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SUMMARY

Pulse tube cryocooler (PTC) is a technology for cryogenic coalimgh has no
moving part in its coleend, unlike other types of cryocoolers such as Stirling cryocooler
and GiffordMcMahon (GM cooler. The inherent simplicity and reliability of PTCs make
themparticularlyattractive for applications where loitige and reliability are critical. This
thesisfocuses on the therrtuid aspects of PTCs, in particular, in the pulse tubes and the
regenerators, which are the most important components in a PTC.

A pulse tube is an empty tube which invokes a phase lag between mass flow and
pressure of the working fluid (often helium) under an imposed oscillating gas flow. It
replaces the cold piston & Stirling cooler or the movement of the displacer in a GM
cooler. For best performance, pulse tube cryocoolers are installed vertically with their cold
ends pointing downwards with respect to gravity. A major problem for pulse tubes is the
occurrence of @anvective instability under neieal, tilted configuration, however, which
can result in a dramatic drop in the performance of a PTC. In this investigation, computer
simulations and experiments are used to investigate the convective instability in a PTC
under static and dynamic tilt conditions. To examine the effect of static tilt, the cooling
performance of a commercial pulse tube cryocooler is measured when it is tilted from an
ideal vertical orientation. In dynamic tilt experiments, the performanteeofryocooler
when it undergoes wanddown (heae) or sideto-side (roll) periodic motions is
examined. A combined systelevel analysis method and compondexel computational

fluid dynamics (CFD) simulation is developed to model the operation of a pulse tube
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cryocooler under tilt conditions. The influence of minor geometric features is studied
parametrically.

Regenerators are the crucial components of PTCs dsasvelther regenerative
cryocoolers. Regenerators are also an important cause of losses in PTCs. Regenerators are
usually made of solid micrporous materials, such as metal powders or screens, and are
subject to a periodic ffluid vdealyfregenarator filery o c o o
materials must have good thermal interaction with gas and low flow resistance to minimize
irreversibility. Unfortunately, these are conflicting requirements. Intti@sis the entropy
generation due to both heat traarsfind viscous dissipation in generatgeseinvestigated
based on detailed polevel simulations.A semtanalytical mathematical model was
developed to estimate the entropy generation in regener@tone parameters thassess
the relationship betweantropy generation in the regenerator and the overall efficiency of
a PTCwereelucidated.The developed serainalytical model can be used ageneral
guideline for the geometric design of regenerator fillers for the minimization of entropy

generation.
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CHAPTER 1: INTRODUCTION

1.1. Whatis Cryogenics

Cryogenics is the production and applicat@frvery low temperatue usuallyin
therangefrom 123 K (150€) to 0 K. At cryogenic temperatusetheso-called permanent
gases, such as helium, hydrogen, nitrogen and oxygen can be liquefied. The properties of
materials, such as thermal conductivity, electrical conductivity, ductility and strength, can

all be altered significantly at cryogenic temperatur

1.2.  Applications of Cryogenics

Sincel8" century when cryogenic temperatures were first achieved, more and more
applications of cryogenics emerge as the technology evolves.

Storage and transportation of gases waneong the earliest applicationsf
cryogencs. When gases are liquefied, ithepecific volumes are rededsignificantly and
thus the associated costs of transport and storage are reduced as welkkAowall
example is liquefied natural gas (LNG) which hasla rapidy expandingnarket in recet
years. LNG is a mixture of methane, ethane and other flamingthlecarborgases, which
can be liquefied at around 110 Khe specific volume of its gaseous forsrabout 600
times larger than the liquid form.

Life science, including cryopreservationdacryosurgeryis an emerging area in
which the cryogenic technologies are usedensively Biological materiad such as
viruses, bacteria, cells, tissues and organsofnbe preserved in cryogenic temperature

for prolonged periogl In cryosurgery, liquid nitrogen or a letemperature probaeused



to freeze and kill unhealthy celis a highly localized and controlled manné&he dead

cells can then be eliminated from the body through the normal bodily processes.
Cryosurgery usuallgauses less damage to human body comparing with traditional surgical
method which cuts the unhealthy tissdeectly.

Aerospace industris another area where cryogenic technology has been widely
used.Liquid gases, such as liquid hydrogen and liquidg®xy are used as fuels for
spacecraft. Thé&ransportatiorand preservation of these liquids are critical for the safety
and operation of a spacecrafhe infrared sensors and other extrgmsensitive sensors
also need cryogenics to eliminate noisesichasi nf r ared radiati on
enclosure and thermal noise.

In superconducting which isurrently used in the cuttingdge electrical
engineering magnetic levitation (MagLevand computer sciencand has profound and
gamechanging potentials fdiuture, cryogenics is the enabling technolodyy magnetic
resonance imaging (MRI) systemgryogenic temperatutie requirel for the inner coito
act as superconduadrr so that asuperstrong magnetic fieldan be generated with little
heat generatianSuperconducting quantum computing is an emerging \&teeh may
revolutionize computing in the futuré\ typical superconducting quantum computing
device needs to becooled down below 100 mKwhich can be achieved hgilution

refrigeratorsat present

1.3. Methods to Achieve Cryogenic Temperaturs
The most direct question of cryogenics is how to achieve cryogenic tempgrature

Current technology can bring down the temperature from room temperature to as low as

100 pK 8t p m K).



In most industrial applications, the cooling is creatgdgas cyclesin the gas
cycles, the working fluid, such as helium, is compressed at the warm end. The heat created
by compression is emitted to the warm end surroundirfgen the working fluid isaoled
to the cold-end temperaturby exchanging heat witbithera recuperator or a regenerator.
Afterwards, theworking fluid expendsand its temperature drops furthemd become
lower than the coleénd temperature. Thereforié,can absorb thermal emgr from the
environment incold end. Similar methods are also used in ordinary refrigeration and air
conditioning. The systems/coolers using recuperators are called recuperative
systeng/cryocooless, and the ones using regenerators @ferredto as regenerative
cryocoolers. Regenerative cryocoolers are the topic of this thesis and will be discussed
extensively in théorthcomingsections.

The boiling point of heliun{4.21 K at normal pressuta$ often used as a useful
threshold in discussion of cryogenics temperatufés. lower limit of the temperatuse
that can be achieved blge gas cycless close to the latter threshold, and these cycles in
multi-stage configurations can create temperatdosen to a few KOther methods need
to be used in order to achiesebKelvin temperatureOne of these techniques is dilution
refrigeration which utilizethe enthalpy of mixingnd can provide continuous cooling to
temperatures as low as a few millikelsi A typical dilution refrigerator uses helium
isotopes, ( Aand ( A The enthalpy of mixing between( Aand ( Aat subKelvin
temperatureis negativeWhen the mixture of ( Aand ( As cooled below 870 mK, it
will spontaneously separates into two plsaseconcentrated phasatbontains essentially

pure ( Aand a dilute phase that contains 6.6 percénttand 93.4 percent( Aln a

( A ( Adilution refrigerator, ( As the working fluid A mixing chamber that contains



both concentrated phase atitlite phaseés locatedat the cold end. The( An the dilute
phaseis constantly extracted out by distilling so that negv An the concentrated phase
can mixinto the ( Ain the dilute phase. The extracted gaseo(sAis then cooled,
liquefied and pumpi:back to the mixing chambéFhe mixing of ( Aand ( Aabsorbs
thermal energy and thus creates cooling at the cold end.

Another techniquéhat can provide coolingp temperatures of millikelvievel is
Adiabatic Demagnetization Refrigeratiovhich utilizes the magnetocaloric effedthe
temperature of a paramagnetic matediedreases/hen thestrength of thenagnetic field
whichthe material is expesito is redu@d When aparamagnetic material is exposea
magnetic field, thanolecuks in the material are aligned and sorted by the magnetic
field. Whenthe strength othe magnetic field is reduced, theolecuks start to absorb
thermal energy to dalign and reorient.In an adiabatic demagnetization refrigerator, one
or several paramagnetic ohdes are placed in oscillating magnetic feeldhermal
switches are used to control the thermal transport#timughthe paramagnetic material
from cold end towarm end. When the magnetic field increases, the paramagnetic module
is thermallyconnectedo warm end and disconnected fréme cold end. The temperature
of the modulerises,and the thermal energy is transportedhte warm end. When the
magnetic fielddiminishes the module is thermally disconnected frtme warm end and
connected tdhe cold end. The tempeature of the moduldrops,and thermal energy is

absorbed from the cold end.

1.4. Executive Research Summary

The cooling technoldgs centered orusing gas cyclesre widely utilized to

directly provide continous cooling to temperatures fromdaK to 123 K. Even in sub

4



Kelvin applications regenerative cryocoolers are ofisgd tgorovide a 4 K environment

so that the 4K environment acts as the warm fendubKelvin refrigerating methods
Regenerative cryocoels are often used in small applications whichmally require up

to 1000 W cooling power, while recuperative refrigeration is used in large scale
applications.The pulse tube cryocooler (PTC), a regenerative cryocooler, is of special
interest in this remarch. Unlike other types of cryocoolers such as Stirling cryocooler and
Gifford-McMahon (GM) cooler, a PTC has no moving part in its @id. The inherent
simplicity and reliability of PTCs make them attractive for applications wherelifeng

and relialdity are critical. This research focuses on the theflad aspects of PTCs, in
particular, in the pulse tubes and the regenerators, which are the most important
components in a PTC.

A pulse tube is an empty tube which invokes a phase lag betweerilomaasd
pressure of the working fluid (often helium) under an imposed oscillating gas flow. It
replaces the cold piston in a Stirling cooler or the movement of the displacer in a GM
cooler. For best performance, pulse tube cryocoolers are installeéNMgxtith their cold
ends pointing downwards with respect to gravity. A major problem for pulse tubes is the
occurrence of convective instability under rideal, tilted configuration, however, which
can result in a dramatic drop in the performance of @.PIf this investigation, computer
simulations and experimentgereused to investigate the convective instability in a PTC
under static and dynamic tilt conditions.

To examine the effect of static tilt, the cooling performance of a commercial pulse
tube cryocoolerwas measured when ivastilted from an ideal vertical orientation. A

combined systerevel analysis method and compondewel computational fluid



dynamics (CFD) simulatiorwas developed to model the operation of a pulse tube
cryocooler undertilt conditions. The performance data from both simulations and
experiments were analyzed. A general guideline for designing the geometry of a pulse tube
was developed Moreover, a discrepancy was founded between simulations and
experiments, and eventuallyspired a parametric study regarding some &eglynminor
geometric features in pulse tubes. It was fotimat these seemgly minor geometric
features can cause streaming effects in pulse tubes and, therefore, lead to extra cooling
losses and sensitiyito the orientationvith respect taravity.

In dynamic tilt and motion experiments, the performanceaoprototypical
cryocooler when it undergoes -“apddown (heaing) or sideto-side (roling) periodic
motions was examined using a motion platform. dsviound that when the PTC was at
vertical position, only sidéo-side motion hd a measurableffect on the cooling
performance of the PT,Gnd the heaving motion did not have a measurable effect of the
PTCb6s perTheoRTG st abeut 2% cooling pewand showed ntion-caused
fluctuatiors. When the PTC was at inverted positionsamgtdown motion and sid&o-side
motion resulted ih% and 10% drop ithe cooling power, respectively.

Regenerators are the crucial components of PTCs as well as other regenerative
cryocoolersTheyare also an important cause of losses in PTCs. Regenerators are usually
made of solid micrgporous materials, such as metal powders or screens, and aretsubject
a periodic flow of the cryocoolerds wor ki n
have good thermal interaction with gas and low flow resistance to minimize irreversibility.
Unfortunately, these are conflicting requiremehtghis thesisthe entropy generation due

to both heat transfer and viscous dissipation in generators were investigated based on



detailed pordevel simulations. A semanalytical mathematical model was developed to
estimate the entropy generation in regenerafdie. mahematical model was compared
with porelevel simulatiols. Parameters thatepresenthe relationship between entropy
generation in the regenerator and the overall efficiency of a Pdi€ elucidated. The
developed semanalytical model can be used ageneral guideline for the geometric

design of regenerator fillers for the minimization of entropy generation.



CHAPTER 2: BACKGROUND

2.1.  Cryogenic Technology using Gas Cycles

Recuperativerefrigeration and regenerative cryocoolers are the ttypes of
cryogenic technology that e@gas cyclesThe primary difference between them is the type
of theheat exchangehattheyused When the workindluid flows from warm end to cold
end, it needs to give away its thermal energy in order to reach thermbldmperature.
Similarly, when the working gas flavback, form cold end to warm end, it needalisorb

thermal energyor its temperaturéo rise The component in which these processes take

||
‘ N Compressor
Compressor
Q
Q, -— A
-— A
Heat exch
Heat exchanger R:Caus;(rcatirr\ger
Recuperator
w
JTvalve A — JTvalve A&
| — W
to t
a) JT cycle b) Brayton cycle

Figurel. Schematics of recuperativefrigerationcycles. (a) JT cycle, (b) Brayton
cycle.



place isa heat exchanger. In tHeeatexchanger, the thermal energy given away by the
warmfluid is used to warm up the cofliid. However, the process is irressible, and thus

a neaperfect heat exchanger is crud@aimaximizethe thermodynamic efficiency of any
gasrefrigerationcycle.

Recuperative cycles are used in large scale applications which require high cooling
power, such asdustrial gas liquification and particle acceleratdiigure 1 shows the
schematicof two representativeecuperative cycles, Jodléhomson (JT,)and Brayton
cycles. In recuperative cycles, the flow wiorking fluid is continuousand onedirectional.

The fluid is compressed at the warm end where the heabmipression iseleased to
atmospherelrhen the compressdldid is precooledn aheat exchangeExpansion occurs
afterwardsn eithera JT valve oranexpander at the cold erohd the temperature of the
fluid drops belowthecold endemperatureThus thegascan take away heat from the cold
side.The expended gas then flows through the recuperative heat exchanger again to absorb
thermal energy. Its temperature is raised up to the vesuntemperature and thus the gas
is ready foranew cycle. The cooling is created by the expansion oflgesearemultiple
approaches for the expansionaecur JT cycles use JT valvewhich have very simple
mechanical structuregith no moving partDue to this simplicity, JT cycles can bealed
easily and are more robustthan the Brayton cycle.However,JT cycle has a notable
shortcoming. Tie ex@nsion,namely theJoule Thomson expansiomf the working fluid

in JT cycle isanirreversibleandadiabatic free expansion. In JT expansion, the gas does
zerowork totheenvironmentThedrop oftemperature incurred during the expansion relies
on the real gas propentythe working gadlf the working gass anideal gas its temperature

will remain onstant during the expansion. In the cryogenic applications, the working gas



is usually helium whiclis close tadeal gasvenat very low temperatuse Therefore, JT
refrigeration cyclehas poor efficiency for very low temperature applicasoBrayton

cycles do not have thlimitation. In a Brayton cycle, the expansiomisarlyisentropic

and takes place in mechanical expenders, such as turbine expengestoncylinder
expendes. The working gas does positive work to the environment when expeiting}.

Brayton cycles have higher efficiency, especially at very low tempesatdrethe other

hand, Brayton cycles require more maintenance and cannot be scaled easily because of
thar mechanical expenders.

