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United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
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INTRODUCTION

In the past, automotive refrigerants have conventionally been used solely for the purpose
of air conditioning. However, with the development of hybrid-electric vehicles and the
incorporation of power electronics (PEs) into the automobile, automotive refrigerants are taking
on a new role.

Unfortunately, PEs have lifetimes and functionalities that are highly dependent on
temperature and as a result thermal control plays an important role in the performance of PEs.
Typically, PEs are placed in the engine compartment where the internal combustion engine (ICE)
already produces substantial heat. Along with the ICE heat, the additional thermal energy
produced by PEs themselves forces designers to use different cooling methods to prevent
overheating. Generally, heat sinks and separate cooling loops are used to maintain the
temperature. Disturbingly, the thermal control system can consume one third of the total volume
and may weigh more than the PEs [1]. Hence, other avenues have been sought to cool PEs,
including submerging PEs in automobile refrigerants to take advantage of two-phase cooling.
The objective of this report is to explore the different automotive refrigerants presently available
that could be used for PE cooling. Evaluation of the refrigerants will be done by comparing
environmental effects and some thermo-physical properties important to two-phase cooling,
specifically measuring the dielectric strengths of potential candidates. Results of this report will

be used to assess the different candidates with good potential for future use in PE cooling.



BACKGROUND

Cooling PEs in a refrigerant requires that the refrigerant meet certain constraints. First,
the refrigerant must be environmentally friendly. The number of automobiles in the world is
continually increasing and to prevent environmental damage, refrigerants must be
environmentally sound. Second, the refrigerant must be effective at two-phase cooling. This
implies that the refrigerant has appropriate thermo-physical properties. Last, the refrigerant must
have high-dielectric strength. High-dielectric strength prevents current from traveling through
the working fluid and causing damage to or malfunctions in PEs and other components via a
short circuit. With these constraints in mind, Table 1 is a potential list of refrigerants for
investigation.

Technology and awareness of the environment have forced improvements in automotive
refrigerants. Early refrigerants consisted of sulfur dioxide and ammonia, which are both
corrosive and toxic. Chlorofluorocarbons (CFCs), a family of non-toxic inert chemicals
composed of chlorine, fluorine, and carbon, were developed in the 1930s as a safer alternative to
sulfur dioxide and ammonia. Although CFCs are non-toxic, they were discovered to be ozone
depleting and were found to add to the global-warming potential (GWP) [2]. To combat the
detrimental effects of CFCs, governments around the world met and decided on a course of
action known as the Montreal Protocol. The Montreal Protocol, established in 1987, called for
the consumption of ozone-depleting compounds to be phased out by 2000, basically eliminating
the use of CFCs [3,4]. Hydrochlorofluorocarbons (HCFCs) became the next step in the
refrigeration evolution providing similar characteristics to their CFC counterparts but with only

10% of the ozone-depleting potential (ODP) [5]. Hydrofluorocarbons (HFCs), perfluorocarbons



(PFCs), hydrofluoroethers (HFESs), and methylsiloxane (MSs) are all recently developed agents
providing zero ODP and lower GWP.

Table 1. List of refrigerants

Cooling fluid
description
Company Product name
1,1,1,2 tetra fluorethane Various HFC-134a
1,1-dichloro-1-fluoroethane Various HCFC-141b
1-chloro-1,1-difluoroethane various HCFC-142b
Dichlorodifluoro methane Various CFC-12
Chlorodifluoro methane Various HCFC-22

perfluorocarbon 3M Fluoroinert FC-87
perfluorocarbon 3M Fluoroinert FC-72
perfluorocarbon 3M Fluoroinert FC-77
hydrofluoroether 3M Novec HFE-7000
hydrofluoroether 3M Novec HFE-7100
hydrofluoroether 3M Novec HFE-7200
methylsiloxane Dow Corning Cleaning Agent 1
methylsiloxane 60% w/alcohol Dow Corning Cleaning Agent 2

H,0

Deonizedwarer | |

hydrocarbon blend

(butane/isobutane/propane) Duracool Duracool 12a
hydrocarbon blend (
propane/butane) Enviro-safe ES-12
fluorocarbon blend (HFC-
134a/HCFC-142b) Technical Chemical Freeze 12

For the refrigerants to be applicable in this study, the refrigerants must be capable of
cooling PEs. Cooling through the use of refrigerants can be split into two categories, direct and
indirect cooling. Indirect cooling does not permit contact between the refrigerant and PEs, but

instead provides a thermal pathway between PEs and the refrigerant. Direct cooling, on the other



hand, places PEs directly in contact with the refrigerant. Since no separation or thermal
resistance exists between the cooling source and PEs, direct cooling provides a much greater
overall heat-transfer coefficient and, therefore, is capable of removing larger quantities of heat in
a smaller volume. This gives direct cooling a distinct advantage over indirect cooling [6].

