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Abstract

Pulsating heat pipes (PHPs) have been studied since the 1990s and are potential replacements for
copper thermal buses or standard heat pipes. Currently there is not a well-defined process for PHP
design for a particular heat load or application. This is partially because of the number of variables
that affect the performance of a PHP. PHP’s that operate using cryogenic fluids have been studied
even less than those that operate at near room temperature and higher. In this work we endeavor
to expand the understanding of the performance and behavior of cryogenic PHPs including
conductance and maximum heat load capacity (load at dry out) with respect to operating
temperature, fill ratio and working fluid properties. This study focuses on exploring the operating
regions not previously explored in cryogenic pulsating heat pipes at UW Madison. An
experimental device (pulsating heat pipe) has been built, consisting of a single evaporator and a
single condenser separated by an adiabatic length. The main purpose of this study is to characterize
the effective conductivity of the device for a range of condenser temperatures and increase the heat
load until dry-out is achieved. This test procedure was conducted for a range of fill ratios. The
data were analyzed to obtain optimal parameters that can be used in the design of a pulsating heat
pipe using Nitrogen as a working fluid. The second purpose of this experimental study was to
explore dry-out phenomena. Because the PHP is a cryogenic device it is non-optical, so the flow
pattern cannot be visually observed, but some information about near dry-out behavior can be
obtained from the temperature fluctuations observed in the condenser, evaporator, and adiabatic
sections. Additional experiments with Argon and a mixture (Air) as the working fluid were run.
The results of these studies and the Nitrogen results are compared with respect to conductance and
dry-out behavior.



Acknowledgements

| would like to thank my academic Advisor, Prof. Franklin Miller for guiding me through my
doctorate program and for introducing me to the world of experimental research. You provided me
much insight into my project and guided me through the little steps | needed in order to take to
make this giant leap. |1 would also like to thank my co-advisor, Prof. John Pfotenhauer for his
contribution to this project.

Another thanks | would like to give is to Prof. Gregory Nellis. You laid the foundation for me in
my doctoral journey, taught me what it meant to be a researcher and provided me with exceptional
knowledge of thermodynamics and heat transfer. You were always able to provide whatever
equipment I needed for my project. I would not have achieved this milestone without your support.

My gratitude goes to my family, who supported me in my plans to advance my studies in the
United States. My father has always provided words of wisdom all through my lifetime. | can still
hear some of the words, carried by the ocean, echoed through time. My Mother has also been so
dear to me, caring for me. She always provided anything she could and with love, | dedicate this
thesis to her. To my sister and brothers, where would | be without you? I still remember the day
we all sat together in our living room, all of you giving me your blessings to pursue a higher degree.
Don’t think I forgot you, my dear brother Chinazom Wisdom Israel. I would like to thank other
family members for their support at various stages of my life: my cousins, the Emelisi Family and
Obinwanne Family. Thank you all!

| want to thank the department of Mechanical Engineering for supporting me with a Teaching
Assistant position throughout my doctorate program. From this, | hope to give back to society by
being an ethical and principled engineer, following the standards that this department has set.

To my friend, John Ikon, you gave me someone to look up to. You are humble, caring, and |
consider you one of my best friends. Payam Vatani, my first roommate and guide on this foreign
journey. | remember the first time we drove around Madison listening to “Long Way Home” by
Gareth Emery. | can never forget your impact on my life. Thank you for being there for me all the
way.

| would like to thank Brianna Van Matre, who has provided me with emotional support. She has
shown me the interconnectedness of our planet, which has caused me to cherish nature more
greatly. You have kept me sane during this time of insanity. Jennifer Detlor, for all the heat transfer
arguments and discussion and time spent working on various project, thank you. My thanks also
go to Chloe Gunderson, once my undergraduate assistants, now a researcher of her own, for her
support on aspects of this project.

I would love to thank all current and former lab mates: lan Jentz, Zhiyi Jiang, Nathan Colgate,
Chen Xu, Diego Fonseca, Rodrigo Barraza, Anna Dreyson, Amy Van Asselt, Mason Mok and
Logan Kossel. I would finally like to extend my gratitude to Seth Potratz for his care and support
during my internship at Praxair Inc. To all I may have forgotten:

“Should auld acquaintance be forgot and never brought to mind? Should auld acquaintance be
forgot and days of auld lang syne?”



Table of Contents
ACKNOWIBAGEMENTS ...ttt et ne e sreete et e reesbeeneenneenes I
LEST OF FIQUIES. ...ttt bbbt b et e ettt b b b vii
NOMENCIATUTE ...ttt et st e s be e e e s neenbeeseesbe e beaneenneeeas X
N o1 oo [F o4 o] o USSR 1
I |V [ 1 (V=[] o USSR 1
@ o =T o1 - SRS 2
N = ¥ Tox 2o (01U ] o SRS 3
2.1 Introduction to the concept of Pulsating Heat Pipes ..........ccccovevviiiiicin e 3
2.2 Critical diameter OF @ PHP ........oiiieee e 5
2.3 Design parameters OF @ PHP ..o 7
3 LITEratUre REVIEW ....cveiieciiecieeie ettt sttt e s e s e nteeneesreenteeneenneenns 12
T8 I N (00 T=T N o o | PSR 12
3.2 Some other Cry0geniC PHPS .........coiiii et 18
4 Experimental Setup and Calculations ..........ccccco e 21
4.1 Main Equipment CoNStrUCTION/SETUPD ......ccvovviiiiriiiiiieiee e 21
4. 1.1 CIYOCOOIEE ...ttt b e bbbttt et bbb b 21
O A LY T USSP 21
4.1.3 PUISAtiNg HEAE PIPE.......coveiie ettt 22
4.2 AUXITTBIIES ...ttt bbbttt e st et e e e be s teabeabenreenes 23
4.3 MEASUIEMENT DEVICES ...ttt sttt sttt nbe e enee e 24
4.3.1 TEMPEIALUIE SENSOIS ...veeivvveeitieeeitireestareatreesteeesteeeasteeessbeeessteeesnbeeessbeeessseeessseeessseeeseens 24
4.3.2 PIESSUIE SBNSOIS ... eetieiuteeteeerteeieesseeasteesseeasteesseeasteesseeanseesseeasseesseeanseesseeanbeeaseeenseesreeanes 26
O (o U] (SO UPR PP 26

4.5 VACUUM SYSTBIM....iiitiiiiiie ettt ettt ettt b e b e bt et e b et et eneenbeeneene e 27



4.6 Data Acquisition SYSteMS (DAQS) ..veveereiieiieeieiiesieeie s e ste e e e e sre e e e teaeesreesreenee e 27
4.6.1 Temperature CONtrOIIErS........c.ooi e 27
4.6.2 PreSSUIE DAQS .. .oooiieiiieie ettt ettt e bbb et et e et nan e 28
4.6.3 Data Acquisition Software Interface and Control (LabVIEW) ........ccoooeiviiiiiinninnnne 29

4.7 Heat Leaks/ParasitiC [080S ..........cceiieriiriiiieseee et 30
4.7.1 Heat Generations & Solid CONAUCLION .........c.oiviiiiiiiieieee e e 30
4.7.2 Molecular Gas CONAUCTION .........coiiiiieiiiesie st 30
4.7.3 Radiation Shield/MLI PArasitiC .........cccererereiiiiiieieiesese e s 31
4.7.4 Modified Residual leaks through MLI ...........ccoov i 32

4.8 Experiment Assembly and Methodology ..........coeiveiiiiiiiiecc e 34

5  Methods and RESUILS ..........couiiiiiiiieeee et nnas 37

5.1 Condenser Temperature intervals & Heat Loads ...........ccccvieiiiiniiiniiiceescse e 37

5.2 Data Averaging and Processing Software (MATLAB & EXCel) .....ccoeoiiiiiniiiiiiiiins 37

5.3 Thermo-analysis of the condenser and evaporator States............cccceveveveeieeiiesieseerie s 39

5.4 Initial LiqUid FITTRALIO ...c..oivvieiciccecie ettt 41

5.5 Effective conductivities versus condenser temperature at select fill ratios........................ 43

5.6, FIOW FBOIMES ... bbbttt b e bbb ene s 54

5.7 ThermodYNAMIC PrOCESS ........ciiiieieieteite sttt sttt b e et bbb ene s 59

5.8 DIY-0UL FIUX ..ottt bbb 61
5.8.1 Low Fill Ratios Dry-out Load versus condenser temperature...........ccoceeeveeeveeiveerinenn, 61
5.8.2 High Fill Ratios Dry-out Load versus condenser temperature ..........c.cccoeveevveeiveevinenn, 64

5.9 Summary (Performance MapPS) ......ccveiiieiieiie et 67

6 Other PUre FIUIAS IN PHPS ....coi it 77

6.1 Argon as a WOrKING FIUIG........ccovoiiiiiiii e 77



6.2 Experimental results for Argon at Low Fill ratios ...........cccccoeveiiiiiiiiiie e 80
6.2.1 Effective conductivities versus condenser temperature for low fill ratio..................... 80
6.2.2 Dry-out versus condenser temperature for low fill ratio ............ccoceoiiiiiiiiiinn, 82
6.2.3 BOIlING CUIVES TOr ATGON ..ottt 84
6.2.4 Thermodynamic Process: Heat Addition for Argon PHP ... 86
6.2.5 Pressure responses/ FIOW VEIOCITY ..........cooiiiiiiiiiieieicrese s 88

6.3 Summary (Performance MaPS) .......cuccviieieerireieseesie e se et nae e sneens 93

T MIXEUFES N PHPS ..ottt sttt bt bennenneas 98

8 = 72103 (o (10 o SRR 98
7.1.1 Introduction t0 TWO-Phase IMIXEUIES .........cccoiiiiiirieiee e 98
7.1.2 Criterion for Mixture Phase EQUIlIDITUM ..o 98

7.2 AIr as a WOTKING FIUIG.......coiiiiieieee s 99
7.2.1. Properties of Airas a real fluid...........ccoovoiiiiiiie s 99
7.2.2. Air as an ideal solution in a system with non-uniform temperatures..............cc.co..... 102
7.2.3 Initial Liquid Fill Ratio fOr MIXTUIES........cciiiiiieieieieie e 104

7.3 Experimental results fOr AIr PHP.........ccoooi i 105
7.3.1 Effective conductivities versus condenser temperature............ccecvevevieveeresieeseennens 105
7.3.3 Critical diameter TOF Al .......ue it enre e 108
7.3.4 BOIlING CUINVES TOI AT ...ttt 109
7.3.5 Thermodynamic Process: Heat Addition for Air PHP .........ccocooiiiiiiiis 110
7.3.6 Pressure responses/ FIOW VEIOCITY ..........ooviiiiiiniiieieie s 114
7.3.7 Dry-out versus condenser tEMPEIatUIe ..........cveiveiueieeieerieeiesreeseeee s e sre e eesreenaeas 123

7.4 Summary (Performance MapPS) ......coviiiieiiieiie st 126

8 Comparison of the Mixture PHP (Air) to the Pure Fluids PHP (Argon/Nitrogen)..... 131

T8 A I =T 0 o KOOSR USRS PRRSN 131
8.1.1 Behavior of Effective Thermal Conductivity with increase in heat load ................... 131
8.1.2 Maximum Effective Thermal Conductivity versus Fill Ratio ............cccoceeeviniinnnnns 138

8.1.3 Dry-out Power versus condenser Temperature and Dry-out Behavior ...................... 139



Vi

9 UNCErAINTY ANAIYSIS ...cveiiiiie ettt e e esreene e e sreete s 145
10 ConcClUSION AN FUTUIE WOKK ...t e e 149
F0.1 CONCIUSION. ..ottt e e e e e e e ettt e e e e e e e e e e e e e e e e e neennees 149
F0.2 FULUIE MV OTKS ..o 151
11 R BT I BINICES ...ttt ettt ettt e nnnnnnnnnn 154
12 APPENAIX ittt e bt 158
12.1 Fill Ratio Calculation EES COUE. ... 158
12.2 MATLAB code to read LabVIEW teXt file ... 161
12.3 LABVIEW VI IVACKO. ..ottt e e e e e e e e e e e e e e e e 165
12.4 Pressure CaliDration CUINVES .....coooo oo 169
12.5 PHP Condenser Cooling Curve: NO FIUId ..o 171
12.6 Performance Maps POIYTITS ........couiiiiiiie e 171
I 00 I NN 0o T oSSR 171
G N o o] o PRSPPI 173

L 8.3 AT ettt e e e e ——————aaaaaaa 174

12.7 Velocity estimate for fluid inSide PHP..........ccooviiieie e 175



Vi

List of Figures

Fig 2-1. Schematic of SIug-Plug FOrmation...........ccoooiiiiiiiiiiiee e 4
Fig 2-11 . Schematic of an Ethanol PHP [7]....c..coeiiiiii e 4
Fig 2-111. Experimental result showing the root of Fr versus Eo for different fluids [8]................ 6
Fig 2-1V. Critical diameter as a function of temperature for a Nitrogen PHP.............cccccoveviinenee. 7
Fig 2-V. Effect of tube diameter of PHP on heat transfer coefficient [9]..........cccccevvvieiiiiciennn. 8
Fig 2-VI. Effect of number of turns on heat fIuX [11]......cccooveiiiieiieiece e 8
Fig 2-VII. Maximum heat flux versus inclination angle [10]........ccccooceiieniieieiie i 9
Fig 2-VIII. Effective conductivity of a He PHP as a function of fill ratio [12]............c.ccccevenenn. 10
Fig 2-1X. Effect of working fluid on thermal resistance of a PHP [13] .........ccooeiiiiniiiiiinnee 11
Fig 3-1. Effective conductivity versus Heat 10ad [14] ........ccooeiiiiiiniiiiinieeeee e 13
Fig 3-11. Dry-out behavior in a Nitrogen PHP [15] ..ot 14
Fig 3-111. Nitrogen PHP steady state operation [16]...........ccooveirirrinineneniseeeee e 15
Fig 3-1V. Temperature plot (Top) and test section (Bottom) of a 10W Nitrogen PHP at CEA [18]
....................................................................................................................................................... 17
Fig 3-V. Effect of condenser temperature on Thermal Conductivity of a neon PHP [19]........... 18
Fig 3-VI. Effective thermal conductivity versus heat load [20] .........ccccoviriiiiiiiiieicee 19
Fig 4-1. Top plate of dewar with mounted Cryo-head ............ccooeviiiiiiiiiiiiee e 21
Fig 4-11. PHP C0ore ASSEMDIY ......oviiiiiiiiiieee e 23
Fig 4-111. (a) Schematic location of PRTs (b) mounted adiabatic section PRTs (c) location of

AV o To] - Lo 1= =] OSSR 25
Fig 4-1V. Auxiliary Devices and CONrOIIErS.........c.civeiieieiieieee e 29
Fig 4-V. (Left) Heat flux as a function of number of MLI layers [25], (Right) Velcroed edges of
IVILL et bt E b bRt Rt R £ Aot et e Re Rt Rt e R e e Rt e Rt et et benbenneene e 32
Fig 4-VI. Complete EXPerimental SETUD ......cccccoiiiiiieiiec e 35
Fig 4-VI1I. Schematic of gas train showing valve [0cations..............cccccoeviiiiieccc s 36

Fig 5-1. (Top) An example of a post-processed graphical result in the MATLAB script file,
(Bottom) Excel Macro calculating the effective thermal conductivity for a given condenser

LE=T 0] 01 =L TSR PRPRPR 38
Fig 5-11. Thermodynamic states of the PHP at an initial liquid FR of 40% and Tcond = 77K ... 39
Fig 5-111. Pseudo-steady state temperature in the evaporator, reservoir, and condenser [32] ...... 40
Fig 5-1V. T-v diagram fOr NITTOGEN ......cceiiiieieieie e 43
Fig 5-V. Effective thermal conductivity versus heat load for at different condenser temperatures

....................................................................................................................................................... 46
Fig 5-VI. Vapor mass quality vs liquid film thickness for different fluid temperature [33] ........ 47
Fig 5-VII. Liquid film thickness experiment of a methanol PHP [34] .........cccoiiiiciiiiicc 48
Fig 5-VIII. Influence of evaporator temperature on oscillatory flow and heat transfer [35]........ 49
Fig 5-1X. Temperature difference between condenser and evaporator vs heat load (present study)
....................................................................................................................................................... 50
Fig 5-X. Dry-out seen at the oscillating heat pipe heating section [36] .........ccccccevvieviiiiieinnnn, 51

Fig 5-XI. Flow regime and convective heat transfer coefficient as a function of position in a
MICTOCNANNET [B7] .ot e et e e be e srb e e be e s reeeteenneeanns 51



viii

Fig 5-XI1. Flow pattern in methanol PHP [38]  Fig 5-XIII. Flow pattern single-loop ethanol

o | <1 ) TSP PP 51
Fig 5-X1V. Maximum effective conductivity versus initial liquid fill ratio ................ccccoeieennnns 53
Fig 5-XV. Effective conductivity versus initial fill ratio for three different condenser

LEE ] 01 oL (= USSP UPRUPRP 53
Fig 5-XVI. (A) Pool boiling curve [42], (B) Flow boiling curve [40], (C) Flow boiling flow
PALLEIN [AL] ettt bbbttt b b bRttt n bbb 55
Fig 5-XVII. Flow boiling curve in the Nitrogen PHP (FR 24.8%, Tc 7T7K) .....cccoceviviveiiieieenns 56
Fig 5-XVIII. Boiling curve for (a) FR 30%, Tc 75K (b) FR 40%, T'c 83K (c) FR 45%, T'c 79K 58
Fig 5-XIX. T-v states for (a) FR 24.8%, Tc 77K (0) FR 45%, Tc 77K ....ccceoveeiiiiiiieieeieiiens 60

Fig 5-XX. Liquid Fill ratio and Heat of VVaporization as a function of condenser temperature... 63
Fig 5-XXI. Temperature and Pressure measurement in PHP at Initial Fill Ratio of 24.8%......... 64

Fig 5-XXII. Critical heat load versus condenser temperature for different high fill ratios .......... 64
Fig 5-XXIII. Saturation pressure versus heat load for different condenser temperature.............. 65
Fig 5-XXIV. Liquid velocity for different fill ratio: Experiment by K Rama Narashima et al [43]

....................................................................................................................................................... 66
Fig 5-XXV. Temperature and Pressure measurement in PHP at Initial Fill Ratio of 45% .......... 67

Fig 5-XXVI. (a) FR 15.5% (b) FR 24.8% (c) FR 30.8% (d) FR 40% (e) FR 45% (f) FR 52%... 74
Fig 5-XXVII. Examples of performance maps showing optimal and non-optimal areas of

(0] 01=] 721 ([0 o TSP U TSSO P P PO PP PRPRORON 76
Fig 6-1 (a) Specific Heat versus Temperature (b) Heat of VVaporization versus Temperature...... 78
Fig 6-11(a) Saturation pressure vs temperature (b) PHP fluid mass vs liquid fill ratio................. 79
Fig 6-111. T-V diagram FOr ANGON .......ccoiiiiiieieieie ittt 80
Fig 6-1V. Effective thermal conductivity versus heat load for different condenser temperatures 81
Fig 6-V. Argon Dry-out load versus condenser temperature for low fill ratios .............c.ccccec... 82
Fig 6-VI. Power at Maximum Effective Conductivity for Argon PHP .........ccccccooiiiiiiiiieiies 83
Fig 6-VII. Temperature and Pressure data for (a) FR = 30%, Tc = 86K (b) FR =20%, T = 88K
....................................................................................................................................................... 84
Fig 6-VIII. (L-R) Boiling curve for (a) FR 20%, Tc 89K (b) FR 20%, Tc 101K ..........cccerurnee. 85
Fig 6-1X. (L-R) Boiling curve for (a) FR 30%, Tc 89K (b) FR 30%, Tc 92K .......cceocviirirnnnne 85
Fig 6-X. T-v states for (a) FR 20%, Tc 89K (b) FR 30%, Tc 86K.........ccecovevreveiiiiieieeie e 87
Fig 6-XI. Pressure oscillations at the adiabatic section for different Heat Loads..............c......... 89
Fig 6-XI1 (a-e). Frequency plots of pressure oscillation at FR = 30% and T. = 92K (f) Pressure
drop profile in slug flow (Khandlikar — Thesis pg. 69) .....c.cooviieiieieiicseee e 92
Fig 6-XI11. (2) FR 20%, (D) FR 3090 ....cueiiiieieieie ettt 95
Fig 7-1. Boiling curve for Air at 1 @M ......c.cooviiie e 101
Fig 7-11. Boiling curve for Air at 1 atm during heating ProCesS ..........cccvevverieeiiiesieeeieesie e 102
Fig 7-111. Boiling curve for Air at two different PreSSUrES .........covvveiveiiesieeiiie e 104
FIg 7-1V. T-V diagram fOr Al .......oo et e e e e e ene e 105
Fig 7-V. Effective thermal conductivity versus heat load for different condenser temperatures 107
Fig 7-VI. Critical diameter for Air PHP ..o 108

Fig 7-VII. Boiling curve for Air (a) FR 20%, Tc 77K (b) FR 20%, Tc 79K (c) FR 30%, Tc
TIK(A) FR 0%, TC TLK ..ottt ettt 109



Fig 7-VIII. T-v states for (a) FR 20%, Tc 77K (b) FR 20%, Tc 79K (c) FR 30%, Tc 71K (d) FR