In arecuperative refrigeration, warftuid and coldfluid exchange their thermal
energy inarecuperative heat exchanger. The process is irreversible and associated with
losses.High-effectiveness(usually better than 95% heat exchangers are requirem
achieve cryogenic temperatardn order tomeet this requirement, recuperative heat
exchangers need to have enowfective surface aredor heat transfer. As a resul,
recuperative heat exchanger is usually the largest and may dsewed most expensive
component in a recuperative refrigévatcycle.

Regenerative cryocoolgmuse more compact heat exchangeaiedregenerators,
because thework in a different wayRegenerative cryocoolethushave advantages in
smalktscale applications and can usually achieve lower-enftitemperaturesd higher
Carnot efficiencieghan recuperative cryocoolef8]. Figure 2 shows the schematics of
three major types of regenerative cryocoslestirling cryocooler Gifford-McMahon
(GM) cryocoolerand Stirlingtype pulse tuberyocooler(PTC) In a regenerative cyelhe
basic method of creating cooling, expansion of gaj@gsame as recuperative cycle.

However the flow path in a regenerative cryocooler is not a closed loop. The working gas

10



W . IDOOD0000000D000S W
h . RN E=
............................... ; —
— = IR ——
a) %:-:-:-:.:.:.:.:.:.:.:.:.:.:.:.
Warm piston Regenerator Cold piston
Qh“ Qc I
WO
Displacer
—— ' | ™~ I
b) RIS drive
Rotary Displ
Compressor isplacer/
P valve Regenerator
Q5
c) X
=  Orifice
Compressor Regenerator Pulse tube tConI:leance
an

Figure2. Schematics of regenerative cryocoolers. (a) Stirling cryocooler. (b) Giff
McMahon (GM) cryocooler. (c) Pulgabe cryocoole(PTC).

flows back and forth ira deadendflow path. The warm and cold fluidshare the same

flow path in the regeneratar a periodic mannei herefore, theegenerator can be very

compact using porous matesgaé.g. packed spheres, stacked screens and meta foam
Consider a Stirling cryocooler, as showrFigure2(a), as an exampld@here are

two moving partsawarm piston an@cold piston. The movements of the pistons are out

of-phase. The working gas is first compressed by the warm piston at the warm end while

the cold piston dae not move. Then, the warm piston and the cold piston move

simultaneously to right to push the gas through the regenerator to the cold end. At the same

time, the workingfluid gives thermal energy to the regenerator until the gas temperature

drops to the @ld-end temperatur&.he cold piston continues its movemafterthe warm

pistonhasstopped The gas expands and absatiiermal energy from the cold end. After
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the expansion, the cold piston and the warm piston move together to push the expanded
gas back to the warm ent@lhe gas picks up the thermal energhich was temporarily
stored in the regenerator before. And then, the gas is ready for the next cycle.

In termsof thermodynamicghe movement of the pistons in a Stirling cryocooler
controls the pressure and the mass flow of the workind. The periodicpressure and
mass flowmust be outof-phase in order to generate useful cooling. Other types of
cryocookrs which can create similar presstoranassflow phase differenceelationship
as Stirling cryocoolerbave been designe@M cryocoolerwas developed by McMahon
and Gifford[3] andis asuccessful design that has no moving part in the colddesrghown
in Figure2(b), a GM cryocooler does not haaeold piston. The warm piston is replaced
by a cheaper rotary compressor. The compressor has gheggure line and Ew-
pressure line connected to a rotary valve. The valve controls whicarldie connected
to the gas chamber in the cold fingEhe regenerator is enclosed in a displacer which can
be moved. Unlike Stirling cryocoolers, GM cryocoolers move the regemsrrather than
the workingfluid. The desired pressute-massflow phaserelationship is generated by
the movement of the rotary valve and the displa®ecause there is no moving part at the
cold end, GM cryocoolers are more robust and easier tdaimain

Stirling-type PTC is another type of regenerative cryocooler thasno moving
partlocated inthe cold endFor convenience, PTC will be used to represent Stitlpg
PTC in this thesisAs shown inFigure2(c), the warnmend(left-hand sidgof a PTC ighe
same as a Stirling cryocooléFhe cold piston in a Stirling cryocooler is replacedaby
virtual gas pistonnamelythe pulse tubein a PTC.The desired pressute-massflow

phaseelationship is created bynampedance network. There are multiple ways to build a
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functional impedance network. Figure2(c), the shown cryocooler uses a pulse tube, an
orifice and acompliance tanko create the desired impedance. Because there is no moving
part at the cold ends, the inherent simplicity, robustness and low vibration make PTCs very
attractive for the applications where reliability and leilration are crucial. However,
significant bss may occur ithe pulse tubeThe losses ithepulse tube is one of the major

topics in this research and will be discussed extensively.

2.2.  Acoustic Impedance

Before discussing the method&building a functional impedance network, it is
necessary to inbduce the oscillating flow and acoustic impedandeglecting the
multidimensional effects, oscillating gas flow cha analogizedo alternatingelectric
current. Electric current is the movement of electrons which is driveramyelectric
potentialgradent Similarly, the flow of gas is the movement of gas molecwbgh is
driven by a pressure gradienfThe potential and current can be altered by electric
impedanceand becomeout-of-phase The pressuréo-massflow phaserelationship can
also be altexd by acoustic impedance.

Electrical impedance and acoustic impedance have very simiddhematical
propertiesand often can be analogize@hen using complex numbers to represent
potential and current, the electrical impedance caefesenteds:

W W
. e 1
@ 5 (1

wherew ws the electrical potentialifferenceand Qs the electrical current. Similarly the

acoustic impedance can be shown as:

€
c

A — 2
a
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wherew Uis the complex form of pressure, amds the complex form of mass flow rate.
Electrical impedance and acoesmpedance have three comporgent
O W W 3
where®w , @ and @ are the impedance contributed byresistance, inductance and
capacitance.
The impedance of ideal electrical resistgrpure real:

@ { Y 4)
where’Y is the electricalresistance of the resistoFhe impedance of the resistance
component in an acoustic netwdr&haves similarly

(AR Y (5)
whereY s thevalue of acousticesistance

The impedancef electricalinductoss increases whethe frequency of the current
increases:

AF: Qo (6)
whereQ 1 p,] is the angular velocityandd is theelectricalinductance of the
inductor.Likewise,impedance of inductance components in an acoustic network is

Y Q0 @
where0d is the acoustimertanceof the component.

The impedance of electrical capacitors decreases when the frgguereases:

DF P Eolls 8)
whered is the electrical capacitance of capacitor. The impedance of capacitance

components in an acoustic networkikewise
D P Q6 )
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whereo is the acousticomplianceof the component.

A proper pressurtn-massflow relationship is crucial for a PTC. As indicated by
Equation (2), pressurdo-massflow phase relationship is determined bye acoustic
impedance of the networkn PTCs, the pressute-massflow phaseelationship is usually
adjusted by adjusting the inertance and compliance. The resisamgally minimized
because it can result to excessive losshe real worldgvery acoustic component is non
ideal and has all threenpedancecomponents at the same time. But they are usually
designed to mainly provideither compliance or inertancBuke tube, compliance tank,
orifice, and inertance tube are the most common compottemitsreused to construct an
impedance network. Pulse tuisesimply a hollow empty tubeand thecompliance tank is
an empty vessewhich are designed to primarily primie compliance Inertance tuhe
furthermorejs anarrow long tub¢hat acts as an impedan€ifice and inertance tube are
used toprimarily provide inertancehoweverthey introduceconsiderable resistanees

well.

2.3.  Historical Development ofPulse Tube Cryocoolers

Ideally, the pressurtd-massflow phaserelationship in PTCs should be simitar
Stirling cryocooles. This is achieved byadjusting the acoustic impedance of the
impedance networkespeciallythe componentsepresentingnertance and compliance
Usually we want to minimize the resistance component because it can result in loss of
efficiency. Different methods have been developed to constifuetdesired acoustic
impedance network and offer more and more freedonthéadustable range of

impedance.
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Figure3. Schematics of PTCs. (a)Basic pulse tube cryocooler. (b) Orifice pulse t
cryocooler. (c) Double inlet pulse tubeyocooler. (d) Inertance tube pulse tube
cryocooler.

Basic pulse tube cryocoolers (BPTGsgre first introduced byGifford and
Longsworth[4]. BPTC is a simple desigout is alsovery limited interms ofmodifying
the acoustiempedanceFigure 3(a) shows the schematic afBPTC In a BPTC, a pulse
tubein the form ofa hollow empty cylindrical tubes used to replace the cold piston in a
Stirling cryocoolerldeally, the gas insid#he pulse tubas movingl i ke a f#Avi rtual
at a uniform velocity. Because the gas is compressible, the motion of the géiselag

change of pressulgecauselte acoustic impedance apulse tubes is mostly compliance
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which can result in thehasdagging of mass flow to pressuiecause there is no acoustic
component other thathe pulse tubes in BPTCthe modification of impdance is limited
to the compliance componemts a resultthe masdslow-to-pressure phase relationship
cannot beoptimized andthe performance and efficiency of BP3@re not comparable
with modern design#\ cold-end temperature of 124 K was achiebgdBPTC[4].

In order to improve the performance and efficiency of pulse tube cryocoolers, more
acoustic components needd® incorporateth the impedance networRn improvement
orifice PTC(OPTC) wasfirst introduced by Mikulin et al[5] in 1984 and then modified
by Radebaugh6] in 1986.Figure 3(b) showsthe schematicof OPTCs In the improved
design, an orifice and a compliance tank are connected to the puls&halmificeis an
acoustic component thptovides inertance and a considerable amount of resistéhee
total inertance can be controlley imodifying the orifice The compliance tank islarge
empty tank. It provides extra compliance at the end of tipedance networiwhich can
increase théotal mass flow rate through tleystemand therefore increase cooling power
The combination of pulse tube, orifiand conpliance tank providebettercontrol over
the total acoustitmpedanceMore favorable pressute-massflow phaserelationships
can be achieveby OPTCsThe lowest coleend temperature is, therefore, improved to 60
Kin OPTCs

In 1990, Zhuet al.[7] introduced a bypass line and a secondary orifite the
design of PTCsAs shown inFigure3(c), the bypass line connects the warn end of pulse
tube andhe warm end ofheregeneratorThe new design added a parallel acoustic path
and thus provided extra control over the paserelationship between mass flow and

pressureA cold-end temperature of 42 K was reached with the new design.

17



A major problemassociated with applicatiasf orifices is that the process the
orifice is highly irreversibleandis accompanievith significantexergydestruction.The
use of orifices carhus result in excessive loss Inertance tubes were introducad
replacementsor orifices in 1997[8, 9]. The schematic of an inertance tube RTIPTC)
is shown inFigure 3(d). An inertance tube is a lorendnarrow tubewhich can provide
acoustidmpedanceasan orifice could, but with significantly smalleresistanceand loss
However, in order to provide sufficient phase difference between pressure and mass flow,
the inertancéubes can be meters long areéthereforenot as compact amnorifice. With
this improvement, Stirling-type inertance tube PTCdriven by valveless Ilnea
compressors (wave generatob®gan to have matching or even better edfiges than

Stirling cryocoolers.
2.4.  Streaming Losses inPulse Tube Cryocoolers

Even though the use of pulse tubes brings simplicity and robustness to cryocoolers,
pulse tube®ften suffer from relatively low efficiency. Losses in the pulse tube, among
themt h streafining lossesaremajor contributors to the loefficiencies.Pulsetubes are
normally hollow tubes with considerable empty spaces in€ke. end of the pulse is
connected to the cold end tbfe cryocooler and the other end is connectedhe warm
end of cryocooler. Streaming effects in the pulse tube can resultvaative short circuit
between the cold and warm endsd significant performance losses. In this section,
streaming losses that has beeentified and studied by previous researchams|uding
Rayleigh StreamingDC Streaming(Gedeon streaming)etdriven streaming natural

convectve lossandotherconvective lossesre discussed.

2.4.1. DC Streaming
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DC streamingalso referred to aSedeorstreaming was discovered by Gedeon in
1997[1Q]. The flow in PTCs is oscillating. Ideally the cycle averagass flow of the
oscillating flow isnearlynet zero.This is usually the case in the PTi@t has only one
flow pass. However, in the PTC thastiaroidal topology, such as the bypass dotiblet
PTC shown irFigure4, nonzero cycleaverage mass flow can exi$he flow resistance
can be dependemn flow direction because of geometric features such as the sudden
change of flow area, orifice and cunveg. This is nba problem when there is onbne
flow pathin which case there is mather paththat the fluid can gdHowever,when there
are multiple pathsa circulation may form, andonzero cycleaveraged mass flow can
occur as a resulAs anexample, e doublenlet PTC shown irFigure4 has two flow
paths. The first flow path, path A, ke path throughhe regenerator, flow straightener
and pulse tubelhe second flow path, path B,the bypass line through the orifice. In the
first half cycle, when the flow is from left to the rightFigure4, theaveraganass flow
rate through path A i@ O. Theaveragemass flow rate through path Bas O. The
total mass flow pumped by the compressalis & @ O @& O. In the second
half of the cycle, when the flow is from right to left, the mass flow rate through paths A
and B,a&d O andd O, can be differenbecausdlow resistance can be different as the
flow direction changs. The total masslow pumped by the copressoris @ O

Ar

@ O @ O.Because the mass is conserved in the compressor, the cycle averaged total
mass flow rates O & O T Thereforetd 0 @ O & O & O
mAssumingdd O @ O,thendd O @ O. DC streamings a net timeaverged

mass flow that may exist in any closed loop or toroidal topology in a PTC, such as the loop

consising thesecondary bypass line, puksdeand regenerator in a PTC.
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Figure4. Gedeon streaming (DC streamingpipass doubknlet PTG

DC streaming or Gedeon streaming is caused by the asymmetry when fluid flows
back and forth. Some investigations have shown that asymmetry in hydrodynamic end
effects, such as tapered transitions between small and large 1abE3 or jet pumped
[14], can offsetor minimize DC streaming. Besides hydrodynamic end effects, recent
resarcheq15-17] suggest a different methptthe use of an elastic membratigt breaks
the toroidal tropologyThe special elastic membramng normallyinstalledin the bypass
line. The membrane is soft and flexildethat acoustic power and the oscillation of gas
can pass through. But DC streaming whiepresents finite time-averaged mass flow

will be blocked completely.

2.4.2. Rayleigh Streaming

The pulse tube wafirst introduced as a replacemednt the coldend piston in
Stirling cryocooles. Ideally, the gas in the pulse tube moves at a uniform velocity as a
virtual piston. Unfortunately, convection can occur in pulse tubes and bring enthalpy flow
from the warmend to the colénd[18].

Unlike DC streaming which exists in a closed physical loop, Rayleigh streaming

[18-2Q] is a timeaveraged toroidal circulation within a pulse tube. Boundaygr effects
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Figure5. Rayleigh streaming in pulse tubes.

are the causes of Rayleigh streaming. In a pulse tube, the working fluid near the wall or
within the boundary layer lags the flowthe central core region because of viscous effects.
A parcel of gas in the boundary laykat isclose to the wall masback and forth along
the wall. Thetemperatue difference betweethe gas parcel and wall withange and be
differentwhen the parcel is moving bagkrd and foward because of the temperature
oscillation caused by pressure oscillation and heat transfer between gas and wall. For real
gass the viscositys a functiornof temperature andhus oscillates in this case. Therefore,
the parcel will experience differenoedrag and its displacements will be different when
it is moving back and forth. The parcel will drift away from its origmasition after a full
cycle.A net timeaveraged forced convective circulation is then generktgdre5 shows
the schematic of Rayleigh streaming.

