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Energy Efficiency of Refrigeration
Systems for High-Heat-Flux
Microelectronics
Increasingly, military and civilian applications of electronics require extremely high-heat
fluxes on the order of 1000 W /cm2. Thermal management solutions for these severe
operating conditions are subject to a number of constraints, including energy consump-
tion, controllability, and the volume or size of the package. Calculations indicate that the
only possible approach to meeting this heat flux condition, while maintaining the chip
temperature below 65°C, is to utilize refrigeration. Here, we report an initial thermody-
namic optimization of the refrigeration system design. In order to hold the outlet quality
of the fluid leaving the evaporator to less than approximately 20%, in order to avoid
reaching critical heat flux, the refrigeration system design is dramatically different from
typical configurations for household applications. In short, a simple vapor-compression
cycle will require excessive energy consumption, largely because of the additional heat
required to return the refrigerant to its vapor state before the compressor inlet. A better
design is determined to be a “two-loop” cycle, in which the vapor-compression loop is
coupled thermally to a pumped loop that directly cools the high-heat-flux chip.
�DOI: 10.1115/1.4003041�
Introduction

The removal of very high-heat fluxes, up to 1000 W /cm2, is
equired by some military and commercial electronics applica-
ions. Simultaneously, usually the electronic device temperature

ust be maintained below some threshold value, such as 65°C.
he combination of an extremely high-heat flux removal and low
evice temperatures necessitates the use of refrigeration to main-
ain satisfactory performance.

Several groups have investigated refrigeration cooling of elec-
ronic systems. A number of studies have examined how minia-
ure, often termed mesoscale, refrigeration systems may be uti-
ized for microelectronics cooling �see, e.g., Refs. �1–5��. A
eneral review of electronics cooling approaches was given in
ef. �6�. Somewhat larger vapor-compression systems are already
ommercially available for desktop computers �7� and remain the
bject of study �8�. These systems are essentially conventional
apor-compression refrigerators applied to electronics cooling for
he purposes of maintaining low operating temperatures and gen-
rally do not involve the removal of extremely high-heat fluxes.
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In contrast, our focus here is on the design of macroscale vapor-
compression refrigeration systems for high-heat-flux microelec-
tronic systems. Such systems are of considerable interest in the
literature �see, e.g., Refs. �9,10��, but these are still largely con-
fined to conventional vapor-compression systems. Our present
work shows that when considering the limitations on the evapo-
rator exit quality imposed by critical heat flux �CHF� avoidance,
the conventional vapor-compression cycle may not be the opti-
mum choice. We compare a number of alternative system designs
and show that the best choice with regard to energy efficiency is a
“two-loop” system in which the electronic device is cooled by a
pumped loop that is cascaded with a conventional vapor-
compression loop. Note that this is in agreement with recent re-
ports that described how a similar two-loop system was utilized
for subcooled flow boiling experiments in microchannels �11,12�.

2 Analysis
In order to cool the electronic component �chip�, several types

of refrigeration cycles are envisaged in this study. An evaporator
is placed in thermal contact with the chip. This evaporator con-
tains microchannels through which subcooled refrigerant flows.
This way the heat from the chip is removed by boiling the refrig-
erant flowing through the evaporator. In each of these cycles, the
refrigerant considered is R-134a.

The following assumptions and constraints are adhered to for
most calculations in this study. The refrigerant enters the evapo-
rator as subcooled liquid 10°C less than the evaporator tempera-
ture, i.e., subcooled by 10°C. Two values of evaporator tempera-
tures are considered: Tevap=0°C and Tevap=20°C. These inlet

temperatures are based on the estimated value of temperature dif-
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erence between the heater surface and the refrigerant, obtained
rom Ref. �13�, for heat fluxes close to 1000 W /cm2.

For simplicity, the flow through the evaporator is assumed to
ndergo no pressure drop. This is done in order to simplify the
alculations and to focus on the comparison between the various
efrigeration cycles while maintaining similar operating condi-
ions among them. Similarly, the refrigerant exiting from the
vaporator is assumed to be limited to a quality of x=20%. This
onstraint on evaporator exit quality helps to avoid CHF condi-
ions inside the evaporator. The chip is assumed to produce heat at
kW, which is transferred completely to the refrigerant flowing in