30%, T'c 79K (e) FR 40%, Tc 65K (f) FR 40%, TC TTK....cccooeiiiiireiiisieese e 113
Fig 7-1X. Pressure oscillations at the adiabatic section for different Heat Loads....................... 117
Fig 7-X. Frequency plots of pressure oscillation for Air PHP at FR = 30% and T¢= 77K........ 120
Fig 7-XI. Frequency plots of pressure oscillation for Air PHP at FR = 40% and T, = 71K....... 123

Fig 7-XI1. Air PHP Dry-out load versus condenser temperature...........ccoceeveeereereenenenenesnanns 124
Fig 7-XI111. Temperature and Pressure data for (a) FR = 20%, Tc = 77K (b) FR = 30%, T. = 71K
(€) FR = 4090, Tc = TLK oottt bbbttt bbbt ne s 126
Fig 7-XIV. (8) FR 20% (b) FR 30% (C) FR 40%0.........cccouiiiieieieiieie st 129
Fig 8-1. (L-R) Keffversus heat load at Tc = 86K for (a) 20%FR (b) 30%FR ..........ccovvruennee. 131
Fig 8-11. Heat transfer coefficient of R600a and mixture of R600a/R1270 at G = 300 kg/m2s, T
=50oCand, (a) =10 kW/m2 and (b) =30 KW/M2 [45] ...cceeviiiiiiiieeseece e 136
Fig 8-111. Heat transfer coefficient as a function of average quality, Composition effect,
hydrocarbon MIXIUIE [46] ....cc.eoiue ittt te e sreesreenne e 137
Fig 8-1V. A schematic of a bubble surrounded by lQuid ...........cccooeiiiiiiin, 138
Fig 8-V. Maximum effective conductivity versus initial liquid fill ratio for Nitrogen and Air . 138
Fig 8-VI. Dry-out power versus condenser temperature for Nitrogen and Air ...........ccoceevrenne. 139
Fig 8-VII. (L-R) Temperature oscillation before/at dry-out for (a) Nitrogen 25%FR: 73K, 75K
(b) Argon 20%FR: 86K, 89K (c) Air 20%FR: 71K, 79K .....ccceieii e 141
Fig 8-VIII. (L-R) Temperature oscillation before/at dry-out for (a) Nitrogen 40%FR: 77K, 79K
(b) Argon 30%FR: 86K, 92K () Air 30%FR: 77K, 79K ..o 142
Fig 8-1X. Frequencies at dry-out for SOmMe PHP CASES..........ccccieiiiiiniiiiesesieeeee s 144
Fig 9-1. Effective conductivity versus heat load showing error bars due to uncertainties.......... 148
Fig 12-1 EES Script for fill ratio CalCulation..............ccocoiiiiiiiiiii s 160
Fig 12-11 MATLAB script to read LabVIEW data and plot variables..............ccccoceovveveiiiennnne. 164
Fig 12-111 LabVIEW Macro for the experiment and list of used VIs in data collection............. 167
Fig 12-1V Screenshots of the PHP LabVIEW Environment (Top: Block diagram; Bottom: a
SeCtion OF the FIrONt PANEI) ........ccviiuiiie et 168
Fig 12-V Pressure calibration curve for (a) Fill tank sensor (b) PHP sensor (c) PHP sensor
(Previous CaliDIatioN) ........cuiii ettt re et e e ste e sraesre e e 170

Fig 12-VI Cool down curve for the PHP When empty........ccccoeiieiiiicie e 171



Nomenclature

PHP
CHF
ID
oD
RTD
PRT
HTC

z 4 x X < O

S S N =
: 8

AT
AP

pulsating heat pipe

critical heat flux

inner diameter

outer diameter

resistance temperature detector
platinum resistance thermometer
heat transfer coefficient
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1 Introduction

1.1 Motivation

Since the discovery of pulsating heat pipes (PHPs), there has been a focus to extend operation to
cryogenic temperatures. Some of the earliest work done on a cryogenic PHP was by G. R.
Chandratilleke et al [1,2]. The PHP’s self-sustaining two-phase heat transport capability means
that a relatively small device can transport thermal energy without an external driving device such
as a pump. PHPs have a range of potential applications. PHPS are of interest to NASA because
they could potentially enable lightweight space missions while simultaneously reducing space
flight thermal control system cost [3]. Closed looped PHPs have been tested as an alternative for
cooling superconducting magnets in magnetic resonance imaging devices (MRIs) [4]. A study by

Lu Qianyi & Jia Li was done to determine the effectiveness of PHPs for cooling a server rack. [5].

The advantages of a pulsating heat pipe compared to metal bus bars are lighter weight.
Additionally, PHPs are easier to construct than standard heat pipes because they do not require a

wick structure.

A large body of work has been published on the performance of room temperature pulsating heat
pipes, however, the data for cryogenic pulsating heat pipes is much more limited. Optical
observation of the physical behavior of room temperature PHPs is much easier than for cryogenic
PHPs because optical access can be installed without the worry of heat leak. Cryogenic PHPs are
not easily observed or controlled because of the large heat leaks that are inherently driven by large
temperature differences between the low saturation temperatures of cryogens and the environment.
Although optical observation is impractical for cryogenic PHPs, these cryogenic PHPs show more

dynamic phenomena due to the discrete or measurable pressure or temperature changes even with



a relatively small heat load, as a result of the low latent heat and heat capacity of some of the
cryogenic working fluids. This allows the observation of temperature and pressure in the PHP on
relatively short time scales. This information can be used to give some information about the flow

inside the PHP.

1.2 Objective

The objective of this research is to experimentally investigate and quantify the conductance of the
Nitrogen, Argon and Air Pulsating Heat Pipes and analyze the effect of condensing temperatures
and varying heat loads on the performance of the PHPs. In effect, a 3-D map of the performance
can be analyzed so that optimal performance regions can be identified. The 3-D map can be useful
for off-design analysis as well, when the system operates outside the original design parameters.
The adjustable parameters of interest in this experiment are fill ratio, condenser temperature and
heat load. The performance is characterized using the effective conductivity or conductance. In
addition to conductance, the maximum heat transport capacity of the PHP, the evaporator dry-out
power or critical heat flux (CHF), as a function of operating parameters was also investigated. In
general, due to the unstable or uncertain nature of CHF, PHPs are typically designed to operate far
from the CHF. However, understanding what goes on at the approach to CHF may shed light on
the performance of PHPs when operating near the CHF zone or give indications of the onset of

CHF behavior.



2 Background

2.1 Introduction to the concept of Pulsating Heat Pipes

Pulsating heat pipes are passive two-phase heat transfer devices that transport energy via the
oscillation or movement of alternating liquid slugs and vapor plugs. It was first proposed by Akachi
H. in the 1990s [6] as an alternative to traditional heat pipes. Its construction differs from the
traditional heat pipe because there is not a porous wick structure. Instead, the pipe is sized small
enough that surface tension becomes a dominant force in the system without the need for a porous
wick. Rather than using capillary pumping action to move liquid from the condenser to the
evaporator section as in a tradition heat pipe, the PHP works by the induced oscillatory motion of
the alternating vapor bubble and liquid slugs. PHPs can have one or more condensers and one or
more evaporators separated by an adiabatic length. The length is the effective distance that heat is
moved from the evaporator to the condenser. The device is typically filled with a working fluid
so that a saturated two-phase liquid-vapor mixture fills the tubes. PHPs are constructed to have a
diameter small enough that the capillary forces are significant in the tubes. The capillary tube
ensures somewhat even distribution of vapor plugs and liquid slugs during a filling process;
however, such distribution is stochastic, and cannot be exactly replicated. In a perfectly
constructed PHP, the initial state (no heat load) typically has negligible temperature gradient
between the evaporator and condenser and the flow is assumed to be static. As heat load is applied
to the evaporator plate, the temperature of the fluid at the evaporator rises until it reaches the
saturation temperature of the working pressure at the evaporator. At this point nucleate boiling
begins at local sites and the formation of bubbles may combine to form new vapor plugs. The
imbalanced temperatures (between neighboring slugs) and capillary shape of the tubes form liquid

contact angles. The temperature effect on contact angle comes the direct relationship between



contact angle and surface tension (which is a temperature dependent property). Pressure
differences in the tubes induce fluid movement. As vapor reaches the condenser, its vapor pressure
can drop to the saturation temperature of the condenser, causing vapor regression or liquid

condensation and releasing energy into the cold sink.

There are primarily two main forms of energy transport in the PHP. The first is the latent energy
transport, due to evaporation and condensation at saturation temperatures. Second, the sensible
heat transport which occurs as a liquid slug rises in temperature until the saturation temperature
associated with the heat load or as a vapor plug fall in temperature until the saturation temperature
of condensation is achieved. This mode of heat transfer occurs by wall convection to either the
liquid slug or conduction through the thin liquid fluid left behind at the wall when a vapor plug
tails a liquid slug and vice versa. The thin liquid then contributes to convection at the liquid-vapor

interface as well as any phase change energy that may occur.

Tube wall Liquid Slug
J

B _FC .

Thin Liquid film Vapor plug

Fig 2-1. Schematic of Slug-Plug Formation

Condenser Section

gi@ss tubes
for flow
visualization

Fig 2-11 . Schematic of an Ethanol PHP [7]



2.2 Critical diameter of a PHP

As was stated earlier PHPs are constructed to have a maximum diameter to enhance capillary
effect. This maximum diameter is known as critical diameter of a PHP and its value is determined
from an analysis on a free-floating bubble up a vertical static liquid column. The common way to
determine the critical diameter in the PHP community is by the experimental relationship between
three chosen non-dimensional numbers that govern a Taylor bubble’s rise in a vertical stagnant
liquid column as reported by White and Beardmore (1962). The non-dimensional numbers are the
Froude number (Fr) which relates flow inertia force to gravitational force, EGtvos number
(Eo) also called the Bond number (Bo) which relates gravitational force to surface tension force

and the Poiseuille number (Ps) which relates viscous force to gravitational force:

F pU& 2.1)
r = —/—mm8 .
gD(p — py)
D2(p, —
Eé = M (2.2)
o
Uomul
Ps= — 2>~ 2.3
gD?(p; — py) (2:3)

where p; and p,, are the liquid density and vapor density respectively, D is the inner diameter of
the tube, o is the surface tension, g is the gravitational constant, y; is the viscosity of the liquid

and U,, is the free stream velocity.

The three non-dimensional numbers above can be further correlated to produce a fourth number
called the property number (Y):

B Ps*E 63

— (2.4)



The graph below shows the experimental results by White and Beardmore (1962). The root of the

Froude number is plotted versus the Eotvas number for different fluid or property numbers:
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Fig 2-111. Experimental result showing the root of Fr versus E6 for different fluids [8]

As the capillary tube diameter is reduced, bringing the terminal velocity to zero and hence the
Froude number to zero, the surface tension force becomes more dominant and the Egtvos number
is observed to collapse to a critical value (of 4) for all the fluids tested. The Eotvds number can

then be used to calculate a critical tube diameter:

_ gDZ(pr = py) -

Eacrit - o 4 (25)

Fig 2-1V shows the critical diameter of a nitrogen PHP as a function of temperature. Since PHPs
can often operate at temperatures far above its sink temperature (sometimes close to the critical
temperature of the working fluid), it is better to use the lower limit (higher temperatures) in

choosing the critical diameter.
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Fig 2-1V. Critical diameter as a function of temperature for a Nitrogen PHP

2.3 Design parameters of a PHP

The following list are some of the important parameters to consider when designing a PHP:
Inner diameter: The inner diameter plays a key role in the performance of a PHP. The diameter
should be chosen such that surface tension is adequate to overcome unfavorable gravitational pull
but not strong enough to subdue pressure inertia or cause high frictional forces. Results such as
those of Fabliha Islam et al [9] suggests that the optimum diameter is closer to the critical diameter
and further reducing the diameter, drops the performance of the PHP. This may be because surface
tension or viscous forces begin to damp oscillations, limiting the bubble velocities. In that work
the critical diameter was reported to be 3.32[mm]. Fig 2-V shows that those diameters larger than
the critical diameter have the worst performance. This is apparently due to a lack of distinct liquid

plugs and vapor slugs.
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Number of turns: The number of capillary-turns also influences the performance of a PHP.
Khandikar showed that in his experiment [10], the higher the number of turns, the better the
performance of the PHP. There have been other studies that show that there may be an optimum
number of turns. In a study by Niti Kammuang-Lue et al [11], an optimum number of tubes was

identified for the three fluids tested as shown in Fig 2-VI.
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Fig 2-VI. Effect of number of turns on heat flux [11]



Orientation of the PHP: The angle of the PHP with relation to the gravity also affects
performance. Not only does it affect the gravitational force involved but also affects the contact

angle of the fluid, which in turn alters the pressure force necessary to sustain motion.

¢ Water 90 top heat mode

0 Ethanol 0 horizontal
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Fig 2-VII. Maximum heat flux versus inclination angle [10]

Fill Ratio: At low fill ratios there is liquid mass inventory which results in lower latent capacity
and hence a lower performance and at high fill ratios there is less vapor plugs and hence lower
circulation capacity leading to lower performance. It has been shown in multiple experiments that
there tends to be an optimum fill ratio for a given set of conditions. Fig 2-VII1 shows the effective
conductivity for a Helium PHP in an experiment carried out by Fonseca at the University of
Wisconsin - Madison [12]. The effective conductivity is a performance property analogous to the
conductivity of a metal. It relates the amount of heat removed by the device to some temperature

difference and a length scale that separates this difference as defined in chapter 5.3
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Fig 2-VIII. Effective conductivity of a He PHP as a function of fill ratio [12]

Working fluid: There have also been experiments carried out on different types of fluids to see
how fluid properties affect the performance of a PHP. PHPs have been shown to operate with a
wide range of fluids, from room temperature water to ethanol, down to cryogenic fluids such as

Nitrogen, Neon and Helium. Fig 2-1X shows results of some room temperature experiments using

a variety of working fluids.
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Fig 2-1X. Effect of working fluid on thermal resistance of a PHP [13]

There are other parameters that can influence a PHP’s performance, although they have not been
studied or reported in the literature. Some other parameters include condenser temperature,
structure or geometry of the capillary tubes, orientation (horizontal/vertical or mixed sections),
length of condenser, evaporator and adiabatic sections and capillary tube material. Some of these
parameters are difficult to change because they require that a new PHP be built to change the

physical configuration.
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3 Literature Review

3.1 Nitrogen PHPs

There have been a few studies of cryogenic PHPs and most of these studies used Nitrogen as a
working fluid. The literature includes studies that have explored the effect of variables including
the number of turns, working fluid, and fill ratios on the performance of the PHP. Four of the

studies have been found to have significance to the present work.

One of such study done by Romain Bruce et al [14] in 2018 was on a meter-long horizontal
nitrogen PHP with 36 capillary tubes or 18 turns. The condenser, evaporator and adiabatic sections
were 330[mm] long. The ID of the tubes was 1.5[mm] with a calculated critical diameter of
1.7[mm]. The evaporator and condenser were 400[mm] wide and made of copper. The experiment
was done at a 50[%] initial liquid fill ratio and the heat load was varied from 5[W] to 30[W], with

dry-out occurring at 30[W]. The results are shown in Fig 3-1. The maximum effective conductivity
calculated was 85[% ]at a heat load of 15[W]. Bruce et al also reported that all pressure sensors

in the PHP (two located at the adiabatic section close to the condenser and two at the adiabatic
section close to the evaporator) gave similar readings and hence concluded that this is the
saturation pressure of the PHP. Fonseca [12] had also noticed this negligible pressure drop in his
helium pulsating heat pipe at a vertical orientation. Bruce et al also reported stability issues (rapid
and relatively extreme rise in temperature and a sudden fall to a new steady state) when a high flux
was immediately imposed on the evaporator section. While Bruce et al, noted the performance and
stability issue of a horizontally oriented PHP, this work will evaluate the performance of a PHP
that is oriented vertically including stability issues might be present in the vertical orientation. This

work also explores the performance of the PHP at different fill ratios, not just 50[%].
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Another study by Yi Li et al [15] investigated the dry-out phenomena in a horizontally
oriented nitrogen PHP with 5 turns operating at 50[%] initial liquid fill ratio. The capillary tubes
were 0.9[mm] in inner diameter. The evaporator, condenser and adiabatic lengths were
35[mm],35[mm] and 100[mm] respectively. The evaporator and condenser blocks were 100[mm]
wide and made of copper. They reported a sharp rise in temperature at the evaporator during dry-

out accompanied by a sharp drop in pressure, which they attribute to the non-oscillation of the
PHP. Yi Li et al also reported a maximum effective conductivity of 16[%] when tested vertically

with bottom heating mode (evaporator under the condenser). Even though Yi Li et al ran loads
until dry-out, the dry-out phenomenal was not investigated in detail. This work investigates the
characterization of dry-out behavior as it relates to fill ratios, which was not investigated by Yi L,

as well as pressure and temperature behaviors at dry-out in a vertical orientation.



14

500
Pressure of evaporator
400
S 300
—
=
200
100 ' 1 ! T
2000 4000 6000 8000 10000
300
250 ' Temperature of evaporator S
el :
200
N dry-out at 4200s -
= 150 : T
\ s
100 : : i1
bt 7 : :
55 IW | 7WII3W!19W ! 22W : W
2000 4000 6000 8000 10000

Time (s)

Fig 3-I1. Dry-out behavior in a Nitrogen PHP [15]

Fonseca [16], at the University of Wisconsin-Madison, did a study on the effect of filling ratio on
a vertically oriented Nitrogen PHP with a cylindrical evaporator having an ID of 50[mm] and a
cylindrical condenser section with ID of 25.4[mm]. Both sections had an OD of 65[mm], height
of 70[mm] and made from copper 110. The adiabatic length was 80[mm]. The capillary tubes

where stainless steel 304 with 1D of 0.5[mm] and 20 turns. The PHP ran at a horizontal orientation
. .. kw ey g . kw
had an effective thermal conductivity that ranged from S[E] at 46[%] liquid fill ratio to 35[@]

at 27[%] liquid fill ratio. There are some improvements made to the result by Fonseca that have
been carried out in this study. First, the Nitrogen fill valve in Diego’s study was left open during
heat load changes and as such the mass varied during the heatload changes. This study investigates
the effect of a closed/constant mass and varying heat load on the PHP performance. Second, the
actual condenser temperature in Diego’s study drifted from the desired sink (cold source or
condenser) temperature because of thermal response on the fluid. In this study the condenser

temperature, which is effectively used in calculating the effective thermal conductivity of the PHP,



15

is held constant and so the effect of the load is not influenced by a drifting sink temperature.
Because the heat load and condenser temperature could be controlled independently in this work,

the effects of the condenser temperature can be separated from the effects of heat load.
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Fig 3-111. Nitrogen PHP steady state operation [16]

Finally, Kyohei Natsume et al [17] investigated the possible use of PHPs for cooling
superconducting magnets. Natsume et al tested the effect of working fluids, He, H, and N, on the
performance of the PHP. Also tested, was the effect of fill ratio and heat load in each case. The
PHP had 10 turns of stainless tubes with ID of 0.78[mm]. The copper evaporator and condenser
blocks had lengths of 30[mm] separated by a 100[mm] length adiabatic section. Table 1 shows the
result of their experiment with N, having the highest effective conductive over the range of fill
ratio tested. The study in this paper investigates one more parameter, the condenser temperature,

to quantify the effect it has on the behavior of the effective thermal conductivity.
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Summary of experimental results for cryogenic OHPs in pipe diameter of 1/161n,

Working fuid  Liquid flling ratio (%) ~ Heat input (W)~ Cooling part temperature (K)  Heating part temperature (K)  Effective thermal conductivity (W/m )

H, 31-80 (-1 17-18 19-21 500-3500
Ne 16-95 0-15 26-21 28-34 1000-8000
N, 1111 0-10 67-69 6791 5000-18,000

Table 1. Summary of the experiment results by Natsume et al [17]

In addition to the small-scale test carried out on a PHP, a large-scale Nitrogen PHP has
been tested by the Commission for Atomic Energy and Alternative Energies (CEA) in France. The
PHP had a lateral length of 3.6[m] and comprised of 36 tubes, with an inside diameter of 1.5[mm].

Though the PHP did have a short quasi-steady state time of 33[mins] with the temperature run-off
afterwards, they reported an effective conductivity of 100 [%] Quasi-steady performance,

before temperature run-off, for a period of about 10 mins at dry-out power has sometimes been

observed in current work and may be investigated in future work.
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3.2 Some other Cryogenic PHPs

There has been one reported case where the condenser temperature was used as a performance
criterion. Qing Liang et al [19] investigated the effects of condenser temperature in a Neon PHP,
vertically oriented with 10 parallel tubes or 5 turns. The tubes had an ID of 1[mm]. The evaporator
and condenser copper blocks had a length of 100[mm] each while the adiabatic length was
280[mm]. The figure below shows the effect of condenser temperature at an initial fill ratio of
35.9[%]. This research aims to see the effect of changing condenser temperature and the magnitude
of such effect on the performance of a Nitrogen PHP. Also, while Liang et al focused on the effect
of fill ratio on Neon PHPs with a few condenser temperatures, this work focuses on more intervals
of condenser temperature in addition to a number of fill ratios to create a complete 3D map of the

effect of condenser temperature and fill ratio on the effective conductivity of a Nitrogen PHP.
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Monan Li et al [20] carried out an experiment on a helium PHP to capture the effect of number of
capillary tube-turns on the performance of the PHP. The initial liquid fill ratio was approximately
70.5[%] in both cases. The length of the evaporator and condenser were 50[mm] each, while the
adiabatic section was 100[mm]. The experiment was used to test 8-turns and 24 turns of same size
and dimensioned stainless tubes. The results showed that the 8-turn performed better (in terms of
effective thermal conductivity) at lower heat loads reaching a maximum at a heat load of 271[mW].
As heat load was increased, the performance depreciated and the 24-turn performed better,
reaching a maximum at a heat load of 1100[mW]. The maximum effective conductivity at the fill
ratio operated was 15652[%] for 8-turn and 12328[%] for 24-turn leading to the presumption
that a parallel configuration of the three 8-turn PHPs to make 24-turns would be more efficient

that a single 24-turn loop, at least in a vertical orientation. While not directly related to current

research, future work on a new PHP with fewer turns may build on such information.
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This research paper aims to address some areas of cryogenic PHPs that have not been investigated.

