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ABSTRACT

The performance and reliability of cryocooler are continually improving. Consequently, the
cryocooler based systems are alsonicg into the market and more frequently used by
technical persons, scientists in their laboratory experiments or for commercial and space
applications.The fundamental advantage of cryocooler is the small size of its cold head due
to this it take little pace and can be mounted on top of a Dewar, thus it helps in minimizing
overall size of the cryocooler based setWith this type ofsetup,it possible to fulfil the
requirement of liquid helium and liquid nitrogen in laboratories where the consumption of
liquid helium and liquid nitrogen is not in higher quantities. Dewar is used to store liquid
cryogen, for production and storage purposes.

We have developed a smatale helium liquefaction systems and a nitrogen liquefaction
system separately that provide solutions for liquid helium usage in laborafdreeselium
liquefaction systems use twatage GM cryocooler with 1.5 W cooling power 42 K
(Sumitomo modelSRDKI15D with compressor CSWF1D, consuming 6.5 kW electrical
power) to provide cooling and condensation at 4.2 K and the nitrogen liquefaction system use
a Cryomech Single stage GiffeMcmahon cryocooler to provide cooling and comskgion

of nitrogen at 80 K with the refrigeration capacity of 266 W (Rated) at J0te. cold
head/liquefier resides inside of the neck of a dewar in both helium and nitrogen liquefaction
system. The room temperature helium gas to be liquefied enteredk@ithe dewar and is
efficiently precooled bycold head before being liquefie@he twastage GM cryocooler

with 1.5 W cooling power at 4.2 K (Sumitomo model SRB¥5D with compressor CSW

71D, consuming 6.5 kW electrical power), equipped with heatamgdr at ¥ stage for
condensing the incoming precooled gas by exposing larger surfaceNareadditional
cooling power ofcryoliquids or additional JouleEThomsonstageswas utilizedin case of
helium and nitrogen liquefaction system. Measurements optbesure dependence of the
liquefaction ratewere performedn both caseof liquefaction systemThe assembly of two

stage Gifford-McMahon cryocooler with heat exchangers and helium liquefaction container
is usually accomplished in helium liquefactiorsem and the assembly of single stage GM
cryocooler with heat exchangers and nitrogen liguefaction container is usually accomplished
in nitrogen liquefaction systenthe pressurgauge has tbe connectedo the container in

both type of liquefaction syste to examine the oscillatiothat gives the liquefaction rate.
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Also diodes are placeon the container to measure the temperature of helium and nitrogen at
different stages igontainer

A maximum value of 10.5 SLPMas obtainedor 2.53 psi stabilized ssure of cryostat in
case of helium liquefaction systemin.the eventof nitrogenliquefactionsystemmaximum
liquefaction rate of 74.36 Ltr/day was obtained at 3psi stabilized pressure of cryastagin

of the experimental dewar. We have also vatiedpressure from 3psi to 15 psi to increase
the liquefaction ratén the eventof nitrogenliquefactionsystemand production rate varies
from 74.36Ltr/day to 80Ltr/day was obtained.
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CHAPTER 1

INTRODUCTION

The process ofonverting compressed gas into a liquid with the help of some mechanism is
called liquefaction. Now a days almost all laboratories required liquid helium and liquid
nitrogen for doing experiment in low temperature. Production and distribution of liquid
helium and liquid nitrogen on large scale needs central facility to trankgoid in many
cryostats With the availability of small closedycle cryocooler, it is possible to liquefy
helium and nitrogen nearby center or in cryostat also. This small ctyséel cryocooler

allow their operation without support of cryogenic liquidevelopment of efficientarge

scale cryogenic liquefier, refrigerator and related processes has been one of the prime
motivations forcryogeniccommunity. The miniature source of cryogenic temperature could
be achievedwith the advent of Gifford Mac Mohan cryocooler (GM Cooler)l964 [1] and

Pulse tube cryocooler (PT cooler) 1990 [2]. The nmghificant advantage of using the
cryocooler is i userfriendly features likehe minimumuser interface in reaching the desired
cold temperature and vefgwer maintenance requirements. Because of the cyclical nature of
pressure variation inside both the cryocooler the temperature at the cold emhdrasti
temperature fluctuations (~120 mK in GM cooler and ~100 mK in PT cooler). These devices
are also vibration prone. Both the temperature and the vibration in the cryocooler are
tolerable for experiments where only systemic behavsgtudied but for precise transition
measurement one must have a very stable source temperature. There is also the other issue of
thermal gradient arising out of finite thermal conductivity of the medium. The best way to
avoid the temperature and pressure fluctuatiams fihe cryocooler is to use asiquefier by

using external condensing gas [3]. Apart from uginig cryocooleras aliquefier they are