Olson and Swiff20] have shown that Béeigh Streaming can be minimized using
a carefully designed tapered pulse tube. Imagine a parcel of gas is moving in a tapered
pulse tubeas shown ifFigure6. Due to the compressibility of the gas, frercel will be

closer to the wall while it is moving downward. If designed carefully, this rati@fting
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Figure6. The motion of a gas parcel in tapered pules tubes. (Borrowed froj]ye

effect can offset the difference of the viscous force the parcel experiences while moving

upwardand downward.
2.4.3. Jet-Driven Streaming

Jetdriven streaming is caused by the jet flow at the conjunction between
components whera large flow area change occuws illustrated inFigure 7, a time
averaged steady convection can odeecause of the jet flow created by the conjunction
between the inertance tube and the pulse tube. The two schematics inlihadefide of
Figure7 show the jet flow when the gas is flowg from the inertance tube to the pulse tube
or vice versa. The combined movement of the jet flows is roughdgmbination of an
ideal oscillation flow and a steady convective circulation, as shown in thehaghitside
of Figure7. Similarto Rayleigh streanmg, ajet-drivenstream can bring enthalpy from the

warmend of the pulse tube to the ca&dd and thus caescooling deterioration.
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Figure7. Jetdriving streaming in pulse tubes. (Borrowed from f&f)

Flow straighteners are typically uws& minimize jetdriven streaming. They are
made of the materialuch as stack screens whiwwe nonlinear resistand®atincreases
whenthe Reynolds numbeof flow increases. Swift suggested that the resistance of the
flow straightener can be deterraoh by making the peak pressure drop through the flow
straightener one fifth of the Bernoulli pressure of the jet flajv It should be noted,
however, thatlow straighteners atbemselvesources of the efficiency loss in PTCs since

they dissipate acoustic power.

2.4.4. Surface Heat Pumping and Shuttle Heat Transfer

Surface heat pumpingreshuttle heat transferemechanisracaused by the local

heat transfer between gas and pulse tube wall which can lead taegcdged net enthalpy
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flow between warm and cold ends. The direction of the net enthalpy flow depends on the

condition of the PTC.

TA
............ Gas Temperature
Wall Temperature
N\\a‘“\ ,,x"’ _-Heat transfer
direction
———
Net enthalpy flow
o "X
Figure8. Surface heat pumping that causes net enthalpy flow from cold end to v
end.
TA
------------ Gas Temperature

Wall Temperature

Heat transfer
direction

Net enthalpy flow

0 "X

Figure9. Shuttle heat transfer that causes net enthalpy flow from warm end to
end.
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Figure8 shows surface heat pumping which brings thermal energy from the cold
end to the warm end-axis indicates the location anebyis is the temperatur&€he dash
line and solid lingpresenthe temperatuseof gas andpulse tubewall, respectively. The
the black arrows in the colored regions indicates the anamuhtlirectiorof heatthatcan
be transferred between gas and pulse tube Wakk gas is being compressed while it is
moving from the cold end to the warm ei& a result, the temperature of the gas parcel
near pulse tube wailses If the temperature gradient in the pulse tube shetitisoo steep,
the warmerlocal gas will transfer heat to the colder adjacent w&ilhilarly, the gas
expanses when moving back from the warm end to the colanehabsorbs thermal energy
from the warmer adjacent wall. Therefore, this mechanism prégficanps heat from the
cold end to the warm end.

In modern PTCs, the temperature gradient in pulse tube shell is usuatisego
that the heat pumping effect is practically reversemjure 9 shows this reverted
mechanism, namely shuttle heat transfére heat transfer between the gas and the pulse
tube wall is reverted. Hence, thermal enesggghuttled from the warm end to theldend

which causes cooling deterioration.

2.4.5. Natural Convection

The convective loss due to buoyancy force, or natural conve®ipnpbably the
most complicated loss mechanism @&hdne of thanajortopicsin this research

Pulse tube cryocoolers usually need to be installed with the cold end pointing down,
aligning along the direction ahe gravity vector. Natural convection or gravitational

convection can occwhen this requirement is not m&he working fluid in a pulséube
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usually has large temperature gradients since the pulse tube connects drelaalithe
warm end.When positioned inclined or with the warm end pointing downward, the
buoyancy force can be significant anthy cause notable convecticend streaming
betweerthewarm and cold ends of a pulse tubke convection brings enthalpy fldvom
the warm endio the cold end and causes partial or complete loss of codiimg.
mechanism was first reported BTummeset al.[21] and Fujimotcet al.[22] in GM type
pulse tube cryocoolsworking with low frequency (~2HzJ-or highfrequency pulse tube
cryocooles, such as Stirlingype pulse tube cryocookerthe phenomesn can be less
severe or even abselfang and Gifford23] observed no natural convective loss in their
high-frequency pulse tube cryocoalRoss and Johns$@4], and Yang and Thumm¢a5)
reportedthat somehigh-frequencyStirling-type pulse tube cryocookecanpreseniower
dependency on gravity orientatiaren the frequency increas&erval nethods that can
reduce the natural convectiedfect have been introducdaly researcherssuch as filling
porous material in thpulse tubg21] and installing several circular copper screens in the
pulse tube[26]. These methods, dwever, have led to higher pressure drops and
hydrodynamic losses.

A semtanalytical model developed IBwift and BackhauR27, 28] has provideda
method to minimize the natural convective losses without adding filling materials in the
pulse tubes. In their mode¢he convective instabilities due to gravitseanalogizedo the

instability in aninverted pendulumas shown irrigure10.
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Figurel0. Reproduced from Rg®25] defining the inverted pendulum problem. (.

and (b) show the basic inverted pendulum at two points in a cycle, (c) show:

ring model that is later correlated to the rotating buoyant forces due to den:
gradients. (dshows the convective instability the flow in pulse tubes
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A pendulum is anass connectet a pivotusing a massless regrod which can
swing freely. When it is displaced awhpm its equilibrium position which is the lowest
position while in gravitational field, the pendulum witiove back to the equilibrium
position and oscillate around However,when the pivot is vibrating rather than fixele
pendulum may not necessarily move back to the lowest podiigare 10(a) shows an
ideal pendulum that has a massand a rod with lengthd. The pivot is vibrating at
A 17 Gtalong the directiorwhich is —degree off the vertical downward positiofhe
quantityis the amplitude and is the angular velocity. The angular displacement of the
rod to the vertical downward position%s The position of the mass can be expressed as

w OOEATT® 10Bk (10
w OAT-@ANM® HAT% (11)
The force that the mass experiences can be calculated by
0 4 (12
O dw aQ (13
where"O and"O arethe xcomponent and-gomponent forcg respectively, andandw
are the acceleratisof the mass inxdirection and ydirection, respectively. As a massless
rigid body, the torque on the radbout the pivot must be zero because it has zero moment
of inertia
"O0AT% 000B4h m (14)
Combining Equation10), (11), (12), (13) and (4) yields the angular acceleration of the

pendulum about thgivot %o

%0 ‘Ao OBA 1 I OB+ % AT (19
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The firstterm on the righthand side ishe effect of the torque applied by gravity which
tends to decreas$&and move the pendulum back to the lowest position. The second term
on the righthand siderepresentshe effect of the torque caused by the vibration of the
pivot. The torque is minimized wher- %, the effect which tends to align the pendulum
along thedirection of the pivot vibration. The effect is proportional to the square of the
angular velocity, , and the amplitudey of the pivot vibration. The movement of the
pendulum is the result of the combined effect of both tordieen the vibrations strong,
the pendulum can align along the direction of vibration. Otherwise, gravity dominates the
movement of pendulum.

Quantitative analysis of this problem is a classical mechanics problem which has
been done in many textbo®29, 30]. For an arbitrary angle; a dimensionless number

that can be used to determine the motion of pendulum can be expressed as

. 1T O
v = 16
o0 (16)
For0 p, the pendulum cannaemaininverted Forp 0 T, the
pendulum can remain inverted i p Y m\When0 T, the pendulum will

align along—no matter what the value efis.
Similar analysis can be done for a Hsigape pendulum that is shownFkigure
10(c). The ring has a radius 0f Its pivot is located at the center oétting.A mass is

uniformly distributed in the ringxcept for a pair of oudf-balance pastwhich have a

positive mass of Y& anda negative mass o8& The positive mass is located at

C C

%o The negative mass is located at the opposite end ointnges p Y iSImilarly, the

angular movement of the rirghape pendulum can be derived as

29



a0 % Ya QOB 1 Yo OOEFR %Al (17
Similarly, adimensionless number that can be used to determine the characteristic

of the motion can also mkerived

" 1 ® Ya
y _ 18
v h "Q0 & (18)

Figure 10(d) is a pulse tube that is positioned with the warm end pointing down.

The cold dense gas is located at the upper part, and the wardemesgsgas is located at
the lower partThe mass distribution is analogotasthe ringshapé pendulum.Gravity

tends to pull down the cold gas and push up the warnThasenter of mass of the gas in
the pulse tube is off the center line. Thus, the oscillation can impose-avareged tonge

which is opposite to the torque imposed by gravity. This system is analogous to the ring
shape pendulum iRigure10(c). The natural convection can hggpressed if the analogy

is valid. Similarto a pendulum Swift and Backhauderiveda dimensionless numbehe

pulse tube convection numbér |, to indicate how likely the oscillation will suppress the

natural convection

1 ® WY
"Q O QE Dwé+ Y

(19

wherg anda are the angular velocity and the displacement of oscillatempectivelyat
the cold end of the pulse tulgeis the gravitational acceleratioB,is the diameter of the
tube,L is the length of the tubess the angle of inclination with respect to the vertical
(col d end do Wis)he temperaturd ddferanae metwekawarm and cold
ends’Y is the average temperature of the fluid, &hdndb are empirical constants
Swi ft and edpaimdntt mdicath s pd andf 1@ while theory suggests

f p. The equation is only valid for pulse tubes wtitle warm end downwith w 11 J
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— p Y tSwift and Backhauslid a series of experiment to validate the theory. Their
experiments are limited to the pulse tubes wittall aspect rati®f0 in which the analogy

to ring-shape pendulum makes more sense. According to their experimental tésults,
convective instability is likely to be suppressed by the oscillatidren 0 C.
However, Berryhill and Spoor{31] did experimend later and found that theresults

generally agree witthe abovetheory while indicating the safe  is 20 ~ 30.

2.4.6. Other Convective Losses

Besides the aforemention&mbses ather connective losses also exist, suckhas
quastDC flow in pulse tubes caused by flow straightendg], as well as the losses
studied in this thesisjamely,convective lossesaused by periodic motions and minor

geometric imperfections.

2.5. RegeneratorCharacteristics

The regenerator is arguably the most impatt component irany regenerative
cryocooler.The design of a PTC system usually starts with designing the regen€hegor.
primary functionality of a regenerator is to absariareleasehermal energyhen the
working fluid travelsback and forthithroughit. Thus, a high heat capacity amdhigh
thermalefficiency, which is usually larger than 95%6 required for a regeneratdlain
wave screensas shown irkFigure11(a), are the most common material used to make the
regenerators of PTCBecause the behavior of plarave screens show®odconsistency
with the calculation based on the friction factor and heat transfer data presented by Kays
and Londa [33]. Other typas of materials, such as sintered mg@d], metal wool[35],

and plastic screeri86], shown in Figure11(b), (c) and (d), respectiveljave also been
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used by researchers. These materiate usually cheaperbut due tothe lack of
corresponding empirical friction and heat transfer data, their performances are not
predictableas accurately as plaimave screenatthedesign phase.

Low-temperature (usually below 20 K) regenerategalire special treatment. Most

metals exhibit very significant drop of specific heat capacity whein theperature is

(c) Metal wools (d) Packed spheres

Figurell Materials used in regenerators. Péinweave screens. (b) Sintered
metals. (c) Metal wools. (d) Packed spheres.
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below 20 K. Rareearth materials and lead have relatively higher heat capacityw
temperatureand are therefore commonly useddbricatelow-temperature regenerasor
However,rareearth materials and lead are too fragile or too brittleetanade into fine
screens. In this case, packed powder or spheresaiy used instead.

Besides beingrucial componenigegenerators are alsehere the major losses
usually occur in PTCsOne obvious loss is caused by imperfect heat transtesal
regenerators are irreversible becaus¢heflimited heat transfer rate and heat capacity.
Small hydraulic diameters and enouwdat transfer area are required to reduce the loss due
to imperfect heat transfer. However, increasing heat transfer rate usually will inevitably
result in extra viscous lod3ue to the fine and complicated porous structure in regenerators,
viscous dissigtion can be significant when the acoustic waves travel through regenerators.
When desigimg a regenerator, the losses due to imperfect heat transfer and viscous
dissipationmustbe considered simultaneousAnother consideration when choosing the
materid of aregenerator is thaxial conduction from the warm end to the cold badause
of strong temperature gradieRorous materials are usually manufactured in the way that
minimizes unnecessary contact betwéw®sn solidporous structures in order to minimize
axial conduction.

Designing a regenerator is complicated sitlteesefeaturescannot be perfectly
satisfied simlianeously.To increase heat capacity, one needs to either increase porosity
or thesizeof the regenerator. Bthese changassuallylead toeitherhigher hydrodynamic
loss or more axial conductivdoss What is more, bat transfer is coupled with
hydrod/namic lossBetterheat transfealmost always meamsaore hydrodynamic losass

well.
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2.6. Methods Used by Published Bsearches

This dissertation focuses understanidg the fundamentals aspeadfthe therme
fluid aspects of the oscillating flow in the pulse tubes and regenerators in PTCs. In this

section, the methods usedgpreviouslypublished literatures are reviewed.
2.6.1. Methods of Investigating the Flow in Pulse Tibes

Both experimental and comational methods have been used by researchers to
study the convective flow in pulse tubes.

Experimental visualization of the flowield in pulse tubes at cryogenic
temperaturecan be extremely difficullThe most common method that is used to visualize
flow field is particle image velocimetry (PIV). Pl¥ses laser light panel to illuminate the
released particles which can be recorded using cinematogrépdgnclosure of the flow
field must bevisually transparent and is usually made of gla#sichcan be a problem for
PTGs, because god sealings required for highly pressurized system$Pd<€s. It can be
difficult to achieve a proper sealing between glass and other maigsed in PTG at
cryogenic temperatusdecause ahenotable difference ithermal expansion coefficients.
Besides transparent enclosunédsualizable particles must be releaggto the flow field.

The working fluid in PTCs is high purity heliyrhowever, andhe added particles may
contaminate the system or create blockage in porous medium and thus harm the
performance of PTCs.

Because of the difficulties citednly a fewvisualizationinvestigations have been
done,and the few reported studies were perforraedoan temperature. Shiraishi et al.
[37-40] investigated multiple convective losse&sg. DC streaming, Rayleigh streaming
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and natural convectioim low frequency and low pressupellse tibes using smoke wire
technology.The cold end temperature range was well above cryogenic tempgraheie
resultsshowasymmetric velocity profilevhile the pulse tube is not positioned vertically.
Matsumoto et al[41] used particle image velocimetry (PIV) method to visualize and
compare the flow in #ine and ushape pulse tube cryocooleihe experiment was
performed based on steafliyw usingroom temperature air as the working fluid.