he evaporator.
The exit quality constraint of x=20% was chosen because of

he great uncertainty surrounding the effect of exit quality on
HF. Wojtan et al. �14� observed CHF at x�40% in a single
hannel with flowing R-134a. Depending on the mass flux, Koşar
nd Peles �15� found CHF for R-123 to occur in silicon-based
icrochannels for exit qualities as low as 25%. On the other hand,
number of studies found that exit qualities could be much higher
efore CHF was initiated �see the review in Ref. �16� and the
eferences cited within�, leading to the statement “…there is no
eneral agreement on the trends in the CHF condition in micro/
inichannels so far” �16�. Furthermore, measurements on the flow

oiling of R-134a in copper microchannels showed that the peak
eat transfer coefficient occurred at a local quality of �20% �17�.
herefore, we choose to limit the exit quality in the evaporator to
nly 20% until more information is available that would allow us
o confidently operate at higher exit qualities.

Standard steady-state equations are applied to compute the re-
rigerant mass flow rates and the required power inputs. In all

ases, the evaporator heat load is Q̇evap=1 kW. All compressors
nd pumps are assumed to have isentropic efficiencies of 80%,
.e., for the compressors �com=0.8 and for the pumps �pump=0.8.
he condenser temperature is set at Tcond=40°C in all cases. The
ystem coefficient of performance �COP� for each case is defined
s

COP =
Q̇evap

Ṗin

�1�

here Ṗin is the power input required to drive any compressors or
umps in the system plus any additional heating. All computations
re carried out in Engineering Equation Solver® �EES�. The de-
ailed calculations for each case are given in Sec. 3.

Results and Discussion
In this study, four types of R-134a refrigeration cycles are con-

idered. These four cycles are referred to as cycle 1, cycle 2, cycle
, and cycle 4. Cycle 1 is a conventional vapor-compression re-
rigeration cycle, cascaded with a second vapor-compression
ycle in order to deliver subcooled refrigerant at the evaporator
nlet. The cycle 1 schematic diagram is shown in Fig. 1, and a T-s
temperature-entropy� diagram for the same cycle is shown in Fig.
. In this and in the following cycles, the integrated circuit chip
ransfers its heat to the evaporator and, as discussed above, the
xit quality of the refrigerant leaving the evaporator is limited to
=0.20. In cycle 1, after leaving the evaporator, the refrigerant
ows through an additional heater in order to bring the refrigerant

o the saturated vapor condition so that it can enter the compres-
or. After exiting the compressor, the refrigerant passes through
he condenser, which is maintained at a temperature Tcond
40°C. The subcooler, located after the condenser, subcools the

efrigerant 10°C below the evaporator temperature.
As stated above, standard steady-state equations are applied to

ompute the refrigerant mass flow rates and the required power
nputs, which for case 1 is the power required by both compres-

ors and the additional heating required to completely vaporize
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the refrigerant leaving the evaporator. The mass flow rate in the
primary vapor-compression loop �ṁ� and in the cascaded loop
�ṁsub� are found from

ṁ =
Q̇evap

h2 − h1
, ṁsub =

ṁ�h5 − h6�
hb − ha

�2�

The compressor power inputs are computed from

Ẇcom1 = ṁ�h4 − h3�, Ẇcom2 = ṁsub�hc − hb� �3�
Additional details can be found in standard thermodynamics text-
books, such as Ref. �18�.

The system in case 1 suffers from two serious drawbacks. The
first is the heating power required in the heater following the
evaporator to bring the refrigerant to the saturated vapor condi-
tion, starting from the evaporator exit quality of x=20%. For

Fig. 1 Schematic diagram of a conventional vapor-
compression refrigeration system „cycle 1…, with a second
vapor-compression cycle cascaded to produce subcooled con-
ditions at the evaporator inlet

Fig. 2 T-s „temperature-entropy… diagram for cycle 1 „conven-
tional vapor-compression cycle cascaded with a second vapor-

compression cycle…

Transactions of the ASME
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evap=0°C, the additional heat added is Q̇add=3.00 kW, com-

ared with compressor power inputs of Ẇcom1=0.610 kW and
˙

com1=0.469 kW, leading to COP= Q̇evap / �Ẇcom1+Ẇcom2

Q̇add�=0.245. Second, there are inherent difficulties to control
he system to adjust to varying evaporator heat loads. The com-
ressor speed can be varied, but care must be taken to ensure that
00% vapor enters the compressor. On the other hand, an oppor-
unity exists for heat recovery from either compressor, or even
rom the condensers, in order to reduce the additional heat re-
uirement. Implementing such a heat recovery scheme, though,
ould add complexity that might detract from the gains in energy

fficiency. A summary of the calculated power input and COP,
lus a listing of apparent advantages and disadvantages, is pro-
ided in Table 1 for each of the four cycles.