Such areas are summarized below:

a. The effects of condenser temperature on effective thermal conductivity of both pure fluids
and mixture PHPs in a vertical orientation. This is done while simultaneously looking at
effects of heat load and fill ratio in order to create a 3D performance map.

b. Analyzing dry-out behaviors in those PHPs with respect to condenser temperature and fill

ratio.
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4 Experimental Setup and Calculations

4.1 Main Equipment Construction/Setup

4.1.1 Cryocooler
The PHP is cooled by a Cryomech AL-25 GM Air-cooled Cryocooler with a CP820 Cryomech

Compressor. It is a single stage cryocooler providing a cooling load of 22[W] at 70[K]. The

Cryocooler is attached to a circular aluminum block, to which the PHP is attached.

4.1.2 Dewar
The dewar is a stainless-steel cylindrical container with OD of 9.5[in] and a height of 24.5[in]. The

top plate of the dewar is made from aluminum with a diameter of 12.5[in] and 1.16[in] thick. The
top plate has three active 19 pins Amphenol connectors, one carrying current to the temperature
sensors (2 pins for each temperature sensor), one returning the voltages to the controlling
instruments (2 pins for each temperature sensor), and one designated for heat loads and control (4
pins for each heater). The top plate also serves as the entry point of the cryocooler into the dewar
as well as that of the gas supply line. The dewar is pumped to high vacuum (< 10~ 5torr) to

eliminate convective heat transfer.

GM Cryocooler head

. Amphenol Connector Ports

Top Plate

Fig 4-1. Top plate of dewar with mounted cryo-head
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4.1.3 Pulsating Heat Pipe
The pulsating heat pipe, shown in Fig 4-11 and Fig 4-111, is made up of 40 stainless steel capillary

tubes or 20 serpentine turns. The tubes have an ID of 0.5[mm] which is about half the critical
diameter at 115[K]. This diameter was chosen based on available laboratory material and with the
intent of running helium as the working fluid. The evaporator and condenser are identical copper
circular hollow blocks with one closed end. The ID, OD, and height of 55[mm], 63.8[mm] and
50[mm] respectively. The length of the adiabatic section is 265[mm]. The condenser and
evaporator have forty 0.25[mm] deep grooves that run the height of the copper block to which the
capillary tubes are soldered on for good thermal contact. The capillary pipe was bent with a pitch
size of about 5[mm]. Each pair of tubes is connected at the top and the bottom with bent copper
extensions soldered to the tubes. These extensions are originally designed to make it possible to
alter the number of working turns. However, this area of research was abandoned because of the
difficulty in creating a leak tight seal in multiple solder joints. The PHP fill line is connected to
two of the capillary lines from the evaporator via a copper tee-block. The PHP assembly is
connected to the circular aluminum block via the condenser block, which in turn is fixed to the
cryocooler head. A copper thermal jacket is attached with screws to circular supports around the
PHP and this provides good thermal contact between the PHP condenser and the cryocooler.
Around this thermal jacket are layers of multilayer insulation, MLI, to reduce the radiation

parasitic heat leak.
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Fig 4-11. PHP Core Assembly

4.2 Auxiliaries

There are two auxiliary DC current/voltage producing boxes connected to the experiment. One is
a Lakeshore 120 Current Source box providing 1[mA] DC current to the lakeshore PT100
temperature sensors. The other is a BK Precision 1698 Power supply box providing the voltage to
power the chassis resistor connected to the evaporator and hence provide a known heat load. This
power supply has a variable voltage setting and hence the heat load to the evaporator can be

controlled.
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4.3 Measurement Devices

4.3.1 Temperature sensors
There are five (5) PT100 Lakeshore temperature sensors used in the experiment. One placed on

the condenser block, one on the evaporator block and three on the stainless capillary tubes in the
adiabatic section. One of the adiabatic section sensors (T2) is located 7.9[cm] above the evaporator
sensor (T6). The next adiabatic section sensor (T4) is 1[cm] above T2 and finally the last adiabatic
section sensor (T5) is 2[cm] above T4. All three (3) adiabatic section sensors are relatively closer
to the evaporator than to the condenser. All the sensors are attached at their individual locations
with VGE-7031 varnish [22] and their leads also varnished to ensure parasitic heat to the sensors
are grounded to the measuring temperature. The sensors were connected using the 4-wire
technique with a pair of wires carrying the current to and from the sensor and the second pair acting
as the voltage leads. The PRTSs are sensitive to resistance changes especially at low temperature,
therefore a small change in resistance could correspond to a sensible change in temperature. Since
wire leads are significantly long, their resistances begin to have meaningful impact on actual
measurements. This technique eliminates any voltage drop due to the resistance of the wire leads
and the voltage drop measured is only because of the resistance of the sensors, ensuring higher

accuracy.
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4.3.2 Pressure sensors
There are two Endevco 8530B pressure sensors used in the experiment. One (0-500psig) is placed

at the end of the Buffer Tank, used in the calculation of the initial fill ratio in the PHP device. The
other (0-500psia) is located on the gas line just before the safety valve and is connected to the
adiabatic section of the PHP. That sensor is used to measure the working or saturation pressure of

the PHP. The pressure sensors were excited with 10[\V] from a DC power supply. The sensors have

sensitivity of 0.6+0.2 [Zl—;] with a full-scale output of 300+100[mV]. The sensors were calibrated

with a Endress+Hauser (EH) pressure gauge (absolute) having a 0.05% accuracy. The voltage
readings from the sensor were recorded in LabVIEW via the DAQmx (Refer to 4.6.2 Pressure

DAQs).

4.4 Heaters

Two chassis resistors, each 50 €, are used with the PHP setup. One is located under the evaporator
block and is used to provide the heat load to the device. The other is located on the aluminum
block attached to the condenser. That is used, along with the temperature controller, to maintain a
desired condenser temperature. Both heaters are wired using the 4-wire measurement technique.
The relationship between voltage and a given resistance produces the necessary current to achieve

a given power according to Ohm’s law:
I = 4.1
R (41

P=1V (4.2)

The voltage, V for both the evaporator heater and condenser heater can be varied via the BK
Precision 1698 Power Supply and Lakeshore 332 Temperature controller, respectively. The BK is

a 1-60[V], 0-3.3[A] Power Supply capable of delivering a maximum of 200[W]. It has a +1%
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relative error for both its current and voltage measurements plus 2 counts or 0.02 for voltages

above 5[V] and currents above 0.5[A].

4.5 Vacuum System

The vacuum in the dewar is provided by an oil free Pfeiffer vacuum station consisting of a
diaphragm pump and a turbo unit. The vacuum pressure registered with the device after leak checks
was = 10~°torr. The current device used to monitor the vacuum pressure is a Kurt J. Lesker
convective gauge with a minimum read out of 10~*torr. This gauge was zeroed at vacuum with a
turbo pump. Throughout the experiment, the vacuum pump remained on to ensure that vacuum

pressure is maintained.

4.6 Data Acquisition Systems (DAQs)

4.6.1 Temperature Controllers
A Lakeshore 332 Temperature Controller is used to control and maintain a preset setpoint

temperature of the condenser. The condenser (T1) PT100 sensor is wired directly to the Lakeshore
controller. The Lakeshore controller is designed to supply 14A at low temperatures to the sensor
to reduce parasitic heat load due to ohmic generation in sensor leads, although for positive
temperature coefficient RTDs, it supplies ImA. The default read rate is 10 samples per second.
The standard temperature curves for platinum RTDs were used with all the sensors. The
temperature control is via the internal variable DC current source to the condenser heater, which
is controlled by a PID (Proportional-Integral-Derivative) controller integral to the Lakeshore box.
It is designed to produce 1A at 50W, which translates to 100% full power at High setting for a
50Q resistor. The controller, via feedback loop, then varies the percentage of full-scale current and
hence full-scale power necessary to maintain a setpoint temperature. The PID coefficients were
picked based on trial-and-error method as described by [23]. Throughout the course of the

experiment, these coefficients had to be constantly optimized because of their sensitivity to the
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set-point temperature chosen. Initially a large P-Gain of 22 and I-Reset of 4 were chosen. It was
later discovered that two-phase instabilities could cause a ripple effect in control instability and
lead to large temperature swings that took a long time to stabilize. Also, during changes in setpoint,
the entire PID history is reset, and the system starts from scratch to build its stability at steady
state. For this reason, in later experimental runs, a high baseline manual output coefficient of 15
was set. A small variable P-Gain of 2 and I-Reset of 0.2 were chosen. This ensured that the system
always keep this baseline memory and could adjust slowly around this baseline for more stable

operation. This produced the best results in terms of temperature stability in the condenser.

The second temperature controller is a Cryocon 24C Temperature controller. The evaporator (T6)
PT100 temperature sensor, as well as the three adiabatic section temperature sensors T2, T4 and
T5 are connected to this controller. The controller is used as a reading device rather than a
controlling device. It supplies a current of 1ImA to the sensors and directly converts the resulting

voltage to a temperature read out. The sample rate on each of the inputs to the Cryocon is 15Hz.

4.6.2 Pressure DAQs
The voltage leads of the two pressure sensors are connected to an NI 9201 Module that is plugged

into a cDAQ instrument. The 8 channel NI Module is rated at +10V with a sample rate of 500kS/s
and a resolution of 12bits. As mentioned before, the two pressure sensors were calibrated using an
Endress+Hauser pressure gauge and a linear fit between pressure (from the EH gauge) and voltage
(from the sensors) was used in the LabVIEW program. The EH gauge readings were also compared
to pressure readings from an attached compound gauge. To keep up with the CPU processing, 10
samples at a rate of 10Hz was chosen. This is adequate, since we are most interested in steady state
performance and pressure data at intervals shorter than 1 sec is identical to data sampled at 1 sec.

The RMS (Root Mean Squared) error from the Fill Tank pressure sensor and the PHP pressure
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sensor were 0.999 and 1 respectively. Though the uncertainty of the sensors is low, the accuracy
is not very low. The calibration curves in section 12.4 ( 12.4 Pressure calibration curves.) shows
the linear fit of two different calibration done on the PHP sensors, spaced 9 months apart. The
accuracy of the sensor at zero voltage was calculated to be 18%. This might be due to the inevitable

drift of pressure sensors over time.

4.6.3 Data Acquisition Software Interface and Control (LabVIEW)
The functionality of the experiment is mostly controlled and read by the LabVIEW program. This

includes condenser temperature control (PID settings), evaporator heat load adjustments,
temperature value readouts and storage, pressure value readouts and storage, condenser, and
evaporator heater power calculations. Each LabVIEW run is automated and can be controlled
remotely. The BK Precision 1698 (Power Supply), Cryocon 24C (Temperature Controller) and
Lakeshore 332 (Temperature Controller) have LabVIEW VIs associated with their hardware.
Some of these VIs’ were used to setup the main LabVIEW program that runs the PHP real time
data collection and control. National Instrument’s internal VIs were used to set up logging for

pressure data.

Pressure sensor
Power Supply Evaporator &
Adiabatic Section Condenser
EVapOratOr Heat Dewar Vacuum Pressure sensor Temperature reader Temperature
Load Supply gauge DAQ Controller

S
i
i
]
i
]
e
s
]
L

2o S et S ooy =,

Fig 4-1V. Auxiliary Devices and Controllers
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4.7 Heat Leaks/Parasitic loads

4.7.1 Heat Generations & Solid conduction
In the PRT and heater wire leads, heat generation is calculated to be larger than conduction through

the leads because of the long length as well as the small cross-sectional area. Therefore, the heat

leaks due to the presence of the PRT, and heater wires is based on the ohmic heating:

Qleads = I(,?Re (4.3)
T)L
g, = 2D (4.4)
Ac

where p(T) is the temperature dependent electrical resistivity of the wire, L is the total length of
each wire, A, is the cross-sectional area of the wire and I, is the current sent by the controllers,
which for the PRT wires is 1mA standard and for the heater wires is a maximum of 1A. The result
is a maximum heat load through the leads, Q,,445, 0f 0.75W with the generation in the heater leads,

the dominant source. The PID limits the maximum current to less than 50% or a Q¢qqs Of 0.19W

4.7.2 Molecular Gas Conduction
A good vacuum is desired to ensure that residual gas conduction is minimized. The residual gas

conduction can be calculated by Corruccini equation [24]:

1
2

(o) P~ T (45)

&(V‘l‘l)
-1

Qres =

where P is the vacuum pressure, Tis the inner temperature of dewar wall, y is the ratio of specific
heat and Aj , is the surface area of the copper shield. This leads to a Q.5 approximately equal to

0.3W.
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4.7.3 Radiation Shield/MLI Parasitic
Radiation is an important mode of heat transfer in cryogenics. Since vacuum pressures are typically

kept low, radiation becomes a dominant source of heat transfer and steps must be made to reduce
it. Two common methods of doing this are: including a thermal shield between the dewar
surrounding and the test device and wrapping the thermal shield with a non-conductive reflective
material, the most common being multilayer insulation (MLI). MLI is typically made up of
alternating layers of Mylar or Kapton and Aluminum or Silver. The former acts as an insulating
material between the highly conductive metal and the later acts as a reflective material with low

emissivity to reduce irradiation. During MLI construction the following factors are worth noting:

i. The heat flux scalesas (N + 1)7!

ii. The axial heat transfer down the length of the ML is much greater than the heat transfer
through the layers of the MLI

iii. Exposed areas of MLI can lead to significant radiation leaks

iv. Contaminants such as oil, even from human hands, can adversely affect the

performance of the MLI

The plot in Fig 4-V is used as a reference for MLI radiation calculation. This includes the radiation

and well as conduction effect through the MLI.
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Fig 4-V. (Left) Heat flux as a function of number of MLI layers [25], (Right) Velcroed edges of MLI

The current PHP experiment uses 30 layers of MLI and so from the plot above a heat flux of

SOOTZI—VZV is assumed to be incident on the copper thermal shield. This results in Q,,4 of 0.07[W].

4.7.4 Modified Residual leaks through MLI
The heat transfer rate has been found experimentally to be a function of the vacuum pressure

showing that both molecular gas conduction, radiation heat transfer and conduction through the
ML are happening at the same time. One such empirical equation to predict the heat flux is by the

“Lockheed equation” [26] & [27]:

14

B CSNZ.GS(Trf _ Tcz) CRS(T;ll-.67 _ TC4.67) N CGP(Tr(l).SZ _ TCO.SZ)

2(N + 1) N N (4.6)

The first term accounts for solid conduction heat transfer (The temperature squared term falls from

a fit for the temperature dependent conductivity incorporated to AT), the second for the radiative
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heat transfer and the last for the gaseous conduction heat transfer. The above equation was later

modified by Mclntosh [28] and given as:

o CofK(Tp — T¢) O—(T;zl - Tc4)
q = +

Ax 1 1
a‘i‘g—c—l

+ C,Pa(T, —T.) 4.7)

where C; is 1.1666 for air and C, is an empirical coefficient. The above equation is not easily
computed because of unknowns such as C, and so experimental data by Jeffrey Robert Feller et

al [29] helps in the calculation of heat transfer through MLI. The equation provided by [29] is

given below:
1" =k ( ¢ )dP(T T.)+ qo" (4.8)
q" = — |7 P(Th - q :
PP\L+kgpp) t ¢ 0
d 1
_(y+1) | R
C= ool ey (4.10)
d= ! 4.11
kapp = a(Pd)P (4.12)

where a and B are fit coefficients, N is the layer density, ¢, is the experimental residual heat at
zero pressure, a is the accommodation coefficient and y is the ratio of specific heat. Using the

above expressions, and an @ of 0.8, the heat transfer through the MLI, Q,,; was calculated to be

0.14W.
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In conclusion the two major parasitic heat loads are summarized as Qpqqs = 0.19W and Qy,; =

0.14W

4.8 Experiment Assembly and Methodology

(Refer to Fig 4-V1I for the schematics that accompanies this section). The PHP fill line is connected
via a gas line to the buffer tank as well as the high-pressure tank. There are three needle valves
and one safety valve on the gas line train. The safety valve was tested to 80psig which is its
setpoint. The first valve (valve 1) is a vent valve and is used to empty the system before any fill
gas from the buffer tank is released into the assembly. The second valve (valve 2) is in front of the
buffer tank and third valve (valve 3) is located before the safety valve. This is the valve that would
be used to isolate the PHP system from the room temperature gas line. Before each fill, the buffer
tank may be filled from the high-pressure tank to a sufficient pressure (must be below 80psig to
prevent safety valve from opening) by opening the main valve on the High-pressure tank with
valve 1 and 3 closed and valve 2 open. When the desired high pressure-tank regulator pressure
equals that of the buffer tank, the main valve and valve 2 is closed. The end of valve 1 houses a
KF fitting that is connected to a vent pumping station (Roughing & Turbo pumps). Valves 1 and
3 are then opened and entire system is vented to produce a vacuum after which the valves are
closed. Now valve 2 is opened (with valves 1 and 3 closed) and the buffer tank steady state pressure
at this point is being read and recorded on the LabVIEW program. This is known as the start
pressure Pg:q.+. Valve 3 is then slowly opened until the pressure required to achieve a preset fill
ratio is achieved and then the valve is closed. A few minutes is allowed for equilibrium of the
buffer tank gas content with the surrounding. The new pressure of the buffer tank is read and
recorded from LabVIEW. This pressure is known as P, ;. These pressures are then used in an EES

(Engineering Equation Solver) script to calculate the initial fill ratio of the run.
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5 Methods and Results

5.1 Condenser Temperature intervals & Heat Loads

The condenser temperature was varied from 71K to 83K in intervals of 2K. The Lakeshore 332
temperature controller was used to maintain the set condenser temperature to within < 0.3K of the
setpoint. The heat load is normally varied from OW to the onset of dry-out in interval of 1W and
then increased by 0.2W after the onset of dry-out (onset of dry-out is taken to be when there is a
largest temperature gradient with the next 1W increment). The duration of each applied input
depends on various factor such as how long until the evaporator reaches steady state (steady state
is defined by temperature oscillations about a mean value, with amplitudes typically < 1K), how
long from an instability point to a new steady state or unattended period. However, the typical

length of each heat input run is = 30mins.

5.2 Data Averaging and Processing Software (MATLAB & Excel)

Real time data of the pressure and temperatures in the system is taken at least once every second,
therefore these large sets of data need to be averaged at steady state condition. The temperatures
and pressure data are stored by LabVIEW measurement file (.lvm), which is a text-based file. This
was found to be the most compressed form for such a large data and one that resulted in little to
no output problems. A MATLAB script was written, which uses an external function created by
M. A. Hopcroft [30] to read the file, and then graphically process and average the data. The
averaged data for each heat load at a given condenser temperature was then exported to an Excel
sheet that computed the effective thermal conductivity and registered the critical heat load for that

condensing temperature.