being used as @econdenseas well, whereby the cold gas from the liquid is made to reach
the cryocooler cold head thi suitable condensation heat exchanddme use of the
cryocooler as liquefier and recondenser has led to many vital developments such as magnetic
resonance imaging (MRI) cryostat with liquid helium (LHe), electron cyclotron resonance
(ECR) cryostat (LHe)many types of nuclear detector cryostats with liquid argon, electrical
energy storage device at the power distribution level SFCL using LN2 etc.
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A few other important issues are also helping the R&D in this field even more.
(i) with the advent ofising superconductivity in electrical application a lot of emghés

being put for the development SFCL, Cryogenic transformers, cryogenic energy storage

all of them uses LN2 /LHe in either liquefier or recondenser form.
(if) with no fresh source of hiam being discovered for a long time and in face of increased

usage of this precious natural resource for its vital role in health, mining and academic

usage, the best way to preserve the same is to conserve helium gas.

The practical way to achieve thensanis to use a cryocooler based recondensation process to

recondense helium gas back to the respective dewar.

AT IUAC a successful attempt hdmeen maden the development of table top nitrogen
liquefier with the help of single stage GM cryocooler, andhe formulation of a helium
liquefaction system using a 4.2K GM cryocoolétowever an effort is being made to
systematically study the liquefaction and recondensation process for both liquid nitrogen and
liquid helium using GM cryocooler which will hel understand the fundamental heat
transfer issues associated with the proceds making efficient liquefaction and

recondensation process in future.

A few particularpoints that will be considered for systematic studies are;

1. The ole of inter-stagecooling where the gas undergga®coolingfrom the regenerator
region of the cryocooler and its effect on the actual liquefaction capacity. Effect of
natural convectionvs. forced cooling and its impact on the heat transfer in the
regenerator region wibe studied

2. Design issues involved with tlkendensation / recondensatiosat exchanger leading &
better yield of liquid. The study willbe focussedon the effect of using different
conductive material with different geometries and its impact an témperature
difference across the heat exchanger.

3. The aesign of efficient cryostat dewars (liquid nitrogen and liquid helium) with GM

cryocooler.
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Two type of cryocoolers are mainly used for small scale liquefaction system and also
available in themarket Pulse tube and GiffordMlcMahon (GM) types. Without addition of
cryo liquid and JT valve maximum liquid helium production raté 20 lit/day has been
achieved usingwo-stageGM cryocoolerin the setup In case of nitrogen liquefaction
systemwe have obtained up to production rate of 80 lit./day at 15 psi stabilized pressure of
experimental dewar and with the refrigeration capacity available at coldDieeear has 28

lit. capacity, which has been fabricated using the material available at IUAC.

1.2 Objective of Experiment

1. For liquefaction of heliumfabrication of an experimental cryostat and assembling
cryocooler on it

2. To achievénelium production rate of 20 Ltr/day.

3. To achievenecessary nitrogen production rafe> 75Ltr/day

4. To study the setufheoreticdly and analyticdy by assembling all data.

5. Optimize of production rate of setup with the help of condensepmeubolingof gas in
case of helium and nitrogen liquefaction separately.

6. CFD modelling of differensituatiors in nitrogenliquefactionfor better understanding of

thesystem.
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CHAPTER 2

LITERATURE REVIEW

2.1 History of Air/Nitrogen Production

Carl Von Linde had liquefied air with the help e JPrinciple (3T Valve) in 1872. In 1877

Paul Cailletel (Mining Engineer) obtained liquid oxygen fog with the help of compressing
gas to 300 atm and precooling ethallow to expand the gas at the pressure of 1 atm. In
1877, a physicist Raoul Pictet used cascade system and successfully obtained liquid oxygen.
K. Olszewski and Szygmunt Von Wroblewski has liquefied oxygen and nitrogen in
laboratory in 1883 at Cracowniversity. However, they have successfully condensed the
gases first time but they are not able to kept the condensed gas in liquid form for long
duration because of large amount of heat load coming from ambient condition in form of
conduction , convectioand radiation. This problem has been eliminated by James Dewar in
1892. James Dewar has discovered the vacuum jacket dewar for storing the liquid cryogen
which eliminate the heat load problem mos@arl Von Linde had settled a Linde company

in 1895 , Nw this company is the biggest company in the field of cryogenics.

In1959 an advarted cooling system had been launcliydMcMahon and WE.Gifford to
develop compactand smallcryogenic systemsThe thermodynamic ycle on which this
cooling systermhasbeenbasednamed as GiffordMcMahon cycle Therefrigeratorsystem
thatruns on this cyclés knownasGifford-McMahon cryocooler. Now dayhis system has
beenused formanufacturing ofsmallscale Helium and Nitrogenliquefaction systems,
cooling MRI, NMR etcdue to ts smallersizeand efficient vay of handling the heat load

comingfrom atmospheric conditions makes more popular today.

