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Abstract

High power dissipating artificial intelligence (AI) chips require significant
cooling to operate at maximum performance. Current trends regarding the
integration of Al, as well as the power/cooling demands of high-performing
server systems pose an immense thermal challenge for cooling. The use of re-
frigerants as a direct-to-chip cooling method is investigated as a potential
cooling solution for cooling AI chips. Using a vapor compression refrigera-
tion system (VCRS), the coolant temperature will be sub-ambient thereby
increasing the total cooling capacity. Coupled with the implementation of a
direct-to-chip boiler, using refrigerants to cool Al server systems can materi-
alize as a potential solution for current Al server cooling demands. In this
study, a comparison of 8 different refrigerants: R-134a, R-153a, R-717,
R-508B, R-22, R-12, R-410a, and R-1234yf is analyzed for optimal perfor-
mance. A control theoretical VCRS model is created to assess variable refrig-
erants under the same operational conditions. From this model, the coeffi-
cient of performance (COP), required mass flow rate of refrigerant, work re-
quired by the compressor, and overall heat transfer coefficient is determined
for all 8 refrigerants. Lastly, a comprehensive analysis is provided to deter-
mine the most optimal refrigerants for cooling applications. R-717, com-
monly known as Ammonia, was found to have the highest COP value thus
proving to be the optimal refrigerant for cooling Al chips and high-performing
server applications.

Keywords

Artificial Intelligence, Thermal Control, Server Systems, Vapor Compression
Refrigeration Cycle, Server Cooling

1. Introduction

Artificial Intelligence has found a broad range of usage in many different indus-
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tries. For instance, in the medical industry, Al technology can be used to aid in
the rehabilitation of neurological diseases. Specifically, it allows rehabilitative
equipment to adjust itself to an individual patient to best aid them in their re-
covery [1]. With an increased demand for the integration of AI within server
systems, new-generation computing chips provoke a massive thermal challenge
in regard to cooling [2]. Artificial intelligence increases the need of a compo-
nent’s bandwidth to produce more power, resulting in a major increase in ther-
mal resistance [3]. As technology continues to advance to improve the efficiency
and speed of delivering nuances of complex computations, the amount of heat
being generated and needing to be cooled increases uniformly as a result. Cur-
rently, air cooling methods are ineffective in cooling high amounts of power dis-
sipation and the possibility of malfunction or failure due to overheating as well
as inefficiency is a substantial concern [4]. While liquid cooling methods are
currently the most effective method of cooling, Al chip components are in-
creasingly getting more powerful and hot. Following Moore’s Law, with the
amount of transistors increasing yearly and critical features of planar processes
shrinking, the time for data signals to transverse decreases. This calls for pro-
cesses to occur faster per unit area [5]. Thus, new thermal challenges will arise
and new cooling methods must be investigated.

Electrical energy is considered to be the “heart or weak spot” of Al due to the
energy consumption that is required by supercomputers such as Tianhe 1 and 2.
The computing node for the Tianhe 2 has an energy consumption of 18 mega-
watts and over 20 megawatts with a cooling system [6]. With the advancement
in technology, the power consumption can be expected to increase due to the
increase in central processing units (CPU) and graphics processing units (GPU)
because these components are fundamental to a computer’s processing perfor-
mance. As computers become more powerful, a development in cooling systems
is also done to allow these machines to reach their maximum performance and
to optimize energy consumption. This can be demonstrated as there are various
developments in cooling systems such as air, liquid, and refrigerant.

Electronic cooling techniques using refrigeration are classified into four cate-
gories: using refrigerants to cool liquid or air, refrigerating heatsinks, using liq-
uid nitrogen baths, and thermoelectric cooling [7]. In comparing the refrigera-
tion of air or liquid technique to the refrigerated heatsink method, general find-
ings are that using a refrigerated heatsink has a lower temperature at the cold
surface. In addition, because the evaporator would be mounted directly on the
electronic component, the electronic temperature is colder than the surrounding
temperature and the refrigerated heatsink method is more compact than using a
cooling fluid. For liquid nitrogen baths, immersion would require a dewar
flask—a container made of insulated material. Special care is required for this
method, to achieve advanced insulation—greater risk of leakage. Lastly, the ca-
pacity and overall effectiveness of the thermoelectric cooling method are mini-
mal and not promising [8].