125 T T T T T 10
. Condenser Temperature ]
- | LabVIEW control is set to turn off load S O e
120 - . . Adiabati rature
- | if Tepap > Terie, Where Tipyy is the =i
sk | critical temperature of the fluid 18
17
110 -
< 16
L 105 %
= @
£ 100 3
[ ot 1s T
95 B ]
13
9 [ f \\\\ ]
—_—— ‘[M\HJ\‘\-:— —— 12
v b, U ]
= ]
85 — 11
Tt
80 | L 1 L LT 0
Dec 26, 12:00 Dec 27, 00:00 Dec 27, 12:00 Dec 28, 00:00 Dec 28, 12:00 Dec 29, 00:00 Dec 29, 12:00
Time[hours/days] 2019
Mo A = 7 ¢ o) Insert Deletq
Font N Alignment Number Styles Cells
A B | ¢ D E F G H [ J K L
1 77K
2 |Power  Avg_cond Avg_evap Avg DT P_avg DP_t DP/DT  Avg_adiakDta_t DP/Dta k_eff
3 0 76.95 79.03 2.08 14.28 0 0 0 81.66 0 0 0
4 0.5 77.08 80.11 3.03 14.52 0.24 1.08 0.222222 81.54 -0.12 -2 6791.226
5 | 1 77.04 80.82 3.78 14.55 0.03 0.71 0.042254 80.65 -0.89 -0.03371 10887.52
6 1.5 77.03 81.32 4.29 14.75 0.2 0.5 0.4 80.98 0.33 0.606061 14389.8
7 2 77.14 82.13 4.99 15.18 0.43 0.81 0.530864 81.55 0.57 0.754386 16494.92
8 2.5 77.03 83.33 6.3 15.42 0.24 1.2 0.2 82.75 1.2 0.2 16331.28
9 3 77.07 83.52 6.45 16.06 0.64 0.19 3.368421 83.8 1.05 0.609524 19141.78
10 3.5 77.04 84.61 7.57 16.48 0.42 1.09 0.385321 84.76 0.96 0.4375 19027.99
11 4 77.09 85.21 8.12 17.19 0.71 0.6 1.183333 85.31 0.55 1.290909 20273.32
12 4.5 77.1 85.4 8.3 17.77 0.58 0.19 3.052632 85.35 0.04 14.5 22312.86
13 3 77.2 86.41 9.21 19.14 1.37 1.01 1.356436 86.19 0.84 1.630952 22342.47
14 5.5 77.08 86.66 9.58 19.07 -0.07 0.25 -0.28 86.41 0.22 -0.31818 23627.51
15 6 76.99 88.68 11.69 22.7 3.63 2.02 1.79703 87.69 1.28 2.835938 21123.09
16 6.5 76.97 89 12.03 22.61 -0.09 0.32 -0.28125 87.65 -0.04 2.25 22236.61
17 6.75 77.05 89.49 12.44 23.16 0.55 0.49 1.122449 87.9 0.25 2.2 22330.8
18 6.9 77.02 89.78 12.76 23.63 0.47 0.29 1.62069 88.09 0.19 2.473684 22254.57
19 7 77.03 89.94 1291 23.87 0.24 0.16 1.5 88.27 0.18 1.333333 22314.78
20| 7.2 AD
21|

Fig 5-1. (Top) An example of a post-processed graphical result in the MATLAB script file, (Bottom)

Excel Macro calculating the effective thermal conductivity for a given condenser temperature
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5.3 Thermo-analysis of the condenser and evaporator states

The tools available in this project for measuring the states in the PHP are the temperature and
pressure sensors. Since the PHP must be in a cold controlled environment with reduced heat leaks,
no optical observation techniques were used in this experiment. Fig 5-11 shows the states of the
condenser, evaporator, and adiabatic sections, as well as a hypothetical equilibrium state based on
the temperature and pressure measurements. The pressure sensor is attached to the gas line

connected to the fill line of the adiabatic section.

Nitrogen

« Adiabatic Section

» Condenser Section

* Evaporator Section
* Avg PHP

164.6 kPa

132kPa
PN 101.7 kPa \
761V 98.46 kPa

average properties of the liquid in the condenser

70F
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((C((] «

Average properties of the vapor in the evaporator section

Fig 5-11. Thermodynamic states of the PHP at an initial liquid FR of 40% and T,,,4 = 77K

The condenser is maintained at a constant temperature with respect to time, using a Lakeshore 332
controller. The blue dot represents the condenser, which is predominantly in the liquid state,

though as observed in room temperature PHP’s [7], some vapor plugs can temporarily move into
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the condenser from the evaporator. The red dot represents the evaporator, which is in a superheated
state, suggesting that it is mostly occupied by vapor though cold liquid can move into the region
being transported from the condenser. The temperatures measured are those of the copper block
which would represent wall superheat. The adiabatic section follows the evaporator section closely
which is reflective of the fact that the PRTs in the adiabatic section are much closer to the
evaporator. The green dot represents a two-phase equilibrium situation where the entire content is
at a conserved initial specific volume and the steady state pressure for each load input. The steady
state pressure for a given load is assumed to the uniform throughout the PHP. Experiments like
the one carried out by M. Barba et al [31], where the mean temperature difference of all the pressure
sensors in the PHP was < 0.05bar, suggests that this is a reasonable assumption. The fact that the
PHP in this current work shows the thermal behavior in the T-v diagram in Fig 5-11 is consistent
with the experimental result obtained by P. Gully et al [32] shown in Fig 5-11l. The mean
temperature of the evaporator wall being an average of the bulk temperature of the vapor inside

the evaporator region of the PHP.
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Fig 5-111. Pseudo-steady state temperature in the evaporator, reservoir, and condenser [32]
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5.4 Initial Liquid Fill Ratio

In the Experimental Assembly section at the end of the last chapter, some steps, and variables are
defined that help in determining the initial fill ratio of each run. This section aims to expand on
that and use the First Law of Thermodynamics to analyze the theoretical liquid fill ratio in the PHP
based on properties of the gas in the buffer tank. The ideal gas law, Pv = mRT is used to determine
the initial and final gas inventory in the low-pressure buffer tank. While all valves except valve 2
are closed, the start pressure, P4+, Of the buffer tank is measured. The inlet valve (valve 3) to the
PHP section is then opened and when the pressure reaches a valve equal to a pre-determined mass
necessary to give a required initial fill ratio in the PHP section, the inlet valve is closed and after
a few minutes, the pressure of the buffer tank is measured again as P,,,;. It is assumed that there
is good heat transfer between the buffer tank wall and that the temperature at the beginning is the

small as the temperature at the end and thus:

(Pstart - Pend)Vtank+buffer—line
RTamb

(5.1)

Moyt =

The unknowns right now are m,,; and P.,4 and as such one more equation is needed. The
second equation comes from a two-phase mass balance on the PHP section at an assumed liquid
fill ratio. The PHP section is divided into two zones: Zone 1 is the section enclosed in the thermal
shield and MLI and Zone 2 is from that point up until the PHP inlet valve (Valve 3). The ideal gas
law is used to determine the mass in Zone 2 with the assumption that this mass is to the right of

the vapor dome i.e., gaseous state and thus does not contribute to the fill ratio calculation:
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_ P{Tsat}Vz,Z

= 2
mZ,Z RTavg (5 )

where Ty, IS assumed to be the condenser temperature which is known (AT in the PHP at OW is
typically < 2K), T,y is the mean temperature between the saturation temperature and room
temperature, R is the specific gas constant of Nitrogen and V,, is the volume of Zone 2 of the

PHP.
Zone 1 is assumed to be in two phase equilibrium and for a known liquid fill ratio, the mass in
Zonel can be calculated according to:

|7
(1 — Xphp {Tsatr #}) VsatiTsqe, X = 0} mgzq

Fillyqtio = ' % (5.3)
z,1

where X is quality. From the above equation, the only unknown is m, ;. The total mass leaving the

buffer tank can then be computed by:
Moyt = Mz + My, (5.4)

Reuvisiting equation 5.1, P,,,4 can thus be calculated.
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Fig 5-1V. T-v diagram for Nitrogen

5.5 Effective conductivities versus condenser temperature at select fill ratios

One of the goals of this project is to estimate the effective thermal conductivity of the PHP device
so that the performance can be compared to conventional passive devices such as a copper bar or
heat pipes. For a given load at the evaporator, during steady state condition, the condenser and
evaporator temperatures are recorded and averaged as T, and T}, respectively. The heat transfer is
theoretically modelled as conduction through the liquid-vapor content of the capillary tubes such

that:

_ qLeff
keff = NA_AT (5.5)

where ¢ is the applied heat load at the evaporator, N is the total number of capillary turns, L.sf is

the normal distance between the condenser sensor and evaporator sensor (middle of condenser to

middle of evaporator), A, is the inside cross-sectional area of the capillary tube (i.e., using the
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inner diameter) and AT is the steady state temperature difference between the evaporator and

condenser.
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Fig 5-V. Effective thermal conductivity versus heat load for at different condenser temperatures

The effective conductivity is the parameter of interest used to compare a PHP to other heat transfer
devices of similar category such as a copper bar or a heat pipe. From the experiment, the effective
conductivity of this PHP can be quantified as well as some behavior documented. Fig 5-V show
the effective conductivity of the PHP as a function of the evaporator heat load for different

condenser temperature and initial liquid fill ratios.

One feature to note is the behavior of the effective conductivity with increase in heat load. Initially,
the effective conductivity goes up with an increase in load at the evaporator. This behavior can be
linked to an increase in nucleate boiling, which transfers energy from the inner surface of the
capillary tube to the center to form vapor plugs. The amount of nucleation reduces as the velocity
increases and the heat transfer is dominated by the boundary layer heat transfer. Vapor plugs are
surrounded or coated with a thin layer of liquid film. As the heat flux on the surface of the tube

increases, this liquid film becomes smaller or thinner.
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Fig 29. Reduction of thin liquid film layer with the increased heat flux

The growth of the thin film layer &;, can be inferred from the simulation done by Mauro et al [33],
which shows the liquid film thickness reducing as the vapor quality goes up. This behavior of
liquid film thickness with increasing heat flux was also experimentally verified by P Srikrishna et

al [34].
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Fig 5-VI. Vapor mass quality vs liquid film thickness for different fluid temperature [33]
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Liquid film thickness vs heat flux
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Fig 5-VII. Liquid film thickness experiment of a methanol PHP [34]

Consider conduction heat transfer through the thermal boundary layer is given by:

. _ kAT, c e

q - 61: ( . )
and the convective heat transfer can be represented by:

q" = hAT; (5.7)

the heat transfer coefficient h, can then be related to the thermal conductivity of the fluid k, and

the boundary layer thickness, é; as:

h~— (5.8)

and so, for a finite value of &;, the heat transfer coefficient becomes bigger as the boundary layer

thickness becomes smaller and hence the effective thermal conductivity behaves just like the heat
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transfer coefficient. Fig 5-VI11 shows that as evaporator temperature goes up (due to a higher heat

load), the velocities or oscillation of the liquid slugs sensible and latent heat also increases.

"% —— Bu) Slam T OPCT,=0°C
| Rl Sl T 10°C.T =60°C
‘m‘i e Bl Gl TR 20CT 60
190 4 )
]
A poo A
1 i i ) "\ 'l| \ L 0 N
Ewt i AR LA A DR A
it \
d B ._". '\ ."‘ "‘\ ,': I |'| [ "" I\
“0 \ \ s ] 5 10\ ] | Y f\ I\ \ |
' | [ )W wg |\ § 24 ARt LI { |
| ; \‘ | e 7 ; 1 1P B U L \!
L1 e LAY AN W B Py B ol Y
wdq ! ! . 1Y A | ) 3% 2 ¥ L® ‘ i
l E AL EAT IS Y vl A \ L 1
\ ! .I
VA 7 | ' w S
oo r\\l' ! ! | \f \ \ lI
¢ l" \, 1"
[ '| 1)
%
(a) Sensible heat transfer in
ol Rel6%am T =100°C.T =00
Bl 67mm, T w1 10°C.T, =0"C

- Rel6%umT=120'CT 600
2 e

/
\
|

!
I
|
! \
!
|

is)
(b) Sensible heat transfer out

Qu¥)

006 3
Red 6Fmen T, =100"C, T, =60"C
Rl E¥rmen T, =1 10°C,T,=60"C
004 1 ——— Rl 6T T ~120°C T, ~60"C
ooz 1Y

000

o=
(a) Liquid slug displacement

Rl 6Tmm T, =100°C T, ~60"C
Re=d 67mm T, ~110°C T ~60"C
e R 6Tmen T, =120°C. T 60°C

-

M f{\w /\Wé': ﬁf\“h

(b) Condensation heat transfer

——

Rl 67mes T, =100"C.T,=50°C
Bl 67mes T,=1 10°C. T, =60°C
——— Bl 67mm T =120°C.T m60"C

) '
4 ! A :
" ; " a
! i ”"
“ 4 H b i
i1 H '
P 1 i 3
i £ il

7 ;
H it {1

i

2 - ] [ } 8
1 5K : '
. ok H :

s B BT
H iy 1
i 1 55358
® -

55 27 ss a5 w0

=)
(c) Evaporation heat transfer

Fig 5-VIII. Influence of evaporator temperature on oscillatory flow and heat transfer [35]

At the interface between the vapor and liquid, the wall heat flux must balance the heat flux of

vaporization. The thinner the boundary layer, the less mass available for vaporization. Further

increasing the heat flux can result in the onset of dry-out, where the liquid film is completely

evaporated and there is a jump in the wall temperature (Fig 5-1X) because of a dip in heat transfer

coefficient (HTC) from a two-phase HTC to a single vapor phase HTC (Fig 5-X). Fig 5-XI

supports this hypothesis. After this, there are two possible scenarios. One, a recovery from dry-
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out, where there is intermittent rewetting of the wall to with a large reduction in heat transfer
coefficient due to the large jump in wall temperature. This results in the maxima, displayed by
most of the effective conductivity plots in Fig 5-V . In a few cases recovery is not possible and
there is immediate dry-out. This is the case where the maximum effective conductivity occurs at
the maximum heat input. The rewetting phenomena is a complex two-phase behavior that would
require optical access at cryogenic temperatures and for experimental investigation is therefore
outside the scope of this project. However, in room temperature PHPs (Fig 5-XII & Fig 5-XII1I)
the progression from nucleation to slug flow through annular flow has been observed. Mist flow

occurs at the on-set of dry-out or at dry-out itself depending on the rewetting condition.

30
24.8% Initial Fill Ratio & Condenser Temperatuer of 77K®

25

20

Onset of dry-out

Heat Load (W)

Fig 5-1X. Temperature difference between condenser and evaporator vs heat load (present study)
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Another feature to note is that, as the condenser temperature is increased, at a given load, the
effective thermal conductivity increases (Note that in some cases, especially at high fill ratios, the
onset of dry-out can cause slight variation to this behavior). Consider the simple analysis below
where the heat flux g" is constant and known and the wall temperature T,, is also constant and

known:

q"=h(T, - Tp) (5.13)

As the vapor temperature, T,, increases, the temperature difference goes down. If the heat flux is
to remain constant, the heat transfer coefficient h, must go up. This explains why there is higher
performance at higher condenser temperature as seen in Fig 5-XV. The gain in effective thermal
conductivity because of higher condenser temperature becomes more prominent with higher
condenser temperature gap. For example, the benefit of running the condenser at 77K instead of
71K is much greater than running at 79K versus 77K. However, the experiments show that as we
go to higher condenser temperature, the effective conductivity lines start to collapse on one

another.

One more feature to note is the behavior of the effective conductivity as a function of the fill ratio.
Below is a plot of the maximum effective conductivity at a condenser temperature of 77K as a

function of fill ratio:
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Fig 5-X1V. Maximum effective conductivity versus initial liquid fill ratio
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Fig 5-XV. Effective conductivity versus initial fill ratio for three different condenser temperatures

when the fill ratio is low, there is little liquid inventory or high vapor quality and so reduced heat
transfer coefficient on the other hand, when the fill ratio is higher, there is less bubble formation
and hence reduced total wall shear which translate to reduced heat transfer coefficient. The

optimum tends to reduce these two effects.
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5.6. Flow regimes

Using temperature data and knowledge of the boiling process in room temperature PHP we can
attempt to decipher flow regimes in non-visual cryogenic PHPs. Fig 5-XVI shows a typical pool
boiling curve, a flow boiling curve in a microchannel based on experiments by A. Kalani and S.
Kandlikar [40] and flow regimes in a capillary tube [41]. Pool boiling usually starts with a single-
phase liquid and progresses through nucleate boiling to annular boiling. Flow boiling does include
some of the flow pattern of pool boiling such as bubbly flow, slug flow and annular flow, although
the slug flow in flow boiling is confined by the wall of the tube. The flow boiling curve will be

used for comparison to the current research data.
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Fig 5-XVI. (A) Pool boiling curve [42], (B) Flow boiling curve [40], (C) Flow boiling flow pattern [41]
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The start condition in a PHP is often a two-phase condition with some vapor plugs and often long
liquid slugs owing to the surface tension effect of a properly sized PHP. As heat is added,
nucleation comes into effect at the liquid sites (long liquid columns/slugs). As the heat flux is
increased, larger nucleate bubbles form bubbly flow. As the heat flux is further increased, since
the PHP is a microchannel, these bubbles become confined by the micro-diameter and coalesce or
jointo divide large slugs into smaller liquid slugs with the creation of more vapor plugs. Nucleation
is also often suppressed in the vapor plug sections at these loads (though some nucleation can still
occur at the liquid slugs at the evaporator). Most of the flow regimes that have been observed at
room temperature fall into this flow pattern. At higher heat flux, annular flow has been observed
to occur, where vapor plugs burst through a liquid slug and separates the liquid from the core.
During long annular flow, thin film evaporation can occur at the wall, where a layer of vapor may
separate the liquid film from the wall. This begins the onset of dry-out and dry out occurs at the

critical heat flux.
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Fig 5-XVII. Flow boiling curve in the Nitrogen PHP (FR 24.8%, T, 77K)
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The heat transfer coefficient or slope in the above figure increases as nucleation starts. This slope

becomes larger when bubble formation begins to create more vapor slugs because of the

enhancement in HTC due to thin film conduction and the creation of more two-phase regime.

There is adrop in this heat transfer coefficient as we enter annular regime due to vapor conduction

at the wall. There may be variants of the curve depending on fill ratio, two-phase instabilities, and

condenser temperature but distinct zones can most times be identified and the trend is fairly

consistent. Since the contents of the PHP cannot be visualized, this acts as a basis to predict flow

regimes in cryogenic PHPs and future detailed measurements would need to be carried out to at

least predict with higher certainty these flow regimes. Fig 5-XVI1I show examples of curves from

other fill ratios and condenser temperatures. These curves show similar trend to Fig 5-XVI-B.
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5.7 Thermodynamic Process

There are two type of thermodynamic steady state process that has been observed with the Nitrogen
PHP. One is an isobaric or almost isobaric process which occurs at low fill ratios (fill ratios with
specific volumes to the right of the critical volume) and the other is a baric (changing pressure)
process occurring at high fill ratios (fill ratios with specific volumes to the left of the critical

volume).

Nitrogen

» Condenser Section
» Adiabatic Section
» Evaporator Section
¢ Avg PHP

164.6 kPa

132 kPa |

'=0,00.19.
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Fig 5-XIX. T-v states for (a) FR 24.8%, T. 77K (b) FR 45%, T, 77K

Average properties of the vapor in the evaporator section

The pressure in an enclosure is typically set by the liquid-vapor interface. At low fill ratio, the bulk
interface will be at a temperature closer to the condenser and since the condenser is maintained at
a constant temperature, this pressure does not change much. The case is different at high fill ratio
where the interface predominantly sits at the high adiabatic section or closer to the evaporator
temperature and so the pressure would be significantly influenced by the high-end temperature
which increases with heat load. Moreover, the hydrostatic pressure in vertical orientation, may
become important at high fill ratio due to long liquid slugs. The thermodynamic equilibrium state

of the low fill ratio therefore corresponds to the vapor side, where an increase in temperature drives
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the state towards saturated and superheated vapor at higher temperatures. On the other hand, at
high fill ratios, the equilibrium state corresponds to the liquid side so an increase in temperature

drives the state towards saturated and compressed liquid at comparably lower temperatures.

5.8 Dry-out Flux

The dry-out heat flux has two set of behaviors. One occurring at low fill ratios and the other at
high fill ratios. At low fill ratios the pressure in the PHP remains almost constant even at the dry-
out heat load. The temperature on the other hand continues to increase and sees a sharp exponential
increase towards the critical temperature at the dry-out heat load. At high fill ratios, both
temperature and pressure increase significantly. At the dry-out heat load, the system experiences
a sharp and continuous increase in temperature, accompanied by a sudden and sharp increase in
pressure. The condenser temperature at this point is observed to drop too. This could mean that
there is a stop in the motion of the working fluid and a disconnect between the cold liquid at the

condenser and hot vapor at the evaporator.

5.8.1 Low Fill Ratios Dry-out Load versus condenser temperature
At low fill ratio (specific volume to the right of the critical specific volume) the critical heat load

exhibits a parabolic behavior with a maximum occurring between the low and high condenser
temperatures. The value of the critical heat load also increases with increasing fill ratio. This is to
be expected since increasing the fill ratio increases the heat transfer capacity associated with

increased liquid mass inventory in the system.
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Fig 44. Dry-out load versus condenser temperature for different low fill ratios
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The thermodynamic conditions that affect the behavior of the dry-out heat load are the heat of

vaporization and the liquid fill ratio. As the condenser temperature is reduced, the liquid fill ratio

at a constant fluid mass, also decreases and so there is less mass inventory to support high heat

loads. On the other hand, as the condenser temperature is increased, the heat of vaporization of the

system is reduced resulting in a lower critical heat flux. These two effects counter each other to

produce a maximum.
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The pressure peaks in Fig 5-XXI represent a transitional pressure measurement. The system
pressure returns to the average value during steady state conditions (the period when the load is
held constant, and temperature of the evaporator remains constant) which remains constant as the
heat load is increased. Also notice that the evaporator is thermally disconnected from the
condenser, but the adiabatic section is still partially thermally connected to the condenser. The
steadiness of the condenser temperature at the critical heat load and small changes in adiabatic
section at that point suggest that the PHP is still operational (moving fluid) and so the cryocooler
control can still maintain the temperature of the condenser at that point since thermal energy is still
transferred into it, but the liquid heading toward the evaporator completely evaporates as it gets
into the evaporator resulting in a highly reduced heat transfer coefficient of a hot gas and an ever

increasing wall temperature.
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Fig 5-XXI. Temperature and Pressure measurement in PHP at Initial Fill Ratio of 24.8%

5.8.2 High Fill Ratios Dry-out Load versus condenser temperature
At high fill ratio (specific volume to the left of the critical specific volume) the critical heat load
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Heat Load[W]

exhibits a decreasing value with increasing condenser temperature with the maximum occurring

at the lowest temperature. In this case the critical heat load appears to decrease with increasing fill

ratio.
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Fig 5-XXII. Critical heat load versus condenser temperature for different high fill ratios
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The change in the critical heat flux behavior could be explained by the thermodynamic process
during heat load addition. For low fill ratios, the pressure remains almost constant and so there is
little liquid recovery at the evaporator to be used for rewetting the wall. However, at high fill ratios,
there is a large pressure gradient at the onset of heat flux which will increase the two-phase liquid
fill ratio and hence there will be liquid recovery that could be used for rewetting the evaporator
wall. Hence while low condenser temperature would not have the benefit of more liquid production
as heat is increased at the evaporator for low fill ratio, it would have this benefit at high fill ratio.
(Rewetting occurs when a passing liquid slug, replaces the thin liquid film normally seen in annular

flow at high heat flux, after complete evaporation of this film).