2.2 ldea behind cryocooler basedlitrogen liquefaction system

Cryocooler based Nitrogen liquefaction plant bagn prefered by small users whose daily
consumption is 100 lit/dayMedium users mostly prefered Sterling or Linde plant to consume
about 200 to 1000 lit/day. In laboratory like material science , Biomeglicathe quantitpf

liquid nitrogen consumptiois less than 100 lit/day. If the liquid nitrogen available for this
laboratory will be nearby and can be easily transported and used would be the best option.
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Thus cryocooler based liquefier is the best option in terms or reliability, space requieed, eas
of maintenance,price for this type of laboratories.

Chao Wang of Cryomech Inc. had field a patent on Gas Liquefier on oct 10, 2007 and was
accepted on aug,2009 using a Pulse tube refrigerator. In this liquefier he had placed cold
head of PT refrigerato in side the neck of dewar or cryostat to liquefy the gas in to the
dewar. This technique was invented for the purpose of providing liquid helium in small
laboratories because most of helium liquefier are larger in sizen@nduitable for small
laborataies.

We have applied the principle used by Chao Wang for helium liquefier to design and develop
a G-M cryocooler based nitrogen liquefier having liquefaction capacity more than 75 lit/ady
In this project we have study the precooling effect given byrélgenerator part of single

stage GM cryocooler and their temperature profile. We have also calculated the liquefaction

rate enhanced with the help of condensor and precooling effect.

2.3 History of Helium Production and liquefaction

In the year 1868 Pierre Janssen, a French astronomer, studying solar spectrum during a solar
eclipse in Guntur, A. P., discoveasspectraline unknown of the earth elements. Norman
Lockyer ,an astronomer and Edward Frankland, a cheoaistured with the existence of

the new element andamed thenew element as Helium. [H895 Sir William Ramsay at
Royal Institute, London, identifies helium on Earth after examinimgy gases released on
treating cleveite a uranium containing mineral, with acid. In tlyear 1903 Helium
discovered in the gas fields in Kansas, USA.

In the year 1908 Heike Kamerlingh Onnes of Leiden laboratories, Holland becomes the first
to liquefy helium. Heike Kamerlingh Onnes used helium, given by Ramsay and that helium
was extractedrom the Monazite sand from Kerala coast sent by his brother Onno, an officer
in the Dutch East India Company.

In 1972, First I4He production facility outside Unites States, set up in Poland. In the year
1993 LAHe production expandeid Russiato supply © Western markets. In 1994, Algeria
be@mea major source of heliumroduction.In 2005, First helium extraction facilitywas
established in Qatar, about the capacity of 20 millio par annum which was named as
Phase I. In The year 2013 (Phase 1) Qaifae production rate increases to 38 million®nm

per annum.
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2.4 Idea behind cryocooler based Helium liquefaction system

Gifford and Longsworth in mid 1960s introduced a pulse Tube cooler for helium liquefaction
system. After this invention essential irmpement has been achieved in this refrigerator
type of cooling in past decade. The modification done is: adding a buffer volume with the
orifice valve at the warm end ofP cooler which led to phase shift between pressure and
velocity . This led to immvement in cooling performance. Thummes et al achieved a
liquefaction rate of 127 ml/tvith a pulse tube cooler which gives 170mW net cooling power
at 4.2K. Matsubara achieved a temperature of 3.6 K with the help ofitsteege pulse tube
cooler which gies cooling power of 30mW at 4.2K. Thummes achieved the lowest
temperature of 2.75K with the help of using tatage pulse tube cooler.Wang,G.Thummes et
al investigated a twstage double inlet pulse tube cooler in 1996 for cooling below KiK.

the year 2012, Jost Diederichs, San Diego, CA (US) has madéum liquefierwith
pressurecontrolled liquefaction chamber, with liquefaction rate of 22 lit/d&ecently in
march 2015, Wuhan national high magnetic field centre in china has developediuhe hel
liquefier with the help ofive two-stage GM cryocoolerand achieved liquefaction rate of 83
lit/day.
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CHAPTER 3

TEMPERATU RE SENSOR CALIBRATION

3.1 Introduction

Some construction specificationsnd details dictate sensor accuracy and calibration
tolerances and son@ojects have nodicet i on ot her t h &ecalibraten s or s
Even if theuserfind the propety calibrated sensors for a particular measurement than the
design aspect ofhe instrumentmay or may not satisfied with the shape and size of the
sensorsthat led to error in measurement. We have me&l Lakeshore silicon diode
senso(D-670, D-470) because of their larger in size even if their accuracy is good. In the
regenerator zone dfvo-stageGM cryocooler, Lakeshore silicon diode senéld¥670, D-

470) has not proper contact with the wall of regenerator due to larger in size. wauwneed

to calibrate the smaller size sensor with the calibratdeshore silicon diodsensor(B670,
D-470)We have calibrated 3 type of sensors to use in this experiment namely carbon
composition resistorsilicon Switching Diodeg(Philips BAS16) Diode 2.

