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Impact of TXV and Compressor in
the Stability of a High-End
Computer Refrigeration System
The combination of increased power dissipation and increased packaging density h
to substantial increases in chip and module heat flux in high-end computers. The
lenge is to limit the rise in chip temperature above the ambient. In the past, virtuall
commercial computers were designed to operate at temperatures above the am
However, researchers have identified the advantages of operating electronics at low
peratures. Until recently, large-scale scientific computers used direct immersion co
of single-chip modules. The current research focuses on mainframes (computer sy
which uses a conventional refrigeration system to maintain chip temperatures below
of comparable air-cooled systems, but well above cryogenic temperatures. Multivar
control of compressor speed along with thermostatic expansion valve (TXV) openin
give better stability and performance. TXV is a mechanical controlling device used i
refrigeration system. The compressor is the only mechanical-working component i
refrigeration cycle that circulates refrigerant through the system continuously. He
controlling the compressor is an important aspect. The control objective is define
improving the transient behavior of the vapor compression cycle for the refrigera
system operating around an evaporator set-point temperature. The system behav
studied in two cases, TXV being the only control element in the first case, while TXV
a compressor both act as control elements in the other case.@DOI: 10.1115/1.1827272#
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Introduction

With the ever-increasing power density in CMOS chip tec
nologies; cooling has now become a strong influence on comp
performance@1#. It is known that, mobility that is a ratio of elec
tron or hole velocities to electric field is a function of temperatu
Mobility increases as temperature decreases due to a reducti
carrier scattering from thermal vibrations of the semiconduc
crystal lattice. Also, there is an exponential reduction in leak
currents. Depending on the doping characteristics of the chip,
formance improvement ranges from 1% to 3% for every 10
lower transistor temperature that can be realized.

Researchers have always known the advantages of oper
electronics at low temperatures. This facilitates faster switch
time of semiconductor devices, increased circuit speeds du
lower electrical resistance of interconnecting materials, and re
tion in thermally induced failures of devices and componen
Over the past several years, computer systems have been sh
with refrigeration, utilizing the vapor compression cycle to atta
low temperatures. A typical evaporator temperature ranges f
240°C to 20°C. Also, the second major reason for designin
system with low-temperature cooling is the improveme
achieved in reliability to counteract detrimental effects, whi
rises as technology is pushed to the extremes. Many wea
failure mechanisms follow the Arrhenius equation@2#, showing
that for die temperatures operating in the range of220°C to
140°C, and every 10°C decrease in temperature reduces the
ure rate by approximately a factor of 2. Therefore, a signific
improvement could be achieved in chip failure rates with low
temperatures achievable through electronic cooling.

With the increase in CMOS performance achieved with low
temperatures, a number of companies have embarked on prog
to investigate cooling electronics, some evolving to major prod
announcements and shippable products. Intel, DEC, AMD,

Manuscript received September 17, 2004; revision received September 19,
Review conducted by: B. Sammakia.
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Microsystems, IBM, SYS Technologies, and Kryotech, Inc., ha
all shown computers utilizing the vapor compression refrigerat
cycle.

The IBM S/390 G4 CMOS system@1#, first shipped in 1997,
was the first such IBM design to employ refrigeration coolin
Bulk power for the system, at the top of the frame, distributes 3
VDC throughout the frame. Below the bulk power is the cent
electronic complex~CEC! where the multichip module~MCM!,
housing 12 processors, is located. Various electronic ‘‘boo
packages~memory, control modules, DC power supplies, etc.! are
mounted on each side of the processor module. Below the C
are blowers that provide air cooling for all the components in
CEC except the processor module, which is cooled through ref
eration. Below the blowers are two modular refrigeration un
~MRUs!, which provide cooling via the evaporator mounted
the processor module. Only one MRU at a time runs during n
mal operation. Should one MRU fail, it can be replaced via qu
connects located at the evaporator. Thus, a new MRU can
installed while the system continues to operate. The evapor
mounted on the processor module is redundant in that two in
pendent loops utilizing copper tubes are interleaved throug
thick copper plate, each loop attached to separate MRUs. Re
erant passing through one loop is adequate to cool the M
~which dissipates a maximum power of 1050 Watts for G4! under
all environmental extremes allowed by the system. In the bott
of the frame, the I/O electronic books are installed along with
associated blowers to provide the air cooling. Air cooling for t
condenser located in the MRUs is provided by air exiting the
cage at the bottom of the frame. Airflow through the condense
well as through the I/O cage is increased for room temperatu
above 27°C.

