perspective, it is not obvious when the complete global transition from
air cooling will happen. First, information technology (IT) equipment manufacturers will need
to adjust their designs to accommodate liquid cooling. They may also require a form factor
change, perhaps changing some configurations to allow boards to be mounted and packaged
differently with respect to the motherboard and other components. Other modifications that
cannot be foreseen now, may also be required [27]. It needs to be mentioned that with most lig-
uid cooling applications, there is still a need for a small air-side system to carry the minor heat
load from convective and radiative heat dissipation through the sides and tops of the racks, as
well as lighting systems and any shell loads. A humidity control system must also be provided
since liquid-cooled racks cannot provide dehumidification at the rack level [28].

For those interested in a comprehensive understanding of thermal management technolo-
gies within data centers, established resources such as ASHRAE (American Society of Heat-
ing, Refrigerating and Air-Conditioning Engineers) Datacom Series [29] and the Data Center
Handbook [30] offer expansive overviews. While these publications do engage with a vari-
ety of cooling methods, it is notable that a significant portion of their content is dedicated to
traditional air-cooling. Additionally, both the European Commission and the US Department
of Energy’s Federal Energy Management Program have issued detailed guides on best prac-
tices and emerging technologies for data centers. The European Commission’s “Best Practice

Guidelines for the EU Code of Conduct on Data Centre Energy Efficiency” [31] and the US



Department of Energy’s “Best Practices Guide for Energy-Efficient Data Center Design” [32]
cover various topics including liquid cooling techniques, ranging from liquid immersion cool-
ing to adjustments in server inlet temperature and humidity, as well as rack-level direct liquid
cooling.

The later sections of this study are organized in a way that begins with air cooling and
progressively advances towards various types of liquid cooling. It is important to note that
each subcategory is a vast area of research. In each subsection, recent related reviews and
concluding remarks from them will be provided. Here, two general overview articles need to be
mentioned; Souza et al. [33] examine the complexities of modern data centers, with a focus on
cooling subsystems that are vital for both reliability and cost management. The paper identifies
a research gap, stating that no existing studies have addressed cooling systems in terms of
reliability and environmental sustainability. The paper identifies a research gap, stating that
no existing studies have addressed cooling systems in terms of reliability and environmental
sustainability. The financial consequences of data center failures are also highlighted, showing
a 61% increase in the cost of unplanned downtimes from 2010 to 2016. The study advocates
for ”green data centers” and calls for an integrated approach in designing cooling systems that
balances reliability, cost, and sustainability. In another broad review, Liu et al. [34] predicts
that data centers will account for 4.5% of the world’s energy usage by 2025. To forecast future
energy consumption and carbon emissions of data centers, the paper introduces a new predictive
method. This method relies on Cisco’s research for predicting global data center traffic and uses
the Romonet simulation model to ascertain power usage effectiveness (PUE) in both global
average terms and for high-latitude areas. Two scenarios for data center location, centralized
and decentralized, are examined through polynomial fitting methods. The study concludes that
a centralized data center scenario in the Pan-Arctic region could significantly reduce global
energy consumption and carbon emissions by 2030 — specifically, by about 301 billion kWh
and 720 million tons of CO,, respectively.

Several key terms must be introduced. PUE is a metric used to measure data center energy
efficiency, calculated as the ratio of the total amount of energy used by the data center to the

energy used by the IT equipment with the smallest value of 1.0 (average global PUE in 2019



was 1.67 [35] which has improved to 1.55 in 2022 [36]). The term “direct” is next, which can
be perplexing because its interpretation varies depending on context and is used in literature
with various meanings. In general, direct cooling involves directing liquid into the rack to
remove heat from IT equipment. Thus, using water blocks is considered direct liquid cooling,
despite the fact that there is a barrier between the water block and the lid. (This term is used in
many other forms, e.g., in rack-level, it refers to the use of liquid-to-liquid heat exchangers in
cooling distribution units, or it could also mean directly guiding facility water system to water
blocks.).

Liquid circulation loops should also be addressed. The technology cooling system (TCS)is
the first primary liquid cooling loop. The TCS creates a thermal transport loop between the
server and the cooling distribution unit (CDU), removing heat from IT equipment. This heat is
then transferred to either the air or the CDU’s secondary liquid loop, also known as the facility
water system (FWS). TCS and FWS are separated and exchange heat through a heat exchanger.
The FWS is a loop that integrates the CDU and chiller. The chiller then links to a condenser,
dry cooler, or cooling tower. It is important to note that when the TCS uses a coolant other
than water, ASHRAE assigns another term within the TCS as the datacom equipment cooling

system (DECS).

1.2 A Glimpse into Air Cooled Data Centers

In computing, a server — whether manifested as specialized hardware or software —provides
an array of services and resources to other devices, termed “clients,” within a network frame-
work. Servers are typically bolstered by an assortment of IT equipment such as processors,
storage drives, and network interface cards, which are usually mounted on server-, blade-, or
tower-racks. Over 99% of the electrical energy consumed by these servers is transformed into
heat [37]. For safe operation of IT equipment, air cooling has traditionally been the method
of choice since not only does it act as cooling mechanism, but also controls the humidity and
air quality of the room [38]. Thermodynamic state of the room should be under control to
avoid condensation on the equipment surfaces for high humidity cases (2 °C above dew point),

and to avoid electrostatic discharges in low humidity cases. ASHRAE [39] provide frequently



updated standards for room conditions. To achieve these conditions, data centers utilize spe-
cialized air-conditioning units, often described as precision cooling systems. These units range
from floor-mounted computer room air conditioners (CRAC) and computer room air handlers
(CRAH)(CRAC) (small floor-mounted up to 100 kW, and large floor-mounted up to 1 MW) to
ceiling-mounted (up to 10 kW), and portable air conditioning systems (up to 5 kW). There are
13 fundamental cooling schemes used in air cooled data centers. Graphical abstract of these 13
methods is presented in Figure 1.1, which is inspired from detailed white papers published by
Schneider Electric’s data center science center [40].

In air-cooled data centers, air-conditioning units send chilled air into the under-floor plenum,
which is then blown into the room through the perforated floor tiles (in less common configu-
ration overhead vents can be used). Fans circulate air over electronic components (with added
heat sink for high-power electronic components), intaking cooling air from “cold aisle” and
expelling it into a "hot aisle” through the rear of the server chassis. Hot air returns to air-
conditioning unit and cycling continues [41]. Heat will eventually be transferred to outdoor
air via condenser, dry cooler, or cooling tower, or simply through air ducts to direct/indirect
evaporative coolers or roof top units. It is easier for a data center manager to maintain the
suitable operating temperature and guarantee the safety of servers by monitoring the air tem-
perature rather than monitoring the IT equipment temperature [42]. Therefore, maintaining the
air temperature within a reasonable range is generally sufficient to ensure the safety of servers.
Most servers are designed to operate at ambient temperatures no higher than 45 °C, accord-
ing to the allowable operating temperature of class A4 specified by ASHRAE. However, the
recommended temperature range for data centers is typically between 18 and 27 °C. Contem-
porary research on air cooled data centers focuses on optimizing air flow distribution, exploring

elevated temperature rooms, and challenges of new standards for refrigerants.

1.2.1 Rising Importance of Airflow Distribution

In a recent review article, Zhao et al. [42] shift the conversation from air conditioning to

airflow distribution in air-cooled data centers. They identify “local hotspots” as areas where
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servers overheat, mainly due to inefficient airflow rather than high server load. The paper ad-
vocates for two approaches to solve this: (a) regulating air flow and (b) shortening the cold air
path. While various metrics are considered for identifying hotspots, local room temperature is
flagged as the most reliable. The authors also highlight a research gap, emphasizing the need
for localized cooling solutions and better use of existing wall and column sensors, which are
important to CRAC/CRAH operators. Overall, the review serves as a comprehensive guide for
data center operators seeking to understand, identify, and mitigate hotspot issues. In this vein,
Han et al. [43] propose a unique demand-based air-conditioning system that blends a heat pipe-
based cooling system with a vapor compression cooling cycle, utilizing evaporative condenser
side of heat pipe for enhanced natural cooling. The paper establishes that manipulating the
outdoor unit’s airflow and the evaporator inlet temperature could lead to reduced energy con-
sumption in both the system’s compressor and pump. The coefficient of performance (COP)
is highlighted as a pivotal metric, displaying optimal performance under specific air flow rates
and evaporator inlet temperatures for varying cooling capacities. While promising in terms of
energy efficiency, the study concludes that further research is needed to improve operational

reliability and cost-effectiveness.

1.2.2  Shift Towards High Temperature Rooms, and Limit Imposed by HDDs

Recent efforts to increase the efficiency of air-cooled data centers are to move to high temper-
ature data centers, with the ultimate goal of more hours of “free cooling”. It has been reported
that increasing the room temperature in data centers by 1 °C results in the saving of the total
power consumption by 4-5% [44]. We are seeing an increase in the allowable sink temperatures
in the thermal resistance network of new microprocessors. However, it is important to note that
this increase in cold side temperature does not necessarily imply an increase in the allowable
junction temperature (7}) for semiconductor packages. The maximum 7 for typical flipped-
chip packages has remained relatively consistent across generations, with a limit of around 110
°C. This limit is primarily influenced by the inherent properties of packaging materials, such

as the glass transition temperature of underfill [45]. Several factors have made it possible to



unlock higher sink side temperatures. Due to advances in semiconductor technology, the ther-
mal resistance of microprocessors has decreased over time. Third-generation semiconductors
with a wider bandgap (such as GaN/SiC) are not only more energy efficient [34], but also al-
low for higher voltage and faster switching frequency [46]. They also have improved thermal
interfaces and thermal conductivity, which leads to lower package thermal resistance. Zhang
et al. [22] provide a comprehensive review of high-temperature data centers, focusing on their
potential for energy savings through “free cooling” and the challenges they face in terms of
technical bottlenecks, reliability, and performance of servers and IT components like CPUs
and hard disk drives. Concerning the bottlenecks and limitations, the most replaced component
in servers is the hard disk drive (HDD) and interestingly authors concluded that the HDD is a
key limitation for high-temperature operation.

In contemporary data centers, conversion from HDDs to solid state drives (SSDs) are
occurring incrementally due to various economic and performance factors. Despite SSDs
costing eight times more per unit of storage [47], their falling prices and lower energy con-
sumption—initially averaging 6.0 W per drive compared to HDDs’ 8.1 W—are rendering them
increasingly attractive [48]. SSDs have a 9.5% annual increase compared to a 2.9% annual
decrease for HDDs. Meanwhile, market intelligence reveals that more than 90% exabytes (260
bytes) stored in cloud data centers are still in HDDs, largely because they offer a better total
cost of ownership for the majority of workloads [49]. However, the challenging thermal con-
ditions of high-temperature data centers—where SSDs can operate at up to 70 °C compared
to HDDs’ 55 °C—pose an additional impetus for the ongoing transition to SSDs. Overall, the
complete transition is expected to unfold gradually as SSD costs continue to decline and their

capacities increase.

