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TEVATRON COLD COMPRESSOR OPERATING EXPERIENCE

Jay C. Thetlacker
Fermi National Accelerator Laboratory,* P.O. Box 500, MS 347, Bawvia IL 60510, USA

This year saw the completion of three accelerator improvement projects pertaining
to the Tevatron cryogenic system. The projects result in the ability to operate the
Tevatron at lower temperature, and thus higher energy, through the use of cold
compressors. In January of 1994, the Tevatron operated at an energy of 975 GeV
for the first time. Although this is a modest in¢rease in energy, the discovery
potential for the Top quark is considerably improved. This paper describes the
operational experiences during the commissioning of the cold compressors in the
Tevatron satellite refrigeration system.

INTRODUCTION

Several major upgrades to the cryogenic system [1,2] were required to reduce the temperature by up to
1K. Cold helium vapor compressors were procured to reduce the pressure, and thus the lemperature, of
the two-phase circuit of the magnets. Modifications had to be made to all external connections o the two-
phase circuit in order to “harden” them for subatmospheric operation. Operation of cold compressors in a
satellite refrigerator required a higher capacity Central Helivm Liquefier (CHL). A second CHL was built
(coldbox II) with larger expansion turbines in order to achieve a 35% capacity increase. The addition of
¢old compressors and associated instrumentation also required an upgrade to the satellite controls system,

Lower temperature was achieved by pumping on the magnet two-phase helium circuit with cold
vapor compressors [3]. A subcooling dewar was located between the refrigerator and the magnet strings
to buffer oscillations. The dewar is sized to help minimize the transients caused by the AC losses during
ramp turn on/off in Fixed Target Physics.

Both reciprocating and centrifugal cold compressors can be made mechanically suitable for
incorporation intp Tevatron satellite refrigerators. One of the main driving forces for choosing a particular
technology is based on a non-technical issue: physical space constraints in the satellite refrigerator
building. A centrifugal cold compressor could be made into a U-tube, allowing it to be plugged directly
into the valve box. As a result, no additional floor space was required. A contract was placed with Nissho
Iwai American Corp. for twenty-seven centrifugal cold compressors in late 1991, The compressors were
manufactured by Ishikawajima-Harima Heavy Industries Co., Ltd. (IHI) of Tokyo Japan. Fermilab took
delivery of all the compressors and their associated controllers in the fall of 1992 and commissioned in
the Tevatren in December of 1993,

INSTALLATION

A cecld compressor was installed at the Al refrigerator during the 1993 shutdown for checkout and testing
purposes. Installation went smoothly and the cold compressor operated as expected following installation.
It was found, however, that after it was off for an extended period (a day or s0), the compressor seized.
This locked rotor condition was sensed by the high current draw and no evidence of pumping upon
startup. The speed "readback” is actually based on the inverter frequency and not an actual shaft sensor
and therefore gives misleading information under these conditions.

The compressor was changed out with a new one, with similar results. The compressor operated
fine following installation but was seized zfter being off for a day or so. It was quickly determined that
residual water vapor in the motor section of the cold compressor was cryopumping to the cold end. The
motor normally has stagnant room temperature helium in it at the pressure of the compressor exhaust.
Eventually, enough ice builds up in the close tolerance annular space between the warm and cold ends to
freeze the shaft. It was found that in many cases, the locked rotor condition could be freed up by injecting
warm helium gas at 0.38 MPa into a fitting in the top of the motor housing. This small flow of warm
helium eventually warmed the ice. Two negative side effects result from this however. First, the water is
pushed deeper into the sysiem. Second, the helium must flow through the lower journal bearing, resulting
in any bearing "dust” to be pushed down toward the impeller wheel.
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Fortunately, we had not installed the majority of the cold compressors when the problem had been
idenufied. We were able to institute a program of heating and vacuum pumping the motor housings to
reduce residual water vapor prior 1o installation. Typically, eight cold compressors were piped together
with two vacuum manifolds, one on the bayonets and onc on the motor housing fitling. The motor
housings were heated with a heat tape and carefully monitored (o limit the case temperature to 340 K.
Viacuum pumping continued until the motar housing achieved < 2 Pa at 330 K. This typically required 24
hours. The compressors were then cooled down, backfilled with clean helium and sealed with bayounet
covers prior to installation,

This procedure worked well and greatly reduced the number of locked rotors after all 1wenty-four
compressors were installed. We did however have a few lock up. The procedure was modified to vacuum
pump down to < .7 Pa at 330 K, which seems to have cured the problem.

Following the installation of all the cold compressors, we began testing groups of compressors to
ensure proper operation. During this initial operation, one cold compressor (unit #4 at B4) made
screeching noises on startup. This noise was not present during the approximately two hours of
COMPpressor acceplance testing on air in the shop. The compressor was removed with less than ene hour of
system operation and one of our three spare units was installed.

