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Thermoelastic coolingor elasocaloric cooling, is a cuttingdge soliestate based
alternativecoolingtechnologyto the stateof-the-art vapor compression cooling
systems that dominate the world todBging environmenfriendly without any
global warming potentiathese thermoel#is cooling systems could redueaergy
expenseand carbon emissigince they are potentially more efficient than the vapor
compression cycle (VCCNevertheless,saa result ofts immature naturgts
realisticapplication potential requires comprehigasesearch inmaterial
fundamentals, cyeldesignsystem simulatiorthe proofof-concept prototype
development and testingherefore, nderstanding the performangetentialand
limitationsof thisemerging new coolintechnology, hilding thetheoretcal
frameworkand guiding future researetnethe objective of this dissertation.
Thermodynamic fundamentals of elastocaloric mateasdmtroduced firstCycle
designs and theoretical f@mance evaluatioarepresentedogether with a detailed
physicsbased dynamic modé&r a waterchiller application The baselinsystem
coefficient of performance (COR®1.7 under 10 K system temperature [Tt

enhance the stam performance, a novel therm@ve heat recovery process is



proposedased on the analogy fratme highly efficienti c o ufnlt ®@wo hea't
exchangerBot h t he t heor et i-fcladthednawave heatof t he A c oL
recovery and the practical limitations by experimentation have been investifjaged.
results indicated that 100% efficiency is possible in theory, 60% ~&@orecovery
efficiency can be achieved in practidée world first ofits-kind proof-of-concept
prototypewasdesignedased on the dynamic mogd#&bricated and testaging the
proposed heat recovery methdaximum cooling capacity of 65 W amdaximum
waterwatertemperature lift of 4.2 K were measursgparatelyrom the prototype
Using the validated model, performance improvement potentials without
manufacturingconstraintsn the prototypere investigated and discuss&étde CORis
3.4 with theplastic insuation tube and tubm-tube design, which can be further
improved to 4.1 by optimizing the system operating parameteggantitative
comparisons made fothermoelastic coolingndothernot-in-kind cooling
technologiesn order to providensights onits limitations, potential applicatios) and
directiors for future researchlhoughunder current research status, the system
efficiencyis only 0.14of Carnot efficiency, which is less than 0.21 for conventional
VCC systems, thzamework carried out in th dissertation shosva technicdy

viable alternative cooling technolpghat may change the future air lives.



DEVELOPMENT OF THERMOELASTIC COOLING SYSTEMS

By

Suxin Qian

Dissertation submitted to the Faculty of the Graduat®®&oof the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2015

Advisory Committee:
ProfessoReinhard Radermachethair
Professor Ichiro Takeuchi

Professor Marino dilarzo

Professor Jungho Kim

Professor Bao Yang

Professor Yunho Hwang



© Copyright by
Suxin Qian
2015



Acknowledgements

| would like to thank my advisor Prof. Reinhard Radermacheprimriding me the
chance to conduehy research in CEEE and an opportunity to work on this
challenging project. I3 deep insights, continuous gumte,visions and passi@nin

this field alwaysinspired mel would also thank Dr. Ichiro Takeuchi for his critics to
polish my dissertation frora material sciemstd s p e r $harksteDr. Yuaho
Hwang as my research advigor hisideas.expertise andupportto this project.
Thanks to Dr. Jungho Kim, Dr. Marino diMarzo and Dr. Bao Yfmgserving on my
committee

My deep thanks to myife, Jingjing, who supported me and encouraged during the
most difficult timeof my Ph.D. studyThanks to my parents and grandparents for
theirlove, kind support and understandingvould havenot beenable to finish this

di ssertation wuppdtout my famili esod

Ideas and discussiomgth my colleagues in CEEE are always helpful, especially Dr.
Jiazhen Ling and Jan Muehlbauer. My deep thanks to Dr. Yiming Wu, Dr. Yi Wang
and Dr. Yunlong Geng, for their expertise to help me develop the prototype in this
dissertationl 6 d al so | i ke t ohedechmicakheland my gr at i t ude
professional assistafrom my colleagus on this project in UTRC arfeiNNL.

Finally, I would like to thankCEEE,Department of Energy, GBSuez, and

University of Maryland Gradua School for their financial support.



Table of Contents

Table Of CONIENLS......uueeiii e iii
IS A ) = o] =S SRR RRPPRRRR vili
LISt OF FIQUIES. ...ttt e e erees s e e e e e e e e e e e e e e aeesannneeeeeeeeees X
I\ g1 Lol F= L | =S Xviii
Chapter 1:  INrOAUCTION......uuiiiiiiiiiiiiii et e e 1
1.1  Background and MOtIVALION.............c.uuuuiiiiiiiieeeiiiiiiie e 1
1.2  Literature Review on Thermoelastic Cooling........cccccccvviviiiiieannnnnnnnen. 8
1.2.1 Materials with Large Elastocaloric Effect.............ccccociiiiimmnniiiiinns 9
1.22 Thermoelastic Heat ENQINES...........coovvviiiiiiiimee e 13
1.2.3 Thermoelastic Heat PUMPS.......ccoiiiiiiiiiicieeeece e, 17
YU 01 0 1 = Y Z P 20

1.3 Literature Review on Heat Recovery/Regeneration Designs............ 22

1.3.1 Heat Recovery/Regeneration Design for Cyclically Operated Sysg@ms

1.3.2 Recuperator/Heat Recovery Design for t8yss Operated Under Steady

State CONAITION. ...t eeet e e e s 33
1.3.3 Comparisons and SUMMAIY.............uuuuuuuiiiimcreennnnniiinaaeeeeeeeeanans 39

1.4  Literature Review Summary and Research Gaps..................ccceeeue 47
1.5 Research ODJECHIVES........cooii i e e 49
Chapter 2: Thermodynamic Futamental of Elastocaloric Materials............. 51
2.1  Thermodynamics of Elastocaloric Materials...............cccoovviicacinnn. 51
2.2 Thermodynamic Performance of Elastocaloric Materials.................. 57



Chapter 3:  Cycle Analysis and Dynamic Modeling.............coooovviiiiiiemnnnnnnnd 64

3.1  Thermodynamic Cycles ANAIYSIS...........uuuiiiiiiiiiiiieeeiiiieieieeciee e 64
3.2 Dynamic Model Development.............ooooiiiiimmne e 73
3.3 Results and DiSCUSSIONS........cccviiiiiiiiiiiiieenieeeeeeeeee e eeeieeee e ] B
3.3.1 Analytical COP.....iiiii e 78
3.3.2 Effect of Operating Pameters.............cccccuiiimiiimmmnniiiiiiieieeeeeeee 81
3.3.3 Effect of Geometry Parameters............ccccuuvummiimmmnniiiiiiiiviieeeeeee 87
3.3.4 L0SS CONtribULIONS.....ccoiiiiiiiiiiiieeee e 90
3.4  Chapter Summary and CONCIUSIQNS............uuuerimiiiiieeriiiiiiieieeeeeeeeeeae a3
Chapter 4:  Novel Thermewave Heat RECOVELY...........ccccuvvviviiiiieeeiiiinne 95
4.1  Time Scale Counteflow Heat RECOVETY..........uuviiiiiiiiiiiiiieeeiieeeeeeeee 95
4.1.1 Novel ThermalWave Heat RecoverydDicept..........ccceeviiiiiiiiiienn 100
4.1.2 How to Vary the Solid Inlet Fluid Temperature with Time............ 102

4.1.3 How to Produce the Fluid with a Stored Temperature Gradient..103

4.2 ldeal Heat Recovery Cycle AnalysSiS.........ccccooiiiiiiiiiiccc e 106
4.2.1 What is Ideal Heat Recovery CyCle...........ccccuviiiiiiieeeniiiiiiiiiee 106
4.2.2 Sufficient Conditions for Ideal Heat Recovery Efficiency............. 108

4.3 Validation APProachi........ccccuuiiiiiiiiiiiicc e 111
4.3.1 Experimental SEtUP.........cooiiiiiiiiiiiieeee e 111
4.3.2 Dynamic Modeling...........oooiiiiiiiiiiiieeen e 114

4.4  ReSUltsS and DiSCUSSIONS.........uuuuiiiiiiiiiiiieeeiiiieieieeeeee e e e e e e e 117
4.4.1 Experimental results and model validation...................coovvceeee. 117
4.4.2 Insight of thermalave propagation............cccccoovviiiiiiccce e 120

iv



4.4.3 Design guideline.........cooooiiiiiiiiiieeee e 128
4.5  Chapter Summary and ConcluSIONS............ccovvveviiiieenee e 129
Chapter 5:  Prootfof-concept Prototype Design, Fabrication and Testing...131

5.1 Design and Development of a 100 W Compressive Thermoelastic Cooling

L (0](01Y/ 0 PP 131
5.2 EXPErMENT SEIUD......uuiiiiiiiiiiiiiiiieiceeeee ettt rmmme e 134
5.3  Results and DISCUSSIONS. ......ccuiiiiiiiiiiiiiiie e 136
5.3.1 Openloop TeSHNG.....ccoviiiiiiiiiiiitreer b eeer e 136
5.3.2 Indication Of COOlING........uuuumiiiiiiiiiiiiii e 137
5.3.3 Performance Impra@ment Methods............cccccoeiiiiiiieann, 139
5.3.4 Highlighted RESUILS.............ouumiiiiiiiiiieeeiiii e 140
5.3.5 Model Validation.............uuieiiiiiiiiiiiieeeiiieeeeeee e 141
5.4  Chapter Summary and CONCIUSIQNS...........ceeeviiiiiiiieeniieieiiiieeeeeeen 146

Chapter 6: Performance Improvements by Innovative Designs and Multi

Objective OptiMIZation...........coiiiiieieeeeeeeee e 147
6.1  Novel Design OPLtiONS........ccooiiiiiiiiiiiieree e eeeeee e 150
6.1.1 Coating/Insulation Layer for Tubes Holders.............ccccccivvieeennnn 150
6.1.2 Coating/Insulation Layer Design...........ccccuuuvirriiimemiiiiiiiiiiiieeeeeee 150
6.1.3 Decoupling Design for Loading Head.................oooiiiiccce e 152
6.1.4 Tubein-tube and Rodn-tube Designs..........ccccuvviiiiiiiiieeniiiiiiieee 154

6.2  Multi-objective Optimization Problem.............ccovvvviiiiieme i, 157
6.3  Results and DISCUSSIONS.........ccoeuiiiiiiiiiiice e 160
6.3.1 Performance Improvements with Novel Designs..............cccee..... 160

\Y



6.3.2 Multi-objective Optimization RESUIS............covvviiiiiiiiieaneee, 165

LIRS TR T @ 11 [ Yo | 168

6.4  Chapter Summary and ConcluSiQNS............ccovvviiiiiieemiiiiiiiiieeeeee, 169
Chapter 7:  Not-in-kind Cooling Technologies Comparisan........................ 171
7.1  Comparison of RefrigerantS.........ccccceeeeeiiiiiiioccieeeeeeeeeeee e 175
7.2  Comparison of Cooling Technologies.............cccooviiiiiicce e 183
7.2.1 Vapor Compression Cooling (baseling)...........cccccevvvvvvieenneeeenenn. 184
7.2.2 Elastocaloric Cooling (Single Stage).........cccccvvvviiiiiimemiiiiiiienenee 185
7.2.3 Magnetocaloric Cooling (AMR).........oooiiiiiiiiiiirees e 186
7.2.4 Electrocaloric CooliNg...........cooiiiuimiiiiiiieeeniiiie e 188
7.2.5 Thermoelecic COOlING..........ccooieiiiiiiiiiic e 189
7.2.6 Stirling/Brayton Cooling CycCles............coooiiiiiiiiimeeniieee 190