Initial Liquid Fill Ratio 24.8%0 at Tcong 77K
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Fig 5-XXIII. Saturation pressure versus heat load for different condenser temperature
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Perhaps a clearer way of understanding the transitional behavior of the critical heat flux at higher
fill ratio, is that of liquid slug velocity. The rewetting process is bolstered by the ability of liquid
slugs to make it to the evaporator (increased velocity). In general, as the fill ratio is increased the
liquid velocity is reduced and so the advantage higher condenser temperature, gains from having
more liquid fill ratio, is reduced by the reduction in pumping speed at higher fill ratios. For
instance, in this experiment, the maximum velocity for an initial fill ratio of 24.8% and condenser
temperature of 83[K] is double that of the case with an initial liquid fill ratio of 45% and the same
condenser temperature. (Refer to

Table 12.1 Polynomial fit tables for performance maps

12.7 Velocity estimate for fluid inside PHP, for the calculation used in estimating the velocity).
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Fig 5-XXIV. Liquid velocity for different fill ratio: Experiment by K Rama Narashima et al [43]
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Fig 5-XXV. Temperature and Pressure measurement in PHP at Initial Fill Ratio of 45%

Fig 5-XXV shows that unlike in the case shown in Fig 5-XXI, pressure is not constant with
increasing load and there is both a temperature run-off and pressure run-off at the critical heat flux.
Also note that unlike in the case of low fill ratio, there is energy that goes into heating the adiabatic
section as well since the fill ratio presents the possibility of long liquid slug that could act like a
thermal link to the evaporator (solid conduction). The immediate and steep drop in the temperature
of the condenser at the critical heat load suggest a separated flow (non-moving fluid) where cold
liquid congregates at the condenser carrying no energy and so the cryocooler control at this point
cannot maintain the temperature while the hot gas congregates at the evaporator increasing its wall
temperature. The thermal contact of the gas with the adiabatic section also causes a rise in

temperature at that location.

5.9 Summary (Performance Maps)

3D plots can be made showing how condenser temperature and heat load affects the effective
conductivity for different fill ratios. The effective conductivity data is fitted with the highest order
polynomial fit that does not result in unphysical behavior or does not produce multiple minimums

or maximums. The effective conductivity is forced to zero at critical heat power. The z-axis (red)
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legend represents the effective conductivity K, ¢ in units of % the x-axis (blue) is the condenser

temperature T,,,4 in units of K and the y-axis (green) represents the heat load, P in units of W.
This performance maps will be further analyzed in future work to determine optimal operating
regions and to see the relative effect of operating perturbations in condensing temperature or heat

load on the performance of the PHP.
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x-axis: 70 < T¢ong < 84 [K]
y-axis:0 <P <7 [W]
z-axis: 0 < kef < 18261 [W/m-K]
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Fig 5-XXVI. (a) FR 15.5% (b) FR 24.8% (c) FR 30.8% (d) FR 40% (¢) FR 45% (f) FR 52%

An optimally sized PHP should be designed to operate in regions not too close to CHF. This
criterion would avoid the penalty (effective thermal conductivity either drops drastically or the
system completely dries out at the heat source) in thermal performance as a result of small
perturbations in operating parameters. In this case, those operating parameters are condenser (or
heat sink) temperature and heat load. The performance maps help identify optimal range of

operating parameters.
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Fig 5-XXVII. Examples of performance maps showing optimal and non-optimal areas of operation

Although the PHP should be designed to work in the optimal region, it can also be designed to

work in the non-optimal area that is close to the optimal region.

From the Nitrogen data, it can be observed that the optimal area increases as we get to higher fill
ratios, spreading from higher temperatures as seen in Fig 5-XXVla to lower temperatures as seen
in Fig 5-XXVIb through Fig 5-XXVIf. However, at higher fill ratios (Fig 5-XXVle &Fig

5-XXVIf), there is less range to work with, especially at higher temperatures and/or higher heat

loads.
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6 Other Pure Fluids in PHPs

6.1 Argon as a working fluid

There is a need for cooling Liquid Natural Gas (LNG) inside tankers during transportation. When
these tankers are at rest, heat transfer into the sides results in locally elevated temperatures. After
sufficient time, the resulting temperature stratification and buoyant instability results in a sudden
‘roll-over’ bringing the warm fluid to the top of the liquid and leading to a rapid and dramatic
pressure rise. The rise in the pressure typically triggers the pressure relief valves designed to
maintain the pressure within a safe range, thereby venting gas into the environment. This has both
an economical and environmental impact. PHPs as heat spreaders could have a practical
application in this case. Heat can be removed from the hotter bottom liquid and transported to the

cooler upper liquid using a PHP operating with Argon as the working fluid.

Argon has a boiling point of 87.3[K] at standard atmosphere, a triple point of about 83[K], and a
critical point of 150.7[K], giving a wide working temperature range for an argon PHP. Methane,
the primary component of natural gas has a boiling point of 111.6[K] at atmospheric pressure,
triple point of 90.7[K] and critical temperature of 190.55[K] so a PHP charged with Argon should

work as a heat transfer device in this temperature range typical for LNG tanks.

Argon was chosen a working fluid for further PHP tests for two additional reasons. First, the
similarity in working temperature (in terms of range), and property behavior like T-v (temperature-
volume) relationship make Argon a good choice for a PHP working fluid that can be compared to
PHPs operating with Nitrogen as the working fluid. The performance data from the Argon PHP

can be compared to that from the Nitrogen PHP tests to explore potential advantages of Argon
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PHPs. Secondly, there are existing data sets available for Nitrogen, Helium and even some Neon

PHPs but little work has been done on Argon PHPs.

Fig 6-l1a shows the specific heat capacity of Argon compared to Nitrogen from 300[K] to 90[K].
Argon has a smaller heat capacity than Nitrogen throughout that range and should thermally
respond faster. However, since the PHP comprises copper blocks that have masses much greater
than the working fluid, the thermal response time would be governed by those solids. The smaller
heat capacity of Argon compared to Nitrogen also means that Nitrogen should be able to pick up

more sensible heat per unit mass than Argon.
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Fig 6-1 (a) Specific Heat versus Temperature (b) Heat of VVaporization versus Temperature

Fig 6-1b shows the enthalpy of vaporization for both fluids over a working temperature range of
84[K] to 120[K]. At the lower temperatures, nitrogen will carry more latent heat per unit mass but
as temperature rises above 107[K], argon becomes more advantageous in terms of latent heat
transfer. One of the major advantages of Argon as a working fluid, especially in pressure vessels,

is its lower operating pressures. Fig 6-11a shows the working pressures of Nitrogen and Argon
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across the temperature range stated earlier. Another advantage is that for the same liquid fill ratio,
the mass inventory inside the PHP would be larger for Argon than for Nitrogen. That difference
gets bigger as you increase fill ratio as shown in Fig 6-11b. Such property comparison, as well as

behavior of other thermodynamic properties like surface tension should be explored in future work.
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Fig 6-11(a) Saturation pressure vs temperature (b) PHP fluid mass vs liquid fill ratio
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6.2 Experimental results for Argon at Low Fill ratios

6.2.1 Effective conductivities versus condenser temperature for low fill ratio
160 Argon

150

140(

110[ 600000 Pa

200000 Pa

90{ / 40%| 30% | 20% \
o A A A
8oL T

5x10™ 103 10?2 101 2x101
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Fig 6-I11. T-v diagram for Argon

Two low fill ratio runs were completed for Argon. One at 20% initial fill ratio and the other at 30%
initial fill ratio at 86K. The range of condenser temperature runs for Argon was 86K to 101K with
a temperature interval of 3K. The results of the effective thermal conductivity as a function of heat

load for various condenser temperatures are shown in Fig 6-1V.
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Fig 6-1V. Effective thermal conductivity versus heat load for different condenser temperatures

The effective thermal conductivity as a function of heat load is consistent with the behavior seen
in Nitrogen. As heat load is increased, the effective thermal conductivity goes up, possibly due to
smaller thin film layer, up until the point close to dry-out where the wall temperature goes up as
the heat is convected to a single-phase gas. The behavior of effective thermal conductivity with
increase in condenser temperature is also consistent with that of Nitrogen. i.e., as condenser
temperature goes up, so does the value of effective thermal conductivity (except at regions where

intermittent dry-out occurs i.e., regions after the maximum effective conductivity).
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6.2.2 Dry-out versus condenser temperature for low fill ratio

20% Fill Ratio 30% Fill Ratio
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Fig 6-V. Argon Dry-out load versus condenser temperature for low fill ratios

The dry-out power as a function of condenser temperature for Argon at the fill ratio tested behaved
differently than that of Nitrogen. The dry-out power was maximum at the temperature of initial fill
(86K) and drops off as temperature goes up. For both 20 and 30 percent fill ratio, Argon exhibited
the ability to maintain the same heat transfer coefficient after the point of maximum effective
conductivity. This is clearly seen at 86K in the 20% fill ratio and 86K and 89K in the 30% fill ratio
as seen in Fig 6-1V. Recall from the nitrogen chapters, there are two possible scenarios after the
onset of dry-out. One of those scenarios was a rewetting ability of the flow which sustains
operation for a bit. It is postulated that Argon has a higher rewetting effect since it is able to
maintain operations after maximum effective conductivity (Fig 6-1V) when the performance drops.
If we look at the load at the maximum effective thermal conductivity instead (Fig 6-VI), to
eliminate the effect of sustained wall rewetting, then the behavior seen is like the behavior in the

Nitrogen PHP.
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Fig 6-VII. Temperature and Pressure data for (a) FR = 30%, Tc = 86K (b) FR = 20%, T. = 88K

Fig 6-V1I shows the temperatures and pressure data for two low fill ratio cases for Argon. As with
the case for the Nitrogen PHP, the pressure remains fairly constant, even at the dry-out load. At
heat load approaches the dry-out load, there is thermal disconnection between the condenser and
the evaporator. The constant condenser temperature and much lower adiabatic section temperature
(as compared to the evaporator) suggest that the fluid is still in motion and the adiabatic section is
somewhat thermally connected to the condenser, but the thin liquid film completely dries off at
dry-out load and the little liquid slugs that might make it to the evaporator cannot maintain the

wall temperature, leading to the temperature run-off of the evaporator observed at the end.

6.2.3 Boiling curves for Argon
It might be worthwhile to look at the slopes of the heat load versus the temperature difference

between the evaporator and saturation temperature, to predict flow regimes. As with standard
boiling curves, this would be an indication of the bulk heat transfer coefficient of the fluid. Any

significant changes in the slope could correspond to a new flow regime.
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The Argon data exhibited distinct slopes along the boiling curve. This supports the hypothesis that

these slopes likely suggest different flow regimes. It was also found that the first flow regime (most

likely slug flow with sustained nucleation) is confined to low powers (< 1W). This finding is
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similar to that of the nitrogen data (< 0.5W), suggesting that the performance of the PHP would be

independent of condenser temperature or fill ratios at those low powers.

6.2.4 Thermodynamic Process: Heat Addition for Argon PHP
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The figures above show the thermodynamic heating process for the Argon PHP for the two initial

fill ratios tested. The two fill ratios tested are both low liquid fill ratios (fill ratios whose specific

volume are to the right of the critical specific volume). Just like with the Nitrogen fill ratios, these

fill ratios have the capacity to sustain operations at higher AT, ,,, (temperature difference between

the condenser and the evaporator) than at high fill ratios (from Nitrogen data). The boiling process

also appears to be isobaric or near isobaric just as with the low fill ratios of the Nitrogen PHP. This

suggests that the same conclusion as with the Nitrogen PHP can be made. That the average

equilibrium interface (between the vapor and liquid) sits closer to the constant condenser
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temperature. Hence, the equilibrium pressure would be largely set by this temperature. One
difference between this thermodynamic process and that seen in the Nitrogen PHP is that the initial
state of the fluid in the evaporator appears to be largely liquid. As heat is introduced to the
evaporator, the average state of the fluid in the evaporator moves from largely being liquid to

largely being superheated vapor. This is likely because Agon is much denser than Nitrogen. The

density of liquid Argon at 1 standard atmosphere is 1395"—“2 compared to 806.1k—i for liquid
m m
Nitrogen. Argon also has a higher surface tension than Nitrogen (0.01253% for Argon versus

0.00888% for Nitrogen at standard atmosphere). Therefore addition, the capillary forces that holds

the liquid to the tubes are stronger for an Argon PHP than for a Nitrogen PHP.

6.2.5 Pressure responses/ Flow velocity
There is no device currently installed to measure the velocity or mass flowrate of the fluid inside

the PHP, but the pressure oscillation of the fluid can provide some information about the behavior
of the liquid slug in response to increased evaporator heat load. It should be noted that the pressure

sensor is attached to the adiabatic section.
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Fig 6-XI. Pressure oscillations at the adiabatic section for different Heat Loads

Fig 6-XI (a-c) shows the pressure oscillations in the PHP as a function of time for different heat
loads. Initially the pressure oscillation is almost zero, when the heat load is zero. This shows that
there is very little movement of the fluid. As the heat load is increase, so does frequency of

oscillation, suggesting that the velocity of the fluid goes up. As the device approaches the dry-out
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power, the frequency goes down again (reduced velocity), resulting in a delay between liquid slugs.
Such a delay will result in the evaporation of the thin liquid film at the evaporator and is a precursor

to complete dry-out.
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Fig 6-XI11 (a-e) show the normalized frequency plot of Fig 6-XIb. At OW, a low base frequency is
established. This movement of liquid slug is induced due to non-equilibrium temperature
difference between the condenser and evaporator. As heat is added, higher frequencies as well as
more frequencies with similar magnitudes begin to emerge, as fluid velocity increases. At 8W,
multiple frequency peaks are evident, with a low frequency of 0.001Hz and a high frequency of
0.19Hz. At 9W, which was the load before dry-out, the frequency goes back down, with dominant
frequencies of 0.001Hz and 0.028Hz. It is worth noting that one of the frequencies at dry-out is
higher than the base frequency at zero load. This means that the fluid, though slowed, still oscillates
faster than at zero load. The magnitude of the oscillation could be an indication of the size of the
liquid slug since the magnitude is a representation of the instantaneous pressure rise/fall from the
mean, of that frequency. The pressure gradient occurs across a slug (Fig 6-XIIf). For this case,
there are mainly smaller liquid slugs as heat is increased (i.e., magnitude goes down), up until dry-
out, where annular flow is dominant, and the magnitude goes back up. The data sampled for the

FFT (Fast Fourier Transform) was 1000 samples with a sampling frequency of 1Hz.

6.3 Summary (Performance Maps)

Below are 3D plots of the Argon PHP showing the relationship between effective thermal
conductivity, condenser temperature and heat load. The effective conductivity data is fitted with
the highest order polynomial fit that does not result in unphysical behavior or does not produce

multiple minimums or maximums. The effective conductivity is forced to zero at critical heat
power. The z-axis (red) legend represents the effective conductivity K¢ in units of % the x-

axis (blue) is the condenser temperature T,,,4 in units of K and the y-axis (green) represents the

heat load, P in units of W.
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The Argon performance maps show a much smaller optimization area or region as opposed to the
much wider optimization area of the Nitrogen PHPs. This means that perturbation from an
optimized operating point in an Argon PHP could have more significant consequence in terms of
performance drop than in the Nitrogen PHP. The Argon maps also do not show an increase in
optimization area spread as fill ratio goes up unlike in the Nitrogen PHP, however the optimal area
does move away from the dry-out zones (blue area). Therefore, though an optimized area may

take a hit in performance, it is less likely to dry-out.
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7 Mixtures in PHPs

7.1 Background

7.1.1 Introduction to Two-Phase Mixtures
Mixtures are a combination of two or more chemical substances that do not react with one another.

A two-phase mixture requires that each component of the mixture would have a liquid phase as
well as a vapor phase at equilibrium. To determine the number of intensive properties needed to

specify a state of a mixture, we can use the Phase Rule proposed by Gibbs:

F=C—T+2 (7.1)

where F is the number of intensive properties needed to fix the state, IT is the number of phases
present e.g., solid, liquid or gas, and C is the number of different chemical components in the
system. For the single component fluid such as Nitrogen and Argon, the number of intensive
properties needed to fix the two-phase state at equilibrium conditions is 1. The pressure or the
temperature can be used as the intensive property. Along with the mass quality of the system, other
properties of that state can be obtained. For a two-phase mixture, the number of intensive
properties needed to fix the state is 2. Along with the temperature, the pressure in that state must
be known. Then along with the molar composition of the mixture, all other properties of that state

can be determined.

7.1.2 Criterion for Mixture Phase Equilibrium
At equilibrium, the chemical potential of each component of the mixture must be same in all their

respective phases in the system. Since the chemical potential difference is the driving force for
mass transfer from one phase to another, this ensures that mass is conserved at equilibrium.

Mathematically putting,
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Kri= Hgi 1=1C (7.2)

where 5 ; is the chemical potential of species i in the liquid phase and u, ; is the chemical potential

of species i in the gas phase. For an ideal solution, this conservation of chemical potential can be

written as:

xifsat,i) _

h )

ui + RynipT In ( p
0

ui + Rum-len( i=1,C (7.3)

The only difference between the left-hand side of the equality sign and the right-hand side of the
equality sign is the numerator inside both natural log brackets, therefore equation 7.3 can be

reduced to:

Xifsati = YVifi i=1C (7.4)

For a mixture where the gas phase can be modelled as an ideal gas mixture, equation 7.4 can be

written as:
xipsat’i = ylP i = 1, C (75)

The equation above is known as Raoult’s Law.

7.2 Air as a working fluid

7.2.1. Properties of Air as a real fluid
Aiir is a mixture that occurs naturally in the environment. Although it is made up of multiple pure

fluids, its main components are Nitrogen and Oxygen. Dry air by volume consists of approximately
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79% Nitrogen and 21% Oxygen. Air has a triple point of 59.75K and a critical point of 132.63K
[38]. In contrast, Nitrogen has a triple point of 63.18K and a critical point of 126.2K while Oxygen
has a triple point of 54.34K and a critical point of 154.6K. To define properties of an ideal mixture
such as a two-phase air mixture, two intensive properties must be specified. In addition, the molar
composition of each species in the mixture must me known. Consider Air with the natural
composition of 79% Nitrogen and 21% Oxygen, using Raoult’s law, we can make a bubble/dew
point plot of this zeotropic mixture. Fig 7-1 was made using the following code below in

Engineering Equation Solver (EES) for a pressure of 14.7psi

BUnitSystem Sl J K Pa Mass Rad

P =14 7[psi]*convert(psi,Pa) "working pressure”
c=2 “number of species in mixture”
F$[1..C] = [Nitrogen’, Oxygen] "component of air mixture”
Sifnot parametrictable
y[1] = 0.79[] "gas mole fraction of nitrogen in dry air”
Sendif
yv[1] + y[2] =1 “gas mole fraction of the components must sum to unity”
¥[1] + x[2] =1 “liguid maole fraction of the components must sum to unity”

Duplicatei=1,C

P _sat[i] = p_sat(F3[i], T=T) "saturation pressure of each component”
#["P_sat[i] = y[i]"P "Raoult’s law”
End

The vapor mole fraction of one of the species, say Nitrogen can then be varied from 0 to 1 and a
plot made to show how temperature at a given pressure can change the composition of the two
species. Fig 7-1 is known as a boiling curve diagram and shows the typical vapor glide that occurs

in mixtures
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Boiling Curve of Air at 14.7 psi
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Fig 7-1. Boiling curve for Air at 1 atm

From Fig 7-1, we can see that Air mixture will be all single-phase vapor above 90K (which
corresponds to the boiling point of oxygen at standard atmospheric pressure) and all liquid at 77K
(which corresponds to the boiling point of Nitrogen at standard atmospheric pressure). Tracing
the cool down process of Air, which has a composition 79% Nitrogen in the gaseous phase in a
system, we can identify various molar compositions at different states. Above approximately
82.5K, the mixture will be in the gaseous phase. At point A, the molar fraction of gaseous Nitrogen
is 79% but the first liquid that condenses at point A¢ has a molar composition of 46%. That means
that 54% of the liquid formed at this temperature will be Oxygen. Further reducing the temperature
to point B, increases the concentration of Nitrogen in both the vapor phase By, and liquid phase
By, to 86% and 60% respectively. At point C, approximately 79K, the molar composition of

Nitrogen in the liquid phase becomes 79% (same as the composition of Nitrogen in the vapor phase
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at 82.5K). The last vapor bubble of Nitrogen at point C,, has a molar composition of 95%. This

means that at this temperature, there will be much more Nitrogen in the vapor state. Below 79K,
the mixture becomes a single-phase liquid. The temperature range of 79K to 82.5K, represents the

vapor glide of the Air mixture at standard atmospheric pressure.