3.2 Facility available for sensor calibration at IUAC New Delhi

For the calibration of sensors,w&t superconducting magnet systéxas been used

which is available at IUAC New Delhi. In this magnet system at a fimesensors can be
calibrated. In this setughat is shownin fig.9, We can calibrate the sensor by varying
temperature as well asmagneticfield. We canchangethe temperature from1.5K to 300K
and the magnetic field from 18T.This system contains liquidetium of 30 liters. This
systemis incorporatedvith the lab View for the calibration of sensors and for the purpose of

finding materials property.

3.3 CarbonComposition Resistor

Carbon Resistorsare widely used as secondary thermometers at low and very low
temperature. These resistors are veensitive and their readingslependlittle on the
magneticfield.Theseare widely usedrom 1K to 100K.Although they are less reproducible
than resistance thermomet&hey areinexpensiveand their small size is advantageous for

mounting in cylindrical part near regenerator of GM Cryocooler. In Carbon Resistors
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thermometer the resistance dependenton current. So, forcalibration and operation a

constant currenis required. we had supplied 100&gA current

resistors.

We have a wet superconducting magnet system in IUAC New Delhi, which has been
manufactured by Oxford Instruments used for material property testiagnagneticfield

as wel as in very low temperature to room temperature. This system was used to calibrate
caibon resistor. It has a probe on which samples have been pladesiibject them tthe
magneticfield (varies up to 8Tesla) and very low temperature (varies from 1.500K)
region. The probe base temperature is 1.5K then constantly heated up to 300K using
temperature controller in the steps of 0.3K in Temperature range efOK,5K in
Temperature range of 16K00K, and step of 20 k in the Temperature range of 1B0K.

By measuringthe resistanceacross theesistor at that temperature and with the help of
measured data wget an R-T curve that can be feed into temperature monitor for that
sensor. We havalso repeated the calibration process starting from 300K and cooled up to
1.5K for the checking of repeatability of reading. At a tdnearbon resistors had mounted

on sample space the probewith the help of GE varnish and Kapton tape, but at a timye a

two resistos had been calibrated. For the calibratieowide measuring technique had used

to reduce the additional wire resistance error. For the minimization of Thermal voltaye (V
current through current source meter had been sent twice amdifierent direction but
samevalue,so that positive and negative thermal voltage developeccaniteleach other.
Carbonresistor haveen showin fig.3.1

———

Fig.3.1:Carbon Composition Resistor

3.3.1Resistance Temperature Characteristics

Fig.3.2 represent$e resistance andrperature curve in log scale.
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Fig.3.3 representshe Resistanc&emperature graph in the presence of magrfetid.
From figure given in fig.3.3 we can say that there &little variation ofthe resultin a

magnetidield with regpect tothe Non-magnetidield below 10K temperature.
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Fig.3.3:Resistance versus Temperature Graph at OT and 8T
Themagnetidield in Logio scale
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3.3.2 Interpolation formulae and calibration curve

Calibrated curve for calibrated carbon resistorlieen obtainedith the help of Origin

Pro 8.0 software. The calibrated graph of Restgdiemperaturés shownin fig.3.4.

R1
Polynomial fit of Ry
10000 1

Resistance (ohm)

1000

SN

1 10 100
Temperature (K)

Fig.3.4: Calibrated curve for carbon resistor sensor

Empirical Equation of calibrated curi@givenbelow.

R = Intercept + B1*T"1 + B2*T"2 B83*T"3 + B4*T"4 + B5*T"5 + B6*T"6 + B7*T"7 +
B8*T"8 + BO*T"9

The value of constant ¢fie empiricalequations givenin tablebelow.

Intercept 4.80902
Bl -5.43996
B2 24.10037
B3 -51.28508
B4 52.97219
B5 -27.63567
B6 5.73273
B7 0.78321
B8 -0.56521
B9 0.07251
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3.4 Silicon Switching Diode (Philips BAS16)
Silicon Switching Diodeis mostly usedn high-speedswitching in hybrid and thick and thin

film circuits. In silicon diodesensoy forward voltage is currerdependenttherefore this

diode has to be operated at constant current for their calibration. Calilieatonein the
samesetupthat has discussed for carbwoesistor but here 18A current has been passed
through silicon diode.In this case also the probe base tempegagi1.5K then constantly
heated up to 300K using temperature controller in the steps of 0.3K in Temperature range of
1.510K,5K in Temperature range of 18K00K, and step of 20 k in the Temperature range

of 100K-300K. By measuringhe voltageacross thaliodeat that temperature wget a VT
curvethatcan be feed into temperature monitor for that diode seiberSameprocedure
hasbeen followedfor diode calibration as mention abovehd silicon diode picturdas

been showin Fig.3.5

Figure 3.5 Silicon Switching Diode (Philips BAS16)