7.3 DISCUSSIONS. ....ciiiiiiiiiiaeeeee e 193
7.4  Chapter Summary and ConcluSIQNS............cccovviiiiiieemiiiiiiiiiieeeeee, 195
Chapter 8:  Thermoelastic Cooling: Revisiting and Prospecits................... 196
8.1 Ideal Thermoelastic Cooling System.............cccuvviiiiieemriiiiiiiieeee 196
8.2  Performance Assessment Methodology............cccuvveiiiieeeeiiiiiinnnnnee. 208
Chapter 9:  Conclusions and Future WOork.............oooviiiiiiicce s 212
FULUIE WOTK. ...ttt 215
Chapter 10: CONIDULIONS..........uiiiiiiiiiiiii et 219
10.1 List of Major ContribUtiONS...........oooviiiiiiiiieeen e 219
10.2  PUBICAtIONS......cooieieiieeee e 220
FaY o] o= o [T PP PP PP PR PP PPPRTPP 224



Appendix A: SMA Material COP Calculation.............covvviiiiiiieaniiiiieeeeeen. 224

Appendix B: More Photos of 100 W Prototype...........cccccvveeiiicemnicineenneennns 226
Appendix C: NIK Cooling Technologies..............ocooiiimiimmmniiiieeee 229
Appendix D: Heallransfer Time Constant Derivatian................occvvvvieeeeen. 234
REFEIBNCES. ....ciiiiii e 239

vii



List of Tables

Table 11: List of elastocaloric effect shape memory alloys.............ccoooviiieeee. 12

Table 12: Summary of driving system design for thermoelastic heat engine,
elastomer heat pump and thermoelastic heat pumps...............ocoooicceeeeeeeiie 21

Table 13: Summary of heat recovery/regeneration methods for cyclically operated
)1 (=] 1. VPP UPPPPY 43

Table 4. Summary of recuperator/heat recovery methods for systems operated
under steady State CONTITION.........c.uuiiiiiiiiiiiree e e 45

Table 31: Physical properties and phase change parameters of some common SMA
with giant elastocaloric effect. (*).....ccccooiiiiii e 69

Table 32: Valves and pumps sequence of the thermoelastic cooling system i#tdel.
Table 41: Analogy of spatial scale courtbow heat transfer process to time scale
countefflow heat rECOVEINY PrOCESS........uvuririiiiee et e e e ceeerire e e e e e e e e e e aeeena s 100

Table 42: Nondimensional ratios and time consta characterizing the ideal HR

G C ettt e —— e e e e e e e e e e et — ettt ———————aaaeeaarrrr—————- 108
Table 43: Some important parameters of the test facility................cc.oeceeeeee 112
Table 44: Valve and pump sequences for the HR test.............ooovvviiieeeeee 113
Table 45: Comparison between ideal HR model aAd deal case model.......... 114
Table 46: Experimental validation of or@imensional model........................... 119

Table 47: A summary of degradation factors (irreversibility) during the heat recovery
0o =1 TSP 128

Table 51: List of some important geometries of the 100 W prototype........... 134

viii



Table 61: Some important parameters of the baseline/original compressive

thermoelastiC COOIING SYSTEM.........uuuuiiiiiiiiiii e 149
Table 62: Formulation of the muliobjective optimization problem.................. 158
Table 63: Summary of the mukbbjective optimization results........................ 168
Table 71: Brief summary of the NIK cooling technologies in this gtud.......... 174
Table 72: Materials/refrigerants comparisSon SUMMAIY..........ccceeeererriiiaaeeennn 181
Table 73: Quantitative comparison of NIK cooling technologies................... 193
Table 81: Beneficial assessment of a few novel SMA layouts using the proposed four
01T (oL TSP PP PPPPPPPPON 204
Table 91: Summary of gy issues to be addressed in future studies............... 216



List of Figures

Figure 1. Classification of some closed loop NIK cooling technologissan
overview of thermoelastic cooling.-Td JouleThompPSOoN)........cccoevveeeeeeeiiiiiieeennn. 3

Figure 12: lllustration of stress induced martensitic phas@gformation process,
a.k.a. elastocaloric or thermoelastic effect in a SMA material and comparison to
adiabatic vapehiquid phase change.............cccoiiiiiiiicee e 5

Figure 13: lllustration of key components in a thermoelastic cooling system....8

Figure t4: Demonstration of vari@thermoelastic heat engines designs......... 14

Figure 15: Two driving system design of elastomer heat pumps (Gerlach, 2008).
Figure 26: Some SMA heat pump driving system design. (Cui et al., 2012h).19

Figure 17: lllustration of adsorption thermalave heat recovery and magnetocaloric
AMR regenerator eSIgNS........ccoeiiiiiiiieieiiieeee e e e e e e e e et e eee s 41

Figure 18: Electrocaloric cooling: various AER designs (Ozbolt et al., 2014).44

Figure 19: Recuperator/heat recovery fapor compression cooling: SLHXs...46

Figure 110: Coiled tuben-shell countefflow recuperators used in cryogenic

=T ] [Tox= U1 o] 130U PPPPPRPN: a7

Figure 21: Graphical representation of hysteresis curves, constitutive relation and a
threedimensional figure of the phaseagram of elastocaloric materials............ 57

Figure 22: SMAs comparison based on adiabatic temperature span and energy
S (0] £= V0 [0 [T 0 LS | Y USSP 62

Figure 23: SMAs comparison based on adiabatic temperature span and material

COPs under 10K temperature lft.............cooomiiiiiiieeer e 63



Figure 31: lllustration of reversed Brayton cycle and its variation as a thermoelastic
(o0 o] |1 0o [ 03 Y/ o [P 66
Figure 32: lllustration of reversed Stirling cycle and its variation as a thermoelastic
(o0 o] 11 0o [ 03 Y/ o [0S 67

Figure 33: A hybrid cycle design as a combination of reversed Brayton cycle and

reversed StIrling CYCIa.......ooo e 6.7
Figure 34 : Il lTustration of a fAreal 0 thermoel a:
BraytOn CYCIE........uiiiiiiiiiiiiiiee et neee s 68

Figure 35: lllustration of the temperature profiles of sedithte thermoelastic SMA
beds during one CooliNG CYCIE........cccuiiiiiiiiii e 71
Figure 36: Schematic of the heat transfer fluid loop used for the numerical motel.
Figure 37: Analytical COP as a function of heat recovery efficiency (Three SMAs
compressive loading modé= 0 Ti®= 108U *0.8,D =0.85).................... 79
Figure 38: Analytical COP as a function of heat transfer effectiveness (Three SMAs
compressive loadingmodé= 0 Ti®5108d=0.6,D=0.85).......cccceeern... 80
Figure 39: Analytical COP as a function of temperature lift (Three SMAs under
compressive loading mode,= 0.9,U *= 0.95,d=0.7,D = 0.85).......c.ccceevrvruenee. 81
Figure 310: Temperature profiles predicted by the numerical modeT{Miloy, unt
=12m/susr= 0.1 m/ s, L = 0.254 m, ODTi#g= 0. 005 m
10 K, half cycle duratioltyc = 20 S).....eeeiiiiiiiiiiieiieeeieiiee e 82
Figure 311: Mode predicted COP and cooling capacity as a function of cycle
duration (N+Ti alloy, ust = 1.2 m/s, L = 0.254 m, OD = 0.005 m, ID = 0.004 m, N =

19 Tiift O K)ottt e e e e e e 83



Figure 312: Model predicted COP and cooling capacity as a function of heat transfer

flow rate (N+Ti alloy, unr = 0.2 m/s, L = 0.254 m, OD =0.005 m, ID =0.004 m, N =

I T T < I ) TSP 85

Figure 313: Model predicted COP and cooling capacity as a function of heat
recovery flow rate (Nili alloy, uqt = 1.2 m/s, L = 0.254 m, OD = 0.005 m, ID =

0. 004 M, TMNS IO KL Qoo BBt eeee e, 86

Figure 314: Effect of NiTi tube wall thickness on COP and system cooling capacity
(Ni-Tialloy,unr=1.2m/susr= 0. 2 m/ s, L = 0. Br540 Hn, ODb =
NI =1 ) JO OO 87

Figure 315: lllustration of NiT i bedds <cooling c-digubeci ty whe
wal | thickness. ( Note that the bedbs cool i
capacity due to the CYCHC I0SS)........uuuuiiiiiiiiiiii e 89

Figure 316: Effect of N#Ti tube length on COP and cooling capacity-{Nialloy,

ut =12 m/susr= 0. 2 m/ s, I D = 0.TkG40KmMN =1@D = 0. 00O

Figure 317: lllustration of breakdown COP chart of the studied compressive
thermoelastic cooling system @i alloy, operating on 10 K temperature lift from
15°C t025°C, with a set of typical operating parameters).........ccccccveeeeerieanenen. 92

Figure 41: lllustration of the role of heat recovery in a cyclic saligte cooling

Figure 42: lllustration of traditional adsorption thermabhve for low conductivity
solid desiccant application, and novel therwalve for high conductivity solid

g F= 1= (= | TR RTPTPROPRTRRR 98



Figure 43 : Temperature profil esflowoheat ttahsker Aspat.

processo and t helowtheatnecowwrc ap reo cceosusnot efror
thermalwave heat reCOVErY PrOCESS. ........oooiieiiiiiiiiireer et eeeeeees 101

Figure 44: Snapshots of fluid temperature distribution alongdtenecting pipe at

different time. Th = 20°C,Tc = L0°C).uuuuuuuiiiiieeeeeeeeeeeeeeieeer e e 104
Figure 45: lllustration of the ideal heat recovery cycle model....................... 107
Figure 46: An illustration of the schematic of the HR test facility.................. 112

Figure 47: Temperature profile of two solid walls during the hesmibvery process
(tHR = 15 SECH = 6196,0c = 59%6).....vvveeeeeeeeeeeeeeee e en e eee s 118
Figure 48: The influence of flow rate on the heat recovery efficiency........... 118
Figure 49: Experimental validation of ordimensional modeltr = 15 sec)......119
Figure 410: lllustration of thermalvave propagation by snapshot of temperature
profiles at different time step during one heat recovery process and corresponding
particle trace on the SChEMALIC...........iiiiiie e 121
Figure 411: Parametric study of heat recovery efficiency with-donensional cycle
time defined iN EQ. (A3)...cooiiiiieeee e 124
Figure 412: An illustration of the low heat recovery efficiency case tfear0.9.125
Figure 413: Parametric study of heat recovery efficiency with -donensional
length defined iN Eq. FA4)......coo et 126
Figure 414: Tre influence of HR pipe length and velocity on heat recovery
efficiency ¢* = 1.2,IDHR = 39 MIM) . e e e e 127
Figure 51: lllustration of a single nitinol tubes bed base assembly............... 132

Figure 52: lllustration of the designed driving mechanism with supporting structures.

