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The intersection of thermodynamics and computer systems is increasingly becoming more important as Al workloads demand
efficient cooling solutions. The CPUs and GPUs of consumer computer systems are now becoming similarly high powered
as that of data centers to run various heavy workloads including more recently running LLMs locally. These evolving use
cases bring data center level cooling challenges to home computers. This paper presents an experimental analysis comparing
the performance of different workloads, across multiple CPUs, different types of coolers on a home PC. The paper addresses
the research gap of lack of quantitative research on the impact of coolers on the performance of various workloads on home
PCs running high-TDP consumer architectures (Zen 4 and Zen 5). The paper reviews the relevant laws of thermodynamics.
The key findings indicate that while cooling choice has a negligible impact on lower-tier CPUs (Ryzen 5 7500F), it is critical
for high-density architectures (Ryzen 7 9700X). In synthetic stress tests, liquid cooling provided performance gains exceeding
30%, while real-world Al inference workloads saw improvements of over 7%. These gains are attributed to a measured thermal
headroom increase of up to 43.5°C, enabling sustained higher clock speeds. Statistical analysis via One-way ANOVA confirmed
these findings were significant (p < 0.05) for high-intensity workloads, highlighting the direct impact of thermal physics on
modern computing efficiency. As Al workloads continue to grow, understanding and optimizing these cooling mechanisms will
be essential for the sustainable and efficient computer systems of the future.

Introduction formance. Cooling requires a lot of energy therefore ineffi-

cient cooling will be costly not just financially but also envi-
Life in the modern world would be unimaginable without ronmentally.

computer systems; it is used in everything humans do; from
their day-to-day work to education, and even for entertain-
ment. The demand for high-powered computer systems has
skyrocketed across various industries like healthcare, manu-
facturing, finance, scientific research, engineering, and many
more in the last few years. The COVID-19 pandemic height-
ened the demand for computer systems, and many research

The CPUs and GPUs of consumer computer systems are
now becoming similarly high powered to run various work-
loads like 3D rendering, video editing, gaming and recently
running LLMs locally. These consumer computer systems
come with specialized Al hardware like NPUs (Neural Pro-
cessing Unit) which is used to run Al models efficiently and
) - 1 . for neural networking. High TDP consumer GPUs like the
papers pomt.out that thlS. demanq was not temporary-, but it RTX 5090 and RTX pro 6000 and high TDP consumer CPUs
made every industry realize the importance of computer sys- like the AMD Threadripper mimic the power and thermal den-

. .. . . . 2
tems in firlYlng significant economic benefit™. L sity previously only seen in data centers. Thus, this brings data
The rise in the demand of Al has led to the rise in demand center level cooling challenges to home computers as well.

for highly SOp histicated computer hardware. These hardwgre Various cooling methods are used to ensure that the cooling of
components include CPUs and Al accelerator hardware like CPUs and GPUs is as efficient as possible. Some of the broad
(,}PUS (core components of a computftr.system). They are es- methods of cooling across data centers and home computers
timated to use roughly 60% of electricity demand in modern include air cooling and liquid cooling, the primary focus of
data centers. Usage of hlgh-pgwer CPUs and GPUs gener- the paper and the experiments. Other methods such as direct
ate a lot of heat due to their high-power draw therefore l.ots to chip cooling, immersion cooling, evaporative cooling and
of energy needs to be spent to cool them. Insufficient cooling hardware like CRAC (computer room air conditioning) units3

can lead to the deterioration of these components or not allow are also some types of cooling used in data centers but are not
the components to maximise performance (thermal throttling), the topic of this paper.

theref ki s inefficient with t to thei -
SICIONe THAkIDg SCIVELS InCHCISHt With Tespect 0 thell pet Today there is plenty of data regarding cooling of mas-

sive servers but this data is often proprietary or tailored to
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enterprise-scale infrastructure, leaving a gap in the quantified
comparative analysis for high-performance consumer-grade
systems. As the computational and energy requirement rises to
run Al workloads® and other such processes both in data cen-
ters and on PCs it is important to analyze the cooling solutions
for them. Analysing this quantified data will help understand
which cooling solution should be used in each scenario and
develop cooling strategies. Optimal cooling strategy is im-
portant because it helps extract the most performance out of
computer systems while remaining cost efficient. This paper
focuses primarily on the cooling solutions of standard con-
sumer grade computer systems

