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ABSTRACT

We describe dismart energy cryocooler technologyrchitecture for the next
generation Very Large Arrathat makes use of multiple variable frequency cold heads
driven from a singlevariable speedir cooled compressor Preliminary experimets
indicate that the compressor variable flow contaalyanced diagnosticand the crye
refrigeratorlow vibration provide a unique energy efficient capability foe very large
number of antennasahwill be employed in thisreay.
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INTRODUCTION

The present baseline design concept for the next generation Very Large Array
(ngVLA) envisions a 214antenna arrajl]. This isan increase adpproximately8 times
over the number ofantennas currently deployed at tkarl Jansky Very Large Aay
(VLA) in New Mexico, USA A key requirement of the ngVLA is to minimize its operating
cost to within three times that of the VLA he strategy to acmplish this goal include:

1) reducing the total number of receivers by employing wideband f2gdsjucingthe
total number oflewarsemployed to cryogenically cool tHeont-endelectronics in each
receiverby consolidatingeceiver bandsand, 3) emmying an efficient cryogenic system
that optimizes power consumption.

In generalthe high degree of control and optimization that is needed in iotegfa
cryo-refrigeratorgo recevers requires a careful budgeting of the available cooling power
while making the best use of energy. The operational specificatiomtenést for this
applicationincludecooling power, baseemperatur@ f t he r eceivibmtiods el e
levelsinducel by the cryerefrigerator RadiatedFrequencyinterferencgRFI) caused by
the helium compressor and assodattectronicsand meantimebetween service cycles.
Commercial off the shelf (COTS) cryefrigerators appear to be the obvious choice for
meeting the cooling requirements of the ngVLA receivers. However, while abating the
need for liquid helium, these COTS systems are not known for being energy effi@ent.
example, the VLA is a radio telescope with eight receivers on each of 27 antennas, tha
requires continuous full power operationf 81 helium compressors and 216 cryo
refrigeratorswith a loadof 18 KW per antenna The combinedantenna loads for the
telescopecosts the observatory half million dollarsnamlly in electrical powef2].
Compounding this problem are ever increasing electricity prices that could make the
operation of the planned 214 antenfashe ngVLAcost prohibitive in the futur8]. A



variable frequency drive (VFDjryo-refrigeratorsystem forground based telescegpwas
previouslyinvestigated by Jakob and Lizor] 4sing laboratory component$his system
however, based on single frequenicive heliumcompress@was not particularly energy
efficient.

In this studywe demonstrate thétekey power consumptiogoals for the ngVLA
can be met by employing cryrefrigerator smart energy technologphis system provides
anew capability fom network o##K and10K Gifford-McMahon(G-M) cryo-refrigerators
coupled to the widebaneceiverso dynamically control theooling power delivered to
the first and second stages based upon the compressor capsule and displaceestieke s

[5-8].

OVERALL CRYOGENIC DESIGN CONCEPT

The baseline design of the next generation antenna has been propbsed to
receiverfeed coffiguration conceptthat involves multiplexing skband into two
cryocooleddewars []. Themost efficient configuratiofor this baseline concegtom a
power consumptin standpoinis asingleheliumcompressoand one 4 K and onk0 K
class GM cryo-refrigeratorrunning at variable spesd Figure 1, showshie main
componerg of thisproposedsystem (1) A variable speedplit-air helium compressor
installed on a platim outside the antenné?) external adsorbembuffer tanks,high
pressure lies and manifolsithat will be anintegralpart of theant ennaés ,i nfr as
(3) an intelligent ncromntrollerto independently control the speedioé capsule in the
helium compressaandthe speed of4) two G-M cryo-refrigeratorscoupled tothe two
multi-band receivex
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Figure 1 Overview of the ppposedsmart energwrchitecture for the ngVLA antennésr
illustration purposes only: not to scale)



VARIABLE SPEED G-Ms

The current baseline rager configuration envisions first dewarto house two
low frequency receiver bands (:22.6 GHz) We propose to employsngle 4 K class
variable speed ®/1 cryo-refrigeratormodel GA1 to cool the cylindrical band Quad
Ridge FeedHorn (QRFH) andthe smaller band 2 feeds ¢he side rectanglar dewar
The GA1l is a two stage cryocooler with first and second stage cylinder dimensions of
approximately 46 mm and 20 mm in diameter and 129 mm and 115 mm in length
respectivelyff7-8]. The GAL has a nominal cooling power of 0.25 W at 4.2 K stmould
with a careful thermal desigf the cryostaf9], provide for adequateeat lift offto cool
the first andsecond stageo temperatures below 3%6and9 K respectively
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Figure 2 High Temperature load maps for the GAvariable speed cryfrigerator.
(Inset)Cross section of the band2Icryogenic assembly with a GRAvariable speed
cryo-refrigerator (adapted frof®]).