1.2.3  New Standards for Refrigerants

The operational principle underpinning data center air-cooling systems relies on the refrigera-
tion cycle, a technology that has been in use for over a century [50]. This cycle involves the
evaporation, pressure alteration, condensation, and flow regulation of a refrigerant. Currently,

the predominant choices are Hydrofluorocarbons (HFCs); R410A is commonly used in smaller
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data centers requiring up to 300 — 400 kW of cooling per unit, while R134a is more typical
in larger installations [51], favored for their non-toxic and non-flammable qualities [52]. This
selection has been shaped by regulations that prohibited older refrigerants like R-22 and R142b
starting in 2010 [53]. However, a shift is underway due to the high global warming potential
(GWP) of current HFCs [54]. For instance, R-134a has a GWP of 1430, R410A stands in 2088,
and R407C in 1774. With environmental regulations tightening, Canada plans to cut HFC us-
age by 85% by 2036 [55], and the US will ban HFCs such as R134a, R410A, and R407C in
new chillers starting January 1, 2024 [56]. The industry is now exploring alternative refrig-
erants with lower GWP. Hydrofluoroolefins (HFOs) like HFO-1234ze(E) offer a GWP as low
as 6 [57]. Zeotropic mixtures, with their distinctive temperature glide and composition shift
driven by volatility differences among their constituents, observed to boost the efficiency and
performance of vapor compression systems while offering lower GWP over single-constituent
refrigerants [58, 59]. Natural refrigerants like ammonia and CO, are also under considera-
tion, although each comes with its own set of challenges; ammonia is toxic and flammable,
while COs is less efficient as a refrigerant compared to traditional HFCs. Refrigerant transi-
tion poses several challenges and opportunities. While new refrigerants can be more expensive
and potentially less efficient, they are more environmentally friendly. Academic discourse on
this transition remains limited, with the most existing information found in commercial white

papers.

1.3  Towards Liquid Cooling

Up to this point, challenges facing modern data centers, particularly concerning air-cooling
limitations, are discussed. Based on previous discussion, the necessity to transition to liquid
cooling has been emphasized. Specifically, when the TDP ranges exceed 250 and 280 W,
and the heat generation at the rack level surpasses 100 kW [17], traditional air-cooling meth-
ods fail (or basically are not efficient enough) to maintain microprocessor temperatures within
recommended limits. In response, the academia has seen a surge of innovation in this area
(specifically in chip level), with alternative techniques ranging from thermoelectric (TE) as-

sisted air-cooling [60] to phase change material (PCM)-based thermal management systems

11



[61]. General challenges of these technologies have limited their widespread adoption are
complexity and expense, the high-level coordination required between electrical circuit and
thermal engineers, new manufacturing processes, reliability risks, yield reduction, restricted
re-workability, and supply-chain risks [62]. Given the extensive variety of these emergent tech-
nologies, it’s almost implausible for a single review to capture the full breadth of all solutions.
This paper only covers an overview of four major types of liquid cooling techniques, as shown
Figure 1.1.

It’s noteworthy that liquid cooling is a highly explored concept. As early as the 1960s,
IBM began implementing water cooling in their System 360 computers [63]. Cooling micro-
electronic components with liquids began to attract serious attention in the mid-1980s, as IBM,
Honeywell, Sperry-Univac, Control Data, and Hitachi all introduced indirectly water-cooled
mainframe computers [64]. Since then, liquid cooling has been ubiquitously employed in large

computer systems, and evolved into four main categories:

Indirect water-cooled data centers (a bridge between air cooling and liquid cooling),

Direct water/liquid-cooled data centers,

Open bath immersion cooling of data centers with dielectric liquids, and

Sealed immersion cooling of data centers with engineered dielectric liquids.

Liquid cooling for data centers is still an emerging discipline. Comprehensive thermody-
namic analysis, such as Ref. [65, 66], that encompasses all pertinent factors across various
scales—from chip and server to rack, room, and facility—is scarce for liquid cooled data cen-
ters. Much of this gap exists because existing thermodynamic studies primarily derive their
empirical data from air-cooled configurations, thereby potentially limiting their relevance to
current challenges [67]. However, industry specialists (Green Revolution Cooling and Intel)
presented a graphical comparison which is provided in Figure 1.1 regarding, cost, reliability,
sustainability, complexity and location flexibility between these four liquid cooling methods in

their recent white paper [68].
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1.3.1 Indirect Water-cooled Data Centers

One of the most straightforward transitions to water-cooling for existing data centers involves
retrofitting them with rear door heat exchangers (RDHx). In 2005, IBM released the first
water cooled RDHXx (sometimes referred as a side car) product [69], demonstrating substantial
energy savings. The general configuration is illustrated in Figure 1.2, (passive, active, and
future direction towards row-level contained RDHx). Typical water-cooled RDHx systems
function like radiators affixed to the back of server racks, equipped with coils to facilitate
heat exchange with the circulating water. These are commonly known as passive RDHx. To
counteract pressure loss in RDHXx, some systems incorporate suction fans, making them active
RDHx. These systems require chilled water, conditioned to above dew point by CDUs, to cool

the warm air emanating from IT equipment.

to
CRAH/CRAC

T

Central CDU

(TEAOAOD

to
Chiller

Ideal Active RDHx [non-Ideal Passive RDHx] Row-level contained RDHx

o

IT air water
RDHx equipment Rack Room Fan (cold to hot) (cold to hot)

Figure 1.2: Side by side comparison for general configuration of passive, active, and row-level
contained RDHXx.

One of the primary advantages of adopting this technology is that, in an ideal scenario,
there’s no need for hot aisle containment or a return plenum. However, in practice, a portion
of the rack-level heat is absorbed by the water coolant, thus reducing the thermal load on
the primary refrigeration cycle [70]. RDHx systems also offer a proven solution to issues
like hot aisle recirculation or cold air bypass, as they quickly absorb heat, minimizing the
chance of air being redirected toward other outlets. Furthermore, RDHx systems reduce the
mixing of warm ejected air with ambient air, potentially leading to lower inlet temperatures.

Lastly, RDHx technology provides the opportunity for waste heat recovery. Simon et al. [71]
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investigated the feasibility of using RDHx in high-capacity data centers. They employed a
baseline computational fluid dynamics (CFD) model featuring a generic data center layout
with peripheral CRAH/CRAC units and RDHx systems. The study was conducted using the
commercial CFD tool 6SigmaRoom. Both active and passive RDHx modes were compared.
In all rack-level analyses, a consistent air temperature difference of 12°C was maintained. The
team examined four cases with different rack power levels between 7 kW and 11 kW. In each
study, fan power was adjusted to maintain a 12°C air temperature difference at the front and
back of the server. A fourth case featured an 11 kW rack with an active RDHx. Passive
RDHx systems showed air flow leakage, an issue mitigated by using active RDHx. Despite the
extra S00W power consumed by the fan in active RDHXx, overall power savings were achieved
through reduced cooling load on CRAC/CRAH units.

A hyper-scale data center layout with over 500 racks was also analyzed. It showed that
RDHx systems could negate the need for mechanical cooling units, still requiring a chiller but
potentially reducing its usage depending on the location’s ambient conditions. Spatial temper-
ature variation was not considered risky, as the average server inlet air temperature was around
29.7°C. Finally, the study examined airflow patterns post-RDHx. The air was directed upwards,
circulating back into the cold aisle within 1.22 m from the top of the rack. This suggests po-
tential for lowering the data center’s height. The study also indicated room for optimization
in aisle widths, which could further reduce the data center’s size without negatively affecting
RDHx performance Wakefield Thermal and Infosys partnered to demonstrate that a PUE of
less than 1.1 was attainable using direct evaporative cooling in conjunction with RDHxs. The
study was conducted at a Tier 3, 300 kW data center in Bangalore, India, and its findings have
been published in [72]. An impressive PUE of 1.06 was initially achieved; however, the PUE
increased due to excessive air leaks around the RDHXx, stated to be caused by movement and
modifications in the rack-mounted components. These leaks necessitated the use of a chilled
water loop to maintain the desired water temperature through the RDHx. Despite these chal-
lenges, the data center successfully maintained a server room temperature of 27°C. The RDHx
system utilized tubes and aluminum fins to transfer heat from air to water. Out of the 26 active

racks, 18 were equipped with RDHXx, and chilled water was supplied to each RDHXx unit via
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a centralized CDU. The cooling system accounted for 12 to 21% of the facility’s total energy
load, with the lowest consumption occurring in the winter due to the use of free cooling and
chiller off-modes. The chiller was switched off for the first 46 days and the last 46 days of
the year, during which the cooling tower assumed the cooling responsibilities. The data center
operated with a PUE above 1.4 for 209 days (approximately 63% of the year), resulting in an
annualized PUE of 1.38. Thermal analysis revealed that the precision air conditioning units
(PAC) accounted for one-third of the total cooling load, in comparison to the chiller. Figure 1.3

shows the cooling load shared by the PAC and RDHx units during the year 2017.
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Figure 1.3: Distribution of the cooling load between PAC and RDHX based on one-year data
collected from a data center in Bangalore, India [72].

Gao et al. [68] conducted an in-depth analysis focusing on both the steady-state and tran-
sient impacts of RDHx on data center cooling. Employing a three-dimensional (3D) room-level
model, the study considered variables such as airflow, the height of the underfloor plenum, and
potential failures of CRAC units. The results indicated that incorporating RDHXx significantly
improved dynamic performance, particularly during fluctuations in IT equipment load or in-
stances of CRAC failure. The study revealed that the integration of RDHx could negate the
temperature fluctuations commonly observed with standalone air-cooling systems. This hybrid
approach also stabilized airflow patterns, preventing intense fluctuations in response to sudden
changes in power, both temporally and spatially. Additionally, the hybrid cooling system ex-

pedited the time required to reach a steady-state following localized CRAC failures or sudden
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power shifts. Thus, the employment of RDHx enhances the safety and predictability of data
center operations, particularly when the data center experiences substantial and abrupt changes
in rack power and airflow rates. The overhead row-based cooling solution [73] positions air
handlers above the hot aisle, often in conjunction with a hot aisle containment system. Hot
air, exhausted by the server racks, ascends and is then drawn into these overhead air handlers.
These handlers not only extract heat proximal to the server racks but also create a pool of
cold air, supplying chilled air directly to the racks. Current literature suggests that row-based
cooling solutions hold the most promise for future air-cooled data center thermal management
[74]. Generally, these solutions are more efficient than traditional room-based cooling systems.
Although the initial capital expenditure for row-based cooling systems may be higher due to
the dispersed nature of the cooling equipment [75], this setup allows for lower cooling capac-
ities per unit. This, in turn, reduces the costs associated with implementing redundant cooling
mechanisms. Furthermore, the row-based architecture simplifies the task of enhancing both the
redundancy of cooling equipment and the overall reliability of IT equipment. RDHxs on the
other hand, are designed primarily as rack-level solutions that can be affixed to standard 19-inch
or 23-inch server racks. To the best of our knowledge, row based RDHx are not practiced yet.
While not inherently “row-based,” RDHx can be seamlessly integrated into row-based cooling
frameworks. This integration significantly diminishes the load on the overhead air handlers.
Such an amalgamation complements the benefits already associated with row-based systems,
including cost reduction, simplified layout, minimized chiller pressure drop, and the utilization
of larger, more efficient fans. By emphasizing the harmonization between RDHx and row-
based cooling strategies, this approach offers a multifaceted solution to data center cooling,
balancing both efficiency and simplicity. Instead of releasing heat into the atmosphere, a po-
tential solution for addressing a major barrier in data center cooling could be to eject heat into
the ocean. Microsoft plans to utilize cold seawater instead of traditional refrigeration cycles
in their undersea data centers [76]. In 2018, they unveiled the ”Northern Isles Data-center,”
innovative self-sufficient underwater data centers submerged in a 40 ft long capsule placed 100
ft beneath the North Sea’s surface near the UK’s Orkney islands. The system runs entirely

on renewable energy using undersea cable, filled with dry nitrogen air, and includes 12 racks,
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totaling 864 servers. Cooling is achieved through a combination of fans and a heat exchange
plumbing system that circulates seawater via sealed tubes. Absence of Oxygen, less human
interaction, and improved cooling results in 87.5% reduction in failure rate in comparison to
equivalent land data center. Design concept for the third generation of the project can be seen

in Figure 1.4 [77].