Other experimental studies mefocugd on empirical cooling performance or
losses rather than resolvidgtailedflow field. The natural convective instability for PTCs
was first reported by Thummes et [@1] and Fujimoto et all22] in GM type pulse tube
cryocoolers workingat low frequency (~2Hz)ln 2002, Wang and Gifforf42] observed
convective instability in the two stage Giype pulse tube cryocooler developed in
Cryomech. The secorstage ndoad temperature of the cryocooler could not be
maintainecat t he angl es of orientatimB0hRosse t har
and JohnsofR24] reported results from parametric studies based onfhégjuency (40 Hz)
inline and Ushape Stirlingtype pulse tube cryocoolers. In theirgasch, the convective
load was correlated to the orientation angle with respect to gravity and driving power.
Convective instability was observed when the orientation angld ar ger ,withan 60
110 t o 130 ,being the Wworstroriehtidina wihenltt&: 8trongest convections
were observed. The convect i thecolnvertwébadsat 180
110 tIn200b,3Nllier et alf[43] included coldend temperature and heat rejection
temperature in their parametric study regarding the convective instabibtyniniature
pulse tube cryocooler. In 2007, Hou et 4] reported a paramedr study of the

convective instabilityin a Stirlingtype coaxial pulse tube cryocoolén. addition to the

35



angle of orientation,he neload coldend temperature waalso correlated tocharging
pressure and driving frequency.

In 2009, Swift and Backhay27, 28] proposed d@heorybased on analogy with a
vibrating pendulumthat describes the possibility of the occurrence of significant
convective instability in pulse tubes brief outline of this theory has already been
presented in2.4.5 A dimensionless characteristic number, pulse tube convection
numberd , as described in Equatiod9), was proposed. The theory was tesied
calibratedusing their experiments which was basedaanomtemperature component
level smallaspectratio pulse tubeTheir research indicates that the convective instability
is minimizedwhen0 2. In 2012, Berryhill and SpodB1] presented results from a
number of di fferent sized PTCs, and compa
analog theory.The results generally agreed with the analogous theory buestegiga
much larger safety number @f

Computational methodsincluding onedimensional and muHiimensional
simulations are becomingincreasinglypopularin the researches of PT@s the past
decades.

SAGE [45], developed by Gedeon Associatissprobably the most popular 1D
simulation toolfor PTCs It has been widely used by researchers for the study and
optimization d PTCs.DC streaming was discovered by Gedgh} in simulation models
of doubleinlet PTCs using SAGEAs a 1D simulation code, SAGE is not computational
expensive. A series of simulations can be finished in a short period of time, often in a few
hours or days. However, as a seampirical method, SAGHIoes not solve all the

fundamental physic directly, and the predicionh SAGE depend greatly on the accuracy
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of the underlying correlations. Moreover, 1D methods like SAGE do notthawability

to predict multidimensional features, suaBRayleigh steaming, jetdriven streaming and
natural convective streaminijp the case when multimensional features are of interest,
computational fluid dynamics (CFD) methodee used.In 2004, Flake and Razaf6]
reported ® axisymmetric systertrevel CFD model$or pulse tubesCha[47, 48], in 2006
modeled an entire PTC system using a 2D axisymmetric CFD model and showed the
occurrence of mukdimensional flow features, such asggiven streaming, that cannot be
captured by 1D model$n 2007, Zhang et a[49] observed multdimensional swirling
flow patterrs in the pulse tube using a 2D axisymmetric C&ibwlation of a GMtype
orifice PTC.In the same yealiang and de WaelgB2] discovered a quafdC flow in
pulse tubes caused by flow straighteners using 3D CFD models. Catarad[50, 51]
usedaxisymmetric2D CFD modelsin the design oiminiatureand micrescale PTCs.
Taylor[52, 53] used componerievel 2D CFD models to optimizle transitions between
pulse tube and its adjacent componehisicahey][54-56] developed 3D systetevel and
componerdevel CFD models to investigate the natural convective instabilities in PTCs.
Mu | ¢ a keampanerdevel model includes a pulse tube and the two adjacent heat
exchangers. Boundary conditomre determined using systéenel models.Mulcahey
demonstrated that the componéatel CFD model can be used to model the convective
instability in pulse tubewithout the need fommense computational resource as system
level CFDsimulationsneed.ln 2015, Dai, Chen and Yari§7] alsoreportedthe detailsof

the oscillation flow inpulse tube using a componedevel CFD model that includes a

pulse tube and the adjacent heat exchangers.

2.6.2. Methods of Investigating the Losses in Bgeneratos
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A regenerator is made of porous materi@itse designing of a regenerator requires
good understading of the fluid dynamics and heat transfer in porous anadjood review
regarding the flow and heat transfer in porous @edn be found in Kavianys8]. The
designing of regenerators takes a considerable amount of iterations and is usually
accomplished by modeling. Volume averaging methp®63] is the most common
approach takenybresearchersvhen modeling porous mexiMicroscopic governing
eguations are converted to macroscopic equations in volume averaging methGEs\

[64] is a ppularlD codethat utilizetransport equations resulting fraaeragng method

to model regeneratoit is an opersouce code developed by the National Institute of
Standards and Technology (NIST). The heat transfer and fluid flow can be solved within a
variety of matrix materialsncluding parallel plates, stacked screens, and packed spheres,
using buildin empirical @ semiempirical correlationsin order to accurately model
regenerators, parameters such as Darcy permeaboitghheimer inertiatoefficient,and

heat transfer coefficient and correlations are needed.

There are currently two approaches to determine the parameterdesnd
correlationsfor transport processes in porous mediamputational and experimental
approaches. The computational approachased ormodelng microscopic pordevel
structures usig CFD. Kim[65 and Nakayamd66, 67] modeled a porous medium
consisting of square rods. Fumdi®8] and Palle and Aliabadi69] modeled packed
spheres. Pathak’0, 71] and Kuwahard72] used CFD to determine heat transfer and
thermal dispersion in idealized porous media. However, CFD models are based on
idealized and wll-aligned geometries which hardly exist in a real porous medium.

Experimental approacts evidently preferred. Harvef73] performed experimestand
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observed that oscillating flow produces higher friction than steady flow in porous mediums.
Cha measured flow closure parameters in radial and axial directicasdoety of porous
media and developed a CFi3sistd experimental methof48] for the determination of
standard porous media parameters (Darcy permeability and Forchheimer coefficient). This
CFD-assisted experimental method was rlabe pursuedin several otherresearch
investigationg74-76].

In previous studies, the efficiency of regenerators has been characterized mostly
based on the first lawf thermodynamics, and secolav analyses have been based on
exergy considerations or irreversibility associated with macroscopic flow modkis
Finding the optimum desigis usually not straightforward. He second law analysis
addressingentropy generation has recently been used by researchers to minimize exergy
destruction and optimize various therrflaid systemsBejan[77, 78] has comprehensive
discussions regarding the application of entropy generation minimization in optimizing
thermalifluid systemsThis techniquean be a convenient method to analyze the losses in
regeneratorddowever, this technigue has attracted the attention of cryocooler community
only recentlyZhao and Dan§79 modekda 120 Hz miniature coaxial Stirlirtype PTC
using a2D axisymmetric CFD model and analyzed the entropy generation due to gas

conduction, solid conduction, interfacial heat transfer, and viscous loss in the regenerator.
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CHAPTER 3: INVESTIGATION OF NATURAL CONVECTIVE
LOSSIN PULSE TUBES

3.1.  Summary

This chapter i$ocusedon the natural convective instability of the oscillating flow
in pulse tubes and consists of tBeudiesin three sections, componeevel CFD
simulatiors, experimental measurements, aydtemlevel coupled 1BCFD simulatiors.
The goalof thiscrapt er i s t o eval usatheery[Z w8 usingaand Bac
extensive data sésed on a variety of different geometries and working conditidres.
data set will include the results generated inithisstigatioras well as the results gathered
from external resage.

The componentevel CFD simulation is a followap and complementamesearch
to Mu | ¢ a leoenpodesHevel researchn his thesis[56]. The computational domain
includesa pul® tube andhetwo adjacent heat exchangerBhe computational setuptise
same as those in referen&®], but moreworking conditions were modeled®arameter
ranges covered in the componétel simulations are-Q80°or tilt angle, 4-8 for length
to diameter ratios, 4 K80 K cold tip temperates,-30%to +30%or mass flow to pressure
phase angles, and P& to 60Hz operating frequencie$he preliminary result from the
componerevel CFD simulation and gathered experimental data showed a notable
discrepancy between CFD model and experintesitow-up experiment andcoupledlD-
CFD modet were designed téurther investigate the cause of the discrepaasypart of

this dissertationwhich will be discussed in theext chapter. In this chapter, the data
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generated from thaforementione@xperimerg and thecoupled1D-CFD modes arealso
used to evaluatihe analogy-basedheoryof Swift and Backhaus
The experimerst utilized a commercial cryocooler prototype. The cooling
performance of the cryocooler was measured when st pegitioned at inclined angles
from O to 180 |, driven by v awmththeooipren@o we r
temperaturenaintained a?7 K and100 K. The experimental resulterveas data points
to evaluate the analgghasedtheoryand validate tb aforementioneadoupled1D-CFD
model.
The systerrievel coupled1D-CFD modelis based otthe same PTC prototypleat
was testedn theexperimers. The coupled mode$ designed tanodel the entire system
and toresolve multidimensional flow features in critical components, sucthapulse
tube, while preserving low computational castimparable tocomponemevel CFD
simulatiors. 1D-like components, e.g. inertance tube and compliance tank, are modeled
usinga 1D codewhile componentthat may contain important mulfimensional features
are modeled using CFD. 1D and CFD modules are coupled through a boundary condition.
Apart from providing data points to evaluge theorythecoupledlD-CFD model is also
atool to investigate the caa®sf the discrepancy between CFD models and experiments.
The computational studies, including compoHrentl simulatiols and system
level simulatios, can provide insighaboutthe deta# of theflow field andthe cooling
losses caused by natural convection. The flow details were analyzed to provide a better
understanding athe convective instability in pulse tub&heexperimentalesults along
with thecomputationatlataproduced in thistudy are summarized in thikapte. These

data,as well agheexperimentatlata fom otherexternalsourcesare utilizedto generate a
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clearer picture of the relationship between cooling performance and pulse tubetmnv

number presentecarlierin Equation(19).

3.2. ComponentLevel CFD Simulation

The simulations discussed in this part is a complementary study to the component

|l evel CFD simul ati[@s in Mulcaheyds thesis
3.2.1. Pulse Tube Thermodynamics

The smulation of pulse tuberequires a clear understanding of the energy flows,
real and theoretical, specific toathcomponent. The relevant energy flows and their
directions are noted iRigure 12, consistent with a cyctaveraged condition denoted by
angled brackets, e.g>O In Figure12, boundary planes onk and twoY represent the
cold and warm ends, respectively.

Thermodynamically, the pulse tube converts the Gibbs free energy to an enthalpy
flow, which travels from the cold end to the warm end, where heat rejection occurs. The

Gibbs energy is often referred as the acoustiocOpower and is expressed as,

Qo 9
(Qu) e — (w)
v IR pusetabe | o
(g — ,i bervessnnennnd (P, V)
i

Figurel2. lllustration showing the relevant energy flows for a pulse tube. PV pow
included in the energy flow diagram with dashed arrows for reference. The
temperaturgradientis cold to hot from left to right, i.e. fromy to Y .
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where 0 is the dynamic pressure amplitud®, is the volume flow
amplitude, and— is the phasangle differencéetween mass flow and pressure. In an
ideal pulsetube,the conversion iperfect,and the enthalpy flow is equal to the Gibbs
energyrate Using this idea, coupled with the remaining termEigure 12, the total net
energy flow in the pulse tube at a cyclic condition is,

oy OO O&O O (21)
whered00is the cycleaveraged pulse tube enthalpy flay, Otepresentshe conduction
in the working fluid, andd Qdepictsthe conduction in the solid wall of the pulse tube. In
practice, the acoustic power to enthalpy conversion is not perfect due to nuooenglesx
loss mechanisms that include Rayleigh Streaniir8y, Gedeon Streaminfl(], shuttle
heat transporf52], turbulent mixing and jetting, and gravitationally induced instability.
All these mechanisms reduce tvaiable enthalpy flow in the pulse tube and subsequently
the cooling power. Minimizing these losses has been the subject of numgretimental
and numerical studies over the years. The physical mechanisms of the aforementioned
losses are generally walhderstood with the exception of gravitationally induced
instability.

The gravitationally induced stability loss in pulse tube coolers is tlgeda
drawback to adoption for many applications. This is due to severe cooling power
degradation when operated in a configuration where the temperature gradient (cold below
warm) is not aligned with the gravitational field. As the cooler deviates frondéae
gradient orientation with respect to gravity, the flow becomes unstable and buoyancy
driven secondary flow develops. Gravitational loss has been observed to be highly sensitive

43



to geometry, mass flow amplitude, and driving frequennoythis thesis,this lossis
guantifiedas,

(I)HT[O@H—C’)’

D € {—+ -
SV 2 0 no

(22

where6O ; 1t Qs the net pulse tube energy flow at zero degrees deviation from ideal
anddO ; —UOs the net pulse he energy flow at an angle removed from zero. A clear

understanding of this loss is required to endbéuse of modern higfrequency pulse

tube coolers in applications where the ideal cogtavitation alignment is impractical.
3.2.2. Simulation Methodology

A brief overview of the key characteristics of the ANSYS dBD| simulation
methods used in this study will be given here. For explicit details of the simulation methods
the reader is directed to R¢b6], which describes two distinct methods for simulating the
convective losses: a full system approach which explicitly simulates all pulse tube cooler
componentsand an isolatedomponemevel model that includes only the pulse tube and
its adjacent heat exchangeihis study is complementary toe isolatedcomponerdevel
modelstudy inRef. [56]. All simulations are performed inB3 halfsymmetry, with the
symmetry plane coincident with the plane in which the gravity vector varies. It has been
showna componerdevel model introduces less than 6% error to the predictions, while
reducing the numbieof CPUs required for parallel processing from 64 to 12 and
simultaneously reducing the simulation time from 32 days to 12 gegemparsonwith
the system moddb6]. Validation of this model against a set of commnadrcryocoolers
was presenteth [55], where error was reported as a percentage of the net energy flow

across the pulse tube. An average error of 3.7% and a maximum error of 8.2% were
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reported usinghis modeling methodology, with largest errors occurring when the cooler
was driven below its design input power, resulting in very low Reynolds numbers.
Numerical simulation error magnitudes were in the range of approximately 100 mW,
indicating that theisulation method is most aptly suited for pulse tube coolers with larger
net cooling capadis 10 W to 20 W.

An open system modeling method is used to model the isatategonerdevel
domain consisting of cold heat exchanger (CHXa pulse tube, ang& warm heat
exchanger (WHX) as illustrated iigure 13. With properflow straightening, the flow
profile entering from connected inertance tube and regenerator does not significantly
influence the flow inthepulse tube. Based on the aforementioned assumption, a sinusoidal
mass flow condition with specified temperature, magnitude and phase angle relative to
pressure oscillation is applied at the entrance toctild heat exchangelCHX). A
sinusoidal pressureith specified amplitude and frequencyprovides closure to the fluid
domain at the warm heat exchang@81X). Isothermal boundary conditions at the cold

and warm heat exchangers allow energy to flow in and out of the domain. Monitoring

T:TC T:TH
/-(Isothermal) (Isothermal) -\
<« c | Pulsei Tube | ow [
<« H |, | H [€—>
5| X @ @ X |Jl&—>
T:TC T:TH —/
(Isothermal) (Isothermal)
m(t) =my sin(a)t + cpm_p) P(t) = P, sin(wt)

Figure13. Schematic view of the computational domain along the plane of symmn

Patterned sectiorrepresent porous domains. Solid filled wall section represents

domain. Dashed lines represent computational monitor planes. Double headed
represent oscillatory boundary conditions.