Xiii

t

h €



Figure 53: lllustration of the 100 W prototype............ccooeiemrrrmimmmnssiiieenene 133
Figure 54: Schematic of the test facility for the 100 W prototype.................. 135
Figure 55: Summary of the opeloop test reSUltS...........coooeveiiiiiiiiiiccce s 136
Figure 56: Indication of temperature liff..............cccuvviiiiiiiieereee e 138

Figure 57: Highlighted challenges and improvement methods applied to the
10} {071/ o1 PP 139
Figure 58: Highlighted test reSults..............cccooiiiiimmmnee e 140
Figure 59: Model validation by using opdoop transient water temperature
difference measurement reSUIS.........oooiiii e 142
Figure 510: Model prediction versus measured data................ccccvummmriennnnne 143
Figure 511: Comparison between measured data, original model prediction, and
updated model prediction by tuning the dead thermal mass..............cccccueee. 145
Figure 61: lllustration of loss breakdown chart for a compressive thermoelastic
cooling system baseline scenario operated under 10 K temperature lift (COP was zero
because the maximum achievable temperature lift VK. ...........cccvvveeeeernn. 148
Figure 62: Drawing of the baseline/original design of the SMA bed assembly using
nitinol tubes under coMpPression MOE..........coooiviiiiiiiiiecc e 148
Figure 63: lllustration of the insulation layer design for loading head............ 152
Figure 64: lllustration of the direct compression without loading head desigt53
Figure 65: lllustrationof the dry loading head design.........ccccccceeiiiiiicccnnnnn. 154
Figure 66: lllustration of the tubén-tube and rodn-tube design using multiple

small tubeor rods inside each regular nitinol tube............ccccviiiiiieec. 155

Xiv



Figure 67: Flow chart of the muHobjective optimization problem solving

(ST ToT=To 18] £ TP PP PPPPPPPPPP 160
Figure 68: Summary of performance enhancement as results of novel designs. (all
designs have the same nitinol volume andanasis & 10 [K], u = 0.8 [m/S],unr =

0.4 [M/S],tcyc = 10 [SEC]) . ceeeiiiiiiiiiiiiitt et ree bbb eeer e e e e e e e e e eeeas 161
Figure 69: Capacity enhancement as a result of the mgétisulation layer design.

( B = 10 [K],u=10.8 [M/S],tcyc = 10 [SEC]).reeerrreearrireriieesiieremmmieeesieeesieee e 162
Figure 610: lllustration of capacity enhancemdmt applying plotting the exit fluid
temperature of the outlet | oadindrbhead usi
5 [K], u= 0.8 [m/s],unr = 0.4 [M/S],teyc = 10 [SEC])-eereeeimiriiieeeeeiiiiiiieeeeeeee e 163

Figure 611: Capacity enhancement as a result of the-ituibebe and rodn-tube
desi @in=10 [Klpas= 0.8 [m/s],uqr = 0.4 [M/S],tcyc = 10 [SEC])....0tvvvvrrnnnnn 164

Figure 612: Solutions over iterations and illustration of convergence........... 166

Figure 613: Multi-objective optimization results on the capaciP chart....... 167

Figure 614: The updated losses analysis chart with performance enhancements as
compared to t heTigkEaoik)..t.er.m..t.ar.g.edt...160 e
Figure #1: lllustration of common features for all cooling technologies using vapor
compression cooling as an example..........ooooicce e 172

Figure 72: Ideal cycle description of different cooling technologies............... 180

Figure #3: Comparison of the materials/refrigerants of various cooling technologies
on the COPnat and nondimensional latent heat diagramc (= 288K, Th = 298K,
CarNOLCOP = 28.8) .ttt e e e s erer et e e e e e e e e e e e e e e e e e 182

Figure #4: Loss analysis chart for the vapor compression cooling system.... 184

XV



Figure #5: Loss analysis chart for the elastocaloric cooling system.............. 186
Figure 76: Loss analysis chart for the AMR system...............ccccccivimmnnniinnee 187

Figure #7: Loss analysis chart for the thermoelectric cooling sys#&mhw(1.40 for

BI-SI T ). e 190
Figure 78: Loss analysis chart for the Stirling cycle.............ooooiiiieene 191
Figure 79: Loss analysis chart for the Brayton cycle.............cccuvvviiiiieeciinnnnee. 192

Figure 81: lllustration of varying the heat transfer time constant by different
approaches to improve COP (nitin0l tUDES).........covvvviiiiiiireeeen 199
Figure 82: lllustration of varying the thermal mass ratio between SMA and the HTF
by different approaches to improve COP............ooovviiiiviiicccreeeeeeeie e 199
Figure 83: Performance curve variation as a result of changing the TMR, the
operating frequency and system configuration................ceeevvvimmeeeeieeeeeeennnnnns 201
Figure 84: lllustration of varying the thermal mass ratio between the SMA and the
regenerator HTF (heat recovery pipes) to improve COPR.............cceovvvvieeeennn. 202
Figure 85: lllustration of the von Mises stress distribution in a 3D SMA porous
] L1003 (U] PP 203
Figure 86: Drawing of a few novel SMA structure design candidates........... 206

Figure 87: Choosing the HTF based on the first two metrics defined in Eb). §8d

Figure 88: lllustration of the performance assessment diagram and its projections on
the CORcooling capacity plane and the C@#nperature lift plane................... 209
Figure 89: lllustration of the performance assessment diagram and the performance

map between COP and cooling capacity under the constant system temperature lift.

XVi



Figure 91: Prospects for future based on current development speed of thermoelastic

(o0 0] [ 0T0 =3V AS] (=] 1 1T SRURRPR 215

XVii



Nomenclature

Ax
A

As

As
AECR
AMR
Bi

COP

DSC
DTM

ESD

Ee

Fo
GWP
HCFCs

HFCs

material constant related

area [nf]

austenite finish temperature [K]
austenite start temperature [K]
active elastocaloric regenerator
acive magnetic regenerator
Biot number

coefficient of performance
specific heal J*A ¥
mechanical efficiency loss factor
differential scanning calorimetry
dead thermal mass

energy storage density

Youngbés ma@adul us [ MP

electric fidld intensity

cyclic loss factor

Fourier number

global warming potential
generation term i%
Hydrochloroflurocarbons

Hydrofluorocarbons

XVili

energy

t

o

[ NAC

h

equa



HR

HTF

LMTD

I*

Ms

MOGA

NIK
oD

ODE

heat recovery

heat transfefluid

magneticfield [AAmM

|l atent 1heat [ JAg

heat transferAfgoefficient
specific enthalpy] Alg

current [A]

internal diameter [m]

material constant related to elasticity [MPa]
thermal condApti vity [ WAmM
log-mean temperature difference [K]

length[m]

Non-dimensional length-]

martensite finish temperature [K]

martensite start temperature [K]

multi-objective genetic algorithm

mass [kg]

mass fl oW rate [kgAs

magret i ¢ moment’ARldhange [ AAm
tube number-|

not-in-kind

outside diameter [m]

ordinary differential equations

XiX

[ WAm



PEEK

RHS

RHX

SCP
SMA
SMP
sec
T

~
g

H
& hd

& Tt

8 Tppoach
Te

Th

polyetheretherketone

pressure [kPa]

polariz&tion [CAmM

amount ofeat transferred [J]

capacity[W]

capacity pe¥f unit mass
right hand side

recuperative heat exchanger

non-dimensional ratios

nitinol heat transfer area to volume ratio‘Jm

specific etropy[ JA &

[ JAg

specific entropy change of martensitic phase chfingéA #]

specific cooling power
shape memory alloy

shape memory polymer

second

temperature [°C]

temperature change rdteK A s

materialadiabatic temperature span [K]

system temperature IlifK]

heat exchanger approach temperature [K]

heat pump heat source/cold side temperature [K]

heat pump heat sink/hot side temperature [K]

XX

[ WAg



TMR thermal mass ratibetween SMA and HTF inside SMA bgdl

TMRAr thermal mass ratio between SMA and regrator {]
t time, or duration [sec]

t* heat recovery coefficient

u fluid mean velocity [m-3]

u* specifici nt er nal Ylenergy [ JAg
\Y volumetric flow ratgm3-s?]

\Y volume [n7]

Y specific volume [A kl]g

VCC vapor compression cycle

W work [J]

0 power[W]

w specific work [J-¢f]

X characteristic length [m]

Z thermoelectric materials figuaf-merit [K]

U thermal diffusivity [n?-s?]

] thermal expansion coefficient (K

Us Seebeck coédlfficient [VAK
b contact area ratio]|

a equivalent thickness [m]

U* effectiveness

U strain ]

Co

stress [MPa]

XXi



goH

U mat

U sys

q

&
Subscripts
ad

AM

bs

cond

cyc

HT

hp

non-dimensional latent he§

efficiency [-]

thermal mass factq¥]

density [kg-m’]

electric Mlesistivity [q
time constant [sec]

martensite phase fraction

martensite phase fraction change ratg [s

magnetic field [Tesla, or T]

normalized materials lev€lOP, or materials exergetic efficiencyj [
system exergetic efficiency (normalized to matel@GP) [-]
uniformity index

material constant related to straih [

adiabatic

austenite to marteite
baseline

conduction

cycle

fluid

heat transfer

heat pump

XXii



init initial

mat material

mot motor

LH loading head

MA martensite to austenite
M martensite

m intermediate

opt optimum

pc phase change

rec recovery

S solid, olid heat exchanger bed
sat saturation

tot total

trsm transmission

+orld loading

- oruld unloading

XXili



Chapter 1: Introduction

1.1 Background and Motivation

Recently, traditional refrigerants in a vapor compression system, such as
hydrochloroflurocarbons(HCFCs) and hydrofluorocarbongHFCs) have been
consideredas greenhouse gases exaggeratirg global warmingerisis. After the
Montreal Protocol, HCFCéave beerbanned to save the ozone layer and HFCs
becameof the most widely used family of refrigerantsl&y as substituteslowever

most of the HFCs have high global warming potential (GWP), each of which
molecule is equivalent to more than 1,000 .G@olecules (EPA databas2014.
Moreover, he atmospheric lifetime of these HF@s also quite long, varmg from

2.4 years to 270 years. Therefore, when the HTFs are released to atmosphere through
leaks, servicing, and equipment disposal, it warddtinuousy contribue to global
warming, unless we can find a way to reduce the HFCs emission by replacimg eithe
HFCs refrigerant family, athe entire vapor compression cooling systems.

The most widely usedand straightforwardapproach was to find a substitute
refigerant Accor ding to Calmdés classifitation (
generation refrigrant, which ideally should have zero/low ozone depletion potential,
low GWP, and better thermal performance and transient respdeserthelessit

was also pointed out thathievingthese goalsnight need some compromide123

has very low GWP, good #me suppression, good thermal performarstegrt

atmospheric lifetimebut norzero ODP (0.011)This isa good example to show



tradeofs between ozone depletion and climate chadgeicity and flammability
were additional resistance to screen oubre potential candidates, especially for
automotive uses, such as dPas an alternative to R134idydrocarbons, such as
R290and its mixture with other HFGgererecommended as alternatsfer R12 and
R22 sincethese alternatives demonstratstightly higher termal peformance
(Mohanraj et al., 2009). Otheratural refrigerantsvere more often used for their
specific applications and required special designs, such as vacuum operation for
water, transritical cycle for carbosdioxide and toxicity countermeassreor
ammonia.

Alternatively, there is another clehging and ambitious approach. Thattesfind a
notin-kind (NIK) cooling technology without usgnany climate endangering fluid
Although it soundsto be attractive, developing anew cooling techntogy from
scratch to commercialevel is risky and challengingFigure 1-1 provides a
classificationof the closed loopNIK cooling technologieslt should be noted that
open loop technologies, such as evaporative cooling, arenohided. The first
category, soliestate, is totally freérom using GWGand does not pollute ozone layer
as well, thereforeis the most promisingcandidatefrom climate impact perspective
disregarding other aspecWhereas, ther NIK technologies arstill depending on a
liquid or gaseous working fluid, and might be involved with the salimeate concern

as the vapor compression systems.