Ballast tanks for
transport (floating) and
deployment (sinking)

Subsea cable connection

Figure 1.4: Microsoft Azure 3rd generation underwater data center scheme [77].

1.3.2  Direct Liquid-Cooled Data Centers

What if we were to remove the air barrier that separates RDHx from the IT components, en-
abling direct heat exchange from the IT equipment itself? This concept is known as a direct
liquid-cooled data center. Although some literature may refer to this methodology as indirect
liquid cooling, ASHRAE officially designates it as direct liquid cooling—a term we adhere to
for uniformity.

Figure 51.5(a) aims to depict a simplified direct liquid cooling arrangement involving a
cold plate mounted over a processor; A “flip-chipped” die is soldered onto a substrate to es-
tablish an external circuit connection. The solder joints are encapsulated by underfill epoxy,
which serves to absorb thermal stresses. This design strategy exposes the rear side of the die to
facilitate heat transfer. Maintaining the flatness of the mounting surface is crucial for optimal

thermal contacts. This is achieved by regulating both the amount of pressure exerted on the
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die and its uniform distribution, while also accounting for thermal cycling effects (such con-
siderations inherently restrict the maximum size of the microprocessors) [78, 79]. To enhance
heat dissipation and offer protection, the die is covered by a lid. Thermal interface materials
(TIMs) are applied to both its inner and outer surfaces [80] and cold plate sits on top. This
integration introduces low conductivity interfaces between the exposed side of the cold plate to
TCS (7),) and the thermal junction of the die (the location of the 7, which is typically at the
center of the die, near the interface between the die and underfill). As shown in Figure 1.5(b),
other components in the server, such as memory modules and voltage regulators, can also be
liquid cooled by wrap around special cold plates [81], however, a chip-specific liquid cooling

with peripheral air cooling approach is generally preferred.

Inlet and outlet from top
Microchannels
Cold plate

Cold plate Base Inlet and outlet from side

mnrﬁﬁnrrm

(a) Microchannel cold plate attached to the processor module with thermal interface between cold plate and integrated package lid. Inlet and
outlet can be from side or top.

Cold plate for memory/voltage-regulator

(b) Memory modules and voltage regulators are two other server components that can be liquid
cooled using specialized cold plates. If liquid cooling isn't utilized, a hybrid air cooling solution is
needed for these devices.

Figure 1.5: (a) A simplified thermo-physical arrangement involving a cold plate mounted over
a processor, (b) On chip-specific water cooling with memory being cooled by peripheral air
cooling or wrap around special cold plates.

Direct liquid cooling creates a complex heat exchanging loop composed of pump, piping
and manifolds, fluid couplings, and terminators, where the CDU acts as its brain and facilitates
heat exchange between TCS and FWS. CDUs can either be localized within an individual
rack—thus providing TCS coolant solely to that rack—or act as floor-standing entities that
distribute coolant across multiple racks. A less conventional approach, which is not covered

herein, involves the absence of a CDU altogether. In such instances, FWS is guided directly
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into rack, and manifolds distribute FWS into cold plates, thereby cooling components without
the intermediation of a separate internal loops. The focus in this section is narrowly tailored
to the TCS loop, whose prescribed constraints and conditions serve as the defining boundary
conditions (BCs) for heat exchange within the cold plate apparatus. The rest of this overview
section is an effort to quantify these BCs based on the ASHRAE Technical Committee 9.9’s

seminal 2019 white paper [27].

* Circulating TCS Coolant. One of the primary roles of the CDU is to circulate coolant
in TCS within the internal rack/chassis. To adapt to fluctuations in temperature of FWS
temperatures, and IT equipment heat loads, CDU employs sophisticated mechanisms
such as bypass loops, proportional control valves, and variable speed pumps. TCS is
governed by defined temperature bounds, with an upper and a lower limit. The upper
bound represents the maximal allowable TCS supply temperature at a specific flow rate
to ensure adequate cooling for the connected IT equipment; exceeding this temperature
may necessitate an increased flow rate and could result in overheating. Conversely, the
lower bound often correlates with the dew point inside and around the rack. CDU is
responsible for monitoring this to adjust the TCS temperature to at least 2°C above the
room dew point, thereby averting condensation issues. Similar to air-cooled equipment,
ASHRAE provides a framework for categorizing liquid-cooled IT equipment based on
FWS temperatures, as W1 (17°C), W2 (27°C), W3 (32°C), W4 (45°C), and W5 (>45°C).
Apart from temperature limits, TCS has pressure limitation. In compliance with the
ASME codes, TCS should be designed with safety margin of 1.5x. Both the TCS and
FWS within the CDU include pressure relief valves and adhering to a relatively low
1.5x safety factor for pressure, enables a broader and more cost-effective designs. For
water-cooled systems, the typical flowrate may range from 0.38 to 31.85 L/min, with
an operating pressure range up to 827.4 kPa. Cold plates are typically equipped with
microchannels. Reducing hydraulic diameter within the cold plate results in taking full
advantage of the caloric density of TCS. While reducing hydraulic diameter generally
improves heat transfer performance, it often comes at the expense of increased static

pressure drop from the inlet to the exit ports as shown in Figure 1.6.
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Figure 1.6: Effect of fin spacing on thermal resistance on pressure drop in microchannel cold

plate [27].
Therefore, optimizing the trade-off between enhanced thermal performance and pressure
drop becomes a critical design and safety aspect. Based on the microchannel size, effec-
tive filtration of TCS will be required. Strategic distribution of coolant among various
cold plates is another important factor, which is recently studied by Heydari et al. [82].
Authors conducted experiments on in-row liquid-to-air CDUs. Three distinct cooling
loops; X, Y, and Z (depicted in Figure 1.7) were considered. Designed thermal test ve-
hicle comprised 8 large heaters (Type A, up to 1000 W) and 6 small heaters (Type B, up
to 200 W). The investigation highlighted the significance of organizing flow distribution
from each manifold outlet to the cold plates. Among studied loops, cooling loop Y ex-
hibited superior thermal and hydraulic efficiency, boasting a thermal resistance of 0.0198
K/W at pressure drop of 45.1 kPa. In this configuration, for small cold plates attached to
Type B heaters, the fluid follows a sequential path through cold plates 1, 2, and 3 before
exiting the cooling loop (a mirrored sequence for cold plates 6 to 5, and 4). For large
cold plates, the even-numbered ones received coolant first, followed by traversal through

odd-numbered cold plates before exiting the cooling loop.

* Facilitating Heat Transfer from the TCS to the FWS. CDU exchanges heat between
TCS and FWS, or TCS to air (radiator based). TCS to FWS is examined here. Inside

the CDU, the liquid-to-liquid heat exchanger often features a flat plate construction, with
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plate spacing typically varying from 2 to 8 mm. Due to these dimensions, varying de-
grees of filtration are necessary upstream of the CDU and also within the FWS loop to
ensure optimal performance. CDU serves to segregate the FWS from the TCS, allowing
for the use of alternative coolants and specially engineered fluids within the TCS loop.
It’s crucial, then, that the internal loop of the CDU and cold plates are chemically com-
patible for their wetted material list with whichever coolant is being utilized. This points
to yet another essential function of the CDU; maintaining the quality and chemistry of
the coolant throughout the operational cycle, which is indispensable for the long-term

reliability and efficiency of the cooling system.

(c) Cooling loop Z.

Figure 1.7: Three different types of cooling loops, (a) X, (b) Y, and (c) Z studied by Heydari et
al. [82].
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A similar conclusion can be drawn for cold plates from study of Kini et al. [83], as
authors strongly recommend continuous monitoring of fluid chemical properties and pe-
riodic replenishment of fresh coolant to mitigate the potential adverse effects of corrosion
on microchannel cold plates during long-term operation. In their research, corrosion be-
havior of microchannel cold plates was examined during continuous loop operation for
over 600 hours. The study monitored both the thermal performance of the cold plates and
the fluid’s chemical properties, specifically pH and electrical conductivity, during long-
term corrosion testing with a water-based coolant. The dominant observed failure mech-
anism was galvanic corrosion. The experimental data revealed that, under temperature-
accelerated test conditions, no thermal degradation occurred within the given time frame.
However, significant changes in fluid chemical properties indicated an ongoing progres-
sion of corrosion. Part two of the study [84] concludes that corrosion reliability can be
assessed using the kinetic model, which incorporates temperature and external voltage as

acceleration factors in the corrosion rate.

Constraints of Fluid Coupling. TCS is only possible with fluid coupling architectures,
each with distinct characteristics that dictate the volume flow rate and pressure within
the TCS. These characteristics are broadly cataloged in Table 1.1. Couplings with shut-
off mechanism (dry-break connectors) are being used to avoid fluid spillage. Liquid
spillage within the server should not exceed 1 cc. When utilizing flexible hoses, addi-
tional clamps or ties are required for management and reduce pressure drop. Flexible
hoses offer cost-efficiency, ease of maintenance, and design streamlining, particularly in
scenarios involving multiple cold plates. In contrast, when employing rigid tubing or
directly mating the connector to a manifold or port, threaded terminations are generally
the method of choice. For tapered pipe threads, the application of supplemental sealing
paste during installation is often mandated to guarantee a sealed interface. In this con-
text, straight-thread terminations complemented with elastomeric O-ring seals are the

preferred dry-break configuration. Lastly, when situating fluid connections in proximity
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to IT equipment, attention must be paid to the vibrational factors that may impact long-
term reliability. Appropriate installation torque should be rigorously adhered to during
installation to counteract any potential loosening over extended operational periods. For

instance, the connection force standard inside the server is below 50 N.

Parameter Unit CDU to Cabi- Cabinet/Chassis to Drawer to
net/Chassis Drawers Server/Blade
and to cold plate
Size in. 2—4 0.5—2 < 0.5
Flow rate L/min < 1000 (cabinet), 100 <5
< 100 (chassis)
Operating bar 10 10 5
maximum P
Maximum T °C 200 200 150

Table 1.1: A concise overview sourced from ASHRAE Technical Committee 9.9 showcasing
typical fluid couplings characteristics [27].

Cold plate designs promoting jet impingement cooling are gaining popularity. This can
be inferred by comparing heat transfer performance of different cooling methods. Kheirabadi
and Groulx [85] uses heat spreader heat flux to facilitate this comparison. While conventional
metrics like wall heat flux and heat transfer coefficient offer valuable insights, they fall short
in enabling direct comparisons across different cooling methodologies. Based on heat spreader
heat flux, authors evaluated effective heat transfer coefficient (h.rs) from various published
articles. Formulation is shown in Equation 1.1, which is based on heat transfer rate g, heat

spreader surface area Apg, surface temperature of the heat spreader 7, and inlet temperature

T;:
q
heps =
T Ays (T, —T3)

(1.1

Ranges of h.s¢ can be seen in Figure 1.8, where jet impingement, spray cooling, and two phase
cooling offer values above 8 W/(cm?-K). Among these methods, spray cooling has received the
least attention due to implementation challenges (and low CPI as shown later in Figure 1.9(b)).
However, jet impingement and two-phase cooling have gained popularity and are now demon-
strating practical applications in data centers. In order to compare these methods based on their

energy efficiency, Sarkar et al. [86] compares the cooling performance index (CPI) - the rate of
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Figure 1.8: Ranges of effective heat transfer coefficients (h.s¢) for microprocessor cooling in
data centers [85] (In this figure, water cooling refers to microchannel cooling with water).

heat transfer (¢) per unit of pumping power (ppump) consumed - of different cooling methods
which can be seen in Figure 1.9 (b). We have also included heat transfer coefficient attainable
from different cooling methods in Figure. 1.9 (a) which is derived from Ref. [87, 88]. In Fig-
ure. 1.9(b), it can be seen that 4.7 times higher CPI is offered by impinging jets. Furthermore,
authors show that in comparison to active cooling methods of spray and microchannel cooling,
and passive methods of pool boiling and heat pipes, jet impingement presents highest Carnot
COP (based on supply temperature and the heat source temperature). The low CPI of jet im-
pingement, coupled with its high heat transfer coefficient, is attracting attention in the water
block industry. However, the challenge here is how to integrate jet impingement successfully
into cold plates? The earlier approach from industry was to choose inlet to cold plate usually
from top to promote impingement on the surface. This jet is impinged on a low resistive heat
spreader with microchannels in rectangular, fractal, serpentine, wavy, spiral, zigzag, pin fin,
etc. patterns [89]. The jet is usually unorganized and has low velocity resulting in non-uniform

cooling. The better answer was in array of impingement with the introduction of a manifold
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Figure 1.9: (a) Range of heat transfer coefficient of different cooling methods, and (b) experi-
mentally evaluated cooling performance index (CPI) of different active cooling methods.
section. Industry refers to this as a “water block with a mid-plate,” effectively emulating tra-
ditional manifold heat sinks within existing water blocks. With having manifold, there is no
necessity for top flow inlet as the manifold section of cold plate intakes coolant from side and
distributes coolant into arranged multitude array of nozzles for submerged jet or confined-jet
impingement on the spreader.