In order to address the challenges that arose in cycle 1, some
hanges were made to the refrigeration cycle, and as a result cycle
was envisioned. Figure 3 shows the schematic of cycle 2, where

n economizer is introduced, as well as a second expansion valve
hat enables subcooled conditions at the evaporator inlet. The
conomizer is a heat exchanger between the high-temperature liq-
id exiting the condenser and the liquid/vapor mixture leaving the

vaporator. It reduces the additional heat required to Q̇add
1.51 kW �Tevap=0°C�, as shown in the T-s diagram in Fig. 4.

he system COP is consequently raised to COP= Q̇evap / �Ẇcom

able 1 Comparison among the four cycles considered for t
ubcooling…

ycle No.
nd description

Net electric pow
consumption �k

: Cascaded vapor-compression 4.08

: Vapor compression with economizer 2.41

: Pumped loop with thermoelectric cooler 5.53

: Pumped loop with vapor-compression �two-loop� 0.43

Fig. 3 Schematic diagram of a va

with economizer „cycle 2…

ournal of Thermal Science and Engineering Applications
+ Q̇add�=0.415. Importantly, the complexity of the system is re-
duced since now there is only a single refrigerant compressor, but
it is still difficult to control the system to adjust to rapidly varying
evaporator heat loads.

Another concept was introduced to address the cooling of the
refrigerant, this time by incorporating a thermoelectric cooler
�Peltier device� instead of a conventional vapor-compression
cycle. The schematic diagram of cycle 3 is given in Fig. 5, and the
accompanying T-s diagram is given in Fig. 6. Now, the relatively
power-hungry compressor is replaced with a pump that consumes
much less power, but the low efficiency of the thermoelectric
cooler also has to be taken into account. The COP of a thermo-
electric cooler, COPtec, is given by �1�

COPtec =
Q̇tec

Ẇtec

=
1
2ZTc

2 − �Th − Tc�
ZTcTh

�4�

where Q̇tec= ṁ�h3−h4� is the heat load on the thermoelectric

cooler, Ẇtec is the power input to the thermoelectric cooler, Z is
the thermoelectric figure of merit, Tc is the cold temperature ex-
perienced by the thermoelectric cooler, and Th is the hot tempera-
ture to which the thermoelectric cooler rejects heat. For bismuth
telluride �Bi2Te3�, Z�300 K��1 �19�, giving Z�1 /300
=0.0033 K−1. The corresponding system COP is COP

refrigeration system design „Tevap=0°C, Tcond=40°C, 10°C of

System
COP

Advantages/
disadvantages

0.245 • High power consumption
• Difficult to control

• Potential for heat recovery from condensers and/or
compressors

0.415 • Moderate power consumption
• Difficult to control

• Relatively simple design
• Potential for heat recovery from condenser and/or

compressor
0.181 • Highest power consumption

• Large number of thermoelectric modules required
• Simplest design
• Easy to control

2.35 • Lowest power consumption
• Easy to control

• Compressor loop is commercial off-the-shelf �COTS�
• Relatively simple design

-compression refrigeration system
he

er
W�
por
SEPTEMBER 2010, Vol. 2 / 031004-3
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Q̇evap / �Ẇtec+Ẇpump�=0.181, where Th=Tcond=40°C and Tc

−15°C. This value of COP is the lowest of the four systems
onsidered because of the large power requirement of the thermo-

lectric cooler �Ẇtec=5.41 kW� compared with a pump input

ower of only Ẇpump=0.124 kW. Without a compressor, there is
o need to add heat to completely vaporize the refrigerant at the

vaporator exit, but this is more than offset by Ẇtec. Still, this
ystem may be attractive for some applications because of its
implicity. Furthermore, it can easily be controlled by varying the
ump speed, an advantage also enjoyed by the fourth and final
efrigeration system examined, case 4.