3.4.1Voltage Temperature Characteristics

The Voltage Temperature ggh has been shown in fig.3.6rom 300K to 15 K silicon
diode shows smooth curve but after 15K it shows some fluctudiatris not shownin
graphbelow. This curve shows linear behaviour in temperature bet88&R300K Below

30K the voltage of the diode sensor rises sharply. This diode below 10K dosisomat
continuous curve and curve follows the zigzag path. Since, below 10K diode shows
irregular pattern incurveso itis not usedor the temperature measurement bell®K but

can be used for temperature measurement above 10K.
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3.6 Sample Holder

The sample holder for wet superconducting magnet system had alsmmaeefacturd in

IUAC New Delhi so that the probe weight should be less and taersninimum load at

room temperature. The design of sample holder or probbdssdonén solid works 2013
version. Fig3.8 shows the picture @dhe sampleholder and how the samph&@smountedon

it.

Material used for sample holder are
i Stainless Steel(SS3p
1 Copper
i Stainless Tube

Fig.3.8: Sample holder
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3.7 Experimental Setup for Calibration of sensors

LHe Inlet

% e LHe Outlet
Vacuum — rﬁ"__l I | <

gauge —‘

LHe
Reservoir | ‘
Vacuum | ‘

Dewar = - — B __| _2_ Probe
|

Space
| ‘ Sample
Main Holder
LHe |
Level
Sensor

) Sample
L-
- i -

L Neck Valve

Fig.3.9: Block diagram of experimental setup

Fig.3.10:Actual experimental setup for calibration.
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CHAPTER 4
HELIUM LIQUEFACTION
WITH GM CRYOCOOLER
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CHAPTER 4
HELIUM LIQUEFACTION WITH GM CRYOCOOLER

4.1 Principle used for Helium Liquefaction

For the productiof liquid helium,we have taken helium gas from helium gas cylintlezn

coolit down with the help ofwo-stageGM cryocoolerto 4.2 K for conedsatiarAlong with

the Condensation of liquid heliugtorage ofliquid helium is also important problem;
Because heliunstays liquid at 4.2 Khy exposuringto atmospheric contions liquid helium

will not stayin liquid state for log time. Cryogenic storage tankend Dewars have been
designed and manufactured to stbgeiid helium in it These vessels are vacuyecketed
(double walled) to separate thressel whichcarrying the liquid helium from atmospheric
conditions.The space lieeen them is evacuated to redwmnvection loadsand 35 layer of
multi-layer insulation has beeatilized to dimnishradiationload coming from outer vacuum
vessel at 300K to inner cryogenic reservoir at 412kthis projecta commercially available
two-stage GM cryocooler with 1.5 W cooling power at 4.2 K (Sumitomo modelSRTBO

with compressor CSW1D, consuming 6.5 kW electrical powdras been usetb provide
cooling and condensation at 4.2 K. The cyocooler head is neouimto the highest point of

the dewar and it reaches out down into the neck of dewar with the end goal of cooling the
helium gas entering the dewar to 4.2#elium gas liquefies when it comes in contact with

the cold head heat exchanger. The condensed helium trickles off the heat exchanger down
into the dewar. This procedure would normally bring down the pressure inside the dewar but
the pressure controller peits more helium gas to enter the dewar to keep the pressure at the
preset level.The steamrate of the helium gas into dewar is controlled by the rate of
liquefaction inside the dewaWe have achieved a producticate of 20 Litre/day at 2-8 psi

in an experimental with 3 Litres capacity. We have used hollow structure made of 1 mm thick

G10/Nylon material to guide the helium along the surface of both the stégecojocooler
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4.2 Component used for helium liquefier

Themaincomponent ofhis setup is
1. Two Stage 1.5Wat 4.2K SRDK-415D) GMCryocooler
0.5mm thick SS Tubes
Copper block
1 mm thick G10/nylon pipe
Heat Exchanger (Condenser)
Compressor
Helium Flex Lines

Dewar

© © N o o & w0 N

Pressure Regulator

10. Mass flow controller and modular

4.3 Description of principle components of HeliunL iquefier

4.3.1Gifford-McMahon cryocooler

Introduction

Giffordi McMahon (GM) cryocooleravere first developed 11960 which was based on
closed loop helium refrigeration cycles. The use in 189@generators made with rare earth
materials withhigh heat capacities in the range é2@ K allowed the GM cryocooler to
achieve temperatures of 4Q2 The Gifford i McMahon (GM)is avalvedsystem regenerative
type of cryocooler.This valve mechanisnis used to generate the pressure variation or the
pressure puls@.he sequential opening aetbsing of these valves generate the required pressure
variationor the pressure puls€ommercially available cryocoolers hanaary valves to control

or regulae the flowof the working medium.
Thebasiccomponents cany GM cryocooler are as follows

Helium compressor scroll/reciprocating type.
Flex linesi HP line, LP line.
Regenerator(s) and Displacer(s).