Figure 2 illustrateshie primary advaage of the proposesystemthevariable speed
compressor can be adjusted to reduce power consumption when the cooling power
requirements of the antenna are redu@gden tracegpfter the initial cool dowr{blue
trace)resuling in power savings up to KW. If necessary,te cryorefrigerator speed
could be increased every time the QRFH is observing to achieve |ciw&tate
temperatures. On the other hand, during times when band 1 is not observing the cold head
could return to low speed. Atlow speed the input frequenthe cryerefrigerator motor



decreases from 70 Hz to 50 Hz reducing the reciprocating motion of the displacers. This,
in turn reduces the amount of wear in the displacers and valve seals thus extending the
mean time between failures.

One of the impdant design concept for the ngVLA antennas is the offset Gregorian
Reflector degin. Thisdesign provides for unblocked reflector and easy access to
receivers at the secondary fog@s In this geometrythe two bad feeds containing the
cryo-refrigeratas will be mounted on a rotating platform adready implemented on the
Meerkat 64 x 13.5 m array aptanned for the SKA 133 x 15 @f importarce, for this
application then,s the ability for the crygefrigerator to retain itooling power
regardlesof the orientationof the rotation platform Figure 3 show the cooling power
capacity the GAL cryorefrigerator as function of tilt angle. The data indicates that
cooling capacity losses of less thEOP6 for a total rotation of 180 degrees.
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Figure 3 Relationship between'®stage cooling capacity and the @Acryorefrigerator
orientation

The second dewar is envisionwcouse four lgh-frequencyreceiverbands(12.6
T 116 GHz). We propose these receivers tedmed by a single 10 K cla&M cryo-
refrigeratormodel GD1. Specifically designed for this applicatiapart from the second
stagedisplacer the GEL is identical to its 4 K countgrart he GA1. The commonality
of parts between the two refrigerattvas several perceived advantagesuced cost of
manufacturing due to economies of scale, common electronicsddiagmstic controls
and softwardirmware protocols Twonearlyidentical cryerefrigeratoraused in the low
and high frequency receiver bandsll also allow for streamlimg of servicing,
troubleshooting andssurdong termavailability of partsor both systems.
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Figure 4 High Temperature load maps for the @Dvariable speed cryfrigerator.
(Inset)Cross section of the bandssZryogenic assembly with a GDvariable speed
cryo-refrigerator (adaptefrom [1]).

TheGD-1 cryorefrigerator is envisioned to be used in place ofegacyCTI 350
cooler. Initial experiments on a test reeiDewar indicate that the secostdge reached
6.5 K and the firsstage 8.5 K with just the radiation and conduction heating dueéo th
wiring in the Dewar. Figure @eft) shows a favorable comparison of the cooling powe
of the GD1 at high speedhen compared to the CTIl 350. For a given heat load the GD
1 outperforms th&€TI 350 with lower 1 and 29 stagetemperatures. Analogous tioe
low frequency bad receivers, if necessary, the cooling strategy for the high frequency
bands could involve speeding the crgfrigerator to achieve lowérst stage temperatures
when lands 3 and 4 are observing.