Finally, after analyzing the previous three cycles, one last type
f cycle was envisaged. This cycle, referred to as cycle 4, utilizes
“two-loop” approach and is shown in Fig. 7. The corresponding
-s diagram for this cycle is shown in Fig. 8. A conventional
apor-compression cycle �the “compressor” loop� is cascaded
ith a “pump” loop that directly cools the electronic chip. Similar

o case 3 with the thermoelectric cooler, no additional heating of
he refrigerant is required. As a result, this type of cycle consumes
he lowest power of the four cycles �0.425 kW�, including the

ig. 4 T-s „temperature-entropy… diagram for cycle 2 „conven-
ional vapor-compression cycle with an economizer heat
xchanger…

ig. 5 Schematic diagram of a pumped-loop system cooled by

thermoelectric cooler „cycle 3…

31004-4 / Vol. 2, SEPTEMBER 2010
compressor �Ẇcom=0.375 kW� and the pump �Ẇpump
=0.050 kW�, and is clearly the best among the four cycles from
an energy point of view.

Other advantages, in addition to dramatically reduced power
consumption, are also inherent in the “two-loop” system �cycle 4�

Fig. 6 T-s „temperature-entropy… diagram for cycle 3 „pumped
loop with thermoelectric cooler…

Fig. 7 Schematic diagram of a two-loop system „cycle 4…

Fig. 8 T-s „temperature-entropy… diagram for cycle 4 „two-loop

system…

Transactions of the ASME
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ompared with the others. The compressor loop can be a commer-
ially available “off-the-shelf” system, making it low cost and
ighly reliable. In the pump loop, the choice of refrigerant is no
onger tied to the compressor design. Rather, one is free to select
ny refrigerant with desirable properties, such as high critical heat
ux. Furthermore, the range of operating pressures in the pump

oop can be made much larger than for vapor-compression cycles
ince the pressure rise is accomplished via an inexpensive pump
ather than by an energy-intensive compressor. Finally, it appears
asier to control the pump loop to operate under transient condi-
ions compared with controlling a vapor-compression loop. The
ump speed and expansion valve opening can both be rapidly
aried to produce different evaporator conditions without compro-
ising the integrity of the system or damaging any components.
e will explore the controllability and other aspects, such as op-

imum refrigerant choice, of the cycle 4 system in future work.
or example, the expansion valve in the pump loop is not essential
nd can possibly be removed to simplify the system.

For high-heat flux electronics cooling, the two-loop system
cycle 4� performs better than the conventional vapor-compression
ystem �cycle 1� or the other two systems investigated. However,
t is recognized that, above some evaporator exit quality, the
ower consumption reduction enjoyed by the two-loop �case 4�
ystem becomes insignificant. Thus, there has to be a critical
vaporator exit quality where the use of a conventional vapor-
ompression system may be a better choice. Figure 9 shows a
omparison of the COP for the conventional vapor-compression
ystem �case 1� and the two-loop configuration �case 4� for vari-
us exit qualities. Two values of evaporator temperature are con-
idered: Tevap=0°C �which has been used in all previous calcula-
ions� and Tevap=20°C. It is seen that the two-loop system is more
fficient than the conventional system up to an exit quality of x
0.9 for Tevap=0°C and up to x�0.8 for Tevap=20°C. Thus, for

ery high evaporator exit qualities, the two-loop system �case 4�
oses its energy efficiency advantages relative to a conventional
apor-compression system, but it still offers an advantage in being
asier to control for varying evaporator heat loads.

Conclusions
Four different types of refrigeration systems were evaluated for

heir potential to cool a high-heat-flux electronic component. The
rimary metric for comparison was the power consumption of the
arious cycles, as represented by the system COP. Each cycle was
equired to deliver subcooled R-134a to an evaporator and had to
eject heat at 40°C. Results show that a two-loop system, in
hich a conventional vapor-compression loop is coupled ther-
ally to a pumped loop that directly cools the high-heat-flux chip,

ig. 9 Comparison of the single-loop „case 1… and two-loop
case 4… configurations based on COP for two different evapo-
ator temperatures „Tcond=40°C…
onsumes much less energy than a conventional vapor-

ournal of Thermal Science and Engineering Applications
compression system. The simple vapor-compression cycle re-
quires excessive energy consumption, largely because of the ad-
ditional heat required to return the refrigerant to its vapor state
before the compressor inlet.
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Nomenclature
Q̇ � heat flow, kW
h � specific enthalpy, kJ/kg
ṁ � mass flow rate, kg/s

Ṗin � total power input, kW
s � specific entropy, kJ kg−1 K−1

T � temperature, °C

Ẇ � power input for compressors or pumps, kW
x � quality, %
� � isentropic efficiency for compressors or pumps

Subscripts
1, 2,…,8 � state points

A, B,…,D � state points
a, b,…,d � state points

add � additional heat required
com � compressor
cond � condenser
evap � evaporator

pump � pump
tec � thermoelectric
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