Notable systems that utilize refrigeration cooling include IBM server systems.
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The first IBM system to employ refrigeration cooling techniques is the IBM
S/390 G4 CMOS server system. The processing module is the element cooled by
refrigeration; its form factor is 267 x 267 x 711 mm?® and has a weight of 27 kg.
To absorb moisture the evaporator contains 260 grams of silica gel. For this G4
server, the average process module temperature was about 40°C, which is 35°C
lower than the air cooling system of the same design. These IBM server units
have been tested and implemented to ensure high reliability [9].

In another study, a VCRS was built to cool down the CPU of a Notebook
computer [10]. The working fluid used for this experiment was Isobutane, also
known as R600a. Their refrigeration system consisted of the following compo-
nents: An evaporator, a condenser, a throttling device in the form of a capillary
tube, and a compressor. In addition to the components to make up the refrigera-
tion cycle, sensors were attached at several points throughout the system to
measure the temperature and pressure of each component. Several experiments
were performed, each time making modifications to either a component or an
operating condition. For example, in some experiments, the airflow at the con-
denser was increased or the evaporator power was decreased. The results of their
experiment were evaluated through the COP. They were able to achieve a COP
of 2.25 and greater depending on the variables changed. The highest COP
achieved through their experimentation was 3.70 which occurred when the
evaporator power was reduced. A slight increase in COP was also observed when
the airflow at the condenser was increased. Comparing the measured COP and
the ideal COP of a Carnot refrigeration system, they reached about 25% - 30% of
the Carnot efficiency, which increased as the pressure ratio increased. They
found that a higher pressure ratio could be achieved through having a higher gas
temperature [10].

Refrigeration cooling can be a promising solution for the future of mass
computation given the ability to operate at a sub-ambient temperature. With an
understanding of the cooling capabilities of refrigerants in automotive vehicles
and industrial refrigeration applications, the future of cooling potentially lies
within refrigerants in the computing sphere as well. Recently, compact vapor
compression refrigeration systems have struck the interest of many engineers as
they flourish in both eliminating high heat flux as well as keeping device tem-
peratures sub-ambient [11]. Utilizing the common components of a vapor com-
pression refrigeration system: compressor, condenser, throttling device, and heat
exchanger, a theoretical cooling system is used to analyze the most effective re-
frigerants in a VCRS.

Currently, many refrigerants are accessible on the market to provide the cor-
rect service and compatibility for specific applications. One limiting factor how-
ever is geographical location as certain geographical locations have laws to meet
ecology and legislation requirements to reduce the global warming potential
(GWP) [12]. In this study, a comparison of various refrigerants is studied for

optimal cooling performance.
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2. Vapor Compression Refrigeration Cooling

2.1. Fundamentals of Refrigeration Cycle

The most commonly used refrigeration cooling method is the vapor-compression
refrigeration (VCR) cycle. Thus, in this study, we analyze how different refrig-
erants would behave in the ideal VCR cycle and compare their effectiveness. In
this case study, a VCR cycle is used as a refrigeration system to cool AI chips. It
consists of four main components: a compressor, a condenser, an expansion
valve, and an evaporator as shown in Figure 1. The ideal VCR cycle consists of
four processes:

1) Isentropic compression in the condenser (state from point 1 to 2): The re-
frigerant enters the compressor as a saturated vapor. The vapor is isentropically
compressed to the condenser pressure, thereby increasing its temperature above
its surrounding medium. This means there is no entropy change during the
compression of the vapor.

2) Constant-pressure heat rejection in a condenser (state from point 2 to 3):
The refrigerant enters the condenser as a superheated vapor and exits as a liquid
due to heat rejection to the surroundings at constant pressure. The temperature
of the refrigerant is still above the surroundings at state 3.

3) Throttling in an expansion device (state from point 3 to 4): A capillary tube
or expansion valve is used to throttle the saturated liquid refrigerant to the
evaporator pressure and bring its temperature below the refrigerated space tem-
perature.