Not-in-kind cooling
technologies
I
1

| 1 1 1
Solid-state Heat activate( Liquid-vapor Others

Pulsetube

compression

Thermoelectric|

Vuilleumier heal

Vortextube

Gaseous
| | Thermoelastic Absorption | | Thermoacousti Membrane hea |_ Malone heat
(elastocaloric) pump pump
| | Magnetocaloric Adsorption | | Braytoncoder | | Metal hydride
JT cryocooler
| | Electrocaloric Ejector | | Stirling cooler Electrochemica

pump

Thermoionic

Figure 1-1: Classification of some cleed loopNIK cooling technologiesas an
overview of thermoelastic cooling(J-T: Joule-Thompson)

As indicated byFigure 1-1, thermoelastic cooling, also known as elastocaloric
cooling, belongs to the solstate categorylhe mainmotivation of this study, is to
explore the applicability ofthis new cooling technologyln fact, in a few recent
review papersdiscussingthose alternative technologiesr NIK technologies,
thermoelastic cooling was too new to be listed (Bansal e2@l], Bansal et al.,
2012,Goetzler et al., 201Brown and Domanski, 201} It should be noted tham
the study by Brown and Domanski (2014) and their early reference (Fischer et al.,
1994),t he At h emeat panp ansfaci referred to the elastomer shape
memory polyme(SMP) heat pump, not the thermoelastic heat pump basetiapes
memory alloy (SMA). The only mentioned literaturédad a sophisticatedNIK
technologies quantitative ranking, but unfortunately, was based on very rough
performance eshation for thermoelastic cooling since very little knowledge was

available at that time (Goetzler et al., 2014).
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The terminology fAthermoelasticityo has | on
(Fung, 1965, Swalin, 1962Thermoelastic, literally mean fAir el ati ng to el a
connection with heatgenerdllyrefemingQotheohande idi ct i o n e
size or shape and corresponding stress of a solid object to temperature change
(heating/cooling), or the reverse temperature change due talsédidnation.In fact,

the change of size according to temgtere change was well known, that most

cases solid material expasdvhile heated and contracted whideingcooled down.

Its reverse process, however, was often neglectette the tempenate change of

common materials is usually negligible during an adiabatic compression or a tension
processQuantitatively speaking, the temperature incredse8.2 K under 50 MPa

uniaxial compression principal stress for cement (Beghi et al., 198&)ng the

val ue 4 HKas thespetifie heat for cement, the corresponelieggydensity

per uni t gharkiseffectis mdch torels@ynificant for elastomers, such as

rubber andsome other polymersdue to their micro scale nature that ttebon

molecules in the chain can spin when stretched and correspondingly change entropy
significantly in the macro scaleThe reported adiabatic temperature change for
polymethylmethacrylate (PMMA) was as high a& finder 190 MPa stress at 25°C

room tenperature,which is corresponding to 7.58J energy density per mass if

specific heat of 1.9 AAyK was usedqRodriquez and Filisko, 1982)Vith adiabatic

temperature change of up to 1natural rubber has the highest energy density of 17

J A @vitchell and Meier, 1968).

In this study,he meani ng of , hdwevee refars enlyacsthei calaric

effect associated with uniaxial stress/strain changeShhAs, unless otherwise
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mentioned.The thermoelastic or elastocaloric effect irBMA is different from that

in those aforamentioned mierials, since it involves a sohsblid phase change
process and the latent heat associated witfigure1-2 is a comparison between the
stress induced phase change for SMA, and the pressure induced phase change for a

vaporliquid system.
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(a) Stress induced phase change (b) Releasing stress leads to reversi
releasing latent heéiisa: < Usys) phase change and absorbing late
heat(ljsat> ljsys)
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s " Pressure - Pressure
é induced induced
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X >
T L R AER YT TR IIYNY)
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(c) Pressure induced condensation (d) Pressure indtedboiling absorbing
releasing latent he@Psat< Psys) latent hea{Psat> Psys)

Figure 1-2: lllustration of stress inducedmartensitic phase transformation
process, a.k.a. elastocaloric or thermoelastic effect in a SMA material and
comparison to adiabatic vaporliquid phase change.
As shown inFigure 1-2 (a), when theéSMA is subject to an external stress greater
than the phase change stress (or Asatur at i

SMA undergoes phas&ransformation fromaustenite to martensitéAM), and



releases latent heat. In caast to the vapeliquid system,the vapor condensesd
releass latent heatwhen the vapor pressure is higher than the saturation pressure
undert he s yst e moermture, which i thé cage enrtnp condenser coils for a
vapor compression heat puniphe reverse process creates coolifigure 1-2 (b)
shows the opposite martensite to austefit®) process, when the appliestress is
removed ad is lessthan the phase change stress at given temperattes it
absorbs heat to generate twwoling effect.The corresponding process in the vapor
liquid system is the flashing evaporation cooling process when the vapor pressure is
lower than the sration pressure, where the low pressure is created by a compressor
suction port or a vacuum pump.

Sophisticated system arsgveral key components are necessary, in order to turn the
elastocaloric effect int@ continuously operating thermoelasticoling system, as
illustrated inFigure 1-3. The core of the system is the SMA material, which could be
made in various shape under different driving mechaniemA superior SMA
materialwith high thermal performance, long fatigue litend low cost is the key to a
succeskil development of thermoelastic cooling systéherefore,the SMAs with

large elastocaloric effect are reviewed and summanz#ds studyThe second most
importantpart s the mechanical driving systefwork inpu interface) It is always
preferred to have sbust design with low frictionlarge power densitand easy
implementation The opportunities are utilizinglesign ofdriving mechanism from

bath SMA heat engine and SMfor elastomeérheat pumpasthe basigo design the
future thermoelastic cooling system. The development status, especially the driving

mechanism of SMA heat engine, SMA cooling/heat pump system, and elastomer heat
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pumps, are also summarized in this stullye third feature is heat transfarhich is
extensivelydiscussed throughout different chapters in this thesis, including the cycle
design, novel designs and optimizatidime next but of equally essential part, is the
regeneratdheat recovery(HR) design. The heat recovery/regenerats used to
increase the overall system temperature lift, and improve the system perfornzance
an additional heat exchanger or heat transfer proceSsice heat
recovery/regeneratiorhelps to improve morejt is much more important for
thermoelastic coolingnd otheNIK technologies than vapor compression cooling.
The ter mi nol odgiginalfy referg ® a bighasdlumetric density storage
type heat exchangeised in gaseous cooling systerdgre, heat recoverys a more
appropriate terminologyince solidstate material is usedNevertheless, théeat
recovery/regenerator designsed invarious cooling technologies are summarized
and compared, to provide a basis and guide future thermoetastitng system
design and developmentlt should be now that the review of heat
recovery/regenerator design could also be informatnak helpfulto all those related

NIK cooling technologies, since most of the researchers only focused on their own
field, and there has not been any review and comparmmong different
technologies for the heat recovery/regenerator designsWetk recoveryby a
conjugated SMA desigiis an important feature tomprove the efficiency of the

driving system. More details regarding this desgyrovered in Chapter 5.
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Figure 1-3: lllustration of key components in a thermoelastic cooling system.

1.2 Literature Reviewon ThermoelasticCooling

To be able to build a successthkermoelastic cooling system, essential knowledge
from the maerial with elastocaloriceffect, to the system layoutand corresponding
thermodynamic cycleis necessarywhereboth heat engineycle for powerand heat
pump cycle for coolingare neededThis section reviews the most importe8MA
materiak with largeelastocaloric effectThe thermoelastic heat engines using SMA
are summarized, focusing on the system layout, driving mechanism design and
potential challenges. Unfortunately, there were only a lieavature available for
SMA heat pump.On the otherhand, éastomer orSMP heat pump madsome
endeavors during the past few decatdas has been proved to be limited by the
ma t e rpooefdtigudlife. Nevertheless, the various driving mechanism deghuats
have beerutilized previously could be takers é&&ssonslearnedfor thermoelastic
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cooling applications

1.2.1 Materials with Large Elastocaloric Effect

The materials used for thermoelastic cooling is associated with the elastocaloric
effect. It refers to the latent heat released/absorbed during thesslididphase
change processnduced by the uniaxial loading, i.e. tensile or compressive force.
This solidsolid phase change is between martensite and austenite (or parent phase) in
SMAs. Unlike typical crystals, the unique recoverable large strain guhe solid

solid phase change SMAsis also referred to the superelasticity (SE).

SMAs have been applied as actuators, couplings, smart naiteand biomedical
structures during the last few decadétowever we are more interesteth
investigaing the thermal performancer energy conversion capabilitieas a
byproductof those SMAs. This session mainly focuses on the thermal aspafct
potential SMAs.A comprehensive review of shape memory materials, including
SMAs, shape memory ceramics aBW¥IPs was carried out by Otsukand Wayman
(1998).

The first SMA wageported by Chang and Read (1951) mAau-47.5 at % Cd alloy.
Other early following studies were focusing on using either stéite mechanics or

use electrommicroscope to understand the plogsibehind the phase change
phenomena-owever, thermal performanegasnot as important and barely reported

in those early SMAs, includingAg-Cd (Krishnan and Brown, 1973) Au-Cd
(Lieberman et al., 1955), Agn (Cornelisand Wayman, 197%andIn-TI (Basinki

andChristian, 1954).



After those early successin finding binaryalloys, people later discovered more and
more complicated ternary alloys, and all@xgenwith four or five elementsThe Ni-
base alloys, especially Nii alloy, hadbecome the mogiopularSMA and dominated
the marketafter its discovery in959 (Buehler et al., 1963from Naval Ordnance
Laboratory where the NiTi was named forfini t i nol 0 Ni-Siiallog @ad t hen
copper based alloys are most widely used as engineering functiotelatsafor a
variety of applications, including automotive, aerospace, mini actuators and sensors,
biomedical, and orthopedic surgery (Jani et al., 20IdjnaryNi-based alloys were
aimed to improve its performance for different applications. Sabu@i8)18uggested
thatCu addition could be used to reduce the stlgsgeresis in the stressrain curve

for pureNi-Ti alloy, when theCu percentage was less than 10%@pper could also
avoid aging effect, buits latent heatis reduced(Bechtold et al., @12). Extensive
studies have been conducted in University of Tsukuba, JapaNifoased alloys
using other substitutive element&dding Nb (niobium) increased thehysteresis,
which was not favorable for energy conversion application, but was conveoient f
couplingdevices $aburi, 1998Piao et al., 1992 Ti-Ni-Pd alloy was also studied
(Golberg et al., 1995, Shimizu et al., 1998ut only performed partial shape memory
alloy, i.e. low strain recovery ratio

Cu-based family of SMAs were also populaimce Cu is much cheaper thai.
Binary alloy, including CtZn (RomercandPelegrina, 2003) and €sn (Miura et al.,
1975) werenvesticgated inliterature Most literaturewere focused on ternary alloys,
which improved both the mechanical atieermal perfomance of the SMALu-Au-

Zn alloy was one of the early study (Miura et al., 1974), unfortunately with small
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adiabatic temperature spadniversity de Barcelona, Spain, was the pioneer and
dominant the research in studying thermal performance of oth@u-based SMAs
alternatives, including Gén-Al (Bonnot et al., 2008), GAl-Ni (Picornell et al.,
2004), and CtAl-Be (Manosa et al., 1993Among them, CtAl-Ni and CuZn-Al

were regarded as most promising materiglae they have demonstrated higher
latent heat than other optiandowever, allCu-based SMAs were facing the same
fatal concernof poor fatgue due to their brittle nature, whidimits their real life
applications.