Evaporator Time Constant
A considerable amount of work has been done to investigate

hunting phenomena. Wedekind and Stoecker@3# formulated a the-
004.
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oretical model to predict the mean transient response of the m
ture vapor transition point under sudden change in refrige
mass flow rate. Two equations have been derived, one descr
the mixture vapor behavior under step decrease in refrigerant
mass flow rate and the other describing the step increase@4#. The
time constant associated with step decrease is the time requir
evaporate the entire excess refrigerant under the assumption
the rate of heat transfer to the excess refrigerant remains cons
The time constant associated with step increase is defined a
time required to overcome the refrigerant shortage provided
rate of inlet mass remains constant. Time constant was reporte
be on the order of 6 s. Danning reported an evaporator time c
stant of 3.9 min@5#.

Kulkarni @6# presented a mathematical model in which he d
rived an equation for an evaporator time constant. The equa
was derived on the assumption that evaporator and thermos
expansion valve are dynamic, neglecting the condenser
compressor.

In the current research, the evaporator time constantt was cal-
culated~as shown in Fig. 2! for three different thermostatic ex
pansion valves~TXVs!, namely, EQ-2-JC, EQ-2-JCP60, and EQ
2-JZPM. The experimental results for this calculated evapor
time was then found to be very close. The effect of using t
control elements, the TXV, and the compressor on the respons
the system was studied.

Vapor Compression System
Refrigeration is the withdrawal of heat from a substance

space so temperatures lower than that of the natural surround
are achieved. A vapor compression cycle is shown in Fig. 3~a!
with its P-h curve in Fig. 3~b!. Vapor compression systems a
employed in most refrigeration systems. Here cooling is acco
plished by evaporation of liquid refrigerant under reduced te
perature and pressure. The fluid enters the compressor at st
where the temperature is elevated by mechanical compres
~state 2!. The vapor condenses at this pressure, and the resu
heat is dissipated to the surrounding. The high-pressure liq
~state 3! then passes through the expansion valve through wh
the fluid pressure is lowered because of the expansion proc
Here the temperature along with pressure reduces significa
The low-pressure fluid enters the evaporator at state 4 whe
evaporates by absorbing heat from the refrigerated space an
enters the compressor. The whole cycle is repeated@7#. P-h varia-
tions can be studied for this system in Fig. 3~b!, where all the
states are mentioned.

Bulb Location
The function of the sensing bulb is to measure refrigerant va

temperature at the evaporator outlet. To sense this temperatur

Fig. 1 Experimental set up
Journal of Electronic Packaging
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bulb must not be influenced by oil in the system or by sources
external heat@8#. The sensing bulb should be located on the ho
zontal section of the line near the evaporator outlet. If the suc
line rises above the sensing bulb location, a trap should be
stalled immediately downstream of the bulb so that the oil d
not collect at the bulb location. The bulb must not be installed
a trap or downstream of trap. It should not be installed on
bottom of the suction line due to the possible presence of
Installation of the sensing bulb on the vertical section of the s
tion line should be avoided because the bulb is more likely to
influenced by oil. If the bulb must be located on the vertical lin
then experiments must be performed to determine the best l
tion for proper system performance.

Effect of Masterflux Compressor
In previous work, Kulkarni@9# determined the optimum bulb

location in order to reduce hunting and improve the stability of
system. His work was further continued by Mulay@10#, who stud-
ied the effect of different thermophysical properties of the bu
mentioned previously.

In both the studies, however, a thermostatic expansion va
was the only control element adjusting the refrigerant quan
passing through the evaporator upon receiving the feedback a
change in heat load while the typical compressor used was
ning at constant speed. The Masterflux compressor was introd
in the system so as to have a multivariable control that will ena
one to regulate the refrigerant quantity by not only varying t
TXV opening, but also by varying the compressor speed. The d
are then analyzed for both setups.

Experimental Bench
Figure 1 shows the experimental bench. Compressor, c

denser, thermostatic expansion valve and evaporator, accumu
and hot gas bypass valve are the main components shown in
figure. Sensor bulb is placed on the evaporator return line.
temperature and pressure sensors are mounted at various pla
the system. A flow meter is also placed to measure the flow r
The cold plate attached to the single plate of evaporator is m
up of copper. The heater block is mounted on this copper pl
This heater block, which simulates the multichip module, has
sistive heaters embedded in it that can provide a heat load of m
than 1 KW. This heat load can be varied from zero to full scale.
the interface of the heater block and the evaporator cold pl
thermal paste is applied to minimize the contact resistance
ensure the proper heat transfer. The schematic layout is prese
in Fig. 4.

As stated earlier, the system is operated in two different c
figurations. The evaporator exit temperature is sensed by the
sor bulb of TXV. If this temperature is higher than the evaporat
temperature, it will result in increasing the TXV opening, there

Fig. 2 Evaporator time constants for different bulb sizes
DECEMBER 2004, Vol. 126 Õ 555
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Fig. 3 Vapor Compression Cycle „a… with its P-h diagram „b… †1‡

Fig. 4 Schematic of the current system
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allowing more refrigerant to pass through. If the evaporator e
temperature is lower than the evaporating temperature, the T
opening will decrease, restricting the refrigerant flow. This is
configuration where only TXV acts as the control element.