Introduction of manifold to the design of heat sinks is proven effective way to utilize high
heat transfer coefficient of jet impingement flows with reduce pressure drop [90]. Simply put,
manifold heat sinks work by taking in coolant through the manifold section and distributing
it evenly to arranged nozzles (see Figure 1.10(c)). At the bottom of these nozzles, there are
interconnected microchannel networks. From these nozzles, coolant impinges on to the heat
spreader, and travel a short distance parallel to the heat spreader inside microchannels (pin fins
with improved performance can be used instead of microchannels [91]). Finally, the liquid
gets collected by the outlet manifold and exits the cold plate. This design reduces pressure
drop in the cold plate by having liquid travel a shorter distance in microchannels. A traditional
microchannel heat sink with channel size of 50 um wide and 300 um deep at a pressure drop
of 214 kPa [92] achieved the same heat transfer coefficient of 11.1 W/(cm?-K) to manifold
microchannel heatsink with similar channel characteristics and a pressure drop of 22 kPa [93].
Manifold heatsinks also provide uniform cooling on the spreader in comparison to conventional
microchannel heat sinks. Walsh et al. [94] utilized an array of 19 silicon microjets, each with a

diameter of 116 pum, to direct water microjets at a velocity of 16.93 m/s at temperature of 20°C
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(a) Asetek active cold plate concept by integration of a small (b) Advanced heat spreaders
centrifugal pump to the cold plate.

e =

(c) Two stage cold plate or manifold microchannel heat sink. (d) Cold plate on lid.
(e) Jet impingement on die. (f) Directly etched micro pin-fins onto the backside of the die.

Figure 1.10: An illustrative simplified thermo-physical demonstration of different direct liquid
cooling methods including: (a) Asetek active cold plate concept, (b) thermosyphon cooling at
chip level, (c) manifold cold plate, (d) on lid cold plate, (e) on die impingement, and (f) cold
plate on die with directly etched micro pin-fins onto the backside of the die.
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onto a resistive heater substrate designed to emulate an integrated circuit. The experiment
was conducted with an overall flow rate of 204 mL/min and an available pressure of 209.6
kPa. They achieved heat transfer coefficients exceeding 25 W/(cm?-K), with a device heat flux
of 5500 W/(cm?) and a temperature rise of 46 + 2°C. Building on their research, JETCOOL
is founded [95] and developed a similar commercial solution for data center cooling called
SmartLid [96]. This technology is depicted in Figure 1.10(e) where there is no thermal barrier
between the coolant and die. To the best of our knowledge, this is the highest heat transfer
coefficient ever attained in the field, approaching the limits for single phase water cooling. In
a similar vein, IMEC [97] employed jet impingement cooling using a manifold shared by 41
jets. These jets have a larger diameter of 300 um and apparatus is made of polymers fabricated
using high-resolution stereolithography 3D printing.

In the field of on-die cooling, it is worth mentioning the work of Rajan et al. [98] as an
exemplary thermal management solution for 2.5D and 3D heterogeneous integrated circuits.
Figure 1.10(f) provides an illustrative depiction of their methodology. The researchers used
a 2.5D Stratix 10 GX field programmable gate arrays (FPGA) package featuring five discrete
dies to evaluate two distinct cooling configurations. The first uses an attached silicon micro
cold plate with micro pin-fin heat sinks etched on a separate silicon substrate. The second
approach utilizes a monolithic design where micro pin-fins are directly etched onto the back-
side of the dies. Both configurations incorporate low-profile, 3D-printed polymer-based fluid
delivery manifolds and utilize deionized water as a coolant while running a resource-intensive
benchmark on the FPGA. The study yielded remarkably low junction-to-inlet thermal resis-
tance values: 0.094 °C/W for the attached silicon cooler and 0.074 °C/W for the monolithic
heat sink. Both configurations were effective in dissipating more than 110 W of heat genera-
tion from the FPGA core die.

Turning our attention to established industry standards for cold plates, we find that the
integration of water cooling at the chip level is still an emerging practice. The pressure drop
requirements for such methods are often too high and hot swapping and warranty void of equip-

ment is still a problem. Scaling this type of liquid cooling to industrial data centers introduces
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challenging complexity [99]. An intermediate technology that bridges the gap between into-
chip and cold-plate-on-lid, involves exposing the lid itself to the coolant [100]. This technique
is illustrated in Figure 1.10(d) and is gaining popularity. In this regard, Chang et al. [101]
introduced microchannels into the lid, effectively transforming the lid into an integrated cold
plate and eliminating the TIM interface between cold plate and lid. With cooling capability
exceeding 1,000 W, the result indicated a 30% increase in capability over a standard cold plate.
Thermal resistance of 0.05 °C/W is obtained at flow rates of 1.0 1/min. In this survey, this is the
lowest reported thermal resistance between different methods.

The question of what happens to the energy efficiency of the data center when water blocks
are used needs to be addressed. Interesting performance comparison between air cooled data
center after equipping with cold plates can be seen in retrofitting the Lawrence Livermore
National Laboratory’s high-performance computing cluster, ”Cabernet,” with Asetek cooling
systems. The cooling solution is again based on chip-specific water cooling with peripheral
air cooling. The study [102, 103] assessed the energy savings of this new system using both
top-down statistical models and bottom-up engineering models. Because both the before” and
“after” scenarios utilized the same chilled water system, energy savings were solely attributed
to reductions in CRAH fan power. The top-down analysis indicated a 4% overall energy savings
for the cluster, with a PUE reduction from 1.60 to 1.53. The bottom-up model showed a slightly
lower overall energy savings of 3%. The research suggests that even greater energy savings
(15-20%) could be achieved if the free cooling was used for rejecting the heat from the liquid
cooling system. About 37% of the heat from the Cabernet system was rejected into the cooling
water, which is lower compared to other installations. It can be seen that direct water cooling
still offers elevated PUE values, owing to the necessity for peripheral air cooling. This PUE
can be reduced by considering waste heat recovery in various forms, such as heat exchange
with hot water system of nearby facilities [104]. At the Energy Systems Integration Facility
(ESIF) at the US Department of Energy’s National Renewable Energy Laboratory (NREL), a
PUE of 1.06 is achieved by utilizing waste heat from the data center to heat the building’s water
system [105]. ESIF also employed Asetek’s in-rack CDU and cold plates in conjunction with

low power air cooling.
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A few novel approaches from industry deserve to be noted here: active cold plates, and
leak detection in cold plates. In order to alleviate pressure of the cooling loop inside racks,
Asetek introduces an interesting solution. As shown in Figure 1.10(a) cold plates can be
equipped with centrifugal pumps into a single package names as active cold plate, this re-
duces connections and improves reliability by reducing pressure in manifold section of rack.
This design is patented by Asetek and cold plate is compact enough that can be used in 1U
chassis [106]. Another important aspect of directing water inside the server is leak detection
in which CoolIT Systems showcased a leak detectors sensor for cold plate implementation in
servers [107] and their cold plate practical design can be seen in GIGABYTE’s AMD EPYC
H262 Series [108].

Heat pipes provide high thermal conductivity and can efficiently distribute heat from small
sources to larger areas in the condenser. As a result, they are an indispensable method for
cooling in devices like laptop computers. Similar techniques of employing heat pipes in data
centers exist, although they are typically used outside of racks. Ling et al. [109] provides a
state-of-the-art review of application of heat pipes in data centers and categories heat pipes into
three types based on driving force including (a) thermosyphon, (b) separate heat pipe, and (c)
heat pipe system coupled with a liquid pump, gas pump, or air conditioner. In facility level,
heat pipe systems are being used as a mediator for heat exchange between air-air or air-liquid
and in most cases proven reliable and showed improvement. For instance, in ESIF’s HPC data
center [105] (which we discussed earlier), hybrid heat rejection system thermosyphon cooler
located upstream and in series with an open cooling tower saved 1.16 million gallons of water
in its first year of operation, and 2.10 million gallons during a two-year period, cutting water

usage in the data center in half while continuing to operate at optimal energy efficiency [110].

* Heat pipes. In rack level, heat pipes showed improvement in air cooled data centers.
Zheng et al. [111] retrofitted heat pipe systems in 14 air-cooled cabinets of a data center
in Shanxi province. The evaporator was positioned inside the cabinet (in contact with
air), while the condenser was linked to an outdoor chilled water system at the back of

the cabinets, akin to RDHx systems. This retrofitting brought the air temperature within
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the required operational safety limits. Subsequently the retrofitting resulted in an 18%

reduction in the summer energy consumption of CRACs.

Thermosyphons. Heat pipe based systems can also be used for direct chip cooling. Ding
et al. [112] review the loop thermosyphon and its application in room- and rack-level
cooling of data centers. The majority of applications are designed for air-cooled data
centers. However, there is an innovative way of using thermosyphon at the chip level, as
shown in Figure 1.10(b). In a vertical configuration, thermosyphons are gravity-assisted,
wickless heat pipes. They utilize gravitational force to transport the working fluid from
the condenser section via the riser to the evaporator and then bring it back via the down-
comer, either through gravity or external energy. In this context, Chauhan and Kandlikar
[113] studied and tested a dual taper-configured evaporator in a thermosyphon system
working with HFE-7000. They showed that the loop can dissipate 280 W without reach-
ing the critical flux point, and it has a heat transfer coefficient of 2.6 W/(cm?-K). Amalfi
et al. [114] later introduced a thermosyphon-based technology that extends risers and
downcomers to rack levels, removing heat using R1234ze and directing it to a compact
overhead water-cooled condenser. The profile of the evaporator was 7 cm, suitable for
2-U servers, and it was experimentally tested at Nokia Bell Labs. A thermal resistance
of 0.113 K/W at a power level of 120 W was achieved. The mean 7; of 43 °C with FWS
of 15°C was obtained and is reported to be below the values achieved with traditional
air-cooling technologies. Lamaison et al. [115] studied concerns about the feasibility of
such a system by investigating microprocessors cooled in parallel evaporators with dif-
ferent levels of heat flux. They demonstrated that the system’s dynamic operation should
be controlled by adjusting the pump’s operation during heat load disturbances to avoid

reaching critical heat flux conditions.