We were quite concerned over this "failure” since we were now down t¢ two spare units. The cold
compressor was disassembled in our shop, the parts were photographed, and the rotor and impeiler were
returned to THI for analysis and recommendations. Results of the analysis by IHI were received in the
spring of 1994,

FALL 1993 OPERATION

Little time was given for cold compressor commissioning during the fall of 1993 in order to expedite the
Tevatron startup. A failure in 2 B1 low B quadrupole component gave us the opportunity to perform cold
compressor lests in a limited number of locations. We were limited to a few satellite refrigerators due to
the desire 1o minimize the laboratory's power consumption. The reserve capacity of the CHI. Coldbox II
with two compressor operation (instead of full capacity, three compressor operation) will allow operation
of a few cald compressors at minimum speed and one compressor operating at low temperature.

We took the opportunity during the one week period to repair Bl to spin all the compressors and
to test C3 at low temperature. The C3 system was operated with two-phase helium temperatures ranging
from 4.45 K down to 3.68 K. The following ohservauons were made.

. The system, to first order, operated as expected.

2. Afier calibrating the magnet thermometry in place (using two-phase helinm at approximately 0.11
MPa), the expected increase in single-phase to two-phase temperature difference with lower
temperature was measured. This is due to the decrease in helium specific heat. Note that the carbon
resister thermometry used in the Tevatron single-phase was only calibrated down to 4.2 K. We are
extrapolating below that point.

3. After calibrating cold compressor pressure ang temperature instrumentation in place (at
approximately 0.11 MPa), lower than expected cold compressor isentropic efficiencies were
measured. The peak efficiency expected at the design conditions was 70%. Over the full range of
operating conditions, the expected efficiency was greater than 60%. An efficiency of 60% was used
in our system simualation in ocder to predict the overall system performance. The measured
efficiency was between 40-50% and showed signs of being a function of compressor inlet pressure.

4. In the course of measuring the cold compressor efficiencizs, we found that our data acquisition
systern displayed crosstalk between A/D channels under specific conditions. An A/D channel read
properly until the preceding channel went above 5 volts. At that point an offset proportional to
voltage was added to the reading. We were careful to avoid this condition on subsequent efficiency
measurements as well as all efficiencies quoted in this paper

5. Large swings of inventory were experienced, as expected. Operationally, this is a bigger problem
abruptly going from lower temperature to a warmer setting. Under this situation, stored
refrigeration in the magnet helium inventory requires no refrigeration from the satellite as it warms
to the new setting. This can last for 10s of minutes. Since it is not practical to shut off the satellite
all together, this results in the dewar overfilling, which in return trips the cold compressor on two-
phase protection. The long term solution is to burn off the excess capacity with a heater in the
dewar. Unforunately, the heater electronics were not completed during the initial commissioning.

DECEMBER 1993 OPERATION

Tevatron higher energy commissioning tests took place in December of 1993 and January of 1994,
During the December testing, the cold compressors proved to be very stable, but the efficiencies of the
units were low. The lower efficiency resulted in our not being able to lower the temperature of the
Tevatron as much as we had planned. We were able to achieve stable operation at 3.93 K two-phase
reennecature with the full capacity operation of Coldbox 1.



Alter the wsiing, we found that the lawer efficiency was due to a large pressure drop on the cold
compressor inlet lilter. This explained why the elficiency was a function of cold compressor inlet
pressurc. The {iller was added after the fact due 1o a failure of pur prototype unit. This unjt was badly
damaged when it was struck at high speed by a one centimeter long stainiess steel chip. The chip was
presumably leftin the west cryostat during fabncation. It was decided that the filters were not necessary on
the final system since the piping between the dewar and the cold compressor was minimal on the new
valve boxes and (he pining had been borescoped. On December 21, all of the cold compressors were
removed from the Tevatron to have the filters removed.

JANUARY 1994 OPERATION

Following the filler removal and dehydration process, the compressors were re-installed on January 5.
Qur precedures for installation or removal of cold compressors required that the liquid helium inventory
be removed from the dewar and magnet systems. This meant that we had to transfer all of the Tevatron
helium inventory to the liquid or gas storage systems and back again. We were able 10 accomplish this in
a 24 hour period. Since then we have investigated the safety of removing or installing a cold compressor
after removing the liquid inventory from the dewar, but leaving the inventory in the Tevatron magnets,
This would considerably simplify the process.

We realized a 10-15% increase in cold compressor efficiency afler the {illers were removed. This
allowed us to further lower the two-phase temperature of the Tevatron to 3.84 K and still remain within
the capacity of Coldbox II. This brought the efficiency up to levels consistent (to within the accuracy of
our measurement)} with the prototype unit measurements.