Valve mechanisriirotary, solenoid, poppet.

ok 0 Dbd P

CoolingarrangementsAir or water cooled
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4.3.2Practical Load Map afwo-stageGM cryocooler

A two stage 1.5W at 4.2K (SRDK15D) GM Cryocooler habeen usedor the liquefaction

of Helium. The commercial load map of this cryocoolsrmainly basedn some limited
discrete points which most of the time is not sufficient for detailed thermal analysis of any
cryocooler based system. We have to do sometimes interpolation to get particular value.
Hence, to analyse the thermal behaviour of any cryoctaleed systems, it is necessary to
know the continuous load curves of the cryocooler along with its detailed load map. We have
generated full scaled thermal load mégat will help in analysing any cryocooler based

systems.

4.3.3Experimental setup

An industrial type, two stage 1.5W at 4.28RDK-415D) GM Cryocooleris integratedvith

a small cryostat test rig. Thest cryostais shownin fig.4.1 The first stageof the cryocooler

is attachedwith the thermal radiation shield made of copgesur calibrated silicon diode
temperature sensors (BB70; Lakeshore) namely T1, T2, T3 and T4 have been attached
respectively with 2 stage cold head, sample platestage cold head and top lid of the
thermal shield as shown in Fig.4.2. Two heaels, H2) have been mounted on each stage
of cryocooler as shown in Fig.10. Few layers of rAalyer insulation have been provided
overthe each stage of cryocooler to reduce the radiationfloato the cold heads. Fig.4.3
shows the internal view of the tesg. A block diagram for the test set igpshownin the
Fig.4.4 We have used an-éhannel temperature monitor (Lakeshore, maid) for
temperature measurement and two source meters (Agilent and Kepcd)emaveisedor

powering the heaters.
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Fig.4.1: Photograph of the test cryostat integratedhwlibuble stage GM cryocooler

GM CRYOCOOLER
=)

I = Diode temperature sensor
H = Heater

T4

1*STAGE T ]
H2

I'l Hl
T2
A I_- r ﬁ_l
\\ 204 STAGE

Fig.4.2:Schematic diagram dhetestsetup.
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Fig.4.3:Internal view of the cryocooldrased test rig.

GM CRYOCOOLER
DIODE TEMPERATURE SENSORS | HEATER | HEATER | ' DIODE TEMPERATURE SENSORS
| T
SOURCE METER SOURCE METER
(CURRENT/VOLTAGE) (CURRENT/VOLTAGE)

’ + TEMPERATURE MONITOR

Fig.4.4:Block diagram othemeasuremergystem
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4.3.4.Experimental Procedure

At first, integration of the whole system was completedtufo molecularpump based
pumping system has been attachedhe cryostato generate the vacuuro measure the
vacuum levelaPenninggauge (Pfeiffer Vacuum) has beattachedvith the cryostat. A dual
gauge display (Pfeiffer Vacuum) has been used to monitor the vacuum. When the vacuum of
the cryostareached tdlOE-04 mbar level, the GM cryocooler has been started for cooling
down the cryostat. The vacuum of the cryostat improved to-G®EHEnbar due to the
cryopumpingoy the cryocoolerAt the steady state condition, the temperature of thstage

of the cryocooler reached to 2.7 Klhe steady state temperatures of sample (g 1

stage cold head (T3) and top lid of the thermal shield (T4) respectively are 2.65 K, 28.98 K,
29.5 K. These steady state temperatures correspond to the finite static hetitakdachot

zero. The temperature corresponding to zero load wasadstnty interpolating the load
curvethatwill be discussetater.

Initially, the temperature of theistage is raised to a next higher value of temperature by
giving known amount of heat (Q2) using H2 heater. Once the temperatars&bilizedH1
heater connectedt the sample plate has been powered w&i#nown amount of heat (Q1).
The temperature of thé®stage of the coltiead wouldstart rising. It would take some time

to reach an equilibrium temperature corresponding to the Q1 hee& &n equilibrium
temperature corresponding to Q1 hisateachednext value of known hedt Q Lhé&s been
given to the H1 heater and left for thermal stabilization. Once the temperaterstsbilized
correspondind 1 Ideat, increase the heat to the neatie and so on. The powen the H1
heater is giveim steps of 0.1W, 0.25W, 0.5W, 1W, 1.5W respectively.

When heat applied to thé“%tage the temperature rises sharply but after few interval of time

it ges stable. The steady state temperatures corresponding to each value of heat Q1 have been
noted down. Hence, a load curve df 2tage refrigeration capacity corresponding to the
temperature has been generated for a particular heat load (@® %t stage A similar
procedure habeen repeatefr different values oheatload (Q2) at theSlstage. The values

of Q2 havebeen variedn steps of 7.5W, 12.5W, 17.5W, 22.5W, 2/, 32.5W, 37.5W,

47 .5W respectively. Whethe heat (Q2) habeen giverto the ' stage of thecryocooler

then the cryocooler takengertime to reach steady state because of higherlbadt at1

stage.
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Similarly, the heat loads to thé' $tage have been varied for a constatat 2% stage cold.
The load curve for theMistage habeen generatefor different values oheatat the 29 stage.
The Tabular form of heat load applied 1 stageand 29 stage of GM cryocooler is given
below.