Two phase Impingement.Fan and Duan [116] state that pool boiling, being the sim-
plest submerged boiling configuration, offers relatively poor heat transfer performance

when compared to submerged and confined jet impingement boiling. This observation
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is supported by Figure 1.9(a), which shows that the heat transfer coefficient can be in-
creased further by combining jet impingement and phase change. However, if one aims
to harness the advantages of phase change within a cold plate, a low boiling point liquid
must be used in the TCS. As shown in Figure 1.9(a) heat transfer coefficients up to 10
W/(cm?-K) can be reached with fluorinated hydrocarbons. Ramakrishnan et al. [117] in-
vestigated a liquid-cooled manifold cold plate that facilitates two-phase jet impingement
on a microchannel base. The dielectric fluid HFE-7000 was employed, and variables
such as inlet pressure, subcooling, flow rates, and heat flux were considered. At a heat
flux of 63.6 W/(cm?), corresponding to a chip power of 410 W, the base temperature
remained below 75 °C, and the pressure drop did not surpass 21 kPa. The cold plate is

being commercialized by Ebullient [118].

Refrigeration on chip. Schmidt and Notohardjono [119] outline the history of infusing
refrigeration cooling for server electronics, resulting into the IBM S/390® G4 CMOS
system, which was first supplied in 1997 and was the first high-end server to employ
refrigeration. In recent attempts, a miniature vapor compression refrigeration system
using R134a with an evaporator equipped with micro-channels has been tested for chip
cooling [120]. The highest COP achieved is 9.069 to remove 200 W from heated surface
at 73.3 °C. In another study, a water block is placed over a thermoelectric cooler (TEC),
which is attached to a CPU. Dynamic performance comparisons of three configurations,
including TEC with and without temperature control as well as passive water cooling,
are investigated under variable operating conditions in a severe environment. A COP
of above 0.65 for the cooling system is obtained [121]. In another innovative research,
a thin TEC is fabricated from a nanostructured Bi,Tes-based superlattice and attached
to the bottom of the lid. The temperature of the localized heater region was 124.5°C
without the TEC and decreased to 116.9°C when the cooler was attached to the lid. After
powering the TEC with a current of 3 A, a total localized cooling led to temperature

reduction of 14.9°C with a heat flux of 1,300 W/(cm?) [122].
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Achieving futuristic high performance direct liquid cooling apparatus needs the incorpora-
tion of jet impingement, and phase change mechanisms directly on lid or die, or microchannel
cooling inside die. Manifold microchannel heat sinks are an excellent example of such integra-
tion where an array of liquid jets impinge on microchannel structures of heat spreader inside a
cold plate, or directly on lid/die. From such designs comes the highest reported heat transfer
coefficient of 25 W/(cm?- K) [94], reaching the limits of direct water based cooling. Two-phase
cooling could enhance such systems even further, with theoretical heat transfer coefficients of
up to 100 W/(cm?- K) possible. Further exploration of two-phase cold plate systems is required
to pave the way for the convergence of two phase micro jet impingement or refrigeration on
lid/die. However, it should be emphasized that multiphase cold plate systems are vulnerable to
changes in heat loads, posing problems to their functioning stability and efficiency. Thus, such
futuristic solutions require a coolant with appropriate flow rate and cooling capacity to safely

operate in different thermal loads.

1.4 Immersion Cooling

Direct liquid cooling in data centers has been recognized for its high heat removal capacity
provided by attached cold plates and evaporators on microprocessors. However, it poses chal-
lenges such as leakage, micromanagement, maintenance, and the need for CDUs that demand
pumping and flow distribution via manifolds. Furthermore, air cooling remains necessary for
peripheral equipment and condensation prevention, resulting in elevated PUE for these meth-
ods. Immersion cooling builds upon this by submerging the entire server in a bath of dielec-
tric liquid. In this setup, all components are in direct contact with heat transfer liquid [123].
Research into immersion cooling extends to other high-density electronics like solar photo-
voltaics [124], batteries [125], and power transformers [126]. Notably, the first concept of a
dielectric-cooled computer was patented by IBM in 1966 [127], and they subsequently intro-
duced the concept of immersion cooling in 1968 [128]. A recent review by Pambudi et al.

[129] highlights immersion cooling as a method that offers numerous benefits: energy savings,
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cost-effectiveness, a 1/3 reduction in infrastructure size compared to air cooling, ease of instal-
lation and maintenance, and environmental advantages due to reduced noise and greenhouse
gas emissions.

Moreover, immersion cooling involving phase change provides consistent temperature
cooling solution [123], ensuring no performance drop, hotspot, or energy consumption spikes.
This cooling method is projected to grow from $243 million to $700 million in 2026 [130]. As
shown in Table 1.2, common dielectric liquids used for immersion cooling have significantly
lower thermophysical properties than water. However, the dielectric quality of these liquids
allows for no resistive network to obstruct the heat transfer path, though in most cases, the lid
remains on the microprocessor to improve surface contact. When comparing the average spe-
cific heat and thermal conductivity of popular dielectric liquids to water, with similar density,
they are found to be 66% lower in terms of specific heat and 86% lower in terms of thermal
conductivity (it is important to note that in TCS, a mixture of 30 to 50% Propylene Glycol and
water, often with corrosion inhibitors, is used instead of only water. Mixture serves several
functions, including freeze protection during shipping and handling and the prevention of cor-
rosion, foaming, pH change, bio-growth, and other issues. When glycols are added to water,

thermal conductivity and specific heat decrease while density, viscosity, and Pr increase).

1.4.1 Single Phase Immersion Cooling

In single-phase immersion cooling, the boiling temperature of coolant is generally engineered
to be high enough to prevent phase change. Referring to Figure 1.1, these cooling solutions,
which are exposed to atmospheric pressure, usually allow for low-maintenance and easier hot
swapping. However, additional maintenance procedures are necessary to prevent fluid losses
and to degas systems of infiltrating air and humidity [142]. The presence of impurities, gases,
or other substances can influence thermophysical properties. Thus, any immersed IT equipment
should be stripped of all stickers or coloring that can contaminate the liquid. Cooling fluid is
more cost-effective in comparison to two phase immersion systems. Furthermore, liquid loss
exists and the facility requires coolant and gas filtering due to diffusive evaporation [99]. The

fluid’s circulation is powered either by a pump or through natural convection [143]. In pumpless
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Table 1.2: Type, GWP, and thermophysical properties of common dielectric liquids being used
for immersion cooling, including boiling temperature (73), specific heat (c,), latent heat of
vaporization (), density (p), thermal conductivity (k), dynamic viscosity (y), Prandtl number
(Pr), and coefficient of thermal expansion (/3). Water is included in the table for comparison.

34



tanks, Rayleigh—Bénard convection occurs, utilizing a hot vertical wall of a hot server and
another vertical wall for heat exchange, connected to an external FWS. Figure 1.9(a) shows that
free convection in dielectric liquids is limited to low heat transfer coefficients. Optimization
study by Luiten [144] shows that buoyancy driven Hydrocarbon based immersion cooling with
copper heat sink with 80 vertically oriented fins at height of 20 mm and heat spreader size of
200 mm by 200 mm can maintain 500 W IC at 85 deg C, showing effective thermal resistance
of 0.091 K/W.]. In buoyancy driven systems, higher density, higher expansion coefficient, and
lower viscosity are the preferred liquid choices. This issue is examined at Ref. [145]. Authors
determined the figure of merit (FOM) by examining the Nusselt number (Nu) correlation of a

heatsink with a vertically oriented plate. The FOM, where higher being better, was given as:

2, \ 02813
FOM = k (%) (1.2)

To adapt the system for high power servers, forced convection must be used. Typically, a pump
promotes forced convection by propelling liquid from the CDU through an inlet on the bottom
of the tank (assisting flow). In this case, based on the Nu correlations for developing laminar

flow through pipes, the FOM is defined as [145]:
0.333
FoM = k (22) (1.3)

Huang et al. [146] use numerical models to compare pump-driven and buoyancy-driven im-
mersion cooling in a tank containing two CPUs, each with a TDP of 270 W, for a total server
power of 1331.9 W. The Nu for the pump-driven case was evaluated as 261.2, while for the
buoyancy-driven case was 105.4. The study shows that the pump-driven immersion cooling
system reduces processor temperature by up to 55.5% while also lowering PUE by 11.6%,
highlighting its efficiency and effectiveness in improving cooling performance. Aligning with
our insights, synthetic oils are the preferred choice in the industry for single phase immersion
cooling. Probably, apart from environmental concerns, many uncertainties persist regarding

the effects of mineral oil immersion cooling on the reliability of the IT equipment both at the
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component and chassis level [147]. Moreover, silicone oils tend to be more expensive and
cannot compete with proven track records of synthetic oil usage in data center industry. Fur-
ther information regarding other coolants such as nanofluids can be found in [148]. Referring
back to the table in Figure 1.1, this method is superiors regarding, cost, reliability, sustainabil-
ity, complexity and location flexibility between different liquid cooling methods [68]. Thus,
it presents opportunities for successful commercialization. Asperitas utilizes pumpless server
enclosures employing single-phase immersion cooling, employing the low-viscosity Shell im-
mersion cooling fluid S5 X [149]. These servers are thermally insulated for waste heat re-
covery. Each enclosure can house 48 servers or 288 GPUs while occupying a footprint of 60
cm x 120 cm [143]. Alibaba, likewise, utilizing Shell immersion cooling fluid S5 X [150],
opts for pump-driven single-phase immersion cooling tanks, resulting in a 36% reduction in
power consumption and an achieved PUE of 1.07 [143]. On the other hand, Submer [151]
has developed its own coolant named SmartCoolant for single-phase immersion cooling. This
coolant is a low-viscosity, dielectric synthetic fluid crafted from a diverse array of components,
including hydrocarbons, esters, and various additives. The company offers cabinet-sized en-
closures known as microPods and setups within shipping containers, referred to as megaPods.
These systems are engineered for waste heat recovery, contributing to the provision of hot water
for nearby buildings. Riot Blockchain’s Massena data center utilizes Shell immersion cooling
fluid in a pump-driven single-phase immersion cooling setup, accommodating a 40,000 servers.
However, the PUE remains undisclosed [152]. In addition to traditional approaches aimed at
enhancing heat transfer in single phase immersion cooling systems, the utilization of acoustic
flow presents an intriguing alternative. Acoustic flows involve convective currents induced in a
fluid exposed to an ultrasonic field [153, 154]. A recent investigation by Ozer et al. [155] delves
into the impact of ultrasonic sound waves on the cooling efficacy of single-phase immersion
cooling systems utilizing fully-fluorinated PF-5060 dielectric liquid (even though the boiling
point of this liquid is 56 °C, the experiments were done in liquid phase with maximum 14 °C
temperature rise in relatively low 30 W power levels). The study explores ultrasonic sound
waves at frequencies of 9.6 kHz, 14.4 kHz, 19.2 kHz, and 24 kHz, comparing them to silent

natural convection. The experimental setup involves two discretely heated regions positioned
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on a vertical plate, simulating servers within immersion cooling tanks. The findings reveal an
increase in the heat transfer coefficient, with the highest reported value reaching 1.7 W/(m?- K)
due to cavitation induced in the liquid by the sound waves and the resultant flow fluctuations
of the acoustic flow phenomenon. Further in-depth analysis is required to understand the en-
ergy performance of such systems, and their long-term impact on the quality of the immersion

cooling liquid.