With direct cooling, a two-phase cooling approach is customarily used. As the name
implies, two-phase cooling uses two phases, liquid and vapor. Due to the heat produced by PEs,
a temperature gradient is created and initiates convection [6]. As PEs begin to heat, the
refrigerant in contact with PEs eventually boils and converts to vapor as seen in Fig. 1. Through
buoyancy, hot vapor rises away from the heat source removing the heat. Once the vapor reaches
the ambient cooling (condenser) surface, the vapor begins to cool. Eventually, the vapor returns

to the liquid state to complete the cycle.
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Fig. 1. PEs submerged in a simple refrigerant cooling system.
Depending on the thermo-physical properties of the refrigerant, numerous levels of

cooling are obtainable. Latent heat is the amount of heat per unit mass required to convert the



refrigerant from liquid to vapor phase. A large value of latent heat signifies that the refrigerant
can remove a significant amount of heat with low-boiling action. For cooling PEs submerged in
refrigerant, fluids with higher latent-heat values are preferred due to the substantial amount of
thermal energy that must be removed from small areas. Refrigerants with lower latent-heat
values must flow much more refrigerant, demanding considerably more vapor removal. This
additional vapor removal constrains the system to the use of more bulky vapor handling
components. Furthermore, large latent-heat values have a potential advantage in increasing the
system volumetric power density.

The normal-boiling temperature gives an indication of the pressure that is needed to
maintain two phases in the container. Refrigerants with low normal-boiling temperatures
necessitate higher pressure to maintain two phases and temperatures appropriate for PE cooling.
Conversely, refrigerants with high normal-boiling temperatures need lower, subatmospheric
pressure to maintain two phases. A preference is given to a refrigerant that has a normal-boiling
point between 20-80°C since a medium pressure container would not be required to cool the
PEs.

A major issue with submerging PEs in refrigerant is the dielectric strength. High-
dielectric strength of a fluid enables it to resist current under high-voltage potential. Since PEs
are completely exposed in the refrigerant, the fluid must not permit the flow of current to short
circuit and damage the PEs and other components or to cause malfunction of the PE control

circuits.



ENVIRONMENTAL IMPACT

As previously noted, an important factor in deciding the viability of the refrigerant is the
environment. Table 2 depicts data concerning environmental, flammability, and health concerns
of the refrigerants under investigation. CFCs have the worst environmental impact with a large
ODP and GWP (100 years) and, as previously mentioned, have been eliminated from use
through the Montreal Protocol. The only other refrigerants to have ODP are the HCFCs.
Although HCFCs have a much lower ODP value, the Copenhagen Amendments to the Montreal
Protocol call for the cessation of production of ozone-depleting compounds by 2010 [5],
eliminating the use of HCFCs in the future.

Figure 2 graphically represents the GWP of different refrigerants in reducing order.
Clearly from Fig. 2, CFCs and PFCs are undesirable refrigerants in terms of the environment
with significantly larger GWP values compared to other refrigerants. A noteworthy observation
is the low GWP values of HFE, (hydrocarbons) HC, and MS refrigerants. Along with low values
of GWP, these refrigerants have no ODP and low environmental impact. Still, water is the

optimum refrigerant with no harmful effects to the environment.



Table 2. Environmental, ignitability, and health data

Cooling Fluid
Description
Point ODP GWP health/ health/
0,
Company HCCTHENEI Yes/No C) LEL () | (r11=1) | @ooyr) | flamability | flamability
1,1,1,2 tetra fluorethane] Various HFC-134a 750 NA 0 1300 1/0 1/0
1,1-dichloro-1-
fluoroethane Various HCFC-141b 325 6 0.086 700 1/0 1/0
1-chloro-1,1-
difluoroethane various HCFC-142b 632 9 0.043 2300 1/0 1/0
Dichlorodifluoro
methane Various CFC-12 No >750 NA 0.82 10600 2/4 2/4
Chlorodifluoro methane| Various HCFC-22 No NA NA 0.034 1700 2/1 2/1
perfluorocarbon 3M Fluoroinert FC-87 No NA NA 0 8900 3/0 0/0
perfluorocarbon 3M Fluoroinert FC-72 No NA NA 0 9000 3/0 1/0
perfluorocarbon 3M Fluoroinert FC-77 No NA NA 0 9000 3/0 1/0
hydrofluoroether 3M Novec HFE-7000 No 415 NA 0 400 3/1 0/1
hydrofluoroether 3M Novec HFE-7100 No 405 NA 0 320 3/1 0/1
hydrofluoroether 3M Novec HFE-7200 No 375 24 0 55 3/0 1/0
methylsiloxane Corning Cleaning Agent 1 341.1 1.25 0 <10 est 1/3
methylsiloxane 60% Dow
w/alcohol Corning Cleaning Agent 2 <10 est
De-lonized Water
(butanef/isobutane/prop
ane) Duracool Duracool 12a 891 1.95 0 ~20 1/4 1/4
hydrocarbon blend (
propane/butane) Enviro-safe ES-12 863 1.9 0 ~20 1/4 1/4
fluorocarbon blend Technical not
(HFC-134a/HCFC-142b) | Chemical Freeze 12 >150 determined 0.01 1500 2/2 2/2




Global Warming Potential of Specified Refrigerants
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Fig. 2. Refrigerant GWP.