Tabl4.1: Different heat load applied at'stage and second stage

Heat given on
1t stage of 7.5W 125W 17.5W 22.5W 27.5W 32.5W 37.5W 47.5W

Heat gaveon
2"d stage of 0.1W 0.25W 0.5W 0.75W 1W
Cryocooler(Q1)

1.5W

4.3.5 Practical Load Curve analysis

Refrigeration load curves for'®stage cold head at differefdadsof 15' stage havebeen
shownin Fig.4.5It shows that theefrigeration capacity of 29 stage corresponding to a
particular temperature increases at the higher heat |ahd kf stage. Theefrigerationload

of the 29 stage at 3.75K is 0.87W approximately at Ziead at the 1% stage. At 3.75K, the
refrigerationload at 29 stage increases to 1.26W when khad at the # stage increases to
47.5W as shown in Fig.13. It hagen observeduring the measureent that, at the higher
heat input, it takea longertime to reach the equilibrium. For each reading, we have given

sufficient time to stable.

Fig.4.6 shows the refrigeration load curves féf &tage cold head for different heat
loads at 2 stage cold headt shows that theefrigerationcapacity of 1 stage corresponding
to a particular temperature decreases at the higher heat live@¥tstage. Theefrigeration
loadof the F'stage at 40K is 25.6W approximately at ziead at 29 stage. Theefrigeration
load at 29 stage decreases to 22.4W when lieed at the 29 stage increases to 1.5W as

shown in Fig.14.
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Fig.4.7 shows the efrigeration load curve for the'@stage up to the temperature of 16K. In
this measurement, the Q1 heat at tHe 2age of the cryocooler has been varigte
temperaturef the P! stage changes with the change in tPfestage temperature. This curve
would also help in the estimationof the energy dumpethto NbTi magnet system after
guenching. It would alstelp to estimate the posfuench recovery of conduction cooled

NbTi magnet.

20
18
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14|
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10

\
\

/ Tt qge™ 38.75 K

o N B~ OO
T

2 4 6 8 10 12 14 16 18
CCR 2" stage temperature (K)

Refrigeration capacity at 2" stage (W)

Fig.4.7 SRDK415D GM cryocooler ' stage refrigeration capacity versus
temperature in the temperature range of 2.7K to 16K.

Using the load curves shown in Fig.4.5 and Fig,4t® practical load map of SRBKL5D

GM cryocooler haseen generateds shown inFig.4.8. In Fig.4.8 X-axis represents the
temperature of % stage and Yaxis represents the temperature té 2" stage. These
practical load curves (Fig.4.5, Fig.4.6, and Fig.4.7) and load map (Fig.4.8) cover multiple
number of thermal operating points of GM cryocooler which is generally not given in

commercially available load map as shown in Fig.4.9.
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Fig.4.9: Commercially available load of SRBK15D GM cryocooler map.
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4.3.6 Temperature fluctuation of the cold head

There is an inhererituctuationof thetemperaturef both cold heads of GM cryocooler. The
temperaturefluctuation at the cold head generatan error in estimation of the heat load
especially at the"? stage where the amplitude of fluctuation is mdemperature of the"®
stagethe cold head of the GM cryocooler (SRDBXL5) fluctuate as a result of reciprocating
process that comprise the GM cycle. The peak to peak fluctuation can be as high as 400
500mK. For precession measurement, fthetuationneeds to be reduced. Thamperature
fluctuation would mainly depend on two parameters that arermal mass of sample,
thermal conductance betwedne sampleand 2¢ stage ofthe cryocooler To show the
relationship, analysis of the fluctuation of temperature and their dependenagothrer

parameter haseen donén ANSYS 14.5 simulation software.

At first, for a constant mass of 2.5 kg attachetha" stage ofthe cryocooler the
tempeature fluctuation has been matched in ANSYS software with the actual experimental
temperaturefluctuation After that by keeping the same temperatilwetuation and other
parameters constant, we had vatied different mass value. Fig.4.$8ows thdenperature
fluctuationversus mass curve for th&'atage ofSRDK-415D GM cryocoolerlt shows that
for a constant heat load as we increase the mass of plate, which we mounted'tsttge?2
cold head of the cryocooler, the temperature fluctuation at the mounted plate decreases, and
shows asymptotic characteristic at higher mass values.