45



surfaces are defed across the pulse tube, denoésd 1, L2 and L3,at which the
thermodynamic and hydrodynamic parameters required to compute and isolate energy
flows across the domaare recordedConjugate heat transfer with the pulse tube wall is
included to simula thermally driven boundary phenomena that may impaetxsf
performance. Gas properties aadculated usingthe NIST real gas modetsrailablein
the REFPROP databap®l]. The heat exchangers are modeled as porous domains with
hydrodynamic parameters consistent with those reported for packed screens in oscillatory
flow by Cha anet al.[82)].

Figurel4shows the mesh used in the componrkavel CFD simulatioa Thepulse
tube is modeled in a symmetric domdtigure14(a) is the 3D view of the entire domain.
Figure14(b) shows the mesh on tube shell walldFigure14(c) shows the mesh on the
symmetry planeFigure 14(c) alsoshows the mesh on the inl@te domain is spatially
discretized using approximately 75,000 ordered mesh elements, the minimum quantity
found to yield gridindependence with discretization error less than 0.5% of the net pulse
tubeenergy flow. Twelve layers of inflation mestere used within the fluid domain to
capture boundary effects. The height of the first inflation layer yietdéithensionless
wall distance y+ close to The mesh sensitivity study can be found in refer¢b6f The
transient simulation was carried out to periodic steady state using time steps that yielded
400 samples per period of oscillation. Typical simulations required approximately 30,000
time steps for the solution to converge for convectively stable aoafigns. Simulations

were carried out on high performance computing (HPC) cluster resources in order to
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Figurel1l4. Computational mesh for compondetel CFD simulations. (a) 3D view
showing themesh on the surfaces. (b) Mesh on the surface of pulse tube shell.
Mesh on the symmetry plane. (d) Mesh on the inlet boundary.
perform computations in12 to 28 parallel processes, with a simulation duration of

approximately 255 hours per case. In sonstances24 CPUs were used for each case,
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which reduced simulation time to 155 hours.
Specific details outlining the methodology and simulations can be found in

Mu | ¢ a h e y[®6]s whicthcevers the geometric details and solver settings.

3.3.  Experiment Setup

The sensitivity of the cooling performance ot@ammercial PTC prototypeas
shown inFigure15, to the orientation of gravitational foreeasevaluatedn experimens
in this investigationTheschematiof the PTC prototype is shown kigurel6. The PTC
has a coaxial cold tigesignin which the pulse tubis in the centerThe diameter of the
cold finger is abou#i4.42 mm {.75 inclkes) The warmend is cooled by two airooled
towerheat sink. The compliance tank is located on the top of the warm end. The inertance
tube is coiled inside the compliance tank. The colairiven by a 60 Hzompressor

(wave generatdmwvhich is designed at 600 W input pow€&he cold head ancompressor

COMPLIANCE
TANK

COOLING
FANS
- TRANSFER LINE
TORQUE HEAT
-\“\\\\\\\ REJECTION
CORE
ELECTRICAL
JUNCTION BOX ~__

COLD HEAD

12vDC
FOR
FANS

VACUUM
FLANGE

THERMOCOUPLE

COLDTIP &,

.o
HELIUM FILL v
VALVE

POWER CABLE
(TO APPROPRIATE
VARIABLE A/C

SOURCE) PRESSURE WAVE
GENERATOR

PORT FOR ENDEVCO 8510B OR
8530B PRESSURE SENSOR (10-32
THREAD WITH SPOTFACE).
SHIPPED SEALED WITH MACHINE
SCREW AND SEALING WASHER.

Figurel5. The prototypical commercial PTC.
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Figurel6. The schematiof theprototypicalcommercial PTC.

are connected using a hard tube. The presdute waves that enter the cold head can be
measured byhe pressure sensthat isinstalled in the conjunction between the hard tube
andcold headas shown in the upper picturekigurel17.

In order to measure the cooling performance of the PTC, the cold tip needs to be
placed in vacuum efronment to eliminate convectioRrigure17 shows the PTC and the
vacuum chamber on whichig mounted. The vacuum chamiieacylindrical chamber
andwas designed for ultraigh vacuum application§.he PTCis installed on the top of
vacuum chamber throughl&2.4 mm §-inch) flange as shown in the top pictureFigure
17. There is a rotary mechanisattached to the left side end of the cylindrical chamber.
Using ths mechanism, the vacuum chamloan be rotated frora vertical position (07
expecting naooling deterioration caused by gravity)the upsidedown (180} position
The cold tipis sealed inside the vacuum chamber and covered by radiation steelter

minimize convective and radiative lassbetween the cold tip and the environment.
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Figurel7. PTC prototype and vacuum chambgne top picture shows the PTC. Th
lower leftside picture is the side view of the PTC and vacuum chaftiteer
cryocooler on the right side of the picture was not part of the experiment). The |
right-side picture shows the rotary mechanism that is attached to one end of

cylindrical vacuum chamber.
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The pressure inside the vacuum chamias controlled and maintained under
p& o p 1t Pa(lrmt p 1T torr) during the testasing a twestage vacuum pump system

as shown irFigure18.

—_—— AL e — e — S—
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Figurel8. The vacuum pimp andts controlling board

51



In order to measure the cooling performance of the PTC, cooling loads and
temperatureneed to be controlled machined copper test plate, as showFigure 19,
was designed to instalhe necessary electric heater and temperature sefnkerupper
picture inFigure19is thetop view of the test plate. There are four through holes in the
outer region of the test plate so that the test plate can be bolted to the cold tip of the PTC.
In the center of the plate there areotwmaller threaded through holes designed for

attaching temperature sensdn this experiment, a calibrated LakeShore &DD silicon

Through hole
Bolts

~ Through hole
Temperature sensor 1

Vertical view ®2.00

Through hole
Temperature sensor 2

Through hole
Heater

|

: | .
Horizontal view i @ —t-— @ i

Figure19. Drawing of the tesplatethatis attached to the coligp. The upper picture
is the top view and the lower picture is the horizontal view.
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diode cryogenic temperature sensor andtgpg thermocouplevere installed in the test
plate. The thermocouple was onlsedfor cross validation. The temperature was measured
using the calibrated silicon diode cryogenic temperature selBkmtric heaters can be
installed in the horizontal through hole as shown in the lower pictitigimel9. Two 25
W Cryo-con heaters were installed to simulate the cooling load. The silicon diode and the
heaters were connected to a Gogm Model 24C temperature controller which cantrol
the cooling load automatically.

The PTC was positioned at different inefionangles, 05 457 905 135%nd 1807
from vertical position. The coldnd temperaturegasmaintained a?7 K and 100 K. The
PTC was driven by 400 W and 600 W powvéihe cooling loads at these conditions were

measured and analyzed.

3.4. Coupled 1D and CFD Model

The overall cooling performance can be measured iexperimens describedn
Section3.3. But the flow field in the pulse tube cannot be observed experimentally. The
details of the flow fieldare important to understand the phenonh@goof gravitational
instability. Thus, a multidimensional simulation thahgarovide the details of the flow
field in pulse tubes wasecessaryThe components in the system of PTCs are highly
coupled. A slight change of one component can result in an entirely different performance.
Modelling all components as a coupled systenreiguired to accurately predict the
performance of a PTC. However, simulating a PTC in its entirety caornbputationally
extremelyexpensive. Only a transient solver can be used for these simulations due to the

oscillating flow in a PTC. The simulatiormsn typically take hundreds of periods for the
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flow to becomesteadyperiodic The system model developed by Mulcaligg], for
example simulatedan entire singkstage PTC, including inertance tube in 3D CFD. The
total number of mesh was very large. The model requires accurately resolving pressure
wave propagation and resistance in the inertance tube. As a result, the timeistiep

very smallto ensure that Courant number is close tq and the boundary layenustbe
sufficiently resolved to yield accurabeundary layedominatedesistance The inertance

tube and compliance tank in systéemel simulations are 1dke components. A multitde

of 1D models have shown very good prediction of the fin@nomenan inertance tubes

when compared with experime&3-85].

A componemievel mode] such as the oradescribedn Section3.2.only models a
critical component with small dimension, possibly in addition to its two adjacent
components, for example the pulse tube as wélleasold and warm heat exchangers, and
thus does not require very small time stipresolvethe pressure wave propagation. As a
result, a compone#evel computationaimodel can be orders of magnitude faster than a
systemlevel model. However, there arseveral troubling issues encountered in
componerdevel modeling. Normally a CFD model requires a pressure boundary and mass
flow boundary to yield a stable solution. The boundary conditions are often computational
predictions or experimental measuremeHtswvever, measuring pressure or mass flow rate
in most PTC components can be very difficuttcluding the experimerdescribed in
Section3.3,

To reduce the computational expense and to preseruatdgity of the impedance
network acoupledlD-CFD modelwasdeveloped and used as the computational approach.

1D-like components, e.gheinertance tube and compliance taméremodeled using 1D
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formulation. The coletip assemblywas modeled using CFD in order to resolve multi
dimensional features. The 1D model and 2D/3D CFD maeetcoupled usingANSYS
FLUENT User Defined Functions (UDFs). The predictions of the 1D model and the
coupled modeWwerecompared with experimental data as well as the predictions of other

models.
3.4.1. 1D model

Inertance tube and compliandank were modeled using a onedimensional
distributed impedance network model, as described by Schunk&f]alkith the entrance
effects neglected. The impedance of the inertance tube and compliance tank is analogous
to the electric circuit shown fRigure20. The inertance tube is discretized iatgegments.
Each segment is represented by a flow resistavi¢eqompliance @ ) and inertancelY)
where'(resents th& Eegment. The correspondingsadlow rate ¢ ) presents the flow
rate throughY ando . The pressure®) represents the pressure attight-handside end

of the’® Eegment. The compliance tank is representeddiyghecomplianced ).

Compliance
Inertance tube tank
1 1 1 1
| 1 1 |
| | | |
| 1 1 |
I 1 1 I
1 1 1 I
| 1 1 | | 1
\ ' ' | 1 | ' '
Pin er In P" Rz 2 Pz R1 1 P1
cn m“ CZ mz C1 m1 ccom

Figure20. Impedance networtepresenting amertance tube anglcompliance tank
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The resistance’Y), compliance ¢ ) and inertance() of each segment can be
calculated separately. The resistang (s due to the friction that the fluid experiendes
a circular flow passagendis given by

'y o th  0Fe o 23

where” [is the average density of the fluid in file segment) is the total length of the
inertance tubéQ is the inner diameter of the inertance tulbas the Fanning friction
factor. Since the flow ithe inertance tubes of PTCs is mostly turbulé@is calculated
from

Q mrTeQ?s (24)
where'Y ‘Qis the Reynolds number in tfh segment. The complianéé ) is given by

. O UF
° 1YY (29

wherel is the specific heat ratidy is the gas constant, aidis the average temperature
of the fluid inthe"th segment. Thanertance §) ) is determined purely by the geometry and
is given by
o TV e (26)
The associated impedancesresistance’Y), compliance ¢ ) and inertancelY)

are as follow, respectively

o P 6 (27)
Wi Qb (29)
Gr Y (29)

The impedance of thentire network can be calculatestarting from the first

segmentThe impedance network of the first segment has two parallel paths, compliance
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component j ), andw j, ®; and® in series is the impedance of
the compliance tank which can be calculated according to its volume:

Y'Y

& o (30
wherew Is volume of the compliance tank. The total impedance of the second
path @  j,which includes three componenés;, , @ ; and® , isgiven by
) Eo@ D Of (3D
The total impedance of the first segmeit, i, IS the combination of the two parallel
paths:
S (32
The same formulation can be repeated for the first segmentashtisegment.
6 n —— = fQ pifBR (33
w R Wk
O 5 W R ©Or O AQ chotB R (34
where® i is the sum ofo i and® j which are in parallekp i is the
total impedance ofo F,®pandw i which are in series. Thus, the mass flow
entering the inertance tube is given by
o w RS (39

whered isthepressure at the leftand end of the inertance tufidie mass flovihrough
the complianced ) path in theth segment it ; and can be calculated as:

. 0
a g O (36)

Similarly, the mass flow throughdlcompliance component in tff segment is:
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65 U g, QPR P (37)

Using the conservation law, the mass flow through the resistance and inertance components

in the"@ segment is given by:
a a a ;hQ phcB R (39
The pressure at the rightindside of the@t segmentan, thereforgbe calculated by:
0 0 a GOp O Q pigBRE p (39
Remembering for the lastth, segment,
0 0 & Qf Of (40
then, all thdocal unknowns can be calculated.

3.4.2. Comparison of the 1DModel againstPublished Results

The developed 1D model ht®e followingthree major simplifications:
1) Assuming the flow in iartance tube is fully turbulent;
2) Neglecting the effects of junction aedtrance regionsnd

3) Assuming that the process is isentropic.

The first simplification is based on the fact that the peak Reynolds numther in

inertance is normally huge and the flow is fully turbulent. The second simplification was

made because th#ects of conjunctions and entrance regions are negligible compare with

the total impedance of the entire network. The third simplificaiqustified becausehe

thermal penetration depth is an order of magnitude lower than the diameter of the tubes,

ard the property change due the temperature of the helium in inertance tube is small.

The developed model was compared with previous experimental and modelling results that

were published by Luo et 4B3]. The model thakuo et al.developedised a complicated

turbulencetransport modelvhich needs tbes ol ved numer i cal |
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Tablel. Geometric parameters of inertance tubes that were modelled

Tubes Length [m] Inner Diameter [mm]
Tube 1 1.689 1.016
Tube 2 1.219 1.547

Table2. Operating parameters of 1D model and experiment

Parameters Range
Charging pressure [MPa] 2.5
Oscillating frequency [HZz] 30to 90
Pressure ratio 1.05t0 1.4

model is supposed to be more accurate than the 1D medeloped hereespecially for
the casavhereresistance is significant

Two inertance tubes were modelddhe geometric parameteo$ theseinertance
tubes aresummarized iMmable 1. The inner diameter and lengtii tubel are 1.016 mm
and 1.689 m, respectly. The inner diameter and length of tube 2 are 1.547 mm and 1.219
m, respectivelyThe diameters of the tubes are small; and the effethe resistance
component is more significant than compliance and inertance compaaeatresulThe
operating prameters are shown rable2. The working fluid is helium with a charge
pressure of 2.5 MPa. The oscillating frequenciased from 30 Hz to 90 Hz wit the
increment of 10 Hz. The pressure ratios weneedfrom 1.05 to 1.4 with the increment of
0.05.