7.2.2. Air as an ideal solution in a system with non-uniform temperatures
The PHP is a closed device that operates using a two-phase fluid with the action of evaporation

and condensation. Therefore, there are temperature gradients in the PHP. The evaporator operates
at much different temperature than the condenser, even if we assume the equilibrium pressure to
be constant. This means that the state, and hence the molar composition at the condenser will be
different from the state and molar composition of the mixture at the evaporator. Consider Fig 7-11

which shows the boiling curve of Air at latm.

Boiling Curve of Air at 14.7 psi
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Fig 7-11. Boiling curve for Air at 1 atm during heating process
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The condenser temperature is always maintained by the temperature controller. Assuming a
condenser temperature of 80K is maintained with a constant pressure of latm, the molar
composition in the condenser will always be 66% Nitrogen in the liquid phase and 90% Nitrogen
in the vapor phase. Therefore, the condenser will be mostly filled with Nitrogen. Now consider the
evaporator being heated from a temperature of 82K (E;) to 85K (E,). The Mole fraction of liquid
Nitrogen reduces from 48% to 26%. Therefore, the evaporator will be filled with mostly liquid
oxygen. PHPs are also designed to create flow boiling with distinct slug and plug flows. This
means that vapor plugs will condense at the condenser and liquid slugs will evaporate at the
evaporator. As the evaporator temperature goes up, there is less Nitrogen vapor in that region
meaning that more oxygen vapor will make it to the condenser. However, the state at the condenser
allows for more Oxygen in the liquid state. Since oxygen is likely to condense first, it will
contribute more latent heat than sensible heat at the condenser. The same is true for the liquid
slugs. There is also the fact that the pressure at high fill ratio goes up as heat is added to the system,
which shifts the boiling curve upwards. Therefore, the molar composition will always be changing

and will be hard to predict in this situation.
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Fig 7-111. Boiling curve for Air at two different pressures

7.2.3 Initial Liquid Fill Ratio for Mixtures
Equation 5.3 is used to calculate the initial fill ratio of a mixture. The equilibrium molar quality

for a given temperature and pressure is related to the molar fraction by:

zi=x;(1-Q)+y;Q i=1C (7.6)

were x; is the molar fraction of species i in the liquid phase, y; is the molar fraction of species i in
the gas phase, z; is the molar fraction of species i, and Q is the molar quality. The molar fraction

is defined as:

z=— i=1C (7.7)
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were n; is the number of moles of species i, and n is the total number of moles in the system.

For Air as a real fluid, EES has a function which uses a standard Air table formulated by Eric W.

Lemmon et al [44]. Given the specific volume of the system and the temperature of the condenser,

the quality of the system can be calculated. i.e., Equation 5.1 to 5.4 do not have to be changed for

standard Air composition.

7.3 Experimental results for Air PHP

7.3.1 Effective conductivities versus condenser temperature
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Fig 7-1V. T-v diagram for Air
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Three low fill ratio runs were completed for the case of Air: 20%, 30% and 40%. These fill ratios

have specific volumes to the right of the critical specific volume, /.. One run with a high fill ratio
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of 50% was also completed. These initial fill ratios were calculated at a steady state equilibrium
temperature of 77K. The range of condenser temperature runs was from 63K to 86K. The results
of the effective thermal conductivity as a function of head load for the various condenser

temperatures at those fill ratios, are shown in Fig 7-V.
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40% Fill Ratio
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Fig 7-V. Effective thermal conductivity versus heat load for different condenser temperatures

At 40% Fill Ratio, condenser temperatures for 79K and 86K could not be recorded due to power

outage in the lab that caused the pressure relief valve in the PHP to open.

The behavior of the effective thermal conductivity as a function of heat load is the same for the
Air mixture as it is for the pure fluid. The fluid transport is governed mostly by slug and plug
flows. This is again due to the concept of the critical diameter, where the bubble expansion is
limited by the walls of the tube. Regardless of the number of species in a mixture, bubbles formed
during a phase change will cause this type of flow and hence any fluid in the PHP will experience
thin film convection, wall evaporation and sensible heat transfer from liquid slugs. The effective
conductivity of the mixture also goes down with condenser temperature at a given fill ratio and
heat load. Again, this behavior should not deviate from what was observed in a single-phase fluid

as the flow formed would be slug-plug flow, as limited by the critical diameter.
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7.3.3 Critical diameter for Air
Recall that the critical diameter for a fluid operating in a PHP can be calculated by:

2 40

9oy — py) (78)

Derie =

The critical diameter of standard Air over the range of operating pressures tested for the PHP is

shown in Fig 71
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Fig 7-VI. Critical diameter for Air PHP

The critical diameter range falls above the inner diameter of the stainless tubes used in the
experiment, so standard Air as a working fluid will function as a pulsating fluid in the PHP. That
is, the diameter will limit the growth of nucleate bubbles and develop distinct slugs and plugs

during flow boiling.
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7.3.4 Boiling curves for Air
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Fig 7-VII. Boiling curve for Air (a) FR 20%, T, 77K (b) FR 20%, T, 79K (c) FR 30%, T, 79K(d) FR
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The boiling curve for Air, also show distinct slope changes as you increase heat load. The actual
behavior of the heat transfer coefficient will be bounded by the two lines when quality, x = 0 and

x = 1. Since this is a mixture, there is no concept of a saturated temperature (unlike pure fluids)
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since the temperature changes when the fluid is saturated as a liquid to when the fluid is saturated

as a vapor, at any given equilibrium pressure.

7.3.5 Thermodynamic Process: Heat Addition for Air PHP
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Fig 7-VIII show data for the thermodynamic process of the Air PHP as heat is added to the
evaporator. The blue data again represents the condenser temperature which is held constant. The
plots all represent initial fill ratios whose fill ratios are considered to be low fill ratios, and as such,
the process follows a line of constant or near constant pressure. The state in the evaporator at no
load, is mostly two-phase as different components of the mixture have a specified mole fraction of
vapor and liquid. As heat is added and slug and plug flow starts to form, the evaporator becomes

predominantly vapor since more single-phase vapor plugs will be found in the evaporator than
liquid slugs. The density of liquid Air, 87Om—g3 is slightly higher than that of Nitrogen but lower

than Argon as indicated in section 6.2.4, so its starting state in a two-phase region versus Argon

which started in the saturated liquid state, or Nitrogen which stated in the superheated state, may
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be due to density differences. The states in the PHP at the evaporator and condenser were
calculated using the measured pressure of the PHP and the measured temperatures respectively.
Another observation than can be seen more clearly in the mixture data is that the fluid in the
evaporator experiences an increase in both quality and specific volume as it passes through the
vapor dome on its way to being superheated. In addition, lower the condenser temperature, which
reduces the operating pressure, leads to lower specific volume and quality in the evaporator. From
Fig 7-111, we can see that decreasing the operating pressure reduces the liquid mole fraction of the

less dense Nitrogen, thereby increasing the liquid mole fraction of the denser oxygen

(p = 1155 %) Oxygen also has a stronger surface tension or wettability effect than Nitrogen

(0.01315 %) which would make it adhere more to the walls of the tubes.

7.3.6 Pressure responses/ Flow velocity
Fig 7-1X below shows the adiabatic section pressure oscillation of the Air PHP. As with the single

component PHPs, there is an increase in the frequency and magnitude of the oscillation as heat is
introduced to the evaporator. However, at dry-out, there is a reduction in both magnitude and
frequency for the 20% liquid fill ratio and a reduction in only the frequency of oscillation (but not
the magnitude — which increases) for 30% and 40%. This difference is due to the behavior of the

fluid at dry-out, which will be discussed in a later subsection.
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Fr=30%, T.= 71K
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Fig 7-1X. Pressure oscillations at the adiabatic section for different Heat Loads

It might be clearer to take a closer look at the oscillation behavior in frequency plots. Fig 7-X
shows the frequency plot of the Air PHP at 30% FR and 77K condenser temperature. At OW the
main frequencies lie between 0.0002Hz and 0.0024Hz. This is taken as the base frequency with

little oscillation. As heat is added, the dominant frequencies increase, and more frequencies show
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up on the plot. For instance, at 4W dominant frequencies with distinct peaks show up at 0.0006Hz,

0.0056Hz, 0.028Hz and 0.046Hz.

Single-sided Magnitude spectrum (Hertz)

o12f -
f = 0.0002Hz
0.1 F .
0.08 - —
3
2 f=0.0008Hz
S, 0.06 |- i
©
=
f = 0.0024Hz
0.04 - —
0.02 —
0 A AN M ANt Why Ardhdr
6] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Frequency (Hz)
(@ oW
Single-sided Magnitude spectrum (Hertz)
012 F ' . —
f=0.0018Hz
0.1 F .
0.08 - —
g
%; 0.06 | 1
= f = 0.0038Hz
0.04 - f = 0.0024Hz 1
0.02 —
0 I
6] 0.05 0.1 0.15

Frequency (Hz)

(b) 1.5W



Magnitude

Magnitude

Single-sided Magnitude spectrum (Hertz)

0.15 | f
f=0.0014Hz
0.1
f=0.0028Hz
0.05
f=0.0066Hz
0 1
0 0.05 0.1 0.15
Frequency (Hz)
(c) 3W
Single-sided Magnitude spectrum (Hertz)
0'3 B T T T T T
f=0.0006Hz
0.25 -
0.2 -
0.15 -
o1 | £=0.0056Hz
0.05 | f = 0.028Hz
f=0.046Hz
0 Ao

0] 0.05 0.1 0.15 0.2
Frequency (Hz)

(d) 4W

119



120

Single-sided Magnitude spectrum (Hertz)

0.25 :
f=0.001Hz
02Ff i
f=10.028Hz
(<)) 015 * 7
g
5
= o1 f .
0.05 | i
0 1
0 0.05 0.1 0.15

Frequency (Hz)

(e) 7.5W
Fig 7-X. Frequency plots of pressure oscillation for Air PHP at FR = 30% and T.= 77K

As dry-out is reached (7.5W), the frequency reduces again with two main frequencies showing up
at 0.001Hz and 0.028Hz. It should be noted that the largest dominant frequency did reduce from
between 3W and 4W and there is a corresponding reduction in thermal performance between this
power range. The frequency plots show that there is a correlation between the speed of the bubbles
and the thermal performance of the PHP. It is also worth noting that a peak frequency of 0.0028Hz
should up in three of the frequency plots and may be related to flow regime or flow direction. For
comparison, Fig 7-X1 shows the frequency plot at a different fill ratio and condenser temperature,

as a function of heat loads.
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7.3.7 Dry-out versus condenser temperature

Fig 7-XII shows

the dry-out power of the Air PHP as a function of condenser temperature for a

few fill ratios. Just like with Nitrogen and Argon, the dry-out power exhibits a parabolic profile.

This phenomenon has previously been attributed to the likely competing effects of the liquid has

inventory and the enthalpy of vaporization.
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Fig 7-XII. Air PHP Dry-out load versus condenser temperature

The response of the temperature and pressure at the fill ratios shown in Fig 7-XII1 are similar to
the response in both the Nitrogen and Argon PHP. There are no large changes in pressure, even at
the dry-out load. Also, the temperature difference between the adiabatic section and evaporator
becomes largest at dry-out load. The same conclusion that was made about the other working fluids

therefore can be made about the Air PHP. At dry-out load, the fluid is still in motion, albeit with
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reduced oscillation and that the fluid completely dries out as it heads down to the evaporator

(condensation still occurs at the condenser).
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Fig 7-XII1. Temperature and Pressure data for (a) FR = 20%, Tc = 77K (b) FR = 30%, T, = 71K (¢) FR =
40%, Tc= 71K

7.4 Summary (Performance Maps)

Below are 3D plots of the Air PHP showing the relationship between effective thermal

conductivity, condenser temperature and heat load. Highest order polynomial fit that does not

result in unphysical behavior or does not produce multiple minimums or maximums is used. The

effective conductivity is forced to zero at critical heat power. The z-axis (red) legend represents

the effective conductivity K,¢¢ in units of % the x-axis (blue) is the condenser temperature

T.ona 1N units of K and the y-axis (green) represents the heat load, P in units of W.
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The Air PHP shows an optimized area that is much larger than Argon PHP but smaller than
Nitrogen PHP. Therefore, perturbations about an optimized area can still allow for comparable
thermal performance of the design point. The Air PHP performance maps do not seem to increase
significantly, the optimal zone/area as fill ratio is increased, like the Nitrogen PHP does. The
optimized area does however move to include zones at higher temperature. Also, most of the
optimized area, as fill ratio is increased, move away from the total dry-out zone and larger

perturbations can drop the performance of the PHP but still allow it to operate without drying out.
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8 Comparison of the Mixture PHP (Air) to the Pure Fluids PHP
(Argon/Nitrogen)

8.1 Trends

8.1.1 Behavior of Effective Thermal Conductivity with increase in heat load
The effective thermal conductivity increased with increasing heat load up to the on-set of dry-out

where there is an increase in wall temperature due to the intermittent disappearance of the thin film
evaporative film. After this point, there is generally a reduction in the effective thermal
conductivity up until complete dry-out. This phenomenon was the same for both the pure fluid
PHP and mixture PHP, as seen in Fig 5-V, Fig 6-1V and Fig 7-V. It can therefore be concluded
that this behavior does not depend on specific fluid properties but rather, on the fluid dynamics in
the PHP. However, the value of the effective conductivity as a function of heat load is dependent
on the properties of the fluid. Fig 8-1 shows the comparison of the effective thermal conductivity
for the three fluids tested during the experiments, as a function of heat load at a given initial fill

ratio and condenser temperature
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Fig 8-1. (L-R) K.frversus heat load at T, = 86K for (a) 20%FR (b) 30%FR
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The Nitrogen PHP had the best performance, followed by the Argon PHP and finally the Air PHP.
Argon did exhibit, at lower temperature, a tendency to sustain operation at onset of dry-out, with
reduced thermal performance. There are many characteristics of a fluid that affect the performance

of a PHP. Some of these characteristics are:

Viscosity:

The viscosity of a fluid is a measure of the ability of the fluid to resist deformation at a given rate.
Viscosity has an inverse relationship with velocity (at least in Newtonian fluids). Looking at

Stoke’s law for viscous drag on a spherical body (such as a bubble in a liquid):

F = 6nruu (8.1)

where F is the drag force, u is the viscosity of the liquid and % is the average velocity of the bubble.

Then for a given force,

(8.2)

Tl

Therefore, as the viscosity of a fluid goes up, the velocity of the bubble goes down. Previous
chapters have shown that the performance of a PHP is affected positively by an increase in the
working velocity, so a PHP using a fluid with lower viscosity (considering no other factor) would
have a higher performance. For comparison the liquid viscosities of Nitrogen, Argon and Air at
86K are 117.2[uPa-s], 270.9[uPa-s] and 193.4[uPa-s] respectively. Although the viscosities are

different, they are within the same order of magnitude.
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Surface Tension:

The PHP is designed to have strong capillary effect to sustain oscillation. Capillary effect or
wicking is the process by which a liquid rises or flows in a narrow tube without the support of
external forces. The Laplace pressure gradient which governs the pressure differential that drives

the liquid at the meniscus in a capillary tube is given by:

20 cos @

- (8.3)

APlap ==

where AP, is the Laplace pressure gradient, 6 is the contact angle at the meniscus, R is the radius

of the tube and o is the surface tension of the liquid. From equation 8.3, a PHP utilizing a fluid
with higher surface tension (with no other factors considered) will produce a larger driving force
and hence a higher performance. However, an increase in surface tension also means a decrease in
the wettability or spread of the fluid which will decrease the area exposed to heat transfer. Also,
liquids with high surface tension tend to have higher contact angle which reduces the Laplace

pressure gradient. This makes surface tension effect one of the most complicated effects to analyze.
The surface tension of Nitrogen, Argon and Air at 86K are 0.006966%, 0.01286% and 0.01002%
respectively.

The ratio of the viscosity of the fluid to the surface tension of the fluid combines these two effects.

A larger number of this ratio indicates higher performance (considering no other factors).

s==
o

(8.4)
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This ratio looks like a capillary number with the absence of fluid velocity in the numerator. The S

value for Nitrogen, Argon and Air at 86K are 0.021% , 0.017% and 0.019% respectively.

Equation 8.4 gives an indication of the velocity or mass flow effect of the fluid. There are other

properties that affect the energy potential of the fluid. Such properties as:

Specific Heat:

The specific heat capacity is the energy required to raise the temperature of a unit mass by one
degree. It governs the sensible heat ability of a fluid. The higher the specific heat of a fluid for a
given flow rate, the higher the sensible energy it can transport. Since the PHP is a convective
device, utilizing a two-phase fluid, sensible heat is important. The sensible heat transport occurs
when a liquid slug passes through the evaporator and condenser without changing phase (the
temperature of the liquid slug goes up instead). From Fig 6-la, the specific heat of Nitrogen is

much higher than the specific heat of Argon over the operating temperature range. The specific

heat of liquid Nitrogen, Argon and Air at 86K are 2099—— 1116 —— and 1970——.
kg—K kg—K kg—-K

Latent Heat:

The second component to heat transfer in a two-phase device is the latent heat. The latent heat is
the heat required to change the phase of a substance without changing its temperature. Just like the
sensible heat, the latent heat is also important in enhancing the performance of a PHP, therefore
fluids with higher latent heat are desirable. Latent heat occurs when liquid slugs evaporate in the
evaporator or condense in the condenser resulting in energy transport. The latent heat can change

substantially over a temperature range. From Fig 6-Ib, below 107K, the specific latent heat of
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Nitrogen is larger than for Argon but above 107K, Argon’s specific latent heat becomes larger.

The specific latent heat of liquid Nitrogen, Argon and Air at 86K are 187kg+K, 162.1}:—17 and
193.9%,
kg

A combination of these four factors, along with any gravity assisted effect (denser fluid should
have higher gravitational force) would result in some fluids performing better than others. On the
basis of value of the properties of the fluid, Nitrogen should perform best, followed by Air and
then Argon. However, Air is a mixture and the heat transfer coefficients for mixtures in macro
flows have experimentally been found to be lower than those of pure fluids. One such experiment
was conducted by Guilherme H.S. Olivera et al [45] In that study the heat transfer coefficients of

pure R600a refrigerant and that of a mixture of R600a and R290 were investigated.
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Fig 8-11. Heat transfer coefficient of R600a and mixture of R600a/R1270 at G = 300 kg/m2 s, T=5 -C

and, (a) g =10 kw/m2 and (b) g = 30 kW/m2 [45]

This effect of reduced heat transfer coefficient of a fluid mixture was also seen by Rodrigo Barraza

et al [46] while investigating the dilution of hydrocarbon mixture refrigerant with Nitrogen and

Argon.
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Fig 8-111. Heat transfer coefficient as a function of average quality, Composition effect, hydrocarbon
mixture [46]

Mixtures with a surface-acting component or surfactant (an agent or compound that reduces the
surface tension of a solution) have been observed to have improved heat transfer coefficient in
pool boiling [47 & 48]. Such mixtures act to reduce surface tension and increase spread area.
However, there is no research about the effects in capillary flow boiling, such as those in a PHP,

where surface tension effect is desirable.

The reduction in heat transfer can be attributed to an increased mass transfer resistance in changing
the phase change of the different components of the mixtures. Due to the vapor glide present in
Zeotropic mixtures, there would be few degrees change in temperature to change the entire phase
of the mixture from liquid to vapor. There is also the fact that there is reduced bubble formation in
mixture at the nucleate site since more of the less volatile component would remain in the liquid
form. There is therefore reduced heat transfer due to nucleation. In addition, there is reduced
entrainment (when bubbles burst at liquid-vapor interface with the release of liquid droplets).
Liquid entrainment leads to thinner film layer which improves heat transfer so a reduced

entrainment will lead to thicker liquid film and reduced heat transfer coefficient. Another factor is
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the reduced evaporation rate that occurs at the liquid- vapor interface because the concentration of
the less volatile component of the mixture is higher there, leading to increased mass transfer
resistance due to the distribution of the more volatile component within the liquid and a reduced

heat transfer coefficient [45, 49 & 50].

Higher concentration of 0,
Ty
L |

Fig 8-1V. A schematic of a bubble surrounded by liquid

8.1.2 Maximum Effective Thermal Conductivity versus Fill Ratio

77K Condenser Temperature 79K Condenser Temperature
—@— Nitrogen —@—Air —@— Nitrogen —@&— Air
__ 35000 _ 35000
O O
€ __ 30000 € __ 30000
o X o X
= 25000 = 25000
2 = 20000 £ 2 20000
S 2 15000 ‘_\‘ S Z 15000
52 52
c é 10000 c é 10000
3 3
2% 5000 2% 5000
s 0 s 0
= 10 20 30 40 50 60 = 10 20 30 40 50 60
Initial Liquid Fill Ratio (%) Initial Liquid Fill Ratio (%)

Fig 8-V. Maximum effective conductivity versus initial liquid fill ratio for Nitrogen and Air

The experimental data showed that the optimum initial fill ratio for Nitrogen was closer to 25%

versus that of Air which was closer to 20%.
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8.1.3 Dry-out Power versus condenser Temperature and Dry-out Behavior
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Fig 8-VI. Dry-out power versus condenser temperature for Nitrogen and Air

The mixture PHP (Air) was shown to have higher dry-out power in general. This can be attributed
to the increased heat of vaporization due to the temperature glide. In pure fluids, phase change
occurs at a single temperature while for mixtures, phase change of a given composition, occurs
over a range of temperatures. The heat of vaporization required to change a unit mass of a pure

substance from saturated liquid to saturated vapor is given as:
Ah'vap = hfg(P) = hy(P) — hf(P) (8.5)
The heat of vaporization for Nitrogen at 14.7psi is 199.2:—;.