4) Constant-pressure heat absorption in an evaporator (state form point 4 to
1): The refrigerant is a low-quality saturated mixture as it passes through the
evaporator. It absorbs the heat from the evaporator and completely evaporates,

exiting the evaporator as a saturated vapor, ready to restart the cycle.

Heat Rejection

i

Condenser
3
Throttling
Device Compressor
®
Evaporator
Heat Absorption
()
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Figure 1. Ideal vapor-compression cycle schematic and T-s diagram.

The Temperature (T) vs Entropy (s) diagram in Figure 1 helps illustrate the
heat transfer occurring during the ideal VCR cycle. The area under the process
between states 4 and 1, which is the constant pressure heat absorption in the
evaporator, indicates the heat absorbed by the refrigerant in this process. The
heat rejected by the condenser is represented by the area under the process be-
tween states 2 and 3. The COP, which is the benchmark for determining cooling
efficiency, can be increased by increasing the evaporating temperature or lower-
ing the condensing temperature [13].

The four processes of the VCR cycle are analyzed with steady-flow conditions
as all components of the cycle are steady-flow devices. The refrigerant’s kinetic
and potential energy changes are deemed negligible as they are miniscule com-
pared to the heat transfer and work terms. Thus, the unit mass steady-flow en-
ergy equation can be simplified to Equation (1). Here ¢, and (g, are the

heat in and heat out of the system respectively, W,

., and W, are the work

done on and work done by the system respectively, and h, and h, are the en-
thalpies at the exit and inlet respectively.

(qin —Uout ) + (Win — Woyr ) = he - hi Equation (1)

COP, = . h=h, Equation (2)

Whet in h2 - hl
Treating the compressor as adiabatic, where no heat exchange occurs, the
COP of refrigerators utilizing a VCR system can be represented as Equation 2.
Note the evaporator and condenser do not involve any work and h, =h qp, in

this equation [13].

2.2. Vapor Compression Refrigeration System (VCRS) for Al Chip
Cooling

Applying the VCR System described above, a theoretical model can be created to
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simulate the performance of a selection of refrigerants which will be evaluated
based on their COP. The COP of each refrigerant will be evaluated using Equa-
tion (3), where W is defined as the compressor work and Q; is defined as the

amount of heat being dissipated by the chip.

Q ,
COP ==~ Equation (3
W q (3)
The compressor work, W, is defined in Equation (4). Where m is the mass
flow rate of the refrigerant and A and A, are the enthalpy before and after the

compressor respectively.

W =mx(h,—h) Equation (4)

The mass flow rate, M, is evaluated using Equation (5). A, and A, are the en-

thalpy before and after the evaporator.
Q

m=—t— Equation (5)
hl - h4
Outside of evaluating each refrigerant in terms of COP, the overall heat trans-
fer coefficient, UA, of the condenser was determined using the Logarithmic
Mean Temperature Difference (LMTD) Method, where 7 is the temperature at
the respective point in the VCRS.

Q .
UA=—"— Equation (6)
AT,
T,-T,)-AT
AT, = % Equation (7)

Im In((Tz _Ta)]
AT

For this model, each of the refrigerants was evaluated with a starting pressure,
P,, of 0.14 MPa, and a compression ratio of 6 was assumed. Additionally, the
state of the refrigerant at point 1 is assumed to be saturated vapor and the re-
frigerants’ respective saturated vapor tables were used to find the temperature,
entropy, and enthalpy at point 1.

At point 2 after exiting the compressor, the refrigerant has become a super-
heated gas with a pressure of 0.8 MPa (P,) determined by the assumed compres-
sion ratio. Given that the entropy between point 1 and point 2 remains constant,
the temperature and enthalpy at point 2 can be found using the superheated gas
table for each respective refrigerant.

At point 3, the phase change of refrigerant has occurred and all heat is ex-
tracted from the system. The refrigerant becomes a saturated liquid while hold-
ing the same pressure of 0.8 MPa (P;) as point 2. Using the saturated liquid ta-
bles of each refrigerant for Ps, entropy and temperature can be determined as
well as liquid enthalpy h¢ for each refrigerant—which is the enthalpy for point 3.