TWO-PHASE COOLING

Two thermo-physical properties important to two-phase cooling are latent heat and
normal-boiling point. Figures 3 and 4 depict the latent-heat values of the refrigerants in reducing
order. Figure 4 excludes water to demonstrate more clearly the relationship among the other

refrigerants. These and other important physical properties of the refrigerants being examined are

listed in Table 3.




Latent Heat of Specified Refrigerants
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Fig. 4. Latent heat excluding water.




Table 3.

Physical properties

Latent Normal
Cooling fluid description heat @ | Specific |Density @] boiling
25°C | heat @ 25°C| 25°C point
Liquid liquid .
Company Product name kJ/kg (kalkg/K) kg/m? C
1,1,1,2 tetra fluorethane Various HFC-134a 178 1.4 1210 —26
1,1-dichloro-1-fluoroethane Various HCFC-141b 226 1.15 1234 32
1-chloro-1,1-difluoroethane various HCFC-142b 217.8 1.3 1.12 -10
Dichlorodifluoro methane Various CFC-12 139 1 1311 _29.8
Chlorodifluoro methane Various HCFC-22 182.7 1.26 1191 -40.8
e I e E— E—————
perfluorocarbon 3Mm Fluoroinert FC-87 103 1.1 1650 30
perfluorocarbon 3M Fluoroinert FC-72 88 1.1 1700 56
perfluorocarbon 3M Fluoroinert FC-77 89 1.1 1780 97
hydrofluoroether 3M Novec HFE-7000 142 1.3 1400 34
hydrofluoroether 3M Novec HFE-7100 112 1.17 1520 61
hydrofluoroether 3M Novec HFE-7200 119 1.22 1420 76
methylsiloxane Dow Corning Cleaing Agent 1 194 1.72 850 100
methylsiloxane 60% w/alcohol | Dow Corning] Cleaning Agent 2 255 770 98
De-lonized Water _ H,0O 2440 4.13 1002 100
Il el Duracool Duracool 12a 3435 2.56 526 315
(butane/isobutane/propane)
e TETSET 0 [l Enviro-safe ES-12 354.2 2,574 530 ~30.4
(propane/butane)
fluorocarbon blend Technical
(HFC-134a/HCFC-142b) Chemical Freeze 12 L 1.4 L s

From the observation of Fig. 3, water has the highest two-phase heat-transfer potential by
more than a factor of 6. For this reason, water is often used in indirect cooling since the water
does not come in contact with the electronics. Figure 4 reveals that the next highest refrigerants

with the greatest two-phase heat-transfer potential are the HC blends. The lowest potential heat-

transfer refrigerants are HFE and PFC with latent-heat values smaller than %3 that of water.



In terms of the normal-boiling point, the refrigerants most suited for the task are those
with boiling-point temperatures in the range 20-80°C. From Table 3, these refrigerants include
PFCs and HFE type refrigerants. HCFC, HFC, CFC, and HC refrigerants require a medium-
pressure container to have both liquid and vapor phases due to the low values of the normal-
boiling points. The MS refrigerants have high normal-boiling point temperatures requiring a
slightly subatmospheric pressure on the container. This gives PFC and HFE refrigerants an
advantage in terms of safety, operation, and cost.

DIELECTRIC STRENGTH

Based on knowledge of the effects on the environment, latent heat, and normal-boiling
point of refrigerants, the list of refrigerants was condensed as reflected on Table 4. CFC and PFC
refrigerants were withdrawn from the list due to environmental concerns. Water, being a great
conductor of electricity, is a poor dielectric and therefore unsuitable for direct cooling of PEs.
Freeze 12 is a blend of two HC refrigerants already being tested and assumed to have similar
characteristics in terms of dielectric strength. The last two refrigerants are untested and unproven
technology for use as a refrigerant.