We were optimistic about the system testing in January, having found and solved the efficiency
problem. However, testing in January was plagued by cold compressors tripping off, This was a complete
surprise, since the testing in December proved to be very reliable. The first problem found was due to the
commissicning of the dewar heater systems. We did not have adequate time to tune the gains for the
heater control loops prior to Tevatron higher energy testing. It turned out that the initial gains were 100
high, resulting in violent boiling which spilled two-phase helium over into the cold compressor. This trips
the cold compressor off due to an overcurrent situation. After discovering the problem, we disabled the
heater conurol loops and began to run without them, as we did in December. We continued to have cold
compressors tripping off and found that a contrels problem was turning the heaters back on. Further
adjustments to the control loop were necessary to ensure that the heater would not activate.

We were once again optimistic that we had solved the problem. Unfortunately, the compressor
wipping continued. As before, the trip indication was current overload. We originally thought that the cold
compressors were seeing two-phase caused by a heat transfer process "foaming” the liquid in the dewar.
The speculation was that the filter was able to coalesce the liquid out of the stream during the December
testing. It was later found that the problem could be cured by changing the controlling parameters of the
cold compressor. It appears that the sensitivity to tripping increased following the filier removal.

SPRING 1994 OPERATION

During the spring of 1994, we operated five cold compressors during the Tevatron operation in order to
investigate the tripping phenomenz plaguing the January higher energy testing. We began by operating
them at minimum speed, in order to keep the LHe requirements to within the capacity of Coldbox 1I
operating with two compressors. We suspected that a change in conurol loop parameters would help solve
the problem. The result was that compressors were no longer tripping off. When we changed the
parameters back 1o those used in January, the problem began reoccurring. The tripping was associated
with how fast the compressor was allowed to accelerate. If the cold compressor accelerated too quickly,
the result was a sudden drop in the compression ratio {near 1.0} and an increase in the current draw. The
mechanism is stiil not well understood, but the solution (limiting the acceleration) is within an acceptable
operating envelope,

The instrumentation necessary for efficiency measurements was calibrated in place. We were then
able to obtain efficiency measurements as a functicn of compressor inlet pressure or during system upset
conditions, such as a magnet quench. Figure 1 shows a typical cold compressor efficiency response when
the inlet pressure is varied. The data was taken at thirty second intervals, The larger variation in efficiency
at low pressure ratios is due to noise in the temperature measurement. At the lower pressure ratio, the
noise is a larger percentage of the total temperature difference across the compressor, At higher pressure
ratios, the noise in the efficiency measurement tightens up considerably. The figure shows that the
efficiency decreases with inlet pressure, even after the inlet filter was removed.

We received a report back from [HI as to the cause of the failure in the B4 cold compressor. It
wins out that a rotor which failed QA testing somehow made it back into the manufacturing quene. They
did not state what phase of QA testing the rotor failed. The compressar is being repaired under warranty
and will be final assembled at Fermilab with THI personnel. We were relieved to hear what the problem



was, in that it gives us more confidence in the other wnits and to the number of spare complete anits
{three ) and individual spare parts we keep on hand.

The journal and thrust bearings in the cold compressor are foil dynamic gas bearings. In order (o
achieve the appropriate level of gas dynamics, IHI imposes a 40,000 rpm minimum speed on the
compressors, On startup, the shaft contacts the foil bearing. This contact is handled by a Tellon coating on
the inner surface of the foil. This spring, IHI informed us of an improved bearing design which is more
rugged and requires a lower minimum speed (20,000 rpm). Switching over to this new bearing design is
appealing for two reasons. First, having a more durable bearing is always appealing, since it is virtually
impossible to guarantee that the compressor won't see two-phase helium. Second, having a lower
minimum speed will allow us to operate more compressors during periods when higher energy operation
is not required and stiil be within the two compressor capacity of Coldbox II. This is critical in helping us
understand the cold compressor operation and to gain experience and confidence in their operation.

CONCLUSION

The current plan is to operate the Tevatron at 900 GeV through at least November, 1994, At that time, the
issue of raising the energy of the Tevatron for collider operations may be reopened. Prior to using the
system, full system testing time will be necessary for reliable higher energy operation. One month of
Tevatron operation at low emperature while at 900 GeV will help to commission the system with a
minimum impact on physics research.

In the mean time, we will continue to study subsystemns operation as best we can, during collider
operations. We currently have achieved 10,000 hours of cold compressor operating experience. Long-
term reliability and fine tuning the system control algorithms remain outstanding issues.
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Figure 1 E2 satellite refrigerator cold compressor performance. Inlet pressure and isentropic efficiency
are plotted versus time of day. Data was taken on February 15, 1994,