Lastly, at point 4, the refrigerant has been throttled, bringing its pressure back
to the starting pressure of 0.14 MPa while remaining at the same enthalpy as
point 3. The temperature and entropy at point 4 were interpolated using the
pressure table of each respective refrigerant.
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The refrigerant respective property tables [13]-[22] are used to calculate dif-

ferent properties at different points of the refrigeration cycle. These properties

are presented in the table below

Table 1. Ideal VCRS Properties for Refrigerants: R-134a, R-153a, R-717, R-508B, R-22, R-12, R-1234-yf, and R-410a at different
points of the refrigeration cycle.

State Points R-717 R-22 (Fre-
Variables R134a R-153a (ammonia) R-508 on-22) R-12 R-1234-yf R-410 A
P1 (MPa) 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
s1 (kJ/kgK) 0.9327 1.656 6 1.3957 1.809 0.71 1.597 1.9217
Point 1 h1 (kJ/kg) 236.04 364 1428 254.5 391 177 348.7 404.7
T1("C) -18 =21 =27 -82 -34 -22.5 =22 —45
State Saturated Saturated Saturated Saturated Saturated Saturated Saturated Saturated
Vapor Vapor Vapor Vapor Vapor Vapor Vapor Vapor
P2 (MPa) 0.8 0.8 0.8 0.8 0.8 ~0.75 0.8 0.8
s2 (kJ/kgK) 0.9327 1.656 6 1.3957 1.809 0.71 1.597 1.9217
Point 2 h2 (kJ/kg) 272.05 398 1620 287.9 435 210 382.2 453.8
T2 ("C) 35 33 73 -20 45 45 35 30
State Superheated ~ Superheated  Superheated  Superheated  Superheated  Superheated  Superheated  Superheated
P3 (MPa) 0.8 0.8 0.8 0.8 0.8 ~0.75 0.8 0.8
s3 (kJ/kgK) 0.35 1.136 1.2967 0.7712 1.076 0.245 1.144 1
Point 3 h3 (kJ/kg) 93.42 239.6 284.283 140 219.1 66 241.9 200
T3 ("C) 31 29 18 —41 16 32.5 31 0
State Saturated Saturated Saturated Saturated Saturated Saturated Saturated Saturated
Liquid Liquid Liquid Liquid Liquid Liquid Liquid Liquid
P4 (MPa) 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
s4 (kJ/kgK) 0.35 1.136 1.2967 0.7712 1.076 0.245 1.144 1
Point 4 h4 (kJ/kg) ~h3 93.42 239.6 284.283 140 219.1 66 241.9 200
T4 ("C) -19 =21 =27 -82 -34 -22.5 =22 —45
State Liquid-Vapor Liquid-Vapor Liquid-Vapor Liquid-Vapor Liquid-Vapor Liquid-Vapor Liquid-Vapor Liquid-Vapor

Region

Region

Region

Region

Region

Region

Region

Region

Using Equations (3)-(7), and the refrigerant’s properties from Table 1, the

performance, COP, Refrigerant flow rate, compressor work, and UA for the
condenser for each refrigerant was determined. The calculation is based on 12°C
temperature rise on the cooling fluid side and the results of this model can be
seen in the following Table 2.

3. Comparison of Refrigerants
3.1. Performance of Refrigerants
Eight refrigerants were analyzed in this study. The COP was calculated individu-

ally with all of the results shown in Table 1. Freon R-717 (commonly known as
Ammonia) was by far the most efficient with a COP of 5.96. The second

DOI: 10.4236/jectc.2024.132002

41 Journal of Electronics Cooling and Thermal Control


https://doi.org/10.4236/jectc.2024.132002

W. Mukatash et al.

Table 2. Comparison for, COP, refrigerant flow rate, compressor work, and UA for different refrigerants.