Since PEs can be cooled using two phases, both the liquid and vapor phases require
dielectric-strength testing. The testing temperatures are based on the expected operating
temperature of the two-phase mixtures. Saturated liquid and vapor denote the test pressure of the
mixtures. To replicate the actual placement of PEs in the mixtures, sharp electrodes are used in

the dielectric-strength test.
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Table 4. Dielectric strength table

Dielectric Strength

Dielectric Strength

Liquid (kV/mil)

Vapor (kV/mil)

Products Product Name 50 °C/Saturated Liquid 50 °C/Saturated Vapor
1,1,1,2 tetra fluorethane |HFC-134a 7.2 6.7

50 °C/Saturated Liquid 50 °C/Saturated Vapor
1-chloro-1,1-
difluoroethane HCFC-142b 5.9 5.4

50 °C/Saturated Liquid 50 °C/Saturated Vapor
1,1 - dichloro -1-
fluoroethane HCFC-141b 6.1 4.4

50 °C/Saturated Liquid

50 °C/Saturated Vapor

hydrofluoroether Novec HFE-7000 8.0 6.0
80 °C/Saturated Liquid
hydrofluoroether Novec HFE-7100 8.1 7.1

80 °C/Saturated Liquid

80 °C/Saturated Vapor

hydrofluoroether

Novec HFE-7200

7.7

3.8

100 °C/Saturated Liquid

100 °C/Saturated Vapor

methylsiloxane

Cleaning Agent 1

7.6

5.4

100 °C/Saturated Liquid

100 °C/Saturated Vapor

methylsiloxane 60%
w/alcohol

Cleaning Agent 2

6.3

4.4
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DISCUSSION OF TEST DATA

Based on the results obtained from the dielectric-strength test and data collected
concerning thermo-physical properties and the environmental effects of the different candidates,
the MS refrigerants appear to have the most potential. The MS refrigerants have suitable
dielectric strength, a large latent-heat value, and one of the lowest GWP. The only setback for
MS refrigerants is flammability. The MS refrigerants are highly flammable and add risk in terms
of cooling PEs. The normal-boiling point for these materials (98-100°C) equates to a system
pressure that is near atmospheric pressure. Since oxygen is required to cause ignition, these
materials would need to be controlled to a slightly elevated pressure to keep oxygen out of the
system.

Although the HC blends did not undergo the dielectric-strength test and are flammable
like the MS refrigerants, HC blends show great thermal properties. The large latent-heat values
and low GWP produced by HC blends shows that the HC blends have a great potential for use in
refrigeration.

The HFC and HFE have the highest dielectric strength making these refrigerants
applicable for PE cooling. Unlike the MS and HC blends, neither is flammable. HFC has a
higher latent-heat value compared to that of HFE refrigerants providing better thermal transfer,
but has a low normal-boiling point requiring a medium pressure container. HFEs have boiling
points within the specified range of 20-80°C and therefore do not require a pressurized
container. HFC refrigerants have a larger GWP compared to HFE by a factor of 3. Yet, HFC
refrigerants are already in use in many vehicles and the cooling of PEs would not require an

independent system from that of the air conditioner.
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Over the past two years, research at the Oak Ridge National Laboratory for direct cooling
of control and PEs has been conducted using the HFC, which is R134a. Extensive testing and
research with R134a has led to the development of a hybrid-drive component cooling system
through the addition of a floating loop to the automobile air-conditioning unit. This floating loop
uses R134a to cool the components of a hybrid vehicle without the use of an additional
compressor enhancing the efficiency of the components and thereby the coefficient-of-
performance of the hybrid drive. The justification for the use of R134a has been that the
refrigerant worked well with heat exchangers, has a good temperature range, and a great
dielectric strength [7]. This study has also shown that the HFC refrigerant has low GWP" and a
moderate latent heat.

Although R134a has a low GWP*, the Kyoto Protocol signed in 1997 by 180 countries
requires that 38 industrialized nations reduce their GWP emissions by 5.2% below levels seen in
1990 [8]. This reduction has made many nations seek alternatives to R134a, including most of
Europe. Current research in Europe is directed towards R744, a carbon dioxide based refrigerant.
However, R744 requires high pressure and cannot be used in existing automotive air-

conditioning systems [9].

“ As seen in Table 2, other refrigerants such as CFC-12 and the PFCs, have a very high GWP; 9-10 times this
number.
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CONCLUSIONS

HFC (R134-a) remains a good candidate for hybrid PE cooling with good mechanical
properties, strong dielectric strength, non-flammability, and is already widely accepted in the
auto industry.

HFE (Novec) fluids show good general properties for PE cooling, but are not presently
used in automotive applications.

MS materials show excellent mechanical properties, but exhibit high flammability in
conjunction with a high normal-boiling point at low system pressure and moderate dielectric
strength. This creates the need for care in designing a safe oxygen-free system.

The HCFC materials show moderate to poor dielectric strengths and are slated to be

removed from production in the near future due to significant ODP and GWP.
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