Ferrous alloys were not as popularNisbased and Gbased SMAsMost literature

were focusing on thehape recovery degree for a new composition, or studying phase
change physics via the microscope pho@sly a few studies addressed tlagnt
heatof ferrous alloys, whichvasmuch smallewhencompared withthat of Ni-based

and Cubased alloysThe phase transformation temperature range wasatsower
Neverthelessferrous alloys do not haviatal issues such as brittlened®ownin Cu-

based SMAs, and still have potential for improvements, by adding other elements like
Si, Co, and ever (Maki, 1998§.

A detailed comparison was listed ifable 1-1. Standardized testing for more
elastocaloric materials is urgently needed since thermal performance measurements
were conducted mainly during the pastotdecades, and current data were only

available for a few candidates.
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Table 1-1: List of elastocaloric effect shape memory alloys.

Materials &l ad Density ESD* Cons References
Composition Category [°C] [ KgAnm [ MIAm
Ag-Cd phased / / / little Krishnan and Brown, 1973
Ag-Zn out / / / knowledge on Cornelis and Wayman, 1974
Au-Cd SMAS / / / thermal Lieberman et al., 1955
In-TI / / / performance Basinski and Christian, 1954
Cu-Zn 11.37 14 85001 8550 3971 49 Romero and Pelegrina, 2003
Cu-Zn-Al 11.719.0 780071 8000 371 64 Bonnot, et al., 2008
Cu-AIl-Ni 13.6 71007 7200 3471 44 brittle Picornell et al., 2004
CuAlI-Mn Cu-based 9-15 7100- 7500 28- 37 aging Sutou et al., 2004
Cu-Al-Be SMAs 9.471 16 70091*7300 2671 47 poor fatigue Manosa et al., 1993, Planes et al., 1992
CuSn / / / Miura et al., 1975
CwAu-Zn 3.9--49 10812 *** 147 18 Miura etal., 1974
Fe-Ni-Co-Ti / / / Maki et al., 1984
FePd ferrous 2.3 10729 *** 5.9 small latent Xiao et al., 2013
FePt SMAs / / / heat Foos et al., 1975
FeRh 5.2 10111 24.7 Nikitin et al., 1992
Ni-Ti 171 23 64001 6500 6071 82 Cui et al., 2012a
Ti-Ni-Cu 6.17 15.5 6500 3371 82 Nam et al., 1990, Bechtold et al., 2012
Ti-Ni-Nb Ni-based / / / high cost Piao et al., 1992
Ti-PdNi SMAs / / / Shimizu et al., 1998
Ni-Fe-Ga 10.77 11.7 8600 4271 46 Pataky et al., 2015
Ni-Fe-GaCo 97 10 8600 3571 40 Xiao et al., 2015

*. here Tpc means the phase change temperature r&®e means energy storage density

**: estimated based on otl@éu-based alloys
***. density estimated based on the alloy composition averaged pure substances density
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1.2.2 ThermoelasticHeat Engines

Using SMAs as low temperature heat source drivheat enginesttracted a few
gener at i o n sinterekt sirca iy douldebe comp@act and capable to operate
under small temperature differend®@anks (1975)inventedthe first continuously
operating SMA heat enginét was a flywheel (drum) connected with 20-Niwires.

The eccentric position of the wheel hub caused th&iMiire to becontracted to the
original lengthwhen heated anstretchedvhen cooled down, which everally drove

the whee continuously spinningJohnson (1977) improved Banks design by adding
the regeeration process and changed the layout accordimighhis design,two
pulleys withslight different diametersvereused.Since one pulley at the heat soair
wassmaller than the other, the-Nli wire was stretched when leaving the heat source
and contracted back to its original shape on the other way Backhown inFigure

1-4 (b), the counteiflow regeneratotocated in the middlevasdesignedo exchange
sensible heat between two-Ni wires or sheetslohnson (1985) further applied two
way SMA effect to enhance the energy conversion efficiefachter (1979)
invented an updated two pulleys engmesynchronizing the pulleys together using
an additional chairRecentthermoelastic heat engine patents focused on either much
larger scale or much smaller scal&irkpatirck et al. (2008) disclosed a
microelectromechanical system (MEMS) based heat engine, whiclativakitage of
the thin film made ofSMA oscillation when exposed to temperature gradi€ney
claimed that the micro scatirface area to volume ratio significantly increased and

contributed to performance improveme@mn the other hand, GM patented saver

13



inventionsfor power plant scale energy harvesting and conver@idgittorf et al.,

2012.
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(a) Rotating flywheel (drum) design with  (b) Two pulleys design with regenerator i
NiTi wires (Banks, 1975) the middle (Johnson, 1977)

SMA Wire Support point

Swing Arm  SMA Wire

— /i

Main Shaft Chain

— ALl

Spring
One-way Clutch Sprocket
| Both sprocket and shaft rotate ‘
(c) Twin-crank type desig(Shin et al., (d) Single swing arm type design (Kanek
1987) 2011)
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(e) Oscillation beam type MEMS heat engine design (Kirkpatrick et al., 2008)

Figure 1-4: Demonstration of various thermoelastic heat engines dgns.

Wakjira (2001) designed and developedSHWA heatengineby modifying the two
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pulleys designThe improvement was the pitch sprockets, which endydge SMA

chain to avoid any slip between pulleys and SMA chain thedeforereduce the
potential frction. However,no experimentalor simulation results were reported for
the prototype heat engin8chiller (2002) designedjmulatedand teste@ twin-crank
engine.Multiple wires were used between two cranks and the prototype was proved
to be functionig well. The efficiency of the heat engine, however, was still not
answeredDetailsof more than twenty inventions were summarized in his study also.
Using mechanics and dynamics details, Sato et al. (288@)blished the power
generation characteristicjuationt o0 me a s u r es pawereoutpaitnirg ilab e 6
scale prototypeonnected to the generatdihe maximum measured power was 1.16
W. Later, Sato et al. (2011) built a larger scale prototype with the same layout and
achieved 3.74 W power on the loadesiThey also reported the optimum rotation
speed and explained the physics of the optimum rotation speed via analytical
approach.Kanada (2008) demonstrated another small scale prototype with two
pulleys design using Nii wires. The measured torque wasoportional to the NiTi
winding numberover the small pulleyand6 N tArquewas measuredThey even
applied theengine on a tricycle with 44 wires looped between the pullkégeeko

and Enomoto (2011Jemonstrated eeciprocatingheat enginewhich used pe swing

arm with a spring to tansformthe linear reciprocatinghotion of SMA wire to the
shaft rotation However, the operation requires a clutch and therefore the prototype
was not operating continuouslyhe maximum report power for this prototype was
around 90 mWZhu et al. (2001a, 2001b) developed a sophisticaystem model to

evaluate the performance of a twirank heat engine and then compared the model
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prediction with previous experimental data.

There were also some theoretical analysis stuédsand Planell (1999)used
previously defined ideal thermosti&c heat engine efficiency equatidor several
SMAs with different compositiongcluding TeNi-Cu, NiTi, Cu-Al-Ni, Cu-Zn-Al,
Au-Cu-Zn, Au-Ag-Cd, AuCd, AgCd, and IaTIl, and concluded that i-Cu hal
the highest efficiency among theiBarly works onderiving the analytical efficiency
relies on simple equilibrium stressrain model(Tong and Wayman, 1974, Ahler,
1975, Wayman and Tong, 1975, Delaey and Lepeleire, 1976, Cunningham and
Ashbee, 1977)where only a single stressturation temperature iseeded and
computation is simpleZiolkowski (1993) used three different one dimensional
constitutive modalto evaluate the heat engine cycle performanceh®Ni-Ti and
Cu-Zn-Al alloys, considering cyckewith and without regenerative heat exchanger
Liu (2004) introduced a systematic way to analyze the work production from an
idealized SMA wire working under the thermoelastic heat engine cyblere are
two concerns for the current literatures of SMA heat engines. First, most of the simple
equilibrium analysis and the sophisticated dynamic model used the homogeneity
assumption, as a common ground in continuum mechanics and thermodynamics, but
could deviate from reality to a significant amount under some circumstances (Furst et
al., 2012). To avoid comekity in calculation of the work needed to drive the
cooling/heat pump cycle, experimental tested data were used to fit in a simple one
dimensional constitutive model, in order to evaluate the loading/unloading energy
related to the coefficient of performee (COP) for this study. Such decoupling of

stressstrain relation from temperature allows us to understand more physics on the
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system level performance, rather than focusing on all the details of the material level
performance, without losing much acotya as long as real experimental
loading/unloading data are applied. Secadiod simplicity consideration, neither the
previousanalytical approach nor the simulation considers hesadvery/regeneration
process to improve the efficiency in the pdgsides, the control volume of the
system they considered is only the SMA itself, excluding any heat transfer fluid loops
and associated lossdsshould be noted that the consideratasrfluid lines is much

more important for cooling/heat pump system thangyosycle, because of the more

complicated fluid loopsespecially when heat recovery loop is applied

1.2.3 ThermoelasticHeat Pumps

Il n the past, el astomer refrigerators were
since the wetknown thermoelastic haag/cooling effectfrom the rubber band

(a.k.a. SMP9. The operating principle was quite simple. Heat was rejected when

rubber was stretched amatoduced thecooling effect when releasedThey are

different from theSMA basedthermoelastic cooling, sincédre is no latent heat or

phase transformation in elastomefite driving mechanism, however, could be

similar, since the heating/cooling of elastomers also come foooe loading and

unloading.

There wergquite a few patents falastomeheat pump/refgerator.Cochran(1962)

was among one of the earliest int@s who used rotatiorto drive elastomer blades

on an Ai mpell er o t o c oolater,amdnualyeaattated wo st r

elastomer was patented by NASAutchinson,1971) After 1980s Hastek Inc.
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patentedseries ofinventions, mainly focused on elastomer bed consisted of several

layer of elastomergDeGregoria, 1994, DeGregoria,1995) The stateof elastomer
cooling was summarized in Oak Repatge Nat.i
(Fiscrer et al.,1994). Brayton cycle, with COP of 6 operated undeKl@émperature

l'ift was mentioned in the reporitLyondel i eved
al. (1984) demonstrated a polyurethammea heat pump witla similar design to

Banks (197%h They claimed the material had lotgrm stability when operating

under small stin mode without crystallizinghside rubber, and reported up to 28 W

power output at optimum speed Az at 77K temperature difference conditions.

Plate,

Synchronizing Belt
:” Hot Reservoir )
—_ Engme
— _‘-._ - ~Pump
,Crank /‘ Rl \ T \ B
/ . R2
| ( /
| I |
| Loy R3
7 Q_R@/ N~/ /
—— ——
l\'\‘. / T \ ~ Refrigerator
"Elastomer Strips Cold Reservoir Elastomer Band

Left: singlecrank diven elastomer heat pump with two elastomer beds

Right: two pulleys driven elastomer heat pump

Figure 1-5: Two driving system design of elastomer heat pumps (Gerlach, 2009).
Gerlach et al. (2002) introducsdme more details on elastomer heat pump cycle and
measur ement of t he A prapkobcenceptsingleqraekcdrivien ¢ heat .
prototype was built and the temperature lift was measured to be arouhd 1
However, heat recovery/regeneration was notsiciered in their workThey also

reported thathefriction between the rubber and aluminum plate heat source/sink was
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large enough to cause continuous temperature incréateo pulleys design was

proposed by Gerlach (2009) but no testult wagrovided.
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(c) Dual compressive driven design (d) Rotation compression design
Figure 1-6: Some SMA heat pump driving system design. (Cui et al., 2012b)
So far, there was no more recent updates on the state of trmmelasteat pumps,

which could be a resubbf the following two reasons. The first and masitical
limitation for elastomer materials is the poor fatiglibe technology will not be able
to survive unless proven to be able to Fastat least 100,000 cyclg&ischer et al.