The predictdphase angkby whichpressurdeadmass flowerecompared with
both experimental and modelling resutfsLuo et al.[83], as shownn Figure21 and

Figure 22. Overall, the predictiors of the developed 1D modalec | ose t o Luo
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Figure21l. Comparisorof the pressuro-mass phase relationship at difference
frequenciedbetween 1D modeh thisresearch ex per i ment al d
model

experiments and simulationkigure 21 shows the pressute-massflow phase angle

while oscillation frequency is varyingi he 1D model agrees bette
experiment and simulation in tube 2 where ribgistance component is not as significant

as in tube 1The effect of frequency can be complex due to two competing trends. On one
hand, higher frequency leads to lower flow oscillation amplitude, whereby the
simplification 1 will be inaccurate. On theéher hand, higher frequency implies lower

thermal penetration depth, whereby simplification 3 will be more accurate. These may

explain why both models underedict the phase angle when frequency is low and over
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predict it when frequency is higRigure22 shows the pressute-massflow phase angle
while pressure ratigs varying Both models show good agreement with experiment for
tube 2.However when pessure ratio is lowthe agreement is not as good for tube 1. Tube

1 is longer and narrower than tube 2. The flow velocity and turbulence intensity through
tube 1 can be significantly smaller than that through tube 2 while pressure ratio is low.
Therefore, simplification 1 can be less likely to apply when pressure ratio is low. Luo et
al . 6s model ghetteebecaulse the tybealenEedransport model it used can
provide more accurate prediction of resistance, especially when turbulesrtstyis low,

such as tube 2 at high frequencyaw pressure ratio.

o 60 . : : : : :

o K —@— Tube 1, simulation

8 i —&— Tube 1, experiment, Luo et al. |1
; —4— Tube 1, simulation, Luo et al.

o 40 —A— Tube 2, simulation -
P v v Tube 2, experiment, Luo et al.
4 ;\ \ —<4— Tube 2, simulation, Luo et al.

o 20t
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a OfF
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o -20 -
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> . i . ;
-

Pressure ratio
Figure22. Comparisorof the pressuro-mass phase relationship at difference

pressure ratiobetween 1D modeh thisresearch ex per i ment al
model
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Further improvements of the 1D model are possible auititore accurate turbulent
model. The cryocooler tested in Secti8B.works at 60 Hz and a pressure ratio of 1.2 to
1.4. Fortheseparameters thdeveloped 1D model showed very good agreementtivith
experiments and simulations reported_og et al.. Thereforghis 1D model is usdin the

coupled D-CFD model.
3.4.3. Coupled1D and 2D/3D CFDM odeling

Figure23is a picture showing the CAD model of the chkhadof the PTC that is
modeledand tested experimentallgis descrie in the last two section$he cold head has
coaxial design with the pulse tube locatedtsatenter The pulse tube is the plaadere
multi-dimensional flow features may exiashd, thereforeis the primary reason thathe
cold heacheed to bemodeledn CFD.

The pressurwavethat is generated klijifecompressoenterghecold head through
the connecter located at the foght sideof the warm heat exchanger, as shawRigure
23. The pressurtravels through the ringhape regeneratanters the cold heat exchanger,
turns and travels throughe pulse tubeand finally enters the inertance tube

The simulation has a small tirstepand the totalsimulation timeneeds to be long
enough typically hundreds of periodso that multidimensional flow can fully develop.
Therefore, a simplifiedwo-dimensional axisymmetricgeometry was used to reduce the
computation cosifThe computational domain and boundary conditions are shokigune
24. As shown inFigure 24, the regenerator, cold heat exchanger (CHX) and flow
straightenersveretreated as porous medn the model All solid partswere omittedto

reduce the overall computationalrden This is a reasonable approximation because, in
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Figure23. The CAD model of the cold head assembly in the PTC in this study

comparison with convection, conduction in the solakerial is small and can be neglected
[56]. Isothermal boundary conditiomsereused on the surfaces of the cold and warm ends
of the coldtip assembly. As shown iRigure 24, the working temperature of the cooler
varnesfrom 313 K (warm end) to 77 or 100 K (cold end). The key performance indicator,

namely the cyclaveraged cooling powenascalculated by averaginthe instantaneous
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heat flux on the cole@nd isothermal surface. Note that although the computational domain

here is 2D, using the developed metlioe 1D model can be easily coupled with 3D CFD

1D code coupling

Inertance tube

Warm end
temperature: 313K

Pressure boundary condition
Flow straightener

(porous medium)

Regenerator
(porous medium)

CHX

Flow straightener (porous medium)
(porous medium)

Cold end

temperature: 77K

Figure24. 2D axisymmetri€CFD computational domain and boundary conditions
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models as well.

The aforementioned 1D model was implemented in 2D/3D FLUENT CFD models
using ANSYS FLUENT UDFs. The mass flow boundary condition at the junction between
inertance tube and cotp was defind by UDFs and calculated using the 1D model. The
other boundarywas the experimentally measured pressure profile. In this way, the
impedance of the inertance tube, compliance tank andtiposssembly are all coupled.
There will be only one imposed boundary condition which can be easily measured.

Figure25 shows the mesh that was used in the simulations. The flow regime inside
the pulse tube was weakly turbulent according to Iguchi ¢B@l. Specifically, the flow
in the region near the wall is laminar, and the flow in the center of the tube can be turbulent
in certain prtionsof a full cycle Thereforea fine me$ was used. The size of the grid
cells inside the pulse tulieequal to 1/12th of the diameter of the pulse tube. A minimum
of 30 layers of inflation mesh was used on the pulse tube wall. The height of the first cell
layer is equivalent to about one walit, 0 p. Coarser meshes was used for other
regions, e.g., regenerator and CHX, where the flow details are neither complex nor
critically important.

The pressureelocity schemewas coupled. Spatial discretization methods for
density, momentum and eggrweresecondorder upwind. The transient formulatiaras
secondorder implicit. The convergence criteria for continuity, velocities and eneegy
10%, 10% and 1@, respectively. Equilibrium thermal modeksused for porous media,

e.g. CHX andheregenerator.
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Figure25. Computational mesh.
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3.5. Results

3.5.1. ComponentLevel CFD Simulations

Because componetdgvel CFD simulation isa complementary study to the
componerdevel CFD simuldt ons i n Mu l [66 the gistussion ihcbudes s
briefreviewoft he resul ts fr bh Mul caheyds thesis

This discussiorexamines the results of 145 simulated pulse tube conditions with
driving frequen@sranging from 25 Hz to 60 Hz, cold end temperatures from 4 K to 80 K,
rejection temperatures of 20 K to 300 K, simulated mass flow rate amplitudes from 1 g/s
to 15 g/s, ad mass flow phase angles €#0°to +30°relative to pressure. Multiple
inclination angles d, from O0AofDcorres®idd, wer
to the cold end of pulse tube pointing downward, where the density gradidetlly
aligned with the gravity vector and the flow field is convectively stable. Two computational
domains were used with length/diameter aspect ratio of eight (8), commonly used as a
design minimum, and four (4), which is often required for larger capacity pules asb
crosssectional area scales with mass flow while length does not. Experimentally measured
off-axis performance for six (6) commercial cryocoolers are also included in the analysis
to add to the body of data from which conclusiaresto be drawn

Upon completion, each simulation was ppsbcessed to determine the net energy
flow defined in Equatior21 across the pulse tube at the cold end, adjacethe cold heat
exchanger but within the gas domain outside the transition from porous to open flow
channel. The energy flow data at varying inclination adjleerecompared to the energy

flow in the vertical orientation via Equati@2, yielding the normalized energy flow loss

'O, for which a value of zero indicates no reduction in cooling performance at the specified
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Figure26. Normalized loss coefficierfEquation2?2) for pulse tube with L/D=4
aspect ratio driven at 60 Hz at various mass flows in five discrete orientations
respect to gravity. Phase angle ®®°(mass lags pressure) and pressato of 1.2

operating between 300 K and 60 K.

ande, a value of one indicates complete loss of net cooling power, and a value greater than
one indicates that the pulse tube acts as a parasitic heat pipe and transfers energy from the
warm end to the cold end, resulting in heating. Normalized energy dlesvi$ plotted in
Figure26 andFigure27to indcate the order of magnitude reduction in sensitivity resulting
from changes in the oscillatory Reynolds numf&#, 'Y 'Q, which is based on Stocks
oscillatory boundary layer thickness and is defined as
vy Y (41)
where"Yis the crossectional mean flow velocity amplitudejs the kinematic

viscosity,and is the Stocks layer thickness given by

9y (42)
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Figure27. Normalized loss coefficieffEquation22) for pulse tube with L/D=8 aspec
ratio driven at 60 Hz at various mass flows in five discrete orientations with resp
gravity. Phase angle eB0°(mass lags pressure) and presstat#o of 1.2 operating
between 300 K and 60 K.

wherg is the angulavelocity.
The Reynolds number based oWQiStseddkoe sd bo
characterize the flow and ranges from 43 (very laminar) to 350, whecétibal value of
this Reynolds number faransition to intermittent turbulence is approximately 500.
Figure 26 displaysrepresentative energy flow loss data as a funatiothe mass
flow amplitude, and therefore the Reynolds number, for a pulse tube with -keagth
diameter aspect ratio of four (4) under the typical pulse tube design costli@dmmass
flow lags pressure by 305 (i.e— o ft The average gaseouwlium pressure used
in all simulations was 2.0 MPa with a pressure amplitude of 400 kPa. The mass flow

amplitude is directly related to the input power, and therefore the efficiency decreases
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significantly for higher mass flows at inclination angles abt»®&hen mass flow is used
as a mechanism to stabiliteeflow. The error bars displayed in the net energy flow plots
in Figure26 andFigure27 are used for unstable cases to show the maximum and minimum
energy flows bserved over the final 0.25 s of simulated flow time.

Figure27 shows theerformancef a pulse tube with identical operating conditions
to the results reported Figure26 and identical pulse tube gas volume but stretched to an
aspect ratio of eighB). In this case, only a single operating point (1 g/s, 90°orientation)
resulted in catastrophic loss of cooling, and an es®ein the mass flow rate to 4 g/s

reduced orientation sensitivity by two orders of magnitude.

10 E T | ! | : | ! | T | T | 1 | L | L 3
TE T E
0.1 F .
Z 001 :
- L ]
1E3 | .
1E-4 | _=
—8—1g/s, L/D=8, 20-4K |

i —e—2.5g/s, L/D=8, 20-4K

1E-5 s | L | L | L | " | s | " | L | L

0 20 40 60 80 100 120 140 160 180

Angle of inclination 6 (degree)

Figure28. Normalized loss coefficier{fEquation2?2) for pulse tube with./D=8
aspect ratiarivenat 60 Hz at various mass flows in five discrete orientations wi
respect to gravity. Phase angle 8d°(mass lags pressure) and pressure ratio of 1

operating between 20 K and 4 K.
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Figure 28 shows normalized cooling of the pulse tubetlwe same working
condition as shown iRigure27, excepthatthe working temperature is between 20 K and
4 K. In this case, the performance of the ptude was more sensitive to gravity orientation
than the caseepresenting300 K to 60 K. Two points (1 g/s, 90°and 135°orientation)
show catastrophic loss of cooling. Other points also present larger loss of cooling compared
with Figure 27. In the extremly low temperaturerange (in this case 20 K to 4 K),
inclination effects are more severe because of stronger convection resulting from larger
variation in density.

Figure29 compares the flow patterns at varying inclination angles. The sample case
had the parameters t#ngthto-diameterratio of 8 (denoted by LD8), 60 Hz, 1 g/s mass
flow, -30°phase lag of mass to pressure, and temperature range Kft@ K. The
temperature gradients in the middle part of pulse tube indicated clear convective flow
patterns for 907 135°and 180° conditions. The ptrns observed have different
characteristics at different angles indicating that the buoyant cellular structure varies with
the inclinationangle.

By showing contours of serval time steps within a cooling cyatpire30 presents
convective flow patterns for 90°and 180°at various points in the oscillation cycle. These
were the same casas thoseshown inFigure29. At 90°inclination, there was a strong
convective circulation that existed and lasted a whole cooling cycle, indicated by the cold
gas dropping and hot gas risirighe circulation could not be stabilized by oscillation in
the example shown. Meanwhile, the chaotic convective flow inside the pulse tube at 180°
indicated an apparently random flow circulation pattern, which is consistent with a quasi

stable configuratio, i.e. the temperature gradient is aligned with but directly opposed to
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the gravity vector. Convective flow does not travel from one end of the pulse tube to the
other end asotedin the 90°inclination resultsAs a resultthe temperature gradient at
180°was clearer than the one at 90°which implied weaker convective heat trafisier.
interesting to note thatFigure 26, Figure 27 and Figure 28 show that the180°cases

generally haddwer cooling losgsthenthe 90°cases.
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Figure29. Sampletemperatureontours (L/D=8, 60 Hz, 1 g/s, 20- 4 K, -30°phase)
at inclination angles of 07 457 907 135°%nd 180¢ Color bar has units of degrees
Kelvin (K).
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3.5.2. Experimental Measuremeris and Coupled 1D-CFD Simulations

One cycle Inclination angle 90 degree

T
| I
T
AL E

One cycle Inclination angle 180 degree
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Figure30. Temperature contours (L/D=8, 60 Hz, 1 g/sK20 4 K, -30°phase) of 90°
and 180°inclination angle at 0/4, 1/4, 2/4, 3/4 and 4/4 point of a full cooling cycl
Color bar has units of degrees Kelvin (K).
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The aforementioned experimsrndthe coupledlD-CFD simulationsare based
on the same PTC protype. Thereforejrthesults are presented and discussed together in
this section.

In the experimerst the cooling power of the PTC prototype has been measured at
400 W and 600 W driving powers, and 100 K and 77 K-eold temperatures. These
measurements were done at five inclination angles, including 09vertical position with cold
head pointing downwads), 45 907 135°and 180°(vertical position with cold head
pointing upwards). The pulse tube convection number,, as shown in Equatial®, for
condtions tested are calculated and showiTafble3. Note that  can be calculated
only when the inclination angle is larger than.99higher0  indicates that the PTi8
less likelyto show coolingpowerloss dueto inclination. Among all the cases, s the
smallest when the inclination angle is 135? It suggested that when positioned at 135 the
PTC may present the worst coolipgrformance. At 180 th&) s slightly larger than
at 135; and the performance of PTC can be betfan.inclination angleof 90°, which

represents a horizontal orientation is actually only slightly worse off in comparison with

Table3. Nondimensional pulse tube convection numbers of the tested pulse tt

Working condition Nprc at the inclination angle

Driving power (W) Cold-end 90° 135 18C°
temperatee (K)

600 100 60.6 26.1 26.6

400 100 284 12.3 12.5

600 77 18.3 7.9 8.1

400 77 13.9 6.0 6.1
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Figure31. Measured net cooling power of the PTC at various driving powers (4(

and 600W), coleend temperatures (77K and 100K) and inclination angles (07 4!
907 1357 1803.