State Point R-717 R-22 (Fre-
ate Foints R134a R-153a ) R-508 (Fre R-12 R-1234-yf R-410A
Variables (ammonia) on-22)
C.OP= 3.96 3.66 5.96 3.43 3.91 3.36 3.19 4.17
Flow Rate Required at
7.0116 8.0386 0.8743 8.7336 5.8173 9.0090 9.3633 4.8852
(g/s)/1 kW =
Calculations Compressor Work at
. 252.49 273.31 167.87 291.70 255.96 297.30 313.67 239.86
(kW)/1 kW Cooling =
Condenser HX UA*
0.137 0.137 0.035 0.062 0.052 0.082 0.137 0.051
(W/k)/1 kW =

highest COP was R-410A with a COP of 4.17, followed by R-134A at 3.96. R-22
has similar performance to that of R-134A, which has a COP value of 3.91. The
COP values of refrigerants R-153A, R-508B, and R1234yf have a noticeable de-
crease in COP. Refrigerant R-153A has a COP value of 3.66 and R-508B has a
COP value of 3.43. The lowest COP and least efficient refrigerant was R-1234YF
with a COP value of 3.19. Having the lowest COP value corresponds to the fact
that more energy is required to have an operable system. In other words, more
energy is required to have a similar cooling output solely depending on the re-
frigerant used in the system. Based on the COP values, R-717 would be the ideal
refrigerant for the refrigeration system of an AI server system.

In addition to the COP calculated, the compressor work was also determined.
For this study, the compressor work required is listed as compressor work re-
quired (in Watts) needed per one kilowatt of cooling. In conjunction with the
COP value, the compressor’s work should have a low value to be considered an
ideal refrigerant. Similar to the values obtained for COP, R-717 had an ideal
work value of 167.87 kW. It is considered an ideal value because it requires the
least amount of work from the compressor as compared to the other refriger-
ants. The second lowest value for the required work of the compressor was re-
frigerant R-410A at 239.86 kW, followed by R-134A at 252.49 kW. R-22 had a
slightly higher work result than R-134A, which was 255.96 kW. The following
refrigerant R-153A has a compressor work of 273.31 kW and R-508B has a value
of 291.70 kW. The highest value is that of refrigerant R-1234YF at 313.67 kW.
Since R-1234YF requires the highest work, more energy is required, as well as,
having the lowest COP.

The calculated required flow rate is listed as the flow rate (grams per second)
required per kilowatt of cooling. In terms of the value of the required flow rate, a
lower flow rate is desired because it is the required flow rate to be able to cool
the system, thus making it more efficient since it is able to cool with less refrig-
erant. Similar to the other results, Refrigerant R-717 had the best results because
it had the lowest flow rate at 0.8743 g/s, which means it takes less refrigerant to
cool the system. The other refrigerants analyzed are not as ideal as R-717 be-
cause the flow rate calculated is tremendously higher. The second lowest flow
rate is R-410A at 4.8852 g/s. The flow rate is still considered high which demon-
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strates the efficiency of R-717. Refrigerants R-22 and R-134A follow in the re-
spective order with rates of 5.8173 g/s and 7.0116 g/s. The fourth best refrigerant
is R-153A with a flow rate of 8.0386 g/s followed by R-508B with a flow rate of
8.7336 g/s. R-1234YF had the highest flow rate, which means the greatest flow
rate is required to cool the whole system. The flow rate calculated for R-1234YF
is 9.3633 g/s, which is significantly higher compared to R-717 and R-410A. They
can cool the same amount with a remarkably lower flow rate.

Additionally, the heat transfer coefficient was calculated for a 12°C cross-cooling
flow. Most of the results were relatively similar and below one, which makes
sense since the refrigerant is used to cool and not necessarily to transfer heat.
Ammonia had the lowest heat transfer coefficient with a value of 0.035 (W/k)/1
kW. This helps demonstrate why this refrigerant is able to cool at a much higher
capacity than the other refrigerants. This is followed by R-410A and R-22 with a
coefficient of 0.051 (W/k)/1 kW and 0.052 (W/k)/1 kW in their respective man-
ner. These values are relatively similar to each other. The next highest coefficient
is that of R-508B at 0.0602 (W/k)/1 kW. The next refrigerants all had the same
value. Refrigerants R-134a, R-153a, and R-1234YF all had a coefficient of 0.137.
It is about twice the value of the other refrigerants. These calculations assist in

determining how the cooling capacity can be influenced by heat.