The basic Physics behind air and liquid cooling is already
known; however it is important to visit this topic while ad-
dressing the research gap. This forms the basis of the experi-
ment in this paper and helps quantify the data to provide data
driven better understanding of this field. This paper discusses
key concepts of thermodynamics and helps understand air and
liquid cooling. This includes water’s high specific heat capac-
ity which makes it an excellent coolant. This paper reviews
the effects of different types of cooling on the performance
of computer systems through experimentation, by providing
controlled experimental data on consumer hardware and via
literature review.

This paper presents an experimental analysis comparing the
performance of different workloads, across multiple CPUs,
different types of air and liquid coolers on a home PC. The
paper addresses the research gap of lack of quantitative re-
search on the impact of coolers on the performance of various
workloads on home PCs. This research was done on both syn-
thetic workloads, like Prime95 and on real world workloads
of running Al inference workloads on a PC.

There are several research gaps currently present in this
field that this paper aims to answer. Firstly, there is limited
data of standardized, power-normalized comparative data for
modern high-density consumer architectures like Zen 5 and
Zen 4. This paper addresses this gap by quantifying the ther-
mal headroom and resulting performance gains of liquid ver-
sus air cooling on a home PC.

Thermodynamics behind cooling systems

This section discusses and explains the concepts of thermody-
namics behind air and liquid cooling. These include the laws
of thermodynamics, thermal capacity, enthalpy of vaporisa-
tion, convection and conduction and specific heat capacity.

Laws of thermodynamics

The first and most fundamental concept is the first law of ther-
modynamics also known as the law of conservation of en-
ergy. This law states that energy can neither be created nor

destroyed® In cooling systems, this law governs how thermal
energy is moved from a hot object or area to a cooler one,
either through the movement of air or a liquid. The study of
energy conservation in closed systems is rooted in this first law
of thermodynamics. Therefore in a closed loop liquid cooler
the heat absorbed (Q;,,) by the coolant is equal to the heat dissi-
pated by the radiator (Q,,,) minus any work done by the pump
W)~

Qin_Qour =-W (1)

The second law of thermodynamics dictates the direction
of and the efficiency of heat transfer®. This is fundamental to
understanding the designing of cooling systems. For example,
heat always flows from hotter to colder objects. This law states
that the state of entropy of the entire universe, as an isolated
system, will always increase over time. It also states that the
changes in the entropy in the universe can never be negative.

The first law dictates the energy conserved in a system® and
the second law dictates the efficiency of liquid cooling versus
air cooling.

Temperature, Heat, Heat transfer

Next, it is important to understand temperature, heat and how
they differ. Heat is the energy contained within a system re-
sponsible for its temperature which is a measure of the hot-
ness or coldness of a system. Temperature and heat are fun-
damentally linked in cooling systems. Cooling systems work
by transferring heat from a substance or space, thereby lower-
ing its temperature. Convection and conduction are some of
fundamental ways in which heat is taken away from the pro-
cessors and dissipated into the environment. Convection is the
process of transferring heat through currents in a fluid. A con-
vection current is the continuous, circular movement of fluid
(liquid or gas) that transfers heat, created when a heated part of
the fluid expands, becomes less dense, and rises, while cooler,
denser fluid sinks to take its place, setting up a cycle. Ad-
ditionally, in closed liquid cooling loops convection is forced
by the pump to allow for greater cooling'?. This is what al-
lows modern day high TDP CPUs to stay cool. Conduction
is the process of heat transfer through contact. Since air is a
poor conductor of heat, thermal paste is used to fill in the mi-
croscopic gaps between the processor and the cooler. Thus,
the rate of conduction is higher allowing for greater cooling.
Conduction is used to transfer heat away from the source and
convection is used to dissipate that heat into the surrounding
environment'!’