1994) Secondly, it was pointed out ththe low thermal conductivity of rubber could
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be another limiting factor tcefficiently tranderring heat when compared with
metallic SMAs(Hugenroth, 200

Another major difference between SMAs and elastomers is that SMAs can be driven
by both tension and compression, while elastonoarmiot be compressedhis
results in variety ohew designsoptionsin thermoelastic cooling/heat pump driving
system.Hugenroth(2002) patented the two pulleys design for SMperated under
Brayton cycle, but unfortunately no heat recovery/regeneration was implem@uated.
et al. (2012) patented variodsving mechanism with heat recovery/regeneration
both compression and tension optioRecently, Schmidt et al. (2015) developed a
demonstrator using Nii plate. By applying tensile force, the SMA plate cyclically
rejects heat to a sohstate heat sink dren by a secondary motor, and absorbs heat
from a solidstate heat sourcénother demonstrator developed by Ossmer et al.
(2015) also utilized NTi plate. The indirect tension driving mechanism saved the
secondary driving motor for the heat sink and lseairce, when compared with the

design by Schmidt et al. (2015).

1.2.4 Summary

So far, variousSMAs with large elastocaloric effeciab been discussed in literature
Based on several metrics,-Ni and TiNi-Cu were the best, and seve€@l-based
SMAs also demastrated their potentials.

SMAs andSMPshave been used in heat engite produce power, as well as heat
pumps to provide heating/coolinQne most important lesson to learrthie design of

mechanicalenergy conversion layouso that a more compact, reoefficient and
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simpler driving mechanism can be appliedthhe thermoelastic cooling/heat pump
application Table 1-2 summarizesthe mechanical system designs for the above
mentioned system3.here were mainly three common desigtwin-crank with SMA
wires, two pulleys with SMA wire, angiston/platetension orcompressiorior bulk
or other shape SMAs.

Table 1-2: Summary of driving system design for thermoelastic heat engine,

elastaner heat pump and thermoelastic heat pumps.

System Material Mechanism References
SMAs wire Rotating flywheel Banks, 1975

SMAS Two _puIIe_ys tensile Johnson, 1977,

_ wire/sheet/bell W|thIW|_th_out Johnson, 1985
Thermoelastic hea synchronizing belt Pachter, 1979

engines SMAs wire Twin-crank design Shin et al., 1987
SMAs wire Single swing arm design  Kanedo, 2011

Kirkpatirck et al.,

SMAs beam  Single beam oscillation 2008

Single-crank driven

Elastomer heat Rubber Too much friction Gerlach, 2009
pumps Rubber )
sheet/belt Two pulleys driven Gerlach, 2009
SMAs . :
wire/sheet Two pulleys tensile driver Hugenroth, 2002
SMAs Dual compressive driven Cui et al., 2012b

SMAs Piston compressive drive Cui et al., 2012b

SMAs wire  otation bid cage double - o 5 50121

ring tensile driven

Thermoelastic hea SMAswire  Drum/crankshaft driven  Cui et al., 2012b
Rotation compression

pumps SMAs : Cui et al., 2012b
driven
i : Schmidt et al.,
SMA plate Tensile driven DO1E
SMA plate Single or double bridges Ossmer et al.,

Indirect tersile driven 2015
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1.3 Literature Reviewon Heat RecoveriRegenerationrDesigns

The term heat recovery and regeneration means to take advantage of the available
heating/cooling internally from a cooling cycle/apparatus. It can be achieved by a
conmponent, usually a regenerator or a heat exchanger, or a fluid heat transfer process,
also known as heat recoveryhis terminology does not refer to waste heat or
renewable energy utilization in this study.

Different cooling technologies have different dder heat recovery and regeneration.

The review in this study covers cooling technologies used for typicabaditioning,
refrigeration,and cryogenics.Some technologies are not able to provide any useful
cooling without regeneration, such as magnatwic, electrocaloric and
thermoacoustic coolingsome otherfiave only a slighperformance improvement by

using heat recovery/regeneration, such as vapor compression cooliabgsamgtion
cooling. Here, the heat recovery/regeneration desigase diviced into two parts,

based onhteir own operating conditiongvhich could be either cyclic or steady state.

1.3.1 Heat Recovery/Regeneration Design for Cycladly Operated Systems

Cooling and heat pump systems undgfclically operatedconditions include
adsorpton cooling, magnetocaloric cooling, Stirlingycle cooling, thermoacoustic
cooling, thermoelastic cooling and electrocaloric cooling The heat
recovery/regeneration process is much more crucial for ejlglioperaéd systems,
sinceat least a significantlamount of the system, usually including tleérigerant,
main heat exchangers, and some heat transfer fluid, are undergomgye

temperature variatiowithin each cycleThe parasitic sensible heating/cooling due to
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the above nmioned fi d e dhdrmal ma neutralizes part of the useful
heating/cooling power generated from the refrigerant, and therefore should be
minimized. It should be noted that only the parasitic sensible heating/cooling of the
refrigerant itself is unavoidable, and the rektad thamal massesare to be
minimized. Heat recovery/regeneratias such a process, to reduttee impact of
these parasitic heating/cooling by using the regenerator to take advantage of cycling
the energy inside a cycle more wisely.

This terminology also variebetween different cooling technologies. For adsorption
cooling, heat recovergnd regeneration were batisedin literature On the contrary
regeneration/regenerator was dominantly used in terms of magnetocaloric ,cooling
and Stirling cycle as well

1.3.1.1Heat Recovery for Adsorption Systems

Adsorption cooling/heat pumping systearg thermally driven cooling systenad

have their advantage when waste heat or low grade thermal energy are available.
Early adsorption systems were solar powered ice makerstedesgththe cycle time

of a day, where only one adsorbent bed wasally usedto store the solar energy
during the daytimgPonsand Guilleminot, 1986) The need to provide continuous
coolingled to multiple adsorbent beds desmperatedundermud faser frequency,

i.e. minuterather thana day where at least one bed could provide coolirglav
others being regenerated At a much faster frequency, it became significantly
necessary to apply heat recovery/regeneration between multipledeelduce the

total thermal energy consumption.

The concept of thermalave heat recovery/regeneration in an adsorption heat pump
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was introduced by Sheltat al.(1989 1990).The idea of utilizing rejected heat from

one adsorption bed to preheat the other led tonthesl design ofthermalwave
adsorption cycle, where a single loop fluid regelogat to heat sink, hedke bed and
performsheat recovery/regeneration at the same timée proposed system, the bed

heat exchangers were designed in a way that a seggerature gradient profile was
required. The temperature profile was perpendicular to the heat transfer fluid flow
direction, and the gradient was parallel to and flowing with the flbve idea was
partially validatedin a lab scale adsorption systerMiles, 1996) and some
simulation studies (Amaet al, 1996 Sunet al, 1997. PonsandFeng (1996)Pons

etal. (1999 extended t he o-wavegidea foltrianfle wawdhe 0 t her mr
measured datdpns et al.1996 indicated that théemperaturgorofile would evolve

over time. The steep wave at the beginning of a cycle eventually became almost a
triangle wave.The triangle wave, however, was not preferred for refrigerant mass
transfer, since it caused a lower average bed temperature during sitmptioe
process when compared with steep square wave case, and therefore led to a lower
overall driving pressure at the adsorbent surface.

Another way to achieve thermalave heat recovery was proposed by Critoph (1994
1998). Different from the thermalvave heat recovery proposed by Shel&inal.

(1989), gaseous refrigerant vapor was used to achieve all the heat transfer and heat
recovery without using any liquid phase heat transfer fluid inside the adsorbent beds.
The thermalwave referred to the sinaif steep temperature gradient inside the bed,
which was perpendicular to the refrigerant vapor flow directibimere were two

maj or i mprovements when compavawdforced t h She
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convection of refrigerant vapor enhanced not onlyHheat transfer to the adsorbent
bed, but also the critical mass transfer process. Secaalling the liquid external
heat trangdr fluid reduced a significanamount of unnecessary thermal mass
contributing to the cycling los§he disadvantage was poaat transfer from vapor
phaseefrigerant when compared with liquid phase heat transfer fluid.

The third approach, or a more intuitive mettfodtwo beds adsorption systemas
applied byDousset al.(1988),HarkonenandAittomaki (1991),Qiu et al.(2001), Liu

et al. (2005), Chenet al. (2010), and Qian et al. (2013) Unlike previous two
approaches, in this design, the adsorption/desorption processes were separated from
heat recovery/regeneration processEse two adsorbent beds were heated/cooled
during the adsorption/desorption process first, followed by an internal heat recovery
between the two bed3he alvantage of this design is the possibilday applying

mass recovery as well, which could not be achidwedhe two thermalvave heat
recovery degjns without any modifications.

1.3.1.2Regenerator for Magnetocaloric Cooling

Magnetocaloric effect has long been used in cryogenics, especially been used to
approachthe 0 K limit. High Curie temperature alloys, higéfficiency, and cycle
capable to provide ctéinuous coolingare requried to bring the demagnetization
cooling principle to refrigeration and aonditioning applicationsnear room
temperature

One of the earliest endeav@rown, 1976) studied several cycle optioaspecially
Stirling cycle analgous to a gaseous Stirling cyclequid fluid waschosen to be the

regenerator working substancirrounded by a vertical cylindewherein the
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magnetic materidbed (or solidstate refrigerantyonsisted ofyranulesmovesup and

down between heat sink dheat sourceeventually, a temperature gradiembuld be
establishd between top and bottom throughout the erftiiel bsaedregenerator.

This study also pointed out thatter could circulate between top and bottom instead

of moving the magnetic matatibedsup and down.They also pointed out thate
magnetic material 6s physical properties,
would vary at diffeent stages of the cycle, and could possibly leagdoasitic
regeneration loss.

Following this icka, Barclayet al. (1979) demonstrated a reciprocating profoe
pumping heat from 2K to 4Mithout measurable coolingapacity Magnetic material
G(SQy)3 salt was used to maximize the forced convection heat tramgfehelp of

mini channels inside .itHelium was filled inside the cylindess regeneratoiThe
measured data confirmed that a temperature gradient was established inside the
helium regenerator, however, did not follow an ideal profile due to the mixing of
helium at different temperatures sad bythe moving salt pill filled with magnetic
material.

The phrase fndactive magnetic regeneration/
(Barclayand Steyert 1982, referring tomovable regenerator such as fluid or moving
magnetic material beds contrastto thosestatic passive regenerators made of lead

or stainless steéh mostother cryogenic coolingpplicatiors. Several options listed

in this patent laid as the early foundation and development of AMR coneept,

AMR concept was extended to usingagnetic material beds themselves as

regeneratorBarclay, 1983 The laterwork also introduced apecific wayto achieve
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the proposed AMR design, by using a rotary wheg#h multi-layer magnetic
materials with different Curie temperaturas a cascadeslystemto maximize the

overall system temperature liffompared with previous studies, in the rotary wheel
design, the superconducting magnet was fixed, yet the magnetic material was rotating
between strong field region and weak field region instéddo, the multilayer

design was a cascatlsystem aiming to increasiee system temperature lift, and the
same method was applied in most of teeentstudies and prototype$he cycle was

also proposed to be similar to a gaseous Brayton cycle, insteadvidys Stirling

like cycle design.