1.4.2  Two Phase Immersion Cooling

Two-phase immersion offers improved heat transfer coefficient and minimize temperature gra-
dients across the heated surface [123]. These enhancements are attributed to the isothermal
nucleation processes present in two-phase flow and the associated latent heat of vaporization
[156]. The primary concerns with this approach relate to flow instabilities, which induce pres-
sure and temperature fluctuations, flow reversal, and other behaviors that may ultimately lead
to superheating and burnout of heated surfaces [157]. Boiling takes place on copper boilers
attached to the lid or directly on the lid. Then, as depicted in Figure 1.1, vapor naturally rises to
the top of the tank after, where a cold coil (or surface) condenses it back into liquid. Typically
copper boilers are mounted on the lid, and for heat flux greater than 10 W/cm?, a common
strategy is to use a commercial boiling enhancement coating on boilers [158].
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Figure 1.11: Comparison of heat transfer coefficient (HTC) and critical heat flux (CHF) of
recent pool boiling enhancement with surface modifications [35]
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The improvement of the surface or coating for enhancing pool boiling is an active area of
research. Larimi et al. [159] conducted pool boiling experiments using Nove 649 with differ-
ent surface characteristics, including bare copper, a commercial boiling enhancement coating,
and their developed multi-scale electroplated porous (MuSEP) coating. The MuSEP coating
enhanced the boiling heat transfer coefficient by 108% compared to the bare copper surface
and by 38% compared to the commercial coating at 250 W, with an average heat flux through
the boiling surface of 11.3 W/cm?. Furthermore, the reliability of the MuSEP coating was
studied after undergoing more than 22000 integrated hours of tests for a functioning CPU in a
two-phase thermosyphon cooling prototype and more than 5500 integrated hours in a total im-
mersion cooling application. Recent advancements in two-phase immersion cooling involving
surface modifications have been comprehensively reviewed in [35]. The attempts to enhance
pool boiling heat flux are categorized into surface treatment and forming structures on the sur-
face, with authors noting that structure-level research demonstrates higher performance than
surface-level research, but an economic feasibility study is necessary. Figure 1.11 summarizes
some of the recent experimental results in this field for pool boiling. It’s important to men-
tion that, to the best of our knowledge, there is insufficient information regarding potential
cavitation damage to IT equipment during boiling. Additionally, further studies are needed to
emphasize the long-term reliability of two-phase immersion systems. Recent industry insights
reveal that fluid-borne contaminants originating from various IT hardware, such as solder flux
residue and plasticizers from elastomer components, have been observed to interact with the
working fluid. These interactions can result in unforeseen issues, ultimately leading to thermal
performance degradation of the boiler plate or electronic failures.

Even with an increase in the heat transfer coefficient by two-phase immersion cooling,
the heat removal is typically constrained by the small surface area. Introducing an advanced
heat spreader instead of conventional boilers can further enhance performance of two-phase
immersion cooling. In this context, Zhou et al. [160] utilized vapor chamber as a heat spreader
in two-phase immersion cooling. They initially developed gradient capillary wicking structures
with varying effective pore sizes and integrated them into the vapor chamber to effectively

reduce flow resistance, facilitating improved circulation of the working fluid and enhancing
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the heat spreading performance of the vapor chamber. Furthermore, to boost the pool boiling
heat transfer performance, they integrated a sintered porous copper wire mesh with the outer
condenser surface of the vapor chamber. Experiments were conducted at various input heating
powers and test orientations in an HFE-7100 bath. The set up managed a heat load of up to 900
W without dry-out, achieving a vapor chamber thermal resistance of 0.046 °C/W.

It is worth noting that in 2016, Kheirabadi and Groulx [85] highlighted that two-phase im-
mersion cooling was scarce in the industry. However, we are now witnessing significant inter-
est and investigation by hyper-scale corporations into two-phase immersion cooling. Microsoft
Azure, for example, is actively developing general-purpose hardware for two-phase immersion
cooling, utilizing both small immersion tanks with Novec HFE-7000 and large immersion tanks
with FC-3284 [161]. Figure 1.12 illustrates three perspectives of this prototype: (a) overview;
(b) a removed server; and (c) servers inside the pool. Standard air-cooled servers were mod-
ified for immersion through various adjustments, including fan removal, replacement of CPU
heatsinks with copper boilers, power supply unit removal, depth reduction, and firmware mod-
ifications. The tank is equipped with power, cooling, and networking interfaces connected to
the data center. Engineered fluids for two phase immersion cooling can have higher GWP,
health hazards [35] and generally are more expensive in comparison to single phase immersion
cooling liquids. Another challenge associated with utilizing engineered dielectric liquids is the
issue of proper disposal and concerns related to recycling [162]. Hot swapping is not efficient
to be performed regularly and devices are maintained in yearly cycles [99]. Among these lig-
uid, several fluorinated coolants, categorized as per- and polyfluoroalkyl substances (PFAS),
which are classified as “forever chemicals” [163]. Both the EU and the US are taking steps to
limit the production of PFAS. It is important to note that major manufacturing companies in
the field are phasing out the production of PFAS by the end of 2025. This poses a challenge
for two-phase immersion cooling regarding the production of engineered fluids, given that all
current two-phase immersion cooling systems have utilized PFAS chemicals [164]. As a result,
efforts are intensifying to shift towards no-PFAS chemicals such as HFO alternatives which

have zero ozone depletion potential and low GWP. This issue opens up avenues for research
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Figure 1.12: (a) overview of two-phase immersion cooling tank with (b) a removed server; and
(c) servers inside the pool [161].

and development into new materials and cooling methods that could redefine thermal manage-
ment in data centers. Birbarah et al. [132] proposes an innovative approach that can mitigate
the use of dielectric liquids. They offer immersion cooling directly in water. 1 um of Parylene
C coatings is applied on servers to insulate it from water and tested for voltages up to 200 V.
Then heat flux and convection heat transfer coefficient obtained in Novec 72DE and 7300 di-
electric fluids, water, and a 50/50 in volume mixture of water and ethylene glycol as a function
of hot-spot-to-fluid temperature difference in both natural convection and nucleate pool boiling
regimes. Heat fluxes up to 562 W/cm? are measured in water. As a proof of concept, water im-
mersion cooling is tested successfully on a 2 kW power converter operating at 97.2% efficiency
in deionized water.

Immersion cooling systems represent a more straightforward and denser solution for fu-
ture data centers. Nonetheless, adapting to the high power requirements of microprocessors,
single-phase immersion cooling necessitates a novel flow arrangement to enhance heat transfer
coefficient. Currently, the flow is parallel to specialized heat sinks attached to the lid, a tech-

nique that lacks precise flow control, preventing this method from fully utilizing the cooling
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potential of the available liquid. Novel methods, such as ultrasonic vibration, have been shown
to boost heat transfer coefficient. Two-phase immersion cooling is at risk due to supply chain
issues in the market for engineering fluids. This challenge, however, opens the door for innova-
tive approaches. For instance, making servers and electronics waterproof and water immersion
cooling could significantly push forward immersion cooling. Such an approach has demon-
strated the potential for achieving heat transfer coefficient of up to 0.92 W/(cm?- K) by natural

convection, and up to 4.92 W/(cm?- K) in nucleate pool boiling [132].

1.5 Summary and Conclusions

This chapter is aimed to underscore the imperative need for transitioning to liquid cooling in
data centers. Discussions are made about the growing demand for next-generation data centers,
driven by the advent of high-density transistor microprocessors and evolving environmental
standards. Additionally, we addressed the hurdles faced by existing air-cooled data centers and
explored four well-established liquid cooling methods. Our pivotal findings lead us to these

conclusions:

* Air cooling technologies are unlikely to completely vanish from the data center industry.
Moreover, with increasing incomes in densely populated countries [165], the use of air
conditioning is expected to surge globally. In light of this, there’s a growing need for
greener refrigeration cycles that are not only eco-friendly and efficient, but also exhibit
zero ozone depletion potential and lower GWP. For instance, new HFOs, Zeotropic mix-
tures, or natural refrigerants like ammonia and CO,, are being considered. The transition
to these alternative refrigerants presents both challenges and opportunities. New refrig-
erants will compete for cost and COP, while adhering to new environmental standards.
It’s worth noting that the academic discourse on this transition is somewhat limited, with

most information currently available in commercial white papers.

* Within air-cooled data centers, extensive research is underway to enhance control over

airflow distribution. This includes the exploration of smart aisle containment, increased
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system responsiveness through heat pipes, and the optimization with sensor and control

systems.

As packaging architecture of microprocessors advances, it allows for the use of high-
temperature coolants. Consequently, this leads to the broader adoption of free cooling
solutions at the opposite end of thermal network of data centers. However, not all IT
equipment in servers is designed to withstand high temperatures. As discussed in this
paper, the shift from HDDs to SSDs will undoubtedly accelerate the current transition

towards high-temperature data centers.

Ultimately, the heat rejection destination for any thermodynamic cycle is natural sinks.
Centralizing data centers in cold-climate regions, such as the Pan-Arctic areas, offers the
potential to enhance system efficiency, especially in case of shifting towards high temper-
ature data centers. However, this move poses crucial questions that need answers from
logistical and security standpoints. Unconventional efforts to alter heat rejection sink,
such as submerging data centers within tanks in the ocean, appear promising. Yet, con-
tinuous heat rejection into the ocean raises environmental concerns, potentially impacting
marine ecosystems through thermal pollution. Additionally, it’s essential to consider fac-
tors like the initial carbon footprint, costs, and the long-term expenses associated with

maintenance and servicing.

Up to this point, the hybrid approach of indirect water-cooled data centers, utilizing
RDHx, stands out as one of successful solutions, especially in large-scale data centers,
where it manages to achieve low PUEs without considering waste heat recovery (some-
times, extremely low PUE values are reported when considering waste heat recovery in
various forms, such as heat exchange with hot water system of nearby facilities. How-
ever, it’s essential to take a realistic approach and determine the PUE of implemented
cooling method without considering waste heat recovery.) Utilization of active RDHx
showed successful mitigation of pressure drop within the racks. However, a persisting is-

sue is the problem of hot air leakage. Nonetheless, it’s important to acknowledge that this
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method still grapples with the limitation of relying on air cooling, which may eventually

fall short in meeting the ever-increasing TDP demands of modern microprocessors.

In the approach of direct liquid-cooled data centers, there is a noticeable shift towards
manifold water blocks and evaporators, attached directly on lid or applied on die. Mi-
crochannel cooling inside die shows the least thermal resistance of 0.074 °C/W as the
coolant is at the nearest proximity of the heat source. Additionally, two-phase jet im-
pingement and interconnected thermosyphons show promising heat removal capabilities.
Direct liquid cooling ins hyperscale appears challenging due to micromanagement re-
quirements. Still, this method has found success in smaller-scale applications, such as
mainframe or academic computer setups. Lastly, this method still offers elevated PUE

values, owing to the necessity for peripheral air cooling.

Immersion cooling offers benefits like high-density data centers. However, single-phase
immersion cooling faces challenges with upcoming high heat flux devices due to the in-
ferior thermophysical nature of dielectric liquids, and no local control on flow field that
necessities lower inlet temperatures and increased pumping power. Transitioning to two-
phase cooling appears to be a more promising approach. However, the cost for initial
set up and maintenance is higher. Furthermore, effective heat removal requires enhanced
boilers that need reliability studies for long-term usage. In this vein structurally enhanced
boilers or boilers equipped with vapor chambers can mitigate the reliability issues. How-
ever, the industry faces another challenge related to engineered liquid itself. There are
concerns about their long-term reliability, recycling, health, and environmental impact.
As aresult, researchers are actively seeking novel engineering fluids with no PFASs, zero
ozone depletion potential and lower GWP. Furthermore, extensive research is needed to
address long term compatibility of IT equipment itself where materials that may release
particles during boiling can degrade exposed surfaces and thermal performance of lig-
uid. Furthermore, the long-term health effects on individuals working with constantly
boiling engineered liquids should be investigated. An innovative approach highlighted

in this study involves waterproofing servers and harnessing the benefits of immersion
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cooling with water. Research in this particular area is relatively limited and needs further

attention.