Enthalpy of vaporisation

In evaporative cooling, water’s high enthalpy of vaporization
allows the option of efficient evaporative cooling to remove
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waste heat, therefore making it more efficient than air cooling.
The enthalpy of vaporisation is the energy required to over-
come the interparticle interactions in the liquid state to enter
the gaseous state. Therefore, a high enthalpy of vaporization
means a liquid requires a large amount of energy to transition
into a gaseous state. It is also crucial for effective cooling be-
cause it allows a liquid to absorb a large amount of heat energy
before it changes phase into a gas, thus providing a powerful
cooling effect. This is primarily how heat pipes of air coolers
and vapor chambers work.

Heat Flux

Heat flux is the rate of thermal energy flow per unit area'?. In
liquid cooling heat flux is the concept that drives liquid cool-
ing’s thermal management. Liquid cooling aims to maximise
the heat flux so that a higher amount of heat can be removed
using less physical space.

Air Cooling

Air cooling is a fundamental concept to explore when dis-
cussing cooling of computer components because this is the
primary cooling method used for CPUs and GPUs. Air cool-
ing is a method of dissipating heat and it works by expand-
ing the surface area or increasing the flow of air over the ob-
ject to be cooled. This form of cooling is sufficient for most
computer systems. It is cheap and easy to maintain. But as
technology has advanced, more powerful compute workloads
make the temperatures of components rise much more than
normal. Hence liquid cooling is now becoming necessary and
more common.

Components of Air Cooling and how they work

The main components of an air cooling system are fans,
heatsinks and heat pipes.

(a) The fan is what allows for the dissipation of heat from
the system into the surroundings. Computer fans play a crucial
role in cooling by actively circulating air to prevent overheat-
ing. They draw in cool air from outside the computer case and
expel hot air generated by components like the CPU and GPU,
thus maintaining optimal operating temperatures. Fans on the
air cooler blow air over the heatsink effectively expelling the
heat generated by the components.

(b) Heat sinks in air coolers work by maximizing heat trans-
fer from a hot component (like a CPU) to the surrounding
air. They achieve this by increasing the surface area in con-
tact with the air, allowing for more efficient heat dissipation
through conduction, convection, and some radiation. Some
consumer grade air coolers (like the Thermalright Peerless As-

Fig. 1 The components of an air cooler . (a) Fan that blows air over
the heatsink for dissipation of heat, (b) Heatsink- the image show-
cases its fins, (c) Heat pipes-the image showcases the copper heat
pipes which help take heat away from the CPU to the heatsink.

sassin) have more than one heat sink to allow for more efficient
heat dissipation'}.

(c) Heat Pipes help in conducting heat away from the CPU
to the heatsink with ‘minimal heat loss’. This helps in trans-
ferring heat very efficiently from the die to the heatsink. The
more heat pipes there are the faster and more efficient will be
the heat transfer away from the CPU ensuring cooler temper-
atures which will help increase performance of the system or
allowing for more overclocking headroom.

Thermodynamics of air cooling

This section will dive deeper into the thermodynamics of air
cooling.

The concept of surface area is applied in the heatsink. The
heat sink has fins which increases the surface area for heat
transfer and allows for efficient heat transfer from the base of
the heat sink to the surrounding air through convection. The
fans force air through the fins which allows for even more ef-
ficient heat transfer from the heat sink to the air.

Next is the concept of conduction and convection. Heat is
first conducted from the hot CPU or GPU die through a ther-
mal interface material (like thermal paste) to a baseplate, usu-
ally made of copper or aluminum. This baseplate then trans-
fers the heat to a heatsink, which has a large surface area of
fins. Air is forced over these fins by a fan, carrying the heat
away through convection, where warm air rises and is replaced
by cooler air. The efficient conduction from the processors die
to the heat pipes and the base of the heat sink is very impor-
tant. Therefore, thermal paste is used to increase the contact
between the two surfaces - the base of the heatsink and the
processor’s die. This allows for better conduction of heat by
better particle interactions which makes the conduction more
efficient and hence lower temperatures.