60 \
50

Temperature fluctuation (mK)

30
2
0 \\
10 T ——
0
0 2 4 6 8 10
Mass (kg)

Fig.4.10:Temperature fluctuation versus mass curve foPthstage of
SRDK-415D GM cryocooler
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For a constant mass of 2.5kg, constant temperature fluctuation and constant maximum
temperature limit, a graph has been drawn by varying thermal conductance value in ANSYS.
Fig.4.11 shows the ANSYS simulation of temperaturBuctuation versus the thermal
conductance curve. This curve shows that for a constant heat load, if the thermal conductance
between the sample and the cold head is increased the amplitude of temperature fluctuation

would increase.
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10 //

/

0 " " " " " " " " "
0 100 200 300 400 500 600 700 800 900

Temperature fluctuation (mK)

Thermal conductance (W/mZK)

Fig.4.11: Temperature fluctuation versus thermal conductance curve f6f ttage
of SRDK-415D GM cryocooler

Fig.4.12shows the ANSYS simulation ¢émperature fluctuation on the thermal mass for a
given fluctuation on the 2¢ stageof SRDK-415D GM cryocooler.The input temperature
fluctuationis in the range of 2.398K to 2.497 K and the fluctuation range@nK.The
outputfluctuation hasbeenreducedto °12mK.The output temperatufiictuationis in the
range of 2.6149K TO 2.5919 K. This resslbbtainedor the massof 2.5 kg.

National Institute of Technology, Rourkela Page30



2.65

z
L 255
>
©
250
c Input ANSYS temperature data range
2 2.398 K to 2.497 K
245}
2.40

0O 5 10 15 20 25 30 35 40 45 50 55
Time (sec)

Fig.4.12:ANSYS simulation otemperaturdluctuationon the thermal mass for
a given fluctuation on the"®stageof SRDK-415D GM cryocooler

4. 4Cooling Curve (Temperature profile) for the study of precooling effect
in regenerator part of two-stageSRDK- 415D GM cryocooler

For the liquefaction of heliurprecoolingeffect in regenerator part &M cryocooler plays
very importantrole, which carbe also showin the abovecalculation.The ®oling curve at
different load has been drawn experimentally to estimatprémoolingeffect in regenerator

part of GM cryocooler. For the generation of coolgve different experimental setup and
procedurénave been followed.

4.4.1 Experimental Setupfor generation of cooling curve

An industrial type, two stage 1.5W at 4.2BRDK-415D) GMCryocooleris integratedvith

a small cryostat test rig-he ayostatis shownin fig.9 .The ayostatis leak proof and actively
checked with the mass spectrometer leak detedioe. first stage of the cryocooleis
attachedwith the thermal radiation shield made of copper. Two calibrated silicon diode
temperature sensors (B870; Lakeshore) namely T1 ai@ have beeattachedespectively

with 1% stage cold head and“stage colchead ashown in Fig.21.Two heaters (H1, H2)
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have been mounted on each stage of cryocooler as shown2d.Aigw layers of muliayer
insulation have been providederthe each stage of cryocooler to reduce the radiation heat
flow to the cold heads. Five calibrated carbon resistor sensors (eaohrb4Allen-Bradley)
namely S1,S2,S3,S4and S5 have been attached in regenerator paetjldistance as
shown in fig.4.13All five sensorsare connectedh series with help Econnector. A block
diagram for the t& set upis shownin the Fig.4.14 Carbon resistor haBeen useds

temperature sensor because of small in size and their accuracy at low temperature.

GM CRYOCOOLER
M ——

m

p—

T= Diode Temperature sensor
H= Heater
S§= Carbon resistor

1 STAGE le ,\W H1
S5

—

54 — 53
52
51
T2:>i=5[|l‘C H2
204 STAGE

Fig .4.13:Schematic diagram dlfietestsetup
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Fig.4.14:Block diagram for the test set up.

4.4.2 Experimental procedure for the generation of cooling curve

After the Integration of the whole system, a turbo molecular pump based pumping system has
been attachedo the cryostatto generate the vacuunio measure the vacuum leyvel
Penninggauge (Pfeiffer Vacuum) Babeenattachedto the cryostat. A dual gauge display
(Pfeiffer Vacuum) has been used to monitor the vacuum. When the vacuum of the cryostat
reached talOE-04 mbar level, the GM cryocooler has been started for cooling down the
cryostat. The vacuum of theyostat improved to 1088 mbar due to theryopumpingby

the cryocooler. At the steady state condition, the temperature of "theta®je of the
cryocooler reached to 2.7Rhe steady state temperatures &f stage cold head (T1) is
28.98K.These steady statemperatures correspond to the finite static heat tloatds not

zero. At this steadystate ,the voltage of each five carbon resist®1, S2,53,54,S5s
measured individually by supplying current $@0With the help ofvoltage ,the resistance

of each sensor can lalculatedvhich directly will give the temperature at that position. The
graph between Temperature and distance of sensobelasirawmwhich has beeshown in
fig.4.15This curve has been generated under vacuum condition andaevigxternal load

applied manually.
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