Finally, a comprehensive thermodynamic analysis that considers all relevant factors at different
scales, from the chip and server level to the rack, room, and facility level, is necessary to
compare different liquid cooling schemes for data centers. In addition, long term environmental
impacts need to be addressed. These impacts can range from thermal pollution to the disposal
of dielectric liquids to wellbeing of employees. Addressing these challenges is crucial as high

power data center demand continues to grow.
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Chapter 2

Analytical and Experimental Study of Air Synthetic Jets Based on New Manufacturing

This chapter presents an approach to the design and fabrication of synthetic jet devices (SJDs)
using rapid prototyping via additive manufacturing, marking the first study to employ this
method for such devices. This manufacturing technique empowers researchers with complete
design freedom, enabling the production of ultra-thin SJDs—as thin as 4 mm—without me-
chanical fasteners and facilitating the rapid fabrication of multiple devices with varying ge-
ometries. To showcase the potential of this method, synthetic jets with conical and cylindrical
cavities and orifices ranging from 1.6 mm to 7 mm were designed, fabricated, and tested.
These devices achieved air jet exit velocities exceeding 106 m/s using a single piezoelectric
diaphragm—among the highest reported in the literature—validating the effectiveness of this
manufacturing approach. This high jet velocity is significant for practical applications requiring
efficient thermal management, such as cooling high-power-density electronics, where compact
and energy-efficient solutions are essential. Beyond achieving high velocities, it was revealed
that maximizing jet velocity alone is not always optimal for heat removal. The hydrodynamic
impulse generation rate was introduced as a more significant factor influencing heat trans-
fer performance. By fabricating and testing multiple SJDs with different geometries, it was
demonstrated that the impulse generation rate, which accounts for both jet velocity and flow
rate, better correlates with enhanced heat transfer capabilities than jet velocity alone. This
insight addresses an often-overlooked parameter in SJD design and has substantial implica-
tions for optimizing heat removal performance. Lumped element modeling, tuned solely on
diaphragm deflection behavior, accurately predicted device performance and was validated us-

ing a hotwire anemometer. This model effectively characterizes center-axis orifice devices
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and confirms its applicability to thin-cavity designs, providing a valuable tool for future SJID
development. Despite moderate volume flow rates (0.2 to 0.8 m>/h), the fabricated SIDs deliv-
ered significant improvements in heat transfer. Compared to natural convection, these devices
achieved over 13 times greater heat removal rates, with an average heat transfer coefficient ex-
ceeding 120 W/(m?-K) over a 30 mm x 30 mm heated surface. These findings demonstrate the
practicality and effectiveness of vortex-enhanced synthetic jet impingement for targeted and
efficient cooling of localized hot spots. This approach offers multiple advantages over tradi-
tional rotary cooling systems like fans, including increased reliability, and lower profile, while
consuming power less than 100 mW. The ability to rapidly prototype and optimize SJDs using
additive manufacturing accelerates research and development in this field, paving the way for
advanced thermal management solutions in real-world applications. This chapter has recently

been published in [166].

2.1 Introduction

Jet impingement is an attractive solution for hot spot cooling, especially in electronics [167].
Kwon et al. [168] show a heat transfer coefficient up to 17.0 kW/(m?- K) at a heat flux of 58.4
W/cm? from continuous air jet at a Reynolds (Re) number of 8.77x10%. Such high-velocity jets
require a high-pressure source. As a result, the design is not portable and will need three major
components: a compressor/pump, storage, and piping/coupling/nozzle(s). Fans, air pumps,
piezoelectric fans, and SJDs can be used to avoid such arrangements while producing jet or
jet-like flows in a small and portable package.

Fans are the most common method of cooling electronics, and they use a small electric
motor rotating a shaft with attached blades. The generated angular momentum is transferred to
air. Modern fan designs are slim and almost silent. However, they have a number of limitations.
In smaller scales, the blade-to-shaft ratio decreases, resulting in less air movement per rotation
and lower overall efficiency. Smaller motors are also less efficient due to thermal and magnetic
losses. Moreover, in fans airflow disperses; Axial fans move air parallel to the shaft, with
airflow spreading after exit. Centrifugal fans, which move air perpendicular to the shaft, are

better suited for controlled airflow. Hofer et al. [169] analyzed the velocity and structure of a
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miniature centrifugal fan (65.3 x 64.5 x 23.5) mm? using particle image velocimetry (PIV) and
hot wire anemometry. An average outlet velocity of 9.4 m/s has been measured for a maximum
flow rate of 13.54 m®/h. They showed two counter-rotating vortices at the fan outlet, resulting
in a distinctive elliptical, rotating jet that deviates from perpendicular propagation relative to
the outlet plane. Yen and Liu [170] compared two centrifugal fans with the same geometric
design (60 x 60 x 11 mm?) but operating at different rotational speeds under identical voltage
conditions. They used PIV to observe the flow field immediately at the fan exits. The lowest
flow speed is observed directly at the fan exit, increasing to a peak at 3 cm before decreasing
with distance. A maximum local velocity of 7 m/s was observed.

As it can be seen, fans cannot effectively simulate jet impingement, and achieving a thin-
ner profile is limited. Unlike fans that rotate a shaft, piezoelectric cooling devices can trans-
fer momentum to fluids using oscillatory actuation in thin and scalable designs. This can be
seen in new commercialized piezoelectric-based air pump systems that offers jet velocities of
52 m/s and are less than 3 mm thick [171]. Piezoelectric-based SJDs are another method of
producing jet flows that demonstrate the capability of producing SJs of up to 250 m/s [172].
In recent years, SJs have found applications in active flow control, particularly in aerospace.
These mechanisms are used in manipulating flow, altering boundary layer structure to induce
favorable changes in aerodynamic forces on airfoils or vectoring jets [173, 174, 175]. Other ap-
plications are mixing enhancement [176, 177], heat transfer from compact surfaces [178, 179],
spray vectoring [180, 181], micro propulsion [182, 183], active control for miniature aerial
vehicles [184].

Piezoelectric-based SJDs are structurally simple, lightweight, low-power, and dependable.
When compared to natural convection, SJs improved local heat transfer by at least a 3X, and in
some cases exceeded 8X for small surfaces [185]. Further studies showed that SJ enhances the
local heat transfer by up to 15 times compared to natural air convection [186]. Furthermore,
the heat transfer characteristics of SJ with continuous jets (CJs) at same boundary conditions
showed better performance of SJs. It was argued that the radial variation of time-averaged
heat transfer for SJ was found to be 35% better than for CJ [187]. A similar observation has

been made by other researchers as well [188, 189]. Arik et al. [190] reported 40% higher heat
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dissipation for SJ as compared to the CJ for similar boundary conditions. Later studies claim
that at the same range of Re number, SJs achieved further than twice the cooling effect of a CJ
[191]. SJs also shows better penetration into crossflow. A comparison study between SJ’s and
CJ’s cooling performance with the same net mass flow rate and identical jet outlet temperatures
showed that without cross flow, CJ, and with cross flow, SJ outperformed in terms of heat
removal [192]. Most probable reason for better thermal performance of SJs is continuous
formation of vortical structures and their sweeping effect upon impingement. Meanwhile at
low Re number CJs, vortex formation is not significant; hence, cooling is aligned with the
streamlines forming on the surface.

Multiple comprehensive reviews are published about thermo-fluid behavior of SJs. Efforts
have been made to describe the effects of orifice to plate distance, stroke length, frequency,
orifice shape, jet vectoring, orifice plate thickness, cavity shape, and acoustics, on the flow, and
thermal characteristics of SJ based cooling [191, 193, 194, 195, 196]. Most of these articles call
for additional research in this area. Manufacturing and prototyping of SJDs is likely to be one
of the most significant challenges to conducting research in this field. This study presents an
innovative approach to developing high-velocity SJDs based on composite additive manufac-
turing, which is shown to be an appropriate rapid prototyping method. Manufactured SJDs are
tested for deflection performance, and their acoustic and structural performance is documented
and analyzed. To predict SJD output level, fluid dynamic-based lumped element models are
tuned using deflection behavior only. Based on these models, the operation frequency of each
SJD was calculated. Thermal tests were performed on devices at varying distances from the
heated surface to assess their heat transfer capabilities. The jet output performance is then
assessed using hot wire anemometry.

In the following sections of this chapter, a brief fundamental of SJDs, specifically piezo-
electric SJDs, is discussed. The importance of impulse generation is highlighted in order
to demonstrate that higher jet velocity cannot always be used to assess the performance of
SJDs. Furthermore, coupled mechanical-Helmholtz resonator system of piezoelectric-based
SIDs, phase lag between diaphragm and jet, and recent concerns about the accuracy of lumped

element models (LEMs) for thin profile SJDs are addressed. Methods for manufacturing
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piezoelectric-based SJDs and boundary conditions for actuators are discussed. A novel manu-
facturing method is developed that can accelerate SJD research by facilitating rapid prototyping
of SJDs using additive manufacturing. The analytical and experimental analysis are then pre-

sented.

2.2 Fundamentals of Synthetic Jets

A typical SJD is depicted in Figure 2.1(a). The process of SJ generation and formation involves
a fast periodic transfer of momentum to air inside a cavity, leading to an instantaneous increase
in cavity pressure leading to the ejection of fluid. When air is expelled as seen in Figure 2.1(b),
it forms a jet right in front of the orifice, surrounded by a vortex ring. Jet is forced through
the center of the vortex ring, which on average, acts as a convergent-divergent nozzle, causing
the strong acceleration of jet (in addition to vena contracta effect) through the vortex and then
followed by deceleration [197]. This behavior shapes the head of the ejected fluid which looks
like a jellyfish. The vortex rings are the result of fluid rolling on itself at the walls of the orifice
as the ejection velocity of the fluid in the orifice varies during the diaphragm deformation cycle.
The vortex ring detaches from the orifice walls because of its gained velocity and accompanies
the ejected slug of fluid with a thin trailing tail. Immediately as the inflow phase starts, reduced
pressure in the cavity pulls air from outside into the cavity. Here, if the previously ejected SJ
obtained enough velocity to move far enough from the cavity, inflow cycle sucks the air from
the ambient, not effecting the previously ejected SJ. Thus, a SJ is formed, and the ejected jet
flow and vortex ring remains fairly stable and travels downstream. The released vortices are
preserved, contributing to the formation of a steady SJ. In other words, each vortex ring carries
a certain amount of angular and linear momentum and travelling downstream side by side by
the jet flow, it interacts with jet flow, and also surrounding ambient fluid. This entrainment
process effectively transfers some momentum from the vortex rings to maintain jet velocity
and coherence making them more effective in terms of reach and impact [198]. Vortex rings
formed from round orifices are coherent and can travel substantial distances while keeping
their integrity. On the other hand, vortical structures from slot orifice, break down faster as

they are highly unstable and try to attain a stable shape. Axis-switching can also occur in these
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Figure 2.1: (a) Overview of a SID, and (b) process of SJ generation.

vortical structures. When vortex spreads swiftly along the shorter side of the slot, and after
a sequence of contortions, the vortex structure regains its original shape except its axis gets
swapped undergo changeover of its axis [196]. It is also shown that imperfect orifice condition
can result in spanwise instabilities that enhance rapid breakup of the vortical structures. This
shown to lead to increased jet spreading rate and the jet decay rate [199].