3.2. Environmental and Safety Analysis of Refrigerants

In addition to the calculated numerical analysis of refrigerants, further research
and evaluations were done in regards to safety and environmental regulation the
full results are shown in Table 3. Refrigerant R-717 proved to be an ideal coolant
because it had the highest COP as well as the lowest required compressor work.
R-717 also proved to be one of the more environmentally refrigerant because it
has an Ozone Depleting Potential (ODP) equal to zero and a Global Warming
Potential (GWP) below one. Having low ODP and GWP proves that R-717 is a
relatively eco-friendly refrigerant. In addition to this, it has great thermodynam-
ic properties as it has a high critical temperature of 132°C, high vapor density,
and great heat transfer coefficients. In terms of flow rate, it had the best perfor-
mance because it had the lowest value. However, the major drawback of R-717 is
its toxicity. Toxicity is a major problem for R-717 because it has an airborne
limit, or Threshold Limit Value of 25 ppm and with a concentration of 5 ppm,
these negative effects can still be felt so any leak can be extremely dangerous.
R-717 is also moderately flammable when there is an air concentration of 16% to
28% [23]. Thus, while the properties of R-717 are high-performing, safety con-
cerns are still a major concern for this refrigerant.

Refrigerant R-513A is considered to be a direct replacement of R-134A. It has
an ODP of 0 and a GWP of 573, which is relatively eco-friendly. When com-
pared to the other refrigerants, its COP and compressor work are within the
middle-performing threshold. When compared to its direct replacement, R-134A
has a higher COP, lower work for the compressor, and a lower required flow
rate. Another benefit of R-513A is that it is not flammable or toxic [24]. This re-
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frigerant is relatively in the middle of the other seven refrigerants compared and
it is safe for human use.

Refrigerant R-134A is a very common refrigerant that is used in a variety of
refrigeration applications. It has recently received some scrutiny due to its envi-
ronmental effects. It has an ODP of 0, but a GWP of 1430 [25]. Since it has a
high GWP it is starting to get phased out for certain applications around the
world. The European Union has banned it for mobile air conditioning systems
[23]. Additionally, due to the Kyoto Protocol, refrigerants with a GWP over 150
would be banned by the United Nations [25]. This refrigerant is nonflammable
and nontoxic [24]. Its COP was one of the highest and compressor work is one
of the lowest. In terms of flow rate, it is within the median range. Despite the
R-134A being relatively well and safe, it is not eco-friendly, which puts it at risk
of being phased out completely.

Another refrigerant analyzed is R-508B. It has an ODP of 0, but a GWP of
12,000 [26]. Based on the GWP, it is one of the highest and least eco-friendly. To
add to this it is mostly used for low-temperature refrigeration systems, which
means that it has a limited cooling capacity and is not feasible to be used in a
VCRS system [27]. While comparing it to the other refrigerants it had one of the
lowest COPs and a high compressor work value. The application for this refrig-
eration system is limited and its performance is one of the lowest.

Along with R-134A, R-22 is one of the more commonly used refrigerants. It
has an ODP of 0.034 and a GWP of 1780 [23]. Basing this refrigerant off the
GWP is not that eco-friendly. To add to this, the US government has decided to
phase out the production of this refrigerant and it can only be used if it is recy-
cled [28]. R-22 is considered to be one of the refrigerants that require least
maintenance [29]. When compared to the other refrigerants, it had the third
lowest COP and flow rate. The work for the compressors was in the middle of
the refrigerants. Despite being one of the more commonly used refrigerants, its
detrimental effect on the ozone layer has prohibited its production and, there-
fore, cannot be used.