0°(vertical with cold head down) configurationSwift and Backhaus[27, 28] concluded
that PTCs with small aspect ratid3f0, will have stable cooling performance when
inclined if 0 ¢. WhenOfU is larger, the minimum safe value @f  should be
larger. However, Berryhill and Spo@B81] suggested that the satereshold value of 2
should be several times higher. All the case$able 3 should bestable if( Cis
used as théhreshold for negligible loss due to inclination

Figure 31 shows themeasured net cooling power of thestedPTC at various

driving powes, coldend temperatuseand inclination angke When the PTC was
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Figure32. Normalized cooling loses (Equatidf) calculated based on the measur
net cooling power of the PTC at various driving powers (400W and 600W)endld

temperatures (77K and 100K) and inc

lination angles @907 1357 1803.

positionedvertically with its cold head down— 11 J, it worked at the optimum condition

and generated thbighest cooling powefo

r any givendriving power and colénd

temperature. When the PTC was positioned-atp o vitishowed the lowestooling

power. Coincidently, inTable 3, the lowest

observation agrees

stronger natural convection.

can be achieved wher p o vThe

with Swift (@ndddcBtesck haus

In order to compare differectsedlirectly, we definethe normalized cooling Ies

coefficient
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Values of6 0 for the cases iffigure31 are presented iRigure32. Larger00 means the

PTC loses more cooling power in comparison with the coglowerin the idealvertical

condition.In Figure32, notable cooling deteriorations can be observed when the PTC was
inclined. At 1357 all cases had tirelowest cooling powerand therefore thie worst
performance. When the PTC was driven by 400 W and tlieera temperature was 77

K, the PTC lost all cooling power at 135° With the same inclination angle, larger

implies that the performance is less sensitive to misalignment with gravity. The trend for

the various driving powers and cedthd temperares generally follow Swift and
Backhausod6s theory. Howe We rappeardtebe significantymi ni m
higher than the value previously proposed by Swift and Backhaus.

The coupled1D-CFD model was used to model the exact same systam.
explained earlierhie only boundary condition, pressure profile, Wased oexperimental
measurements.

In Figure 33, thecycle-average cooling power predicted by the ceddD-CFD
model is compared with experimeat the condition where the PTC was positioned
vertically. There is a fair agreement between the predictions of the coupled amoidiet
experimers. The smallestliscrepancy (about 2%) is obtained for the 10080W case,
and the largest discrepancy (about 20%) occurs for thedTUOW case. The main reason
the calculated cooling powers are higher than experimebelisved to bethat the
conductive and radiativéosses are not accounted for in the model. To assess the
contribution of losses, the conductive loss was calculated using the computer code SAGE

[45]. The calculated conductive losses through solid shells amounted to 4.068W and
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4.343W, respectively, for 100K and 77K cold tip temperatures. The surface of the cold
head in the experiments is slightly oxidizédrthermore The emissiity of the copper

CHX depends on its surface conditions and can vary from 0.07 (scoured to a shine) to 0.7
(oxidized). The surface area of the CHX is approximately 6%) amd the cold head is
covered by two layers of radiation shield. The estimatedtraglilsses are in the range

from 0.075W- 0.75W and 0.076W0.76W, respectively, for the 100K and 77K cold head
temperatures. The differences of cooling power between coupled model and experiment
are around 1W and 4W for the 100K and 77K cold head teanpes, respectively, which

are in the same order of magnituaetheestimated conductive and radiative losses.

1 ! I
I Experiment
B Coupled model

40

Cooling power (W)

100K 600W 100K 400W 77K 600W 77K 400W
Cold-end temperature and driving power

Figure33. Comparison of cooling power between coupdl®CFD model and
experimeniwhen the PTC is positioned vertically with the cold end down
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Figure34. Comparison of cooling power between coupled model and experimi
when the PTC is upside down

Figure34 shows the cyclaverage cooling power predicted by themed model
and measured in experiment when the PTC was positioned wuside — p 11 JThe
agreement betweesimulation and experiment is not as good as it was for the vertical case.
The simulatios indicate that the cowlg performance of the PTC wastraffected by its
inclination angle. It has been noticed that simulations generally predict better cooling
performance at unfavorable inclination arggle comparson with experiments. This
disagreement between model axperiment andhe possible reaserbehind it will be

discussed ithe forthcoming Chapter df this thesis.
3.5.3.  Comparison Between Experimental @ta and Simulation
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L/D8 40 Hz 60 K - 1 g/s (+30 phase)

L/D8 40 Hz 60 K - 2.5 g/s (+30 phase)

L/D8 40 Hz 60 K - 4 g/s (+30 phase)

L/D8 60 Hz 60 K - 1 g/s (+30 phase)

L/D8 60 Hz 60 K - 2.5 g/s (+30 phase)

L/D8 60 Hz 60 K - 4 g/s (+30 phase)

L/D8 60 Hz 80 K - 1 g/s (+30 phase)

L/D8 60 Hz 80 K - 2.5 g/s (+30 phase)

L/D8 60 Hz 80 K - 4 g/s (+30 phase)

L/D8 60 Hz 60 K - 1 g/s (-30 phase)

L/D8 60 Hz 60 K - 2.5 g/s (-30 phase) _
L/D8 60 Hz 60 K - 4 g/s (-30 phase)

L/D8 25 Hz 20K-4K - 1 g/s (-30 phase)
L/D8 25 Hz 20K-4K - 2.5 g/s (-30 phase)
L/D8 40 Hz 80K-20K - 1 g/s (-30 phase)
L/D8 40 Hz 80K-20K - 2.5 g/s (-30 phase)
L/D8 40 Hz 80K-20K - 4 g/s (-30 phase)
L/D4 60 Hz 60K - 2.5 g/s (-30 phase)
L/D4 60 Hz 60 K - 1 g/s (-30 phase)

L/D4 60 Hz 60K - 4 g/s (-30 phase)

L/D8 60 Hz 20K-4K - 1 g/s (-30 phase)
L/D8 60 Hz 20K-4K - 2.5 g/s (-30 phase)
L/D8 60 Hz 20K-4K - 15 g/s (-30 phase)
L/D4 60 Hz 20K-4K - 1 g/s (-30 phase)
L/D4 60 Hz 20K-4K - 2.5 g/s (-30 phase)
L/D4 40 Hz 20K-4K - 1 g/s (-30 phase)
L/D4 40 Hz 20K-4K - 15 g/s (-30 phase)
L/D4 45 Hz 20K-4K - 1 g/s (-30 phase)
L/D4 45 Hz 20K-4K - 2.5 g/s (-30 phase)
L/D4 45 Hz 20K-4K - 15 g/s (-30 phase)
L/D6 45 Hz 20K-4K - 1 g/s (-30 phase)
LD/6 45 Hz 20K-4K - 2.5 g/s (-30 phase)
L/D6 45 Hz 20K-4K - 15 g/s (-30 phase)
L/D10.5 Experiment 60Hz 300K to 50-120K (-45 to -28 phase)n
L/D8.15 Experiment 44 Hz 80K-35K (-30 phase)
L/D8.6 Experiment 26.5Hz 55K-10K (-55 phase)
L/D3.4 Experiment 60Hz 300K-77K (-55 phase)
L/D3.4 Experiment 60Hz 300K-77K (-55 phase)
L/D3.4 Experiment 60Hz 300K-100K (-55 phase)
— — Experiment Envelope function N_ptc>5

—— Simulation Envelope function N_ptc>5
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Cold End Pulse Tube Convection Number pr

Figure35. 9 ¢ i—s(Equation22) vsU  results for aggregated simulations and
experimental datasetLegend entries indicate the aspect ratid), driving
frequency, cold end temperature, mass flow, and phase angle of mass flow rela
pressure (dashed and solid lines indicate the envelope functions described in Ec
44 and Equatior5, respectively .0700 r e f er s -to-diamétdn &spett eatio
The legend gives the following information, in order: (aspect ratio) (frequency
(temperature range) (mass flow amyadi¢) (mass flow to pressure phase angle).
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Figure36. 9 ¢ i—s(Equation22) vs. 0
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results for aggregated simulatiocsrsd

experimental datasets plotted on a logarithmic vertical axiskigaee35 for legend
defining driving frequency, cold end temperature, mass flow, and phaseo&ntiss
flow relative to pressure (dash and solid lines indicate the envelope function des
in Equatiord4 and Equatiod5 respectively).
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The disagreement between aforementioned model and experiment at the condition
where the PTC is not positioned vertically is no uncommon. s f@ction, the results of
the cooling performance frothesimulation and experimedescribed in this chapteand
externalsources are summarized and discussed.

The data are summarized and presented-igure 35 and Figure 36. The
computational and experimental results includeBigure 35 andFigure 36 have a wide
range of pulse tube conditions. Driving frequencies range from 25 Hz to 60 Hz, cold end
temperatures range from 4 K to 100 K, rejection temperatures range from 20 K to 300 K,
masdflow rate amplitudes range from 1 g/s to 28.5 g/s, and mass flow phase angles range
from -55°to +30°relative to pressure. Six different pulse tubes wiémgth to diameter
aspect ratio from 3.4 to 10.5.

In order to assimilate athe collectedlata, theoulse tube convection numbeér,
defined by Equatiorl9, and the normalized energy flow los8, ¢ i—s, defined by
Equation22 were computed for each caségure 35 displaysthe normalized energy flow
loss 9 € i—S as a function othe computed pulse tube convection number for all
data collected in this study, both numerically simulated and experimentally measured.
Figure 36 presents the same data Rigure 35 on a logarithmic vertical axis. A key
characterist of the plot inFigure 35 is the notable scatter in sensitivity throughout the
range ofd . This suggests that the pulse tube convection nucapelne used as an order
of magnitude indication of the orientatisensitivity butcannot be relied upon to directly
compute the expected change in energy floiva specific coolerin order to maximize

orientation robustness, the designer should maxitheeulse tube convection number,
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compute the maximum predicted loss, then perform CFD simulation as necessary to verify
orientation sensitivity is below the predicted value.

It needs to be noted that pulse tube convection nuthberwas derived basl on
the analogy between grawtriven convection in a pulse tube and an inverted pendulum
that is stabilized by vibration, where the pulse tube flow field is idealized as plug flow in a
loop. The fluid in the idealized pulse tube is thus assumed ttrdidiad, leading to the
aforementioned loop. However, in reality, the convective flow pattesupirse tube is far
more complex. Instability does not set in abruptly and is accompanied by complex three
dimensional flow effects. As a result, the nolimed cooling loss may not strictly follow
auniquerelationship withh  alone.

Curve fits to the highest losses observed was performed to provide an envelope
giving an upper bound to the losses observed across the range of pulsenvdxtion
numbers simulated and measuriedgeneral, observation of the data presentdeignre
35 and Figure 36 yields interesting trends. Both experimental data and simulation are
scattered. Pulse tube convection numderc is only an order of magnitude indicator of
gravity sensitivity. The convége flow pattern is determined bgollective effects of
various factorsThere is notable evidence that use of higher operating frequency, when
possible, is advisable. Furthermore, larger aspect ratio (slender) pulse tubes generally
perform betterwhen trey areoff axis for temperatures above approximately KaOFor
temperatures below approximately H5off-axis effects are noticeably more severe as
expected due to the larger disparity in density between cold and warm ends when compared
to more moderateemperature cases. Finally, larger mass flow amplitudes generally serve

to reduce the oféixis sensitivity, though cooling efficiencies may decrease as a result. Mass
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flow stabilization is attributed to larger inertial forces, which are stabilizing when
conmpared with the buoyancy forces.

All of the observed cases shown kigure 35 and Figure 36 report orientation
sensitivity in terms of normalized energy flow loss below a bounding function which is
fitted to the largest observed loss over the full range studied. All the extreme points are
fitted with an &ponential decay function of the form shown in the forthcoming equation,
which is valid for0 v.

D€ i—s p® p Mo’ 0 v (44)

All the extreme points foNptc> 5 areexperimental data. The experiments were
more sensitive to unfavorable gravity orientation in comparison with the simulaéi®ns
stated earlierThe following equation is a curve fit that represents the upper limit of the
relative losses in CFD simulatioasults.

D & i—+s pg& v @8 0 v (45)

The aforementioned higher sensitivity of some of the experimental data to the tilt
angle in comparison with CFD simulations is likely due to the-ided features in the
experiments. The CFD model used in this study has the idealized assumption that no
streaming effectare causedby other components or imperfections, e.g. inertance tube,
coaxial heat exchanger and raniformity of real porous medi There can be minor
geometric features that exist in a real PTC and are often neglected in CFD sirmauldion
possible effect of some minor geometric features will be stu@hapter 4.

The utility of the data reported herein is the ability to determinexpected order
of magnitude loss as a function of a calculated pulse tube convection number for a given
theoretical design. This factor can be incorporated in a scépwegstudy to avoid designs

thatpossessindesirable orientation sensitivity. Oncpraspective design is developed, it
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should be examined using the abalescribed @© CFD methodology at the worst

anticipated angle of inclination to verify the level of sensitivity prior to fabrication.

3.6.  Concluding remarks

In this chapter, the natural cwactive instability of the oscillating flow in pulse
tubes was studied by three methods: compeleset CFD simulations, experimenand
systemlevel coupled1D-CFD simulationsS wi f t an ds theery[X7,28 waso
evaluded using genera¢d and gathexd data thatare based on a variety of different
geometries and working conditions.

The componenlevel CFD modelreatsa pulse tube and idjacentwarm heat
exchanger and cold heat exchanger symmetriD domain A widerange of parameters,
including the aspect ratio of pulse tube, warm and cold end temperatures, mass flow rate,
driving frequency, and the anglein€lination with respect tgravity, were stuigd. A total
of 145 pulse tube conditiongeresimulated.Thedriving frequency rangsfrom 25 Hz to
60 Hz Cold end temperaturegangefrom 4 K to 80 K Rejection temperatureangefrom
20 K to 300 K Mass flow rate amplitudesngefrom 1 g/s to 15 g/sMass flow phase
anglesangefrom3 0 A to +30A relative to pressure.
to 1807 were studied. Net enthalpy flow and normalized coolingdewere calculated
and analyzed.

More studies, including both experiments and simulations, were conducted based
on a commercial PTC prototype. In the experirgetite cooling power of the PTC

prototype was measured at conditions where the driving power was either 400 W or 600
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W, the coldend temperature was 77 K or 100 K, and the inclination angledéruge 0°
to 180¢

In order to model the same prototype system in its entiretpupled1D-CFD
model was developedhe couptdmodel models 1Bike componentincluding inertance
tube and compliance tank usiageducedorder 1Dformula The 1Dmodelwasseparately
compared with published experimeahdamodelin theliterature andvas shown tagree
with them. The cold head assemblyoweverwas modeledisingCFD in order taesolve
its importantmulti-dimensional features. 1D and CFD models were coupled uNSyYs
UDFs. In this way, there was only one boundary condition, a pressure ,prtfitdn can
be measured in experimentThe coupled model is orders of magnitude faster than its
equivalent systerflevel models, because it models fewer componentslaesl not require
small time steps to resolve pressure wave propagation in the inertance tube. Furthermore,
unlike the reducedrder moded in SAGE [45 or the componerevel model, the
boundary conditions required by the present model can be in terms of easily measured
parameters. No imposed calculated boundary condition is needed.

All the results were characterized in terms nbadimensional loss of net energy
flow and anondimensional pulse tube convection number. The results indicate that the
magnitude of cooling power loss decays exponentially with increasing pulse tube
convection number and orientation sensitivity is miaegd by applying the design which
yields the highest laminar Reynolds number in the pulse tube. The reported relationship
that is displayeth Figure35andFigure36, and is formulate ifcquation44 and Equation

45 can be used for scoping purpose when dasiga PTC.
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A notable disagreement between simulations and experiments was also noticed.
The predicted cooling performance by CFD model at un&blerinclination angkeis
usually better thathe cooling performance in experimédot the same condition. The
experiment and theoupled1D-CFD model were partially inspired by tbarly awareness
of thedisagreemenBased orthe developedoupledl D-CFD model and the experimeht
results aninvestigaion was performed to identithe potentialcaugsof the disagreement

between simulation and experimgnhich is discussed ithe followingchapter
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CHAPTER 4: INFLUENCE OF MINOR GEOMETRIC

FEATURES ON PULSE TUBE CRYOCOOLER PERFORMANCE

4.1. Summary

When the results from componetdvel CFD simulatios werecompared with
experiments, it was found that the CEihulation resultsvere in most casdgss sensitive
to the aientation ofthe PTC with respect to thgravitationalvector In order tofurther
investigatehis discrepancythe experimestdescribedn Section3.3.andthecoupledlD-
CFD simulatios describeth Section3.4.werecarried out The result®nce again showed
that models were lesensitive to unfavorable orientation of the PTC than experiments
Thus, when the PTC is positionagrtically with its the cold end pointing dowvard, the
coolingpower by the couplediD-CFD agrees with experimentell. However,when the
PTC is positionedipside downj.e., vertical with the cold head at tdpe coupled1D-
CFD model predicted higher cooling power comparisonwith the corresponding
experiment.