VARIABLE SPEED COMPRESSOR UNIT

Figure 4is a schematic of the HAC 45Q0/ split air cooled compressor that will
be usedn this studyas the starting point for thegVLAfis mar t eneBegayse de s
of the uncertainty that still exists regarding the number of receivers and cryostats that will
be employed in the ngVL&ve should point out that, the compressor employ#asstudy
might need to be sized dovimthe future deperding on the numbr of cryaerefrigerators
that the final design will usé’reliminaryexperiments conductddor t he A Gr een A
initiative have demonstrated that th&C 4500LV compressor is capable of drivimgth
variable frequency controés many af test receives dewars equipped with CTI 350 cryo
refrigerators and 3 test receiver dewars equipped with CTI 22refgigerdors. This
compressofirst became commercially available in 2012 as part of the Quantum Design
Physical Property Measuremt SystemRPMS) Evecool 1l [10]. The HAC 4506LV is
designed around an invertated 3phase GorsepoweHitachi Scroll Capsule S6084.
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Figure 5 Schematic of the HAC 45Q(eft). Captions T=Thermistor, P=Pressure Sensor,
PR= Pressure Relief Valve, H/X HdatchangerCurrent compressor location and
configurationatthe Karl Janskyery LargeArray (VLA) in New Mexicq USA (right).

A Hitachi WJ series inverter is used for driving #oeoll capsulavhile a 5phase
hybrid stepper motor electron@ontrol boardis used for each of the cryefrigerator
drives Ambient air is drawn from the sides of the outdoor heat exchanger where it cools
the helium and oil flowing through their respective cooling colls.importantaspecbof
a variable speed compressorhe proper oil management for cooling the scroll capsule
not only at high speed but alsolatv and intermediatspeed To ths end we have
designed a dynamic oil drain system comprisechajilesump, level meter and a solenoid
valve that opens when tisaimp is filled.In the standard configuration used in Quantum
Desigro sryogenic laboratorinstrumenstheadsorber, surge volume, and microcontroller
electronics together with the user interfaoatrolsare housed in an indoor Compressor
Control Unit(Figure § left). On the otherhand, it is envisioned that the ngVLA the
adsorber andusge volumes will bgart of the argnna infrastructure (Figure Bght) and
a separate micoontroller has been designed to pravidll the controls and data tag
electronicsof thesystem as shown in Figure The microcontroller, will be housed in a
standard 170 rack mounted shielded box for



The compressor environmental temperature is a critical factor in the proper
operation of any helium compressor. The HAC 4580is a split air cooled compressor,
which is designed to be resistant to harsh environments. The outdoor unit is coated with
two special coatings which make it resistant to coastal, industrial salty aruicer
environments. Washable grilles on the outdoor unit make it easy to maintain the heat
exchanger clean and free of particulates which might degrade its efficiency. In addition, a
slow start in subzero temperature allows to be brought up to spaekaliyao allow the
oil to liquefy and flomthroughout the system. Figurdléft) is a picture of a typical HAC
4500 compressor installation in a snowy environment such as the one at the University of
Troitsk, Russia wheréhe average temperature in Januy i°G (7)1 ahd +20C
(68°F)inJuly.The data shown on the right a Asl ow
of Minnesota, USA where the outdoor temperature can reach as 0 & (labelled
AOut put temper at ur estajted remolely Foma@caomputeets nely wa s
control the capsule speed and allow for the viscosity of the oil to gradually change to a
lower value and the oil to flow and properly cool the capsule motor. ThéKigtae 6-
right) shows that the capsule motinput frequency is kept at 15 Hz to allow for the
temperature of the capsule motor to raise frafh°C to about 60C. When this occura
proper flow of the oil is observed with the oil level meter singvan increase in the oll
sump below theoalescer whichmplicates an increase in oil flaw the system which will
keep the capsule motor operating safely. Once capsule speed®H25is reached the
oil flow can be seen to be cycling as expected from a low value of 35% to about 80% at
which point the oil drain valve operto the capsule to drain the oil accumulated in the
coalescer. To our knowledge this is the only system commercially available that can be
started remotely without the use of extern
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Figure 6 HAC 4500 installed at the University of Troitsk in Chelyabinsk, Russia (left),
data variable speed cold start freb® °C from the University of Minnesota, USA (right).



MAINTENANCE CONCEPT

In general, the official acommended interval betwedread refurbishments is
10,000 hours for most commercially availableMccryo-refrigerators. This is only 14
months and refurbishing costs are typically several thousand dollars. This is one of the
reasons, w@ropose to operate the cryefrigeratorsat reduced drive levels. It has been
our experience that these heads tytlically run substantially longer than the prescribed
period, even at standard drive levels. We have looked at the typical wear patterns of several
G-M cryo-refrigerators and found sekal common themes. The greatestar usually
happens in the warm end of the refrigeratmt on the displacer seals.