The other configuration consists of a Masterflux compres
with a controller unit. A temperature sensor senses the evapo
exit temperature at the same location as that of TXV sensor b
If the evaporator exit temperature is higher than the evapora
temperature, then the signal from temperature sensor will caus
increase in compressor speed while the TXV sensor bulb si
will cause a bigger opening, thus, effectively increasing the ref
erant flow. An evaporator exit temperature lower than the eva
rating temperature will result in a reduction of both the compr
sor speed and the TXV opening, thus, reducing the refrige
flow.

Results
The system response was measured in terms of interface, s

heat, and evaporator outlet temperatures. Results using the
terflux compressor are shown in Figs. 4–6. These data were
tained at different loads starting from no load to full load~1000
W! at an interval of 250 W.

The evaporator time constants for different TXVs were cal
lated and were checked with experimental values. The values
shown in Fig. 2.

Interface results show an increase in temperature as we go
no load to full load. For no load conditions, the average tempe
, DECEMBER 2004
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ture range~ATR! is about 12°C. Similarly, for the 250 W load, th
ATR is 15°C; for the 500 W load, the ATR is 18°C; for the 750 W
load, the ATR is 22°C; and for the 1000 W load, the ATR is 25°
This can be seen in Fig. 5. This gives a smooth increase in t
perature as we go on increasing the heat load. This shows tha

Fig. 5 Interface temperature with and without Masterflux com-
pressor at different loads
Transactions of the ASME
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every 250 W increase in load, the temperature roughly increa
by 3°C. With this we can roughly estimate the temperature
higher loads.

As load increases from no-load to full-load~1 KW! condition,
the fluctuations are reduced notably. This can be seen in Fig

Fig. 6 Superheat outlet temperature with and without Master-
flux compressor at different loads

Fig. 7 Evaporator outlet temperature with and without Master-
flux compressor at different loads

Fig. 8 Interface temperature with and without Masterflux com-
pressor at 1000 W load
Journal of Electronic Packaging
ses
at

. 6.

Thus, it can be seen that system performance is better at full l
The evaporator data as seen in Fig. 7 again show that fluctua
decrease with the increase in load.

Figures 8–17 show a comparison of the performance of
typical commercial compressor versus the Masterflux compres
Figures 8 and 9 show that difference in the interface tempera
in two cases is very significant~about 20°C!. The results show
that stability has been improved greatly using the Masterflux co
pressor. Also, there is a significant decrease in temperature w
the Masterflux compressor is used.

As the temperature decreases significantly we can say tha
flow rate should have improved for the same size unit. Flow i
very important parameter for the refrigeration unit for both de

Fig. 9 Interface temperature with and without Masterflux com-
pressor at 750 W load

Fig. 10 Interface temperature with and without Masterflux
compressor at 500 W load

Fig. 11 Superheat temperature with and without Masterflux
compressor at 750 W load
DECEMBER 2004, Vol. 126 Õ 557
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Fig. 12 Superheat temperature with and without Masterflux
compressor at 500 W load

Fig. 13 Superheat temperature with and without Masterflux
compressor at 250 load

Fig. 14 Superheat temperature with and without Masterflux
compressor at no load

Fig. 15 Evaporator outlet temperature with and without Mas-
terflux compressor at 750 W load
558 Õ Vol. 126, DECEMBER 2004
ing with the temperature fluctuation and controlling the tempe
ture set point. Improved flow means better coordination betw
TXV and the compressor~the two control systems!.

Another important result that can be seen is that the aver
value of superheat in all the different load cases remains almo
2°C superheat. This is not true for the case without Masterfl
Evaporator results were taken just to double-check the condit
reflected from interface temperature, and the superheat temp
ture are true. The evaporator results are shown in Figs. 16 and
The size of the Masterflux compressor is almost half the size
the existing compressor.

Conclusion
The experimental data indicate better system response and

sient behavior when a two-feedback system is used as comp
to a single-feedback system. In a single-feedback system, the
mal resistance between the bulb and evaporator return line
considerably affect system stability, and by increasing this ther
resistance, the stability can be further improved. Similarly the s
of the bulb and the two-phase heat transfer coefficient have
effect on system stability. By using a feedback signal to adjust
compressor speed, the effect of thermal resistance between
sensor bulb and evaporator return line can be minimized.

Another big advantage for system architecture is that by us
Masterflux compressor, considerable reduction in volume of
cooling system is achieved. The Masterflux compressor has es
tially the same footprint, but is almost 25% shorter than a typi
commercial compressor.
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