The heat of vaporization required to change a unit mass of a mixture from saturated liquid to

saturated vapor is given as:

c

C
By = ) yihoi = ) xihy (8.6)
i=1

i=1
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where c is the total number of species, y is the mole fraction in the vapor state and x is the mole

fraction in the liquid state.

For standard Air (79%N,, 21%0,), the heat of vaporization at 14.7psi is 204.8;{—;.

Dry-out Behavior:

There seem to be two distinct ways that dry-out happens in the PHPs for the three fluids tested. At
very low fill ratios, there are observable temperature oscillations in the adiabatic sections just
before or at dry-out power, with periods that range from 5secs to 7 secs (sometimes longer). The
amplitudes of these oscillation vary from 3K to 6K. This type of oscillation would suggest that the
flow is in the “continuous oscillation type movement” versus the “transitional type movement”
typically seen in room temperature PHPs. The oscillation will also be occurring with little velocity
caused by a reduced momentum (momentum « velocity). As fluid heads up to the condenser, the
upward pressure from the liquid slug becomes greater that the pressure underneath the slug as the
thin film left in the evaporator completely evaporates. This causes the slugs in the condenser to
fall backwards by gravity into the evaporator and the cycle repeats. Here, the surface tension forces
cannot overcome the gravitational forces. Fig 8-VII shows examples of this type of dry-out

phenomenon.

As fill ratio increases, second type of dry-out behavior is observed. Here, at dry-out power or just
before dry-out power, there is no observable amplitude or period of oscillation in the adiabatic
section temperature. This would suggest that the flow is in “transitional type movement”. The
surface tension forces, and momentum can overcome gravitational pull, however there is complete
evaporation of the thin film that is left behind by the liquid slug passing through the evaporator,

leading to dry-out. Fig 8-VIII shows examples of this type of dry-out phenomenon.
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The frequency plot also helps observe the behavior of the adiabatic pressure reading at dry-out.
Fig 7-X and Fig 7-XI shows that as heat is increased, more equally weighted frequencies begin to
show up (the dominant base frequency is always present). As dry-out is reached, most of the
frequencies begin to disappear with one, two or three frequency spikes present. Fig 8-1X show

some of these observations.
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Fig 8-1X. Frequencies at dry-out for some PHP cases

In addition to improved dry-out power, the mixture PHP can allow for lower sink (condenser)
temperature to be used in a device working with a pure fluid with a higher triple point. By adding
one or more fluids with lower triple point than the original pure fluid, the working temperature
range can be theoretically expanded. For instance, the condenser temperature limit of the Air PHP
was 63K versus 69K for the Nitrogen PHP. Mixtures can also be used where operation of a single
fluid with a lower triple point than the mixture might be dangerous. For example, an Oxygen PHP
might be dangerous even though it might have a lower triple point, whereas a mixture such as Air

can allow for operations close to the triple point of oxygen.
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9 Uncertainty Analysis

Uncertainty analysis is a statistical tool needed to account for variability in predicted outcomes. It
IS important where measurements are involved to understand how a desired (output) variable is
affected by slight variations in driving (input) variables. The desired variable in the experiment is
the effective thermal conductivity. Recall the effective thermal conductivity can be calculated as:

qL

kpr = ——— 9.1
s NAC(Te - Tc) ( )

where ¢ is the applied heat load, L is the effective length from the middle of the evaporator
temperature sensor to the middle of the condenser temperature sensor, N is the number of capillary
tubes, A, is the inner cross-sectional area of the tubes, T, is the average evaporator temperature
and T, is the average condenser temperature. N is a constant of known value. Assuming L and A,
are constant is very negligible error due to measurements or error due to parallax, the uncertainty
in the calculated variable k.rr would come from the power supply that applies the head load as
well as the sensors (RTDs) that measures the temperatures. The uncertainty in the calculated

variable, k.¢ can be written as:

2 akeff>2 <6keff>2 _ <6keff>2 _
dkyrr = 1) g2+ (ZLL) afz + + (2L a7z (9.2)
eff j < aq oT, ¢ oT. ¢

dkesr , dq, dT, and dT, are called uncertainties can be represented by Ueppr Ugs U, and Ur,

respectively. The uncertainty in the heat supplied U, can further be broken into the components of

power: current (1) and voltage (V). Therefore:
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2|0\ 0g\
U, = j(a) o+ (29) 03

The relative uncertainty in the BK Power Supply Box which supplies and measures the voltage

and current running through the heater is given as U, = U, = +1%.

dq aq
E—Vand W_I (94)

A single point calibration was done on the temperature sensors for both the condenser and
evaporator. This was done by immersing both sensors in liquid Nitrogen exposed to atmospheric
pressure. The pressure recorded was 14.2psi corresponding to a saturation temperature of 77.07K.
The temperature of the evaporator sensor read 76.97K and that of the condenser read 77.04K
giving a temperature difference between the two sensors of +70mK. Therefore, the sensitivity on

each of the sensors can be taken as Uz, = Uz, = £35mK.

The derivatives can be evaluated as:

Okerr _ L (9.5)
aq NAC(TE - Tc)

Okerr VL _ ©6)
aTe NAC(Te - Tc)z .
Oke;y  IVL ©7)

aTe h NAC(TG - Tc)z

Fig 9-1 shows the error bars of the effective thermal conductivity due to uncertainty for a case run

for each of the PHP.
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Conclusion and Future Work

10.1 Conclusion

A PHP was built to test the effect of condenser temperature, heat load and fill ratios on the thermal

performance of the device. The PHP was run with two pure fluids (Nitrogen and Argon) and one

mixture (Air). The results and observations from the experiments can be summarized below:

The effective thermal conductivity at a given temperature rises as heat load is increased,

generally up to a maximum point before it begins to drop due to the onset of dry-out.

There is an optimum fill ratio that exists as tradeoff between lower bubble number and

bubble velocities occur as fill ratio increases.

The higher condenser temperature, the higher the effective thermal conductivity. This is
especially true as heat load is increased. For very low heat loads (during nucleate
boiling/bubble formation), the thermal performance is the same, regardless of condenser

temperature.

The changes in slope of the boiling curve of a PHP might give an indication of flow regimes
inside a cryogenic PHP. This is important as there is no current way to visualize cryogenic

PHPs.

Low fill ratios exhibit close to isobaric process, therefore at these fill ratios, the device

would be temperature limited. High fill ratios on the other hand, causes large pressure
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changes, especially at onset of dry-out/dry-out, and so, the device would be pressure

limited at these fill ratios.

The dry-out power at low fill ratios exhibits an optimum (positive parabolic behavior) as a
function of increasing condenser temperature. This is likely due to the tradeoff between
higher heat of vaporization at lower temperatures and higher liquid inventory at higher
temperatures. At high fill ratios, for Nitrogen PHP, the contribution of increased liquid
inventory at higher condenser temperature to extending dry-out power, is reduced. Since
more influence will come from the heat of vaporization, which is higher at lower

temperature, a monotonic decreasing slope is observed.

There were two distinct dry-out behavior at low fill ratios, concluded to be occurring in
terms of fluid flow. One in which the fluid oscillates back and forth with reduced velocity
and one in which the fluid is still in translational motion with complete evaporation of the
liquid film at the evaporator. In addition, at high fill ratios (Nitrogen), the PHP fluid is
thought to have very little velocities to sustain any type of flow, leading to complete

separation of the liquid at the condenser, from the vapor at the evaporator.

Performance maps shows the 3D thermal performance of the PHP with respect to
condenser temperature and heat load for different fill ratios. These maps can be used in

optimization and perturbation analysis.
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Frequencies are dry-out exhibit distinct magnitude spikes. The number of spikes vary from

one to three.

Mixtures in a PHP reduces the performance compared to a pure component PHP of the
mixture due to reduced bubble formation and mass transfer resistances at the bubble
interface of mixtures (heat transfer coefficient is reduced). On the other hand, mixtures
have a higher dry-out power than its pure component. In addition, mixtures can be used as

a substitute for a pure fluid with lower triple point but other safety implications.

10.2 Future Works

Most of the fluids tested at/around 77K have high heat capacities and so both cool down
and run time takes considerably longer compared to a helium PHP. Therefore, it may be
beneficial to reduce the size of the PHP to allow for faster data collection. A new PHP
should be built. The new PHP should also use tube with inner diameter close to the critical
diameter for a Nitrogen PHP. Much smaller tubes might not be optimal since it reduces the
flow area. In addition, brazing techniques rather than soldering, should be used for the

joints to eliminate/reduce possibility of leaks

If possible, pressure taps should be installed at the entry and exit to the condenser or
evaporator or at either ends of the condenser and evaporator. Also, investigate the addition
of a cryogenic mass flow meter in the working tubes or at least investigate methods used
by mass flow meters to predict mass flowrates. These will help estimate or measure the
velocities in the device which is not currently done. These velocities can help with

quantifying the flow or calculating capillary numbers or bubble departure.
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Modification to the current fill line to reduce/eliminate redundant joints will greatly reduce
the uncertainty of leaks from those joints. Also looking into the possibility of installing two
check valves inside the PHP assemble: one that allows flow in the filling direction
(downwards) and the other in the evacuating direction (upwards). This will reduce the
assumptions needed to estimate the mass of fluid in the fill line that is not part of the

working flow.

Standard Air was shown to improve dry-out. There might be opportunities for determining

the best performance for Nitrogen-Oxygen mixtures based on varying compositions.

Other type of mixtures might further reduce the operating (condenser) limit on the PHP.
Other mixtures, including azeotropic mixtures should be investigated as working fluids for
PHPs. There have been cases of mixtures with surfactants improving heat transfer by
increasing spread (reducing surface tension). Research would be needed to see the benefits

of such action since surface tension is desired in PHPs.

The PHP system can also be operated at different orientations to add to existing literature,

the effect of inclination angle on the thermal performance.

3D data sets can be used to investigate the effects of perturbations or off-design variables

on the thermal performance of the PHP. In addition, existing correlations or new
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correlations can be made to include the effects of condenser temperature, as well as

mixtures.

Another area that might be of interest in the PHP is the pitch angle (angle of the U-bend).
Research in the literature have shown that thin film is left behind at these bends when a
liquid slug passes them therefore a larger pitch angle might improve the effectiveness of a

PHP

The current research used step loading for the heat input. It might be interesting to see the

effect of ramp loading on the performance state of the PHP
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12 Appendix
12.1 Fill Ratio Calculation EES Code
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Function  xpngnt (Xpnpnte)
F (%peumx < 0 ) Then
Epngnt = 0 Else
If {*peguex> 1 ) Then
Epepurt = 1 Els=
Xprgunt -~ Xphpintx
Sndlf
End xmpngnt
F$ = ‘Airy
G5 = air
Volume Calewlations
Mgm = 20 [ number of fums
D, = 0.173 [n]- |D.0254 - =
m
D, = 0.275 [n]- |D.0254 - =
m
D, = 0.125 [n]- |D0254 - o
m
D, = 0.02 [in]- |n.uz54 L
In
D. = 0.035 [n]- |u.0254 -0
m
mi
L, = 3 [n]- ‘D.DZE4 RS
i
L. = 27.25 [n]- ‘u.u254 LS
i
- mi
Ly = 4 [in]- ‘D.Dlﬁ‘i - ? leng
L, = 10.375 [n]- |u.0254 B
m
L: = 13.375 [n]- ‘0.0254 B
m

inner diamefer of {1/4)" swagelock sfaineless pipe

inner diamefer large fop tee connected fo nifrogen main fank

inner diamefer of {1/8)" swagelock sfainelsss pipe

inner diameter of capillary pipe

inner diamefer of copper tee

lengfh of large fop tee connecfed fo nifrogen main fank

lengfth from large fee fo valve 3 (valve 2 closed)

th of swagelock [1/4)" stainlezs pipe from valve 2 fo Holding Tank

length of swagelock (1/4)" stainless pipe from valve 3 fo underzide of Dewar cover

length of swagelock (1/8)" stainless pipe from valve 3 fo underzide of Dewar cover
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III";:

: m
11 [in] - ‘ 0.0254 - F‘ length of swagelock {1/8)" =tainlesz pipe inzide Dewar

m
(340.825 [in]- 267 [in]+ 15 [in]- 28 )- ‘0.0254 © — | length of capillary pipe inside dewar

n

m
68.5 [in]- ‘ 0.0254 - - iength of copper fees ingide dewar

3

= 3.8 [iters]- ‘n.um - —— volume of black holding tank
: Ly : L;

3142 - D7 - T + 3.142 - Dy - 4— volume from valve 1 to 3 with valve 2 clozed
: L3

3142 - Dy - T + Ve volume from valve 2 to end of holding tank
: . Ly 2 Ls

3142 - D7 - e + 3.142 - 0,7 - volume from valve 3 fo dewar inlet

L : L L
3142 - D;z . TE + 3.142 - Dy - 4—?+ 3142 - Dsz : 4—! volume of capillary tubes, teesz and 178 inch inzide dewar

caleulafing mass that leaves holding tank

Ihrmﬂ-g = I"|'1 + l'-":

Fame1 = Faomn
Famez = Prose
Toae = Tam
Ta = ConvertTemp (C, K 249 [C])
R = 8314 [Jikmol-K]
MolarMass F3 ‘I
'l"'rhnlclnﬂ
Mot = (Pums = Pama ) ———
R Tk
zaturated vapor assumption
T +T
T = % average temperaturs
Pee = PIFE.T=To,x=1]
Vol = Vi volume at the fop
P - Wol
Myg = e saturafed mass af fhe fop

FHF 2 phaze assumption
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Mesg = Mo — Mpe + My mass leff af the bottom
Volge = Vi volume of PHP

Wl
M oy

Vo ~ specific valume inzide PHP

Fm = X (F3 . T=Tew.v=Vmp | guality of nitrogen inside php

Ugeg = U (F3 T=Tg.v= Vorg } qualify of nifrogen inzide php

M -x,_)-v- -m
Fill s = %ﬂf B il
Fhp

vy = v [F§ . T=Tu.x=0) saturated fiquid at Tz

Me = 0
F'
Po = 49 [psi- ‘6895 -2
psi
variablez

Fose = FPogeg * Pan

. Fa
Pustg = 47.5 [psi]- |6285 - p-?

Or = Pmﬂ‘n - PU'H!.H

Fa
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Fillpge = 0.5 [-]

o 2

Mac = Mpqm - 3.142 - 4#

¥y = '\"phn
Ty = Tem
Vea 5 Wion |:F-5 :

left-over mass

Fig 12-1 EES Script for fill ratio calculation




12.2 MATLAB code to read LabVIEW text file

claar

close all

file = lvm import ('p8pt2. lwm',2);
full data = file.SegmentZ.data;
a

time = full data{:,1};

coonds

real time = file.Time;

ta acguisition

date = file,Segment?.Comment{l,1);
time in string format

cond temp = full data{:,2}:
atures

evap_temp = full datai:,3):
ratures

adiab temp = full data(:.3);
mperature

#date file =file.Date;

ata acquisition

pressure = full data(:,9);
power = full datal(:,8);

figure (1)

yyanis left

plot (time,cond temp)
held an
plot(time, avap temp)
plot (time, adiab_temp)
yyaxis right

plot (time, power)

grid on

oF o oF oOF o oF ofF of o

txtickformat ('hh:mm:s5")
h = hour(real time);
time hour

m = minute {real time);
timea minute

= second(real time):
time seconds

= & - o - of

tic

th = hour (date);

hour

¥m = minute(date);

minute

k5= second(date);
seconds

y=year (date file};

year of data acquisition
month=month (date file);
month of data acquisition
day=day (date_file);

day of data acguisiltion
by=vyear (date) ;

= of = aF O
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fextract lvm data
taxtract DAQs dat

%time logged in s
fatart time of da
tarray of date &

%condenser temper
tevaporater tempe
sadiabatic top te

¥start date of d

Yextract initia
%extract initia

fextract initia

fextract initial time
textract initial time
¥extract initial time
fextract initia
textract initia
Yextract initia

textract initial year



of data acquisitien

¥month=month (date) ;

h of data acquisition

Yday=day (date] ;

of data acguisition

Bd = datetime (y,month,day . h,m,s);
date & time

%time array = datetime (d+seconds (time}) ;
time (bime arcay)

ttime array = d;

time array = datetime{date);

imake plots

yyaxis left

plot (time array,cond temp, 'k')
hold on

plot {time array,evap temp,'-tr'})
plot(time array,adizab temp,"-m')
xlabel (' Time[hours/days] ')
ylabel('Temperature[K]")

set (gea, "YMinerTick','on', "'voalor', 'k')
grid{'minor")

grid on

yyaxis right

plot (time_array.power,'qg’)
ylim([0 101);

ywlabel('Heat Load[W]"}

legend('Condenser Temperature', 'Evaporator Temparature‘,'kdiabatic temperatura’, "Heat Load®,

lecation', "northeast')
legend("'boxoff")
sat (gea, "YMinorTick', 'on', "yoolor', 'k")

figure(2)

yyaxis left

plot (time_array,pressure, 'b')

hold on

xlabel {'Time [hours/days] ")
wlabel('Pressure[psial "}

set (gea, "YMinorTick', 'en', "veolor', 'k")
grid{'minor")

grid on

grid on

yyaxis right

plot (time_array.power,'g']

ylim{[0 101);

vlabel('Heat Load[W]")
legend('Pressure', "Heat Load','location', "northeast®)
legend( ' boxoff')

get (gea, "YMinorTick', 'an', 'yvoalor', k")

n=1;
m = 2500;
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®extract initial mont
fextract initial day
tcomplile initial

¥compile running
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¥ T cond avg = mean(cond temp [(n:m))

¥ T evap avg = mean(evap temp (n:im))

t T_adiab_avg = mean(adiab_temp(n:m})
¥ P avg = mean(pressure(n:m)}

T cond avg = mean{cond_ temp (n:end))

T evap avy = mean(evap temp (m:end))

T adiab_avg = mean(adiab temp(n:end})
F_avg = mean(pressure (n:end])

¥ T evap max = max(evap Lemp)
¥ T evap min = min{evap temp)

T cond mean = mean(cond temp(n:m})

T evap_mean = mean(evap_temp(n:m})

T adiab _mean = mean(adiab temg(n:m)}
B mean = mean(pressure(nim))

Ps = polyfit (time [n:m} ,pressure(n:m),20);
Psv = palyval (Ps,timein:m));

[~speaklocs] = findpeaks (pressure (nim));
period = mean (diff (peaklocsl): % peaks may not be exactly periodliec, so take mean

L A

figure (3)

yyaxis left

plot(time array(n:m),pressure{n:m),'b")
% hold on

* plotitime array(n:m).Pavi{n:m},"'rc"}

% xlabel ('"Time [hours/days]'])

% ylakal('Pressure([psia]')

set (gea, "YMinerTick', 'on', 'yoolor', "k}
grid{'minor")

grid on

grid on

yyaxis right

plot (time array(n:m),power (n:m),"g"}
ylim{ [0 10]1:

ylabel ("Heat Load[W]")

lagend | ' Pressure’, "Heat Load','locatieon’, 'northeast')
legend { "boxoff'}

set (gea, "YMinerTick', 'on', 'yvoolor', k")

figure (4]

yyaxis leit

plot{time array (n:m),cond temp (n:m), 'b')
hold on
plat#time_arraytn:mh,evap_tempin:m].'—r'ﬁ
plotitime_array(n:m),adiab temp (n:m}, " =m')
zxlabel ('Time[hours/days] ")

ylabel | 'Temperature[K] ")

set (gea, "YMinerTick', 'on'; "yeolor', 'k")
grid{'minor")

grid on

yyaxis right

plot (time array(n:m),power(n:m},"qg"}



ylim ([0 101};
ylabel | "Heat Load[w]"')

legend("Condenser Temperature', 'Evaporator Temperature','Adiabatic temperature', "Heat Load®,

locatien', "northeast')
legend { "boxoff')
set (gca, "YMinorTick', 'on'; 'yoolor', 'k")

yy =fft{pressure};

Ts = 1;

£z = 1/Ta;

fa=180;

f={0:length(yy}—1) *£s/lengthiyy):

figure(s)
plot (£, abs (yy) )

xlakel ('Freguency (Hz)')
ylabel [ 'Magnitude')
title ("Magnitude

oF of ofF of of OF of o oF oY oo

Pt = pressurain:m)—F mean ;
Bf fEE (P}

PEf mag = abs(Pf};

M = lengthi{Bt):

fs = 1;
fax _ bins = 0 : NH-1;
fax_Hz = fax bins*fs/N;

N2 = eeil (8/2);

Iv = linumel {fax Hz): iIndex wector
IV = Iv-mean{Iv};