It is evident that targeted heat transfer can be achieved more efficiently with round orifice
SJs. These jets keep coherent vortical structures which direct more momentum and mass flux
towards specific heated points. When these vortex rings impinge on a surface, they create a
strong, localized impingement zone. This localized action results in higher convective heat
transfer coefficients, due to intense turbulence and mixing at the point of impingement. Con-
versely, slot orifices are better suited for applications requiring moderate cooling over larger
surface areas or for specific aerodynamic applications where the purpose of the SJ extends
beyond impingement. Given these distinctions, this research will focus on the round orifice

configuration.

50



2.2.1 SJ Formation, Impulse Generation, Impingement Characteristics, and SJD Behavior

To design a SJD for hotspot cooling three key issues need to be considered. First of all, a SJ
needs to be formed (Strouhal/Stokes number criteria). Next, SJ should have high velocity and
at the same time have high mass flow rate (balance between Re number, orifice diameter, and
acoustic damping). Finally, SJD should be placed at an appropriate distance from the heated
surface (Orifice to plate distance adjustment).

Figure 2.2 provides an illustration of SJ formation. Considering the orifice as a cylinder
with diameter of D, and length of L,, a cylindrical volume of fluid moves out of the orifice
with varying radially averaged velocity U(t) in each state of ejection cycle (i.e., from t = 0
to 7/2, while assuming jet is reaching its maximum velocity at 7/4 where ¢ is time and 7 is
the period for diaphragm deflection). It needs to be noted that there can be phase difference
between oscillation of diaphragm and velocity profile in the orifice, e.g., they can operate in
opposite phase, as when there is a contraction in cavity volume, the fluid can be sucked in and

when cavity is expanding SJ can be ejected from the orifice.

S~ -

Figure 2.2: The formation process of a SJ at (a) beginning of ejection cycle, (b) at maximum
velocity of the diaphragm, and (c) end of the ejection cycle.

The time (over ejection cycle) and area averaged velocity of ejected puff or slug (U) (see

Figure 2.3(b)) can be evaluated as [200]:

9 [T/2 1/(2f)
U= —/ U(t)dt = er/ U(t)dt 2.1)
0 0

T
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Where fr is the frequency of diaphragm deflection. Equivalent length of the ejected slug (L.

- see Figure 2.2(c)) can be defined as:
Les =Ut/2=U/(2f7) (2.2)

Now two dimensionless parameters for the SJ in formation stage can be obtained as stroke

length (L*) and Re number [198]. Non-dimensional stroke length is:
L* = L.s/D (2.3)

One can build a relationship to Strouhal number (St) as:

gD _ 1 1
U 2U/@2fr)/D 2L*

(2.4)
Holman et al. [201] introduces Stokes number (Stk) as:
Stk = /27 fD?/vsy 2.5)
Where v, is the kinematic viscosity in the ambient. Re number can be defined as:
Re = UD/v,, (2.6)

One can see that:

Re  UDJve, U L 2.7
Stk>  2nfD?/v.,  2mfD w '

Utturkar et al. [202] and Holman et al. [201] showed that by empirical relationship SJ
formation criterion, JFC, is:
1 Re L*

JFC= — = — = K~ 2.8
St Stk*> 7w 2:8)

Where K* is jet formation constant depending on the geometry of the orifice shape, radius

of curvature, and aspect ratio of the slot. /* is 1 for slot orifice and 0.16 for circular orifices.
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From a heat transfer perspective, it is well established that Nu number is a function of
Re number, which is also true in SJ impingement. In SJ impingement cooling, Nu number is
correlated to Re™ with exponent n ranging from 0.492 [203] to 0.841 [204]. In CJ generation,
one can achieve high Re numbers by reducing the nozzle diameter while compensating for
required pressure in the reservoir tank. This is not the case in low-inertia-diaphragm actuated
SJDs, where the introduced damping in the orifice section can greatly influence the behavior of
the low-inertia-diaphragm (usually a voice coil or a piezoelectric diaphragm). Since the design
of such devices typically centers around the actuation mechanism, Re number cannot simply
be increased by tightening the orifice.

Thus, reducing the orifice diameter cannot always lead to higher Re numbers, as it can
significantly damp the actuator. Conversely, significantly widening the orifice can reduce the
Re number, potentially failing the device to meet the JFC criteria in Equation 2.8. As a result,
the design should achieve a balance. When designing SJDs for heat transfer applications, as
shown later in results, it is necessary to consider both the Re number and impulse generation
(I), as well as their effects on diaphragm behavior. The hydrodynamic impulse per unit width

per cycle can be defined as (see Figure 2.3(c)):

T/2 /2
I= / (Poc AU (U (t)dt = pos A / U?(t)dt (2.9)
0 0

In some articles [193, 205] one can see that right hand side of the Equation 2.9 is being
integrated as [ = pAUZT /2 which can be considered oversimplification since U(t) is function
of time. In this article we introduce a new term to assess behavior of SJIDs as hydrodynamic

impulse rate per unit width, I. Tt can be defined as (see Figure 2.3(d)):
I=1-fr (2.10)

This is an important parameter that contains valuable data for SJD performance evaluation.
For example, if a SJD generates high velocities but has a small orifice area, I will be low. If the

orifice area is large, the velocity can decrease, resulting in a reduction of I and /. Additionally,
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the frequency determines the rate of momentum ejection into the system. Thus, an SJD is
superior if it can deliver high velocity jet through a larger orifice at a higher frequency. Because
most low-inertia-diaphragm-actuated SJDs meet JFC criteria at their resonance modes, they
should be manufactured in such a way that a balance between A, U, and at these resonance
frequencies exists.

Figure 2.3 provides a visual aid in understanding U (r,t), U(t), U, U, I , and I. U(t) is
the radially averaged jet exit velocity of U (r,t). U is maximum achievable U (t), and U is over
ejection cycles averaged U(t). By considering constant density, / can be conceptualized as
proportional to the area under U?(¢) curve in every ejection cycle, and I can be conceptualized
as proportional to the area under U?(t) curve in every ejection cycle that can happen in one
second.

SJ impingement is similar to jet impingement, with two major distinctions. First, a con-
tinuous impingement of generated vortical structures occurs on the heated plate. Second, the
temperature of the SJ can be affected and fluctuate depending on the distance between the ori-
fice and the heated plate due to strong mixing, and direction of gravity driven convection on
heated plate [192]. After impingement vortical structures advect in the radial direction and
induces counter-rotating secondary vortices in the wall jet region [206, 207]. However, it is
shown that in high spacing and also very low spacing to the heated plate secondary vorticities
can be diminished [208].

It was also demonstrated that small stroke length caused vortex rings to take longer to reach
the wall, resulting in a decrease in vortex strength. Weak impingement resulted in the formation
of large-scale spiral vortices in the wall-jet region, whereas vortex rings with long stroke lengths
were found to be strong enough to generate strong secondary vortex rings in the wall-jet region.
The findings predict that smaller stroke lengths are advantageous for heat transfer due to the
formation of large-scale spiral vortex rings close to the wall [209]. In contrast, in another
study it was observed that the heat transfer performance increased linearly with the increase in
stroke length [210]. There are multiple other disparities when trying to quantify Nu number of
SJ impingement or provide correlations [194]. The main reason can be attributed to this fact

that SJ impingement is more complex in comparison to CJ impingement. Numerous factors
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Figure 2.3: (a) Visual description of U (t) as the radially averaged jet exit velocity U(r, t), (b)
behavior of U (#) and visualization of its over ejection cycle average U and its maximum value
U, (c) visualization of impulse generation per unit mass per unit area per cycle I /(pA), and (d)
its rate 1/(pA).
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influence Nu, such as Re, Stk, placement, shape and strength of vortical structure, characteristic
of heated surface, shape and number of orifices, geometrical and material selection of SJDs,
confinement of impingement by SJD, boundary conditions, natural convection, and the self-
heating effect of SJD. All of these parameters raise the uncertainty of Nu number prediction
and generalization of SJ impingement heat transfer. Probably, leveraging the Sherwood number
would be more beneficial. Techniques such as naphthalene sublimation study [211] allows for
more manageable experimental set ups.

In summary, the distance to the heated plate is what all studies agree on. Most studies
have found an increasing and decreasing trend in the orifice-to-surface distance [189, 212, 213].
Thus, it can be stated that for any SJD impingement set up there is an optimal impingement

distance where heat transfer rates are maximum.
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Figure 2.4: (a) Schematics of the studied SJD with body diagram, and (b) conceptualization
of the SJ actuator as a coupled mechanical-Helmholtz resonator system with two degrees of
freedom.
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Figure 2.4 depicts a typical simplified body diagram for a piezoelectric-based SJD and its
conceptualization using the LEM. LEMs can provide a swift understanding of SJD’s dynamic
response [214]. Sharma [215] introduces a fluid dynamics based model which is summarized
herein. More details are provided in Appendix A. Driving force F'(t) = f(v(t), structure)
can be conceptualized as a function of input voltage v(t) and structure of the piezoelectric
actuating mechanism. As shown in Figure 2.4(a), after containing this actuator inside a cavity
with on orifice, apart from mass and stiffness of the actuator itself, acoustic mass and stiffness
also is added to it [216, 217]. Thus the actuator will have a total mass m = m,, + m; which
includes mass of the oscillating wall m,, (mass of shim, piezoelectric ceramic, and solders)
and added acoustic mass of fluid inside the cavity (m ) [218]. The damping coefficient (c) also
consists of two components: the structural damping of the oscillating wall (c,,) and the acoustic
radiation damping factor (cy). The latter results from the energy loss carried away by sound
waves generated during vibration. In the context of a circular piston vibrating within an infinite

baffle at a radian frequency of w = 27 fr the added acoustic mass and damping terms are [215]:

2px AU UsoundHl (y) 4prv Usound 1 92 y4

= = - — — .. 2.11

e o w 3T :steeg 2.112)
2J1(y) 2 1 y? y!
= xAstoun 1— = xAUUsoun — — ...
KA d( y P W\ 1T 26 22628
(2.11b)
wD

= 2.11

Y Usound ( C)

Where poo, Aws Usouna» Hi, J1, and D,, are unperturbed fluid density (initial density, or
density outside the cavity), the surface area of the oscillating wall, speed of sound, Struve
function of the first kind, Bessel function of the first kind, and diameter of the oscillating wall

(herein we assume its equal to the diameter of the cavity), respectively. Moreover, speed of

| Py
Usound = 77) 7= Cp/cv (212)
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where v, ¢,, ¢,, and P are ratios of specific heat (~1.4 for air), specific heat in con-
stant pressure, and constant volume, and initial cavity pressure (or pressure outside the cavity),
respectively.

During actuation, the gauge pressure inside the cavity, p;(t), undergoes fluctuations around
a zero-mean value as the fluid experiences compression and expansion. It is crucial to highlight
that these pressure fluctuations are negligible compared to the overall pressure inside the cav-
ity, allowing LEMs to assume that the cavity pressure at any given moment is approximately
equal to the pressure outside the cavity(P;(t) ~ P, ). Referring to Figure 2.4(a), an equation

governing the dynamics of the flexible membrane can be derived as:
MTeq(t) + cheqg(t) + kxey(t) = F(t) — pi(t) Ay (2.13)

in which A, = 7D? /4. It should be noted that in LEM, diaphragm deflection is sim-
plified to piston cylinder motion as defined by z.,. Later, it will be discussed how the piston
cylinder motion relates to the actual deformation of the piezoelectric disc diaphragm z. z is
the displacement in the center of deflecting disc. Equation ref Chapter2Equation13 governs the
characteristics of actuation of the wall. It needs to be noted that when the force is applied in
period with angular frequency of w F'(t) = F,,. sin(wt), the deflection is no longer constant
and varies with the frequency of the applied force. Considering simple damped spring mass
system with damping ratio of ¢ and undamped natural frequency of w,, one can w