Refrigerant R-1234YF is considered to be one of the more promising refrig-
erants in terms of being environmentally friendly. It has an ODP of 0 and a
GWP of 0.501. Based on the GWP, it has the lowest values out of all the refrig-
erants [30]. This refrigerant is slightly flammable but can be a risk for Mobile
Air-Conditioning systems. Despite this, research is still being conducted that in-
cludes using more safety measures to avoid any risks [23]. When looking at the
R-1234YF’s performance it had the lowest COP and the highest work done by
the compressor. This refrigerant is seen to be the replacement of R-134A; there
is still more research that needs to be done to solidify this position.

R410A is a refrigerant that is common in air conditioning systems. It has a
high cooling capacity and has low toxicity. It has a GWP of 2088 [31]. Similar to
the other refrigerants it has an ODP of 0 [32]. This refrigerant had the sec-
ond-highest COP and second-lowest flow rate. It is one of the more efficient

ones. The work done by the compressor is the second lowest and along with the
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COP, it demonstrates its efficiency in cooling systems. The biggest problem with
this refrigerant is eco-friendly concerns, despite this, it is one of the better re-

frigerants analyzed.

Table 3. ODP & GWP for Refrigerants: R-134a, R-153a, R-717, R-508B, R-22, R-12,
R-1234-yf, and R-410a.

Ozone Depleting Potential Global Warming Potential
(ODP) (GWP)
R-134a 0 1430
R-153a 0 573
R-717 0 >1
R-508 0 12,000
R-22 0.034 1780
R-12 0.82 10,680
R-1234yf 0 >1
R-410a 0 2088

4. Conclusions

The rapid adoption of Al and computing has led to the need for faster and more
sophisticated chips. The heat generated by these chips requires an effective
cooling system that requires the implantation of a VCR system for cooling an Al
Chip. The need to cool these Al chips has become ever so important; this study
compared the efficiency of different refrigerants in a VCR system for chip cool-
ing.

Compared to other cooling methods such as heatsinks, liquid nitrogen baths,
and thermoelectric cooling; the research conducted focused on utilizing refrig-
eration direct-to-chip cooling results in colder temperatures. This paper ex-
plored the benefits of a VCR cooling system and the analysis of how various re-
frigerants perform against one another. We found refrigeration cooling to have a
high cooling capacity at sub ambient operating temperatures. The selection of
the used refrigerant is an integral component in the overall efficiency and per-
formance of the system. Thus, the results of this study can be used in refrigerant
selection for VCR systems that utilize refrigeration cooling.

High power dissipating Al chips require significant cooling to achieve maxi-
mum performance. This study presents a numerical and analytical comparison
of 8 different refrigerants: R-134a, R-153a, R-717, R-508B, R-22, R-12, R-410a,
and R-1234yf. The COP, work by the compressor, and required mass flow rate of
each refrigerant were all analyzed to determine the efficiency and performance
of each system. To test this, a theoretically controlled VCR system was used. Of
the refrigerants analyzed the highest performing refrigerant is Ammonia (R-717)
due to its high COP, less required flow rate, and less work required by the com-
pressor. However, its danger to work with and negative environmental impact

make it a non-ideal refrigerant for AI chip applications. Although R-1234YF was
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the most promising in terms of safety and environmental impact, it has a lower
COP and higher work on the compressor making it the most inefficient.

Future research will focus on expanding the efficiency of the cooling system
and methods by which the system can perform closer to its ideal state and adapt
to the ever-evolving demands of Al technologies. With continued research and
development, the potential and need for this refrigeration cooling will emerge to
be a suitable solution for reliability and maximum performance in the next
Al-driven computers. This study aimed to evaluate refrigerant performance in
cooling Al chips to create reliable methods of cooling these high-performing

sophisticated chips and adapt them to future demands.
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Variables List

gy, =heatin

O, = heatout

W,, = work done on the system
W,

out

= work done by the system
h, = enthalpy at the exit

e

h. = enthalpy at the inlet

g, = heat dissipated
W,

hetin = net work of system

«_ »

h, = enthalpy at given a “n” point in the cycle (refer to Figure 1)
Q, = heat dissipated by the chip

W = compressor work

M = mass flow rate of refrigerant

COP = coefficient of performance

UA = overall heat transfer coefficient

T =temperature at the respective point in the VCRS

P = pressure at the respective point in the VCRS
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