The final concept is thermal conductivity. Thermal conduc-
tivity is the rate at which heat is conducted through materi-
als. The higher the thermal conductivity, the better the heat
transfer between two surfaces. This concept will dictate how
efficiently heat will be transferred from a hot processor to a
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These concepts are illustrated in the diagram below

Liquid Tubes

Air Cooling Liquid Cooling

Fig. 2 Air cooling vs Liquid cooling™, This diagram showcases the
components of air and liquid cooling and how the heat is dissipated
away from the CPU to its various components and finally to the en-
vironment. Liquid cooling is explained in the following sections.

cooling system (same concept also applies in liquid cooling).
Additionally, the second law of thermodynamics will dictate
the direction of heat transfer which in this case is from the hot
processor die to a cooling system.

Applications, advantages and disadvantages

Air cooling has remained most preferred over the decades
and it has dominated in both servers and computer systems
at home. This is because most computer systems and servers
don’t heat up to a point where air cooling is insufficient and
the workloads are also minor or the hardware isn’t power-
ful enough to heat up. Air coolers are cheaper in price and
more reliable to maintain. However, as technology advances,
computers will draw more power and they will heat up more
therefore air cooling will be insufficient. Air cooling is widely
used in entry level home PCs and smaller data centers with
lower power draw per rack (each server individually draws
less power). Some larger data centers could still use air cool-
ing because they were set up earlier. Air coolers are more
reliable to maintain as they are relatively simple and have less
failures. Even if they fail it is cheap and easy to replace com-
pared to liquid coolers.

Air cooling may be reliable and cheap but it has some severe
limitations. Air cooling has lesser cooling efficiency than lig-
uid coolers (discussed further in the thermodynamics section
under liquid cooling)™. Inefficient cooling can lead to over-
heating which can reduce the lifespan of the computer com-
ponents or lead to lower performance. Air cooling sometimes
cannot dissipate heat efficiently in dense server racks in which
multiple components generate heat (components that generate
heat other than CPU and GPU are memory, VRMs on moth-
erboard etc). The high-speed fans involved in air cooling gen-
erate a lot of noise which can be disturbing in some scenarios

and these fans also have a high energy consumption which
adds to the cost of the electricity. Air cooling also has issues
in scalability. As large data centers scale, they will slowly
require more power and hence air cooling may not be suffi-
cient. Scaling air cooling can be expensive and the real estate
required could be much more than liquid coolers.

Liquid Cooling

Liquid cooling refers to cooling by means of the convection or
circulation of a liquid. In this section we will go deeper into
the concepts of liquid cooling works and discuss differences
from air cooling.

Components

The core components of liquid cooling are the water block, the
pump, the radiator and the coolant.

The water block is the component that is mounted directly
on the heat generating component (the processors’ die). They
have a metal base usually made of copper (in some cases alu-
minium) which sits directly on the processor. This allows
the waterblock to conduct heat away from the processor into
the coolant. There are channels inside the water block where
the coolant flows. One channel flows away from the proces-
sor taking the absorbed heat away and the other brings in the
coolant to take heat away from the processor.

The pump’s purpose is to pump or circulate coolant
throughout the liquid cooling loop.

The radiator is the most important component in liquid
cooling. It exposes the coolant to the air which helps it cool.
The fans attached to the radiator then move the heat away
from the cooler effectively removing heat from the cooling
loop and the computer system (radiators in computer systems
and servers are smaller in size than those found in cars but
they perform a similar function in both cases). The radiator
has fins that have coolant passing through them. This helps
increase the surface area from which heat can be dissipated al-
lowing for more efficient heat transfer. The fans in the radiator
blow air through it allowing for the heat to be removed from
the computer system thereby effectively cooling the processor.
Additional information on radiators1®.

The liquid coolant is where liquid cooling gets its name
from and it is also what makes liquid cooling one of the most
effective forms of cooling. The liquid coolant is often water
which is either purified or deionised or less commonly used
a water ethylene glycol mixture. Water is often preferred be-
cause it is cheap, widely available and it has high thermal con-
ductivity and a high specific heat capacity. This makes wa-
ter an efficient coolant and sufficient for the majority of cool-
ing needs of computer systems and data centers. Water-glycol
mixtures, often with ethylene or propylene glycol, offer freeze

4 | NHSJS Reports

© The National High School Journal of Science 2026