Thesummarized results frofection3.5.3are now revisited~or convenience, the
results depicted earlier iRigure 36 is reproduced irthe forthcomingFigure 37 which
shows the gathered results fraxternal resourcesnd Chapter 3n this figure he solid
andcrossedgsymbolsrepresent CFRjenerateénd experimental data points, respectively.
Furthernore, he solid and dashed lines are the enveloping sdorehe CFD-generated

and experimental data points, respectively.nasgein Figure37, CFD mocdels generally
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showlower natural convective loss@s comparison withexperiments We hypothesize
that this disagreement is mainly due to the cumulative effect of small geometric features

that render the overall geometof the system noideal. The effect of such minor
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geometric features that exist in real cryocoolers and are usually neglected and not resolved
in CFD modelsarethus be examined.

Some minor geometric faates or imperfections may exist in a PTC, either by
design or for manufacturing convenienaehich are normally not resolved in CFD
simulations. Examples include tapered edges, small flow area changes, and small gaps in
the junctions between components.s®eing these features can be computationally
expensive and unnecessary in most industrial applications. However tdaepzcial and
complicated physics in PTC, these small features/imperfections can be important.
Thereforejn this chapter, a serie§ Gomputational Fluid Dynamic simulations based on
the prototypicalPTC describedn Section3.3. will be presented and discussédie CFD
simulatiorsused theoupledlD andCFD modeldescribed earlign Sectior3.4.The study
will focus on the most important conjunction, namely tha&jwoction between flow
straightener chamber and pulse tuddepindicated by Conrad et diB8] as an important
feature in cryooders Detailed CFD model predictionwill be compared with the
experimental results iBection3.5.2 and wil be used to investigate the impact of such
apparently minor geometric imperfections on the performance of Stirling type pulse tube
cryocoolers. Predictions of cooling performance and gravity orientation sensitillity w
also becompared with experimental rdsuobtained with th&TC prototype. The results
it will be observedindicate that minor geometry features in the cold tip assembly can have
considerable negative effects on the gravity orientation sensitivity of a pulse tube

cryocooler.

4.2. Minor Geometric Features in PTC
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The CFD model in SectioB.4. made some simplification and neglected several
minor geometric features, such as small flow area clsahge to manufactimg, micro
porous structure itheregenerator, and the structure of the flow channels in flow straighter.
Those CFD models and simulations can be considered as the reference cases for the

forthcoming models and simulations in this cleapt
4.2.1. Minor Geometric Features Outside the Pulse Tube

Several components were modeled using homogeneous porous medium model in
the CFD modelFigure38 shows the location of some of these simplified geometries in the
vertical cut plan othe CAD modelof the PT® sold headln the cold head, thegenerator
is locatedin theouterlayer out&de pulse tube and is made of stacked screertse@FD
model, the regenerator is modebsiaporous mediunn whichthe microstructures in the
regeneratolre not directly resolvedSimilar to the regenerator,hte flow straighteners
located at the topnd bottom of the pulse tulbee also made aftackedscreens. Thegre
alsomodeledas aporousmedium inthe CFDsimulationhere Any porousregion that is
filled with porous medium is defined as porous zone in @kidels andare represented
by macroscpic volumeaverage type conservation and transpeguations Extra
resistance and additional heat transfer in the porous zone are calculatecelesiagt
correlationsfor porous mediaTherefore, the microscopand pordevel flow detailsin
porous structureare notresolved inour CFD model.

It is possible thatnore largerscale unresolved flow details associated with the cold
heat exchangeilhe cold heat exchanger is a copper block with small flow chareels
shown inFigure39. The fluid flows into the channels from the outer layer and converges

in the center region before entering the pulse t#odly resolung the structuresand
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~ Flow straightener 1

Regenerator screens

__—Flow straightener 2

Flow channalsin

—
- the cold heat
I exchanger

Figure38. A vertical CAD cut view of the cold head assembly in the PTC. The
component, regenerator, flow straighteners and the flow channel in the cold h
exchanger, were modeled as porous medium.

channeldn the cold heat exchanger in a CFD model caexzessivelycomputationdy
expensive while its 3-dimensional characteristi@ge impossibléo be capture in a 2D

model With the consideration thélhe same heat exchanger had been made with screens
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Figure39. The CAD model of the flow straightener in the PTC. Helium flows
through the small channels.

or other porous mediunm other prototypest can be a good approximation to model the
cold heat exchangasaporous mediumTherefore, somgts and multidimensional flow
featuresthat exist in the cold heat exchanger in the real PTC may not be regoled
CFD model

Even though these flow features were probably not captured by the simplified CFD
model, it is unlikely hat the effect of these featuresuld persist in the pulse tuliproper
flow straightenes are usedThe flow straightensiin this commercial PTC prototypeane

carefully designed to eliminate the effechadlti-dimensional features outside pulse tube

4.2.2. Minor Geometric Features in the Pulse Tube
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While the simplifications outside the pulse tube may not ra@sualéeviations in the
prediction of cooling performance, those inside the pulseprdi®bly can.Thereare two
small flow area changes inside the pulse tabthe PTC that was tested and modeled.
Figure40 showsthese two areas the vertical middle cut plane of the CAD model. These
flow area changeare caused by the shell of the pulse tubeaaadocated at the two ends

of the pulsdube indicated by the small red circleskigure40. The thickness of thpulse

Pulde tube shell
A

Edge

Flow strgightener screen

Figure40. A vertical CAD cut view of the cold head assembly in the PTC witr
enlarged \vews showing the changes of flow area (in the red circles) due to ed
created by the pulse tube shell.
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tubeshell isonly 1/80 of the diameter of the pulse tulbbe picture in the blue circle is the
enlarge view showing the sméllbw areachange. There is a smakg between the edge
of the pulse tubeshell and theadjacentlow straightenerThe entire cold head assembly
was pressure fitted and, therefotbe size of the gapvas not controlled during
manufactuing. In comparison with what is showedHigure40, in areal PTCthis feature
can be larger aamaller, omotevenexist What is more, the edges of thelse tubeshell
were rounded which is a common procedarmanufacturingln the real PTC, the edges
are probably not rectangulamlike theedges shown in Figure40.

Other than the uncertainggsociated with the exact geometrytafpulse tubeshell,
dealing withthe uncertaintyabouttheexact geometry of thibow straighteners even more
complicatedFigure4lis a picture ofareal flow straightenerAs shown in the picture of
the real flow straightener, brazing matesialere used to anchor the mesh screen in the
flow straightener housinglhe material blocksome poresThe thickness of this layer
where pores are completely or partially blockedot uniformand generally variesdm
one to three mesh pores. The miestneflow straighteners a number 80 meshhus the
thickness of thérazing materidlyer is comparable to the thickness oflése tubeshell
itself.

As a result, the exact dimensiondtwg minor geometric featusavhich exist in the
PTC prototype thatvas tested experimentate unknownin the CFD modeltheseminor
geometric featuewere neglectedbecausdahdar dimensios were small and uncertain.
Normally, such a small approximation should not result in a signifiroaatelingerror in
common industrial applications. Howevéecausehe results inChapter 3indicated a

notable deviatiorbetween the CFD simulations and expenisea series of parametric
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Brazing material
blocks a few pores

Figure4l. A picture of the flow straightener. The enlarged view shows that braz
material blocks pores near the housing.

simulationsrelated totheseminor geometric featusawill be performedin this chapter in

order to investigate the effect of these minor geometric features in PTCs.

4.3.  Simulation Methodology and Parametric Study
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Figure42 The geometry (bottom) that represents the changes of flow area anc
enlarged and exaggerdtégure (top) showing the parameters that were studiec

The simulation in this chapter used twpled1D-CFD model that was developed
in Section3.4. The only difference is that the aforementioned minor geometric feature
the change of flow area, wesolvedin the geometryand the mesh density in those areas
was adjusted accordingl¥igure 42 shows the geometry and the parameters that were
studedin this part. A small diameter changde the blue circle ifrigure42, was included
in the geometry toepresent the change of flow area due tontiveor geometric features
The top part ofFigure42 is an enlarged and exaggerated figure showing the geometric
features in the blue circle. Because the exact dimensiothesé featuresere unclear,
three geometric parameters wareestigatedn the following parametric study.

As illustrated inFigure 42, the effective flow diameter of flow straightener is

slightly larger than the diameter of the pulse tube, by quaatihich represents the
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change of flow arediameter Furthermoreb represents the size of a gap betwiberflow
straightener and the edge created by the diameter change. As shownigint thide ofthe
exaggerated drawing FFigure42, two shapes of the edge, sharp edge and round edge (
a/2), werebe studiedThis parameteevidently depends owhether the edge of the shell
of pulse tube was rounde@ther computational methodolpgletailswerethe same as
those @scribed irSection3.4.The geometry in Sectid®4.isthus theil p e r feferenteo
andhas® mandthuso 1 T

The diameter change&y can be anywhere from 0 to 1/80 of the diameter of the
pulse tube, considering the combined effect of the plidke tubeand the brazing material
in the flow straightener. The size of the gapis unclear. Butaccording to the CAD model,
it is in thesame order of magnitude asThereforejn the parametric studgjvaries from
0 to 1/80 of the diameter of the pulse tuf@aries from 0 to 1/160 of the diameter of the
pulse tubeand the magnitudes ofareeither 0 or 1/32@f the diameter oftte pulse tube
The cooling powers when the pulse pssitionedverticaly (0°), whee no natural
convection is expectedor inverted (18(0°), whee natural convection and cooling

deterioration are expectedgill be calculatedand comparetbr thesegeometries.

4.4, Results

4.4.1. Cooling Power

The calculated cooling powers of various geometries are presenfeable4,
where@ andi are normalized witlthe pulse tube diamete€). The first linerepresents
the referencecase in Section3.5.2whichhavea fiper f e cthaithagne emak t r vy

geometric feature. The predicted cooling powersHeperfect geometry when the PTC is
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at Cand 18Care almost sameln the experiment, thcooling power of the PTC when it

is at180is much lower, however, and iabout 22 WGeometry 1 is the geometry in which

there is no gap between the flow straighteners and the ends of the pulse tube, the edge on
thepulse tubeshell isrectangularandthere is no brazing material in the flow straighteners.

The predicted cooling powens Geometry lat 0°is already much lower than the perfect
geometry and experiment, which indieatthatthe diameter change can create notable
disturbanceand streamingn the pulse tubeseometry 1 is also showirgharpsensitivity

to the orientation of gravity sinche cooling power of geomegtd at 180%s lower than it

is at0? Geometry 2 is similarto geometry 1 but with %2 of the diameter change. As the
diameter changes reduced, the cooling powés significantly improved Nevertheless,
geometry 2 isstill showing strong sensitivity to the orientation of gravitational force.
Geometry 3 isimilar togeometry 2 exceptthatit has rounded edges and is showing the
best cooling performance among the geometries that have minor geometric features. The
rounded edges also reduce t he witheaespeettor y 6 s
gravity. The predited cooling power for Geometry 3 is actually closthtexperimendal
measurement&eometry 4, geometry 5 and geometriyave additionadlifferently sized

gaps between the flow straighteners and the ends of the pulsdaseesorgeometry 3.

The gap hs a negativampact onthe cooling performance of theTC.A larger gap haa
smallernegative effegtwhich is probably because the flow has more space to develop in

the large gap and therefore creates disisirbance.
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Even though the dimensisof the minor geometric featurearevery small, thg
make venysignificant differencewith respect to the PTC cooling performanicegeneral,
the diameter change can have a very significant negative effect to the cooling performance
and increases the sensitivity b&tPTC tanisalignment with respect gravity. Rounding
or tapering the edge imprethe cooling performancand also reduce the sensitivity to
misalignment with respect tgravity. Havinga gapbetween the flow straightener and the
edgereduces the coolingerformanceof the PTC. It appears thatarger gap may cause
negativeimpacts on the cooling performance, howevidre effect of minor geometric
features is more significant when the coolepasitioned inverted and nature convection
is already occurring in the pulse tubEhe predicted cooling performances of these
geometriesinderscore the detrimental effect of-disign geometric features, in particular

when a number of such efiesign fetures are presesbncurrently

Table4. CFD calculated cooling power for geometries having different diamete
change @), gap sized), edge shape [ and inclination angle. The first line is the ca
that has no small geometric feature in the geometry. The aspect ratio of pulse

0¥0, is 3.4.
@(® GO (o) Cooling power (W)
At 0° At 180°
Perfect 0 0 0 30.57 31.18
Geo 1l 1/80 0 0 8.98 1.88
Geo 2 1/160 0 0 2260 3.58
Geo 3 1/160 0 1/320 29.54 25.97
Geo 4 1/160 1/640 1/320 11.75 4.29
Geo 5 1/160 1/320 1/320 17.88 4.78
Geo 6 1/160 1/160 1/320 19.05 7.50
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4.4.2. Flow Field and Streaming Effect

Figure 43 shows the temperature contours of two geometries at 180° The upper
figure hasa perfect geometry, while the lower figuierelated togeometry 2 whicthas a
diameter change in the conjunction between pulse tube and flow straighterger.be
observedhat ths minor geometric featurkeads tovery significant chaos and mixing in
the pulse tube.

Streaming effects can be noticedrigure44, Figure45, Figure46 andFigure47
which show theegmperature distribution in geometry 3 at Dhese figures show how the
flow field evolves in a full cycle. The interval between tadjacenpictures isl/16 of the
cycle period. Figure 44, Figure 45, Figure 46 and Figure 47 showthe first quarterthe
second quarter, the third quarter, and the last quafrtee cycle respectivelyThe drawn
black line at the warm enghowsan approximatg iscthermalsurfacethat indicates the

streaning effect caused by minor geometric featuMestethat thisis just an approximation

because the accuratedsorface line was not record in the simulation.
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Figure43. Comparison of the temperature distributions between perfect geome
(upper figureg#O To¥O mA T IFO 1) and imperfect geometry 2 (lower
figure, GO pfp @ffO mA T IO ) at 180. Color bar has units of degree

Kelvin (K).
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Figure44. Temperature distribution in geometry¢®#Q©  pfp @ffO
mA T /O pXo ¢)mn the first quarter of a full cycle. The drawn black line at tt
warm end shows an approximately isothermal surface that indicates the strea
effect caused by minor geometric featuf@slor bar has units of degreegliin (K).
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Figure45. Temperature distribution in geometry¢¥Q  pfp @fofO
AT IO pXo ¢)rin the second quarter of a full cycle. The drawn black line
the warm end shows an approximately isothermal surface thaateslihe streaming
effect caused by minor geometric featuf@slor bar has units of degrees Kelvin (K
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