FIsiga = double (Pf mag(Iv)*2); iMagnitude, Conwvert fo double
%53 smth = sgolayfilt (FTsiga,l6,249); %3avitzky—Golay filtering of FFT

figure (5]

tplot (fax_bins, Ff mag)

plotifax_Hz (L:W_2), (P£_mag (1:W_2) /H) )
tsemilogx {fax Hz{1:N 2}, Pf mag(l:N 2})
x]label (" Fregquency (Hz)")
ylabel { "Magnitude") ;

title ('Single=sided Magnitude spectrum (Hertz)'}:
axis tight

ylim{[0 0.5]);

®lim{[-0.1 0.5]);:

grid on

t hold an

% plot(fax Hz(l:H 2), 8 amth({l:N Z)}}

% filename = 'pressureplot.xlsx';
% wlawrite (filename, time{n:m),1,"Al");
¥ xlswrite (filename,pressure(n:m},1, " 'B1"};

filename = '"frecduencyplot.xlax';:
xlswrite (filenama,fax Hz (1:N 2Z}',1,'Al");
xlswrite (filename, (Pf mag(l:W_2)/N),1,"'B1"'};

Fig 12-11 MATLAB script to read LabVIEW data and plot variables
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12.3 LabVIEW VI Macro

™ DAQmx Read (Analog 1D Wfm NChan NSamp).vi

C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\DAQmx\read.llb\DAQmx Read (Analog 1D Wfm NChan NSamp).vi
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GetSetShared.lvlib:TimeType.ctl
C:A\Program Files\National Instruments\LabVIEW 2017\vilib\express\express signal manip\GetorSetDDTAttributes\Shared VIs\TimeType.ctl

Lake Shore Cryotronics 332.Ivlib:Data Heater Output.vi
C:A\Program Files\National Instruments\LabVIEW 2017\instr lib\Lake Shore Cryotronics 332\Public\Data\Data Heater Output.vi

Lake Shore Cryotronics 332.lvlib:Data Sensor.vi
C:A\Program Files\National Instruments\LabVIEW 2017\instr lib\Lake Shore Cryotronics 332\Public\Data\Data Sensor.vi

Lake Shore Cryotronics 332.lvlib:Setpoint.vi
C:A\Program Files\National Instruments\LabVIEW 2017\instr lib\Lake Share Cryotronics 332\Public\Action-Status\Setpoint.vi

Lake Shore Cryotronics 332.Ivlib:Control Parameters.vi
C:\Program Files\National Instruments\LabVIEW 2017\instr lib\Lake Shore Cryotronics 332\Public\Action-Status\Contral Parameters.vi

Lake Shore Cryotronics 332.Ivlib:Config Control Mode.vi
C:A\Program Files\National Instruments\LabVIEW 2017\instr.lib\Lake Shore Cryotronics 332\Public\Configure\Config Control Mode.vi

Set Voltage.vi
C:AUsers\mmeje\Desktop\169x_software\LabVIEW Driver\SDP lIb\Set Voltage.vi

Lake Shore Cryotronics 332.Ivlib:Config Ramp.vi
C:A\Program Files\National Instruments\LabVIEW 2017\instr lib\Lake Share Cryotronics 332\Public\Configure\Config Ramp.vi

Lake Shore Cryotronics 332.lvlib:Config Setpoint.vi
C:A\Program Files\National Instruments\LabVIEW 2017\instr.lib\Lake Shore Cryotronics 332\Public\Configure\Config Setpoint.vi

Lake Shore Cryotronics 332.lvlib:Config Control Parameters.vi
C:A\Program Files\National Instruments\LabVIEW 2017\instr.lib\Lake Shore Cryotronics 332\Public\Configure\Config Control Parameters.vi

Get Voltage and Current.vi
C:AUsers\mmeje\Desktop\169x_software\LabVIEW Driver\SDP lIb\Get Voltage and Current.vi

Waveform Array To Dynamic.vi
C:A\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express shared\transition.llb\Waveform Array To Dynamic.vi

CC_10.vi
C:A\Program Files\National Instruments\LabVIEW 2017\instr.lib\CustomerCD12\Model24C\M24C_LV16\M24CU.IIL\CC_IO.vi

Input_Units.vi
C:A\Program Files\National Instruments\LabVIEW 2017\instr lib\CustomerCD12\Model24C\M24C_LV16\M24C.lIb\Input_Units.vi

ex_Modify Signal Name.vi
C:A\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express shared\ex_Modify Signal Name.vi

exnFormulaBlock how many pts in the wave.vi
C:A\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express arith-compare\Formula\Block\exnFormulaBlock how many pts in the wave.vi

Simple Error Handler.vi
C:\Program Files\National Instruments\LabVIEW 2017\vilib\Utility\error.lIb\Simple Error Handler.vi

DAQmx Clear Task.vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\DAQmx\configure\task.IIb\DAQmx Clear Task.vi

Lake Shore Cryotronics 332.lvlib:Close.vi
C:\Program Files\National Instruments\LabVIEW 2017\instr.lib\Lake Shore Cryotronics 332\Public\Close.vi

DAQmx Fill In Error Info.vi
C:A\Program Files\National Instruments\LabVIEW 2017\vi.lib\DAQmx\miscellaneous.llb\DAQmx Fill In Error Info.vi

DAQmx Stop Task.vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\DAQmx\configure\task.llb\DAQmx Stop Task.vi

Stop Program.vi
C:A\Users\mmeje\Desktop\169x_software\LabVIEW Driver\SDP.lIb\Stop Program.vi

CC_Close.vi
C:\Program Files\National Instruments\LabVIEW 2017\instr.lib\CustomerCD12\Model24C\M24C_LV16\M24CU.IIb\CC_Close.vi

ex_subFileWrite.vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express output\ExFileWriteBlock.llb\ex_subFileWrite.vi

ex_propertySource.ctl
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express shared\ExFile.llb\ex_propertySource.ctl

ex_userDefProperty.ctl
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express shared\ExFile.llb\ex_userDefProperty.ctl

usiDataType.ctl
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express shared\ex_EditUserDefinedProperties\usiDataType.ctl

NI_AALBase.lvlib:Mean.vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\Analysis\baseanly.llb\Mean.vi

Dynamic To Waveform Array.vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express shared\transition.lIb\Dynamic To Waveform Array.vi

ex_FileFormats.ctl
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express shared\ExFile.llb\ex_FileFormats.ctl

SetTO.vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express signal manip\GetorSetDDTAttributes\Set DDT Attributes\SetTO.vi

E"' GetSetShared.lvlib:TimeMode Enum to Boolean.vi
Baol C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\express\express signal manip\GetorSetDDTAttributes\Shared VIs\TimeMode Enum to Boolean.vi
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Set Current.vi
C\Users\mmeje\Desktop\169x_software\LabVIEW Driver\SDP.IIb\Set Current.vi

Set OutputAtSwitchOn.vi
C\Users\mmeje\Desktop\169x_software\LabVIEW Driver\SDP.IIb\Set OutputAtSwitchOn.vi

5y

Set Qutput.vi
C:\Users\mmeje‘\Desktop\169x_software\LabVIEW Driver\SDP.IIb\Set Output.vi

Set Keyboard.vi
C:\Users\mmeje\Desktop\169x_software\LabVIEW Driver\SDP.IIb\Set Keyboard.vi

Run Program.vi
C\Users\mmeje\Desktop\169x_software\LabVIEW Driver\SDP.IIb\Run Program.vi

CC_Initialize.vi
C:\Program Files\National Instruments\LabVIEW 2017\instr.lib\CustomerCD12\Model24C\M24C_LV16\M24CU.IIb\CC_Initialize.vi

DAQmx Start Task.vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\DAQmx\configure\task.lb\DAQmx Start Task.vi

DAQmx Timing (Sample Clock).vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\DAQmx\configure\timing.lIb\DAQmx Timing (Sample Clock).vi

DAQmx Timing.vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\DAQmx\configure\timing.llb\DAQmx Timing.vi

DAQmx Create Channel (Al-Voltage-Basic).vi
C:\Program Files\National Instruments\LabVIEW 2017\vilib\DAQmx\create\channels.lIb\DAQmx Create Channel (Al-Voltage-Basic).vi

DAQmx Create Virtual Channel.vi
C:\Program Files\National Instruments\LabVIEW 2017\vilib\DAQmx\create\channels.Ib\DAQmx Create Virtual Channel.vi

Lake Shore Cryotronics 332.lvlib:Initialize.vi
C:\Program Files\National Instruments\LabVIEW 2017\instr.lib\Lake Shore Cryotronics 332\Public\Initialize.vi

NI_AALBase.lvlib:Mean (DBL).vi
C:\Program Files\National Instruments\LabVIEW 2017\vi.lib\Analysis\baseanly.llb\Mean (DBL).vi

DAQmx Read.vi
C:\Program Files\National Instruments\LabVIEW 2017\vilib\DAQmx\read.llb\DAQmx Read.vi

Fig 12-111 LabVIEW Macro for the experiment and list of used VIs in data collection



Navigation

Fig 12-1V Screenshots of the PHP LabVIEW Environment (Top: Block diagram; Bottom: a section of
the Front Panel)




12.4 Pressure calibration curves
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Voltage (V)

(b)

Date 6/14/2020 Time 11.36am Pressure relief Test | 90 psia
std atm | 14.4 psi
Temp 23.5C
Fill Tank Pressure Curve
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Date 3/23/2021
std atm 14.1 psi
Temp 235C

PHP Pressure Curve

y =-2236.1x + 50.38
70 RZ=1

.
oy
.
e
..

EH Pressure Guage (psia)

-0.01 -0.005 ) 0 0.005 0.01 0.015 0.02 0.025
Voltage (V)

(c)

Fig 12-V Pressure calibration curve for (a) Fill tank sensor (b) PHP sensor (c) PHP sensor
(previous calibration)

Accuracy Measurement

PP 000 = 82116 = 5038 1 00 = 18% 121
= — % = * = .
$o="p 0 62.116 0 0 (1z.1)

¢, = accuracy at zero voltage
P; = pressure value of new calibration

P, = pressure value of old calibration



12.5 PHP Condenser Cooling Curve: No Fluid

325
300
275
250
235
200
175
150
125
100
75
50
25
0

Temperature (K)

Condenser cool down- No fluid

171

9:36:00 AM 22400 P VA2:00PM 12:00200 AM 44800 AN 93500 AWM 224000 PM 7012:00 PM
Time (s)
Fig 12-VI Cool down curve for the PHP when empty
12.6 Performance Maps Polyfits
12.6.1 Nitrogen
x = Power (Heat Load)
15.5% Fill Ratio
Condenser Temperature Difference (Tevap - Tcond) Curve RMS
Temperature
71K -1.2467x3 + 5.9x% - 2.9633x + 2.07 1
73K -0.5816x* + 4.1464x° - 8.3379x% + 6.5431x + 2.01 1
75K -0.6633x3 + 3.1068x? - 0.0445x + 1.8262 0.9693
77K -0.0094x° + 0.1158x* - 0.4581x° + 0.5534x2 + 1.4981x + 1.94 0.9999
79K 1.0321x3 - 4.2301x? + 5.3982x + 1.7664 0.9289
81K 1.3306x° - 5.399x? + 6.5076x + 1.5884 0.8402
83K 0.0633x3 - 0.435x? + 2.1517x + 1.74 1
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24.8% Fill Ratio

Condenser Temperature Difference (Tevap - Tcond) Curve RMS

Temperature

71K 0.0604x* - 0.1675x3 - 0.1954%? + 2.0325% + 2.2 1

73K -0.0614x° + 0.7933x* - 3.2429x3 + 5.0117x% - 0.9907x + 2.11 1

75K -0.0505x° + 0.8013x* - 3.9679x° + 7.3539x? - 2.9126x + 1.9656 0.9922

77K -0.0094x° + 0.1158x* - 0.4581x3 + 0.5534x2 + 1.4981x + 1.94 0.9953

79K 0.0025x5 - 0.033x° + 0.1345x* - 0.0763x3 - 0.6153%? + 1.952x + 0.9995
1.9895

81K 0.0005x° - 0.0186x° + 0.1803x* - 0.6939x> + 1.0448x? + 0.6441x + | 0.9987
1.8303

83K -0.0029x° + 0.0415x° - 0.2165x* + 0.499x° - 0.5586x> + 1.4285x + | 0.9998
1.7499
30.8% Fill Ratio

Condenser | Temperature Difference (Tevap - Tcond) Curve RMS

Temperature

71K 0.1154x* - 0.4792x3 - 0.2304x? + 3.6842x + 2.11 1

73K 0.1477x° - 1.5167x* + 5.5629x3 - 9.0383x? + 7.7243x + 2.07 1

75K 0.1268x° - 1.3429x* + 5.1283x3 - 8.6871x? + 7.4948x + 2.04 1

77K -0.0029x° + 0.0584x° - 0.4386x* + 1.6279x° - 3.3437x% + 4.7594x + |1
1.95

79K 0.0026x° - 0.0431x° + 0.2529x* - 0.5043x3 - 0.477x? + 3.4857x + 0.9996
1.8492

81K 0.0056x° - 0.0916x° + 0.5484x* - 1.3563x° + 0.7011x? + 2.831x + 0.9986
1.789

83K 0.0148x5 - 0.2418x° + 1.4837x* - 4.0997x> + 4.4569%? + 0.9005x + | 0.9973
1.7895
40% Fill Ratio

Condenser Temperature Difference (Tevap - Tcona) Curve RMS

Temperature

71K

73K 0.1724x5 - 1.5067x° + 4.7778x* - 6.4567x> + 3.0748x° + 1.8683x + |1
2.08

75K 0.0088x° - 0.1154x° + 0.4889x* - 0.5383x° - 0.9723x? + 3.2193x + 0.9979
2.1093

77K -0.0031x% + 0.0616x° - 0.4524x* + 1.5029x° - 2.2415x? + 2.734x + | 0.9954
2.0829

79K 0.0014x5 - 0.0199x° + 0.0857x* - 0.0317x3 - 0.5256X? + 2.2398x + 0.9966

1.9437




173

81K -0.0031x° + 0.0651x° - 0.5253x* + 2.0706x° - 4.0418x? + 4.5336x + | 0.9972
1.8638

83K 0.0028x5 - 0.0465x° + 0.2713x* - 0.6257x> + 0.2782x? + 1.8852x + | 0.9929
1.9434
45% Fill Ratio

Condenser | Temperature Difference (Tevap - Tcond) Curve RMS

Temperature

71K -0.0042x° + 0.0926x° - 0.7385x* + 2.5883x° - 3.9475x* + 4.3428x + | 0.994
2.3435

73K 0.0115x5 - 0.1845x° + 1.1154x* - 3.0761x> + 3.4706x? + 1.049x + 0.9838
2.5257

75K -0.0276x° + 0.4774x° - 3.0732x* + 9.188x3 - 12.773x% + 8.2776x + | 0.9969
2.0865

77K 0.0251x° - 0.2132x* + 0.6893x3 - 1.3018x? + 2.937x + 2.3192 0.9967

79K -0.0099x° + 0.1394x* - 0.4935x3 + 0.2317x% + 2.2105x + 1.8629 0.9967

81K -0.0217x* + 0.3043x° - 1.0978x? + 2.7181x + 1.8911 1

83K 0.0468x° - 0.4909x* + 1.907x3 - 3.246x? + 3.4373x + 1.8795 0.9966
52% Fill Ratio

Condenser | Temperature Difference (Tevap - Tcond) Curve RMS

Temperature

71K 0.001x° - 0.0297x° + 0.2912x* - 1.1388x% + 1.4114x? + 2.7915x + 0.9763
2.2771

73K 0.0744x5 - 0.9401x° + 4.3723x* - 8.9868x> + 7.5866%° + 0.2459x + | 0.9492
2.3298

75K -0.0756x° + 0.8813x* - 3.0924x3 + 3.52x? + 1.1383x + 2.1809 0.9799

77K 1.0387x3 - 4.458x? + 6.6264x + 2.2409 0.892

79K -0.0108x* + 0.198x - 0.9235x2 + 2.9541x + 2.0502 0.9979

81K -0.2467x* + 1.8678x3 - 4.0119x2 + 4.5229x + 2.1501 0.9997

83K 0.2229x2 + 1.9672x + 2.0318 0.9044

12.6.2 Argon
x = Power (Heat Load)

20% Fill Ratio

Condenser Temperature Difference (Tevap - Tcond) Curve RMS

Temperature

86K 0.0122x° - 0.1732x* + 0.9462x3 - 2.195x? + 2.8951x + 1.0246 0.9541
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89K 0.0829x° - 1.133x* + 5.3969x3 - 10.537x? + 8.1589x + 1.1802 0.938

92K 0.0015x° - 0.0285x° + 0.2147x* - 0.7694x3 + 1.1536x% + 0.4711x + | 0.9999
1.6807

95K -0.0034x° + 0.0516x° - 0.283x* + 0.6728x> - 0.7615x* + 1.3666x + | 0.9973
1.6323

98K -0.0116x° + 0.0959x° - 0.2397x* + 0.1184x3 + 0.0894x? + 1.0156x + | 0.9996
1.6709

101K 0.5147x° - 3.1673x* + 6.6136x3 - 5.387x* + 2.5699x + 1.5867 0.9937
30% Fill Ratio

Condenser Temperature Difference (Tevap - Tcond) Curve RMS

Temperature

86K -0.0002x° - 0.0058x° + 0.2103x* - 1.775x3 + 5.1349x? - 2.5584x + 0.9235
2.0955

89K -0.006x° + 0.1533x° - 1.4443x* + 6.1597x° - 11.717x% + 8.9276x + | 0.9624
1.1751

92K 0.0002x° - 0.0041x° + 0.0411x* - 0.1816x> + 0.2738x? + 0.8374x + | 0.9929
1.7784

95K -4E-05x° + 0.0014x° - 0.014x* + 0.0399x° - 0.0259x2 + 0.8526x + 0.9945
1.7124

98K 0.0011x° - 0.0183x° + 0.1151x* - 0.3184x> + 0.3329x2 + 0.769x + 0.9985
1.7102

101K 0.0037x° - 0.0517x° + 0.2571x* - 0.5497x> + 0.448x2 + 0.7513x + 0.9994
1.6862

12.6.3 Air
X = Power (Heat Load)

20% Fill Ratio

Condenser | Temperature Difference (Tevap - Tcond) Curve RMS

Temperature

63K -8.94x% + 27.78x3 - 22.665%? + 9.445x + 4.63 1

65K 4.2133x° - 27.493x* + 63.547x3 - 60.887x2 + 23.11x + 3.65 1

71K 0.0104x° - 0.1697x° + 1.0874x* - 3.2487x> + 3.9428x% + 0.6861x + | 0.944
5.4104

77K -0.0024x° + 0.0383x° - 0.192x* + 0.2631x3 + 0.2373x% + 1.1702x + | 0.9916
4.1519

79K -0.0265x° + 0.505x° - 3.5251x* + 11.188x3 - 16.166x> + 10.225x + | 0.981
3.9819

86K -0.0332x° + 0.4167x° - 1.798x* + 3.2506x° - 2.5757x° + 2.6862x + | 0.9683

4.1659

30% Fill Ratio
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Condenser | Temperature Difference (Tevap - Tcond) Curve RMS
Temperature
63K 2.1767x* - 12.131x3 + 20.996x? - 7.2598x + 5.9202 0.994
65K -0.2813x° + 2.6479x* - 8.938x3 + 12.245x? - 1.6394x + 4.08 0.9905
71K -0.0156x° + 0.2989x° - 2.0374x* + 6.347x> - 9.6029x° + 8.4329x + | 0.9958
4.592
77K -0.0345x° + 0.5001x* - 2.2272x3 + 3.3483x? + 0.6034x + 4.8004 0.8934
79K 0.0197x5 - 0.4189x° + 3.269x* - 11.211x3 + 16.059x? - 5.6107x + 0.9827
5.0348
86K -0.0435x° + 0.7481x° - 4.6437x* + 12.902x° - 15.874x? + 8.2029x + | 0.9877
4.2731
40% Fill Ratio
Condenser | Temperature Difference (Tevap - Tcond) Curve RMS
Temperature
63K 0.5x% - 4.7933x> + 10.335x2 - 0.9117x + 4.24 1
65K 1.152x° - 7.9982x* + 18.942x3 - 18.457x2 + 10.246x + 5.3753 0.9889
71K -0.0036x° - 0.0504x° + 1.0118x* - 4.4709x3 + 6.9181x? - 1.509x + 0.9732
6.177
77K 0.2107x° - 1.8389x° + 5.8551x* - 8.4563x° + 5.526x? + 0.9168X + 0.9968
4.3032
79K
86K
Table 12.1 Polynomial fit tables for performance maps
12.7 Velocity estimate for fluid inside PHP
(A =x)v6
W=7 (12.2)
1—x -1
o= (1 + [ ] p—”]) (12.3)
X P
G = m 12.4
m = ¢ (12.5)



x = quality (v = volume of PHP, P = pressure of PHP)
v; =volume (x =0, P = pressure of PHP)

p, = density (x =1, P = pressure of PHP)

p; = density (x = 0, P = pressure of PHP)

m = estimated mass flowrate of fluid in PHP

A, = inner cross-sectional area of capillary tubes

h. =enthalpy (T = T,ona, P = pressure of PHP)

h, = enthalpy (T = T,yqyp, P = pressure of PHP)
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