Figure 7 Replacement of the valve mechanism in-G& accomplished by simply venting
the system and unbolting four bolts.

The plastic bushing on the motor eccentric (that drives the scotch ipolefsic
G-Ms shows the highest wear of all parts and this directly creates a loud clacking noise in
the head. The next major wear items are the-fligshings that constrain theasch yoke
to move vertically. As these wear, the drive rod moves transversely and tears up the gas
seal that is riding on it. In the GA all the gas seals have been designed to provide a
minimal amount of friction during operation. In addition, onetlod benefits of an
independent valve assembly that is not mechanically linked to the displacer motion is the
ease in whik it can be serviced. Figuresfiows the removal of the GAspool valve by
venting the cryeefrigerator and wolting four bolts hat mate the valve to the main
housing. Table 1 compares the maintenance costs, assuming a comparable cost of
overhaul, for a single speed and a variable speedrefgigerator. Over a period of ten
year of ownership, the variable speed ergfrigeratas can yield saving more than
$60,000per antennavhen operated amedium andow speed.Under these conditions, the
cost savings for thieitureng-VLA observatory oer the samperiod could approach nearly
$ 13 million dollars.

Service Unit Rebuild Service interval in Service Costin a
Cryo-refrigerator Type Interval (hr}) Service Cost (S) a 10 year period 10 year period
Single speed 10,000 4500 8.76 $39,420
Variable speed, low
vibration 44,000 4500 1.99 $8,959

Table 1 Comparison oervice csts between cryoefrigerator types.



POWER DRAW EXPERIMENTAL RESULTS

The HAC 4500 compressawras run with severatold headsand flow impedance
fixtures, with a static pressure of 1.5 MPa at various speeds while cooling down and at base
temperatee. The cold headpeed was kept aninput frequency of 60 Hz to the motor.
The actual power draw of the compressor was measured with a Fluke 437 power meter.
Figure 8 shows that thmower draw 6the HLC 4500 compresswariesgreatly depending
on the compressor capsule speed and differential pressure (Supply Plies3atern
Pressure) of the compressor. During cool down at a given speed, the differential pressure
typically was abou®.5 MPalarger than the differential pressure once the systencalds
at base temperature leading to a power reduction of &®uwW.
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Figure 8 HAC 4500LV compressor actual power draw at various speeds

This data clearly shows the HAC 45QV to offer substantial operatioh@ost
reduction for the antenraver systems that use constant power frequency compressors. In
generalthree distinct regions of power consumption can be identified in the graph: 1) low
power with input frequency up to51Hz, this range will be typically employed in the
Aqui eséen-bpdomode that require mini mal amo
to the cold head, 2) medium poweitlwinput frequencies between 20 ansl Bz for
intermediate thermal heat loads and, 3) higlvgganode with frequency at or abovel3d
for initial system cooldown



The smart energy features of the compressopropose to emplay thengVLA are
key for making it . Rlanfethcennademoyneentdinciude rematec o p e
locationsthat lack utility power, and thus must be powered bgnaditive means.The
variable frequency drivengployed in theseompress@a | | ows t he system to
up cespeedoftheapsul e during system stw@ashouurr gt
associated witlsingle speed motors which emplowtartup winding. This is especially
important, f a smallersingle phase compresseas used instead of the HAC 45@ihce
the inrush current typically requires the power source to be oversized by a factor of four
just to satisfy ¢tuhreatregurementse ¥isen sucha deviteastotbe n g
powered from an inverter, generator, or UPS, this equates to a power source which is larger
and more costly than that required for normal running conditions. The use of a variable
speed drive can elimimathe need for ovesizing the power source. In the case of the
ngVLA, an advanced concept desigfgure 9)would beto power thecryo-refrigerator
system solely with solar cells. As with any solar installation, minimizing the end load is
critical notonly for minimizing the number of solar panels required, but also for reducing
the capacity of the energy storage system. The variable cap#oggnaion system might
requirethesys em t o oper at e at wlieh sohrlenergybssagaitie at i o n
t hen fAin r educ e duringbpsrieds wheh sotan enamgy gredaction is
minimal or norexistent.

Figure 9 Concept for an advancedrmprssor and solar power encloswencept
employing the Quantum Design HAC 30fr cooled compressdgcourtesy of GWR)