More studies suggested that the fluid heat capacity, or thermal mass, played an
i mportant r ol e i n Thehraio b&tivdedthe hpaapacftycoftma n c e .
fluid and thatof the magnetic material beds was sugggdo be the key parameter
(DeGregoria, et al., 1991Thoseearly AMR designs were categorized into the first

limit group, in which the heat capacity of fluid, i.e. liquid helium in most cases, is
much larger than the magnetic materidlee proposed newMR is belong to the
second limit, in which the fluid thermal mass is negligible when compared with the
magnetic materials.

DeGregoria et al. (1993) proposed more pos
using different magnetic material beds layout aystem driving mechanisn

Hu and Xiao (1995)introduced a new mathematical method to anatyZee A MR O s
time averaged heat fluxes and temperature profiles based on the-emepgyature
equations.

Later, more studies have been focused on determiningfithed e al 0 adi abat
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temperature span local temperature profilej . eTadT) &®here the adiabatic
temperature span referes to the temerpature drop during the adiabatic demagnetization
processBy using the analytical approach for both Ericsson cycle and Brayton cycle,
Cross et al. (1988ame to the conclusion that lareprofile was preferredSmaili
andChahine (1998%tudied thep o | y n oTwi(il aelatioaeBy varying the order of

the polynomial correlation, they concluded tlihére was no universal preferred
polynomial relation. A more recent study by Zhang et &000) suggested a more
complicated polynomicatorrelation.From a different approaciRowe and Barclay
(2003)revisited this problem bghoosing entropg h a n i €l ratker than sticking
with the ala((T) relation. They used the minimum entropy generatimethod to
concludether e q u ISt Terelaticae foran ideal mgnetic material

Since themethodology and practices of AMR had been successful for more than
twenty years, more recent studies on AMR were more focusesystem level
performance andoptimization. Gao et al. (2006)demonstrated a lab scale
reciprocating AMRprototype under & temperature lift, providing maximum 25 W
cooling capacityOn the other hand, Zimm et al. (2006) designed and constructed a
rotary AMR achievingnaximum temperature tiiof 25K. VasileandMuller (2006)
steped one more step towards complexy.adding more magnetic beds, changing
the HTF circuits and adding more magnets, the cascaded wadedesigned to
achieve higher temperatuer lift their novel design, the rgaets were moving rather
than the magnetienaterial beds. Engelbrecht et al. (201ltpsted a stacked plate
regenerator, in constrast to the dominant packed bed regenerated studhost of

the literature aiming to improve the heat transfer performance. NTU.
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Unfortunately, the tested results did not enhance the system perforiAprez et al.
(2011) developed a mullayer regenerator model to consider the detailed behavior of
each layer magnetic material performaniagsek et al. (2011) condigtl aparametric
study for the geometries and operating paraemters, i.e. flow saescycling
frequenciesof the packed bed AMRN addition to an earlier work\felsen et al.,
2010.

Recently, more large scale AMR prototypes have been built and testediigher
system temperature lift by cascading more magnetic bed layers aBaldllet al.
(2014) summarized the measured data from thearycAMR using Gd packed beds
as regenerat@ 1 kW cooling capacity and 25K maximum temperature lift were
achieved Jacobset al. (2014) used six layers La(FeSi) packed beds as
regeneratorgor the rotary AMR and measured 3042 W cooling capacity under zero
temperature lift conditionOn the other hand, more layers were added to maximize
the overall system tempernat lift. Tusek et al. (2014) compared the temperature lift
of a linear reciprocating AMReonsisted of stacked plate regeneratbysusing
different layers of Le=e-Co-Si alloy with Gd packed bed similar study was done

by Legait et al. (2014).

1.3.1.3Regeneratr for Stirling Refrigerator

Stirling cooling cyclehas beermmainly used forcryocoolers and refrigerators. The
concept of Stirling cycle was quite old, but practically there has been variants cycles
and prototypes built similar to the original Stirlingrigerator designTherefore, the
Gifford-McMahon (GM) cryocoolewasdiscussed here as well.

The working fluid is in gaseous phase in most casesiich undergoeslarge
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temperature variationduring the compression and expansion procesges.the
gaseousluids have small specific heat, regenerator is still necessary, due to the above
mentioned large temperature variations.

The most widely used regenerateais based oa metal porous structure, or simply a
mesh.A stainless steel screen wagspliedby Walker andVasishta (1971)de Monte
(1997) Veprik et al. (2005)and Guo et al. (2013)0Organ (1999used a metal wire
matrix as the regenerator for a miniature Stirling cycle cryoco®les. regenerator,
either mesh or wire matrixs usedto restore the dat rejected by gas before the
gaseous working fluid flows to the expansion chamber, which is used to preheat the
gas once they finished refrigeration during the reversed flowing prokessost
cases, the temperature of the regenerator is not unifoahthanthermal conduction
caused by the temperature gradient inside the regenerator along the gas flow direction
contributes to loss.

Another approach was proposed Watanabe et al. (1996jhat a counteflow
regenerator or recuperator consisted of Cules could be used directln their
design,however steady state flow was used ratltean oscillating gaseous flopack

and forth.

McMahonandGifford (1960) firstdevelopedhe secalled GM cryocoolerwhich has

been widely used in cryogenics areacsirl980s.By allowing the compressor to
operate at different frequency from the displacer, the GM cryocooler reduced the
compressor size significantlyde Waele, 2011¢ompared with therior-art Stirling
cryocoolers The machine valve switching was desg to be operated around 1 Hz.

Traditional metal mesh was used as the regenerdtor.improved design of
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regenerator for a GM cryocooler was conducted by Kuriyama, et al. (1996). To
increasehe regenerator specific heat at low temperature raageneator composed

of magnetic material BNi granulesvas used

Stirling cycle and its variants were mostly used for cryogenic applications, which
were also summarizetly the following two review studies (de Waele, 2011,
Radebaugh, 2009)According to them,an ideal regeneratoworking under high
frequency regeneration, i.e-100 Hz, should have the followimgopertieshigh heat
capacity per volume; high specific areaetthance heat transfer from gas; aedo

flow resistance to minimize pressure drop.

1.3.1.4Regenerator for Thermoacoustic Refrigerators

Thermoacoustic refrigerators refer to generating cooling from an amplified sound
wave or converting cooling fromacoustic energyThe idea was originally from
modifying a pistonbased Stirling engine (refrigerajomperated under high frequency

to a pistonless Stirling engine takinglvantage of acoustic energy proposed by
Ceperley (1979). This modification was followed by the fast development in 1980s,
later known as the pulgebe refrigerators (PTR)r travelng-wave thermoacoustic
refrigerators Mikulink et al., 1984, Radebaugh et al., 19&bnce the enhanced PTR
took advantage of the resonator. The BWrre usually more compact than the
Stirling refrigerators, operated underl@0 Hz depending on the deei Stainless
steel tubes filled with mesh phospHwoonze screen was used as regenerattvein
device. Later improvemerdtudies on PTR (Gardnemd Swift, 1997, Zhu et al.,
1997, Tward et al., 2002) mainly sticked with the traditional metal mesheegen

design. Recently, in a design to achieve 6K cryocooler, Nast et al. (2007) used the
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four stages cascaded constant fl ow PTR t
it was a constant flow system, three coufl@wv recuperators were used as the
regenerator.

The secondtype thermoacoustic refrigerator wabe standingvave refrigerator.
Different from the travelingvave refrigerator, in a standivgave refrigerator, a stack
rather than a porous and high heat capacity regenerator wasFusedanengine

point of view, the standing/ave design was simpler than the travelmave, since

the gas parcel within the stack wasmarily in phase(Garrett, 2004)Unfortunately,

all the stacks used in the standingve thermoacoustic refrigerators were tioe

same as a regenerator, since there was no heat transfer between the stack and gaseous
working fluid, and the gaseous working fluid was undergoing an adiabatic pressure
variation process inside the stac®osel and Trepp, 1999, Garrett et al., 1993,
Nsofor and Ali, 2009, Paek et al, 2007, Remshd Swift, 2000, Sakamot@and
Watanabe, 20Q4Tijani et al., 2002 Miya et al. (2008) proposdd add copper mesh

on each side of the honeycomb ceramic stack to enhance heat transferbiot gas

was stillan enhancement to the stack, not the regenerator.

Garrett (2004) summarized the difference between the stack for stamaleg
refrigerator and the regenerator used for the traveliage refrigeratorThe Lautrec
number, defined as the ratio between theéraulic radius and the thermal penetration
depth, was used as a criterion to différate a stack and regenerator. When the
thermal penetration depth is larger than the hydraulic radius of the porous bed, it is a
regenerator, since gaseous workingdlhiasa meaningful heat transfer interaction

with the porous bed. Otherwise, the heat trangfeblocked within the thermal
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penetration deptdomain, and therefor¢he stacks are considered tothe adiabatic
boundary to the gasus working fluid

1.3.1.50thers

Thermoelastic cooling (a.k.a. elastocaloric cooling), and electrocaloric cooling are
two recently developed eltnative cooling technologiesh&refore not much studies

have been carried out to study the regenerator and heat recovery processndesign
these two cooling technologies

Gu et al. (2013) was the first ongho demonstrated an elastocarloric cooling
prototype with a regenerator desigim external stainless steel platas used as the
regenerator tos transfer tisensible energy from/to theeetrocaloric material bed.
Several layers of regenerator were stacked between the electrocaloric material layers.
No fluid was used to keep the prototype as compact as po<Sinbeet al. (2014)
developed a fluid based electrocaloric cooling prototypeshich aHTF was used as

an internal regenerator by flowing them through the electracateaterial bed back

and forth. It issimilar to themagnetocaloric material desigBrown, 1976).A more
detailed summary was conducted by a review study (Ozbolt,€20d4).The term

active electrocaloci regenerator (AER) wagdefined and refered to using

el ectrocaloric materi al beds as rTeaeggener at o
major challenge for electrocaloric material bed flowing fluid internelfs te tre
arrangment of electrode®zbolt et al(2014)provided several optional AERs design,

including regular parallel plate design and honeycomb shape design.

1.3.2 Recuperator/Heat RecoveryDesign for Systems Operated Under Steady
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State Condition

Different from the systems that areyclically operated those under steady state

operating conditions do not need to compensate for the parasitic sensible
heating/cooling of the supporting materials, i.e. heat exchangers, pipe walls and heat
transfer fluids. Insteadhe only term left needs to deal with is the refrigerant itself

which again is unavoidable as clearly demonstratedes @iagram As a result, it is

not as necessays those aforementioned cyclically operated systemapply the

heat recovery/regeration since only the parasitic sensible heating/cooling of the
refrigerant itself needs to be recovered/regenerated

Another major differences the configuration of theheat recovery/regenerator
devicesUnder steady state, no fluid is required to étdvack and forth. As a result, a

simple counteflow heat exchanger isapable to handle this featufghis is also the

reason leading to the slight terminology difference, especially for cryogenics.
ARecuperator o or ir ¢RHX)De megamiolie wanmdnly ased e x ¢ h an
for systems operated under steady state conditomr at her t han the Are
cyclically operated system3he place to implementhe countefflow heat exchanger

varies from different cooling technologies. For exampléhe sudbn-line heat

exchanger for vapor compression cooling is located between the vapor in suction line

and the liquid from exit of condensefThe solution heat exchanger for absorption

cooling, however, is located side thesolution circuit. Depending on theletailed

location, the terminology for heat recovegguperatiorvaries Yet, the overall goal

is always the same, tminimize the parasitic sensible heating/cooling of the
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refrigerant
1.3.2.1Suction-line Heat Exchanger for Vapor Compression Cooling
Suctionline heat exchanger (SLHX), also known as ligsugttion heat exchanger,
are common accessories installed in a vapor compression refrigeration system to
improve the system performanc®lore subcooling is providedo the liquid
refrigerant exiting the condear by usingvapor with lower temperaturat suction
line, which increases the cooling capacity anthetimes theompressor workKlein
et al., 2000) The compressor power is determined based on a reduced refrigerant
mass flow rate and compressor effidgrassociated with an ireased refrigerant
temperature. Consequentiheperformance improvemeienefit of applying SLHX
depends on theompetition between the increasécooling capacity and compressor
work, and variewith working fluid (DomanskandDidion, 1994)and even operating
conditions such as evaporating pressure (Hermes, 201i8)nperatures (Mastrullo et
al., 2007)
ASHRAE (201@) listed several available optiofar thecounterflow SLHXSs:

1 Liquid and suction line soldered together

1 Sheltand-coil or sheltandtube heat exchangers

1 Tubein-tube (or concentric tube) heat exchangers

1 Plate heat exchangers
In the literature the first type of SLHX waghe most popularone due to its
simplicity. Especially in refrigerators where capillary tuseeommonlyused instead

of expan®n valves, where the capillary tubeusually soldered tthe outer surface
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of the vapor suctiofine as thenon-adiabatic capillary tub&LHX. YangandBansal
(2005) developed a ondimensional model to investigate the fpemance
enhancement potentiafsr a R22 refrigeratorBansaland Yang (2005) applied a
modified model tostudy some more complicated process inside theadabatic
capillary tube called reondensationAgrawal and Bhattacharyya (2008) developed a
similar onedimensional model for a transcritical @@eat pump cycle and condadt
parametric studiedor a variety of geometric parameterderms et al. (2008)
developed an improved ommensional model with less computational time and
validatedthe modeffor six refrigerantsSilva et al. (2011) constructed a transcritical
CO, test facility for the noradiabatic capillary tube SLHX to validate their model.
They also concluded that the SLHXO6s | engtt
the performance impv@ment.

The second type of SLHX, shelhdcoil heat exchanger, was also studied by Kang et
al. (2006)for a R22water chiller They measured 7.5% higher cooling capacity and
3.2% higher COP, when compared walvaseline systerwithout SLHX Navarre
Esbr et al. (2005) developed a test facility for a water chiller using three different
refrigerantsand a tuben-tube (concentric) SLHXAfter comparingtheir modelwith

the available models, they claimed that the neglecting pressure drtupthedmnajor
deviation betweerthe model predicted resulimdthe measured data.

System levelresearchesvere aiming to study the system COP improvement for
specific applicationsGe and Tassou (2011) used the sensitivity anafgsia CQ
refrigeration system in aupermarketFernandez et al. (2010pnstructed a C&heat

pump water heater, and concluded that the system COP impogve®% when a
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SLHX was implemented.

1.3.2.2Solution Heat Exchanger for Absorption cooling

Different from solid adsorption coolingising solid-state adsorbentabsorption
cooling/heat pump operates under steady state flow conditdrese liquid solution
composed of absorbent and refrigerant is uS&hilar to the vapor compression
systems, the absorption cooling system alse &aondensr to reject heatan
evaporator to generate cooling and an expansion \alvenaintain the pressure
difference In addition, a solution circuit replaces the mechanical compressor to pump
vapor refrigerant from low pressure to high pressuidne solution kat
exchanger/economiz€BHX) is to recover the available sensible heat fromstheng
solution exiting from the desorber (generator) to the incomiegk solution stream

from absorber as much as possible.

It has been a long tradition in the industryingplement solution heat exchangdrs.

the systematic analysis by Herold et al. (1996), SHX was already a standard
component for all the variations of single effect absorption cooling system.
ASHRAE (2010b)}summarized the types of heat exchangers us#tkasolution heat
exchanger for absorption cooling systems. The plate heat exchangers aahchell
tube heat exchangeasethe most widely used ones. The most common maiesed

is mild steel or stainless steé.literature the plate heat exchangsas most widely
used, due to its high heat transfer coefficient, low pressure drop and compactness.
Flamensbeck et al. (1998) designed and constructed a 45 kW double effect absorption
heat pump, using stainless steel plate heat exchanger @gotB#iXs. Ventas et al.

(2011) developed a single effect absorption heat pump usingLNKD 3z working
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pair, where the SHX was a stainless steel fusion type plate heat exclaugemnez
Urueta et al. (2012) developed a LiBpO absorption test facility to investite the
performance of the absorption chiller with adiabatic absorber configur#tgain,
stainless steel plate heat exchanger was used as SHX.

1.3.2.3RecuperativeHeat exchanger for JouleThomsonand Brayton Cooler

Both JouleThomson (J-T) cryocooler and Bragin cryocoolerare based on the
gaseous Jou&homson cooling effectn which the gas temperature drapgingthe
expansion process. The only difference between them is whether or not a moving
part, i.e. an expander substitutes the throttle vdive. 3T cooler, the gaseous fluid
undergoes the isenthalpic expansion procgasthe throttle valve In a Brayton
cooler, since the expander generates work from the fluid, the isentropic expansion
process is able to produce more cooling than the plirecdler

The key component for both systemm theRHX. ASHRAE (2010c)summarized the
design ofRHXs, and found that the coiledibe (coiled tubein-shell) heat exchangers
and the platdéin heat exchangerare most commonly used in industrit. was also
pointed ait that one of the major challengdor these heat exchangers was the
significant heat conductiomia the metal heat exchanger frdire cold end tothe
warm end,due tolarge temperature lift throughout the systgbmoosng a proper
material needs a traddéb between maximizing the he#tansfer ratebetween two
streams of fluids, and minimizing the above mentioned conduction loss.

Most miniatureJ-T cryocoolers iriteraturefollowed the Hampson typRHX design,
where the evaporatoexpansion device andoenterflow RHX are inthe single

assemblyCoiled tubein-shell heat exchanger, with enhanéedicalfins for gaseous
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heat transfer on the external surface of coil eensivelyproposed, simulated and
tested in National University of Singapore (Xueakt 2001, Ng et al. 2002, Chua et
al., 2006).Not only was the heat conduction along tube wall a significant loss, but the
huge pressure drop along the capillary tube also contributed to significant fluid
property variations as wellAnother tubein-tube RHX design was optimized by
Lerou et al. (2005)Other system levedtudies in terms oRHX effectiveness were
also carried outMaytal et al., 2006, Derking et al., 2012

Brayton coolers are usually in much larger size, especially when turbines heel app
as the expansion deviceoster et al. (2011) reportedl@ kW high temperature lift
air-cycle Brayton heat pump for food industry, operating betwB6fC and100°C.

The recuperator used in their system wasour series connected pldie heat
exchanger Another miniature Brayton cryocooler was developed by Zagamoth

McCormick (2006) usingtubein-shell heat exchanger as the recuperator.

1.3.3 Comparisons and Summary

Heat recovery/regeneration design improves system performance significantly, and is
necessary in most NIK cooling tehnologies. The larger the temperature
lift/temperature variation the system undergoes, the more significant saving heat
recovery/regeneration can providds to osclically operated systems, the heat
recovery/regenerator redes the parasitic sensible heating/cooling required for both
refrigerant anddead thermal masses fromvolved supporting structures, heat
exchangers, heat transfer fluid, and pipes. On the contrary, the ctiamdreat

exchanger/recuperative heat exajp@min thosesystems operated under steady state
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conditiononly recover thearasiticsensible heating/cooling for refrigerant itself.

One common challenge existing in all heat recovery/regeneration designhieathe
conductionin the regenerator, or thraal energy dissipation by heat conductidhis

issue becomes worse for cryogenic applications since the temperature span across the
regenerator/recuperative heat exchanger is rargerthanthose ofair-conditioning

and refrigeration application#n literature reducing the heat conduction along flow
direction of regenerator for Stirling cooler and thermoacoustic coolerthedsey

point in designing the system. Similarly, reducing the heat conduction loss from high
temperature side to low temperaturgeswas mentioned in almost &teraturefor J

T and Brayton cryocoolers$n solid-statecooling field, the intrinsic heat conduction
loss in an AMR for magnetocaloric cooling and AER for electrocaloric cooling also
deteriorates their system performanespecially when the thermal conductivity of
the metal alloyis high. Fortunately, adsorption cooling does not have this concern,
since the thermal conductivity of the common adsorbent is significantly lower than
metals.

Table1-3 is a summary of heat recovery/regeneration nusthorcyclically operated
systems.The design of heat recovery/regeneration is also closely related to their
system configurationgn an adsorption cooling systethe traditional thermalvave
(Shelton et al., 1989, Pons et al, 1996tombined heat recovery and
adsorption/desorption processes together, while thebegoheat recovery (Douss et
al., 1988)was capablef addingan extramass recovery phase, with the tradeoff by
adding moresystemcomplexity. In an electrocaloric cooling machinene can use

solid-state refrigerant directly as heat sink/source (Gu et al., 2018hamse heat
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transfer fluid to deliver heating/cooling (Ozbolt et al., 20Magnetocaloric systems
were also evolved from usindasic fluid columns as regenerattw flowing small

amount ofeat tansfer fluid through the AMR ngaetic material beds

Heatsinki i

. . Wave length . Wavelength

Bed A

Magnetic
Bed B

(i) After demagnetization of bed A and
magnetization of bed Beginning of
simultaneous heat transfer and regenerat

Heatsinki i

(i) Beginning ofsimultaneous heating,
cooling andheat recovery

Magnetic
% BedA

Magnetic
Bed B

(i) After demagnetization of bed A and
magnetization of bed B, end of simultaneo
heat transfer and regeneration, bed A deli\

cooling and absorbs heat, bed B delivers

heating and rejects heat

(i) End of simultaneous heating, cooling ar
heat recovery

@ Heeter A _
Cooling
Load
Magnetic Magnetic
Cool
Solid Bed _ﬁ» Solid Bed Bed A _qj’—‘_» Bed B
A B
[ _; M agnet
L——— _
(i) System schematic (iif) System schematic
(a) Low conductivity solid thermakave  (b) The combined cascaded cycle witl
for adsorption cycles (Shelton et al., simultaneous cdimg, heating and
1990) regeneration (Jacobs et al., 2014)

Figure 1-7: lllustration of adsorption thermal -wave heat recovery and
magnetocaloric AMR regenerator designs.

Since this study focuses on thermoelastioliog, the two most closely related selid

41



state cooling technologies under cyclically operated conditions were compared here
in Figure1-7. Note that both pumps in that figure are tway pumps, which is used

to switch flow diredbn every half cycles. The adsorption thermalve heat recovery
process is plotted on the left side, where the temperatures at different locations in the
two adsorbent beds are indicated by the color. The goal of the heat recovery process
is to heat desber bed A and cool down adsorber bed B, by using a steep thermal
wave propagating from left to right for both solid beds. The low thermal conductivity
nature of solid desiccant materials in those two adsorbent beds allows the formation
of such steep therrhavave. The two spheres are used as trackers to understand the
flow conditions. In the adsorption heat recovery process, graphically the thermal
wave front in both beds propagates the entire bed length, so is indicated by the flow
trackers. On the right ¢, the AMR regeneration process is also plotted. The
temperature within the magnetic bed A drops adiabatically as soon as it is
demagnetized, and regeneration process allows the fluid close to the exit (right side)
of bed A to deliver the useful coolingpin bed to the load, vice versa for the exit side

of bed B. Meanwhile, the temperature at the inlet of bed A comes from the heat sink
directly, which is used to pileeat the left side before next half cycle. It is an intrinsic
cascade design, since eachdloregion inside the bed only pumps heat between its
neighbors. For example, the exit of magnetic bed A only absorbs heat from the
cooling load (lowest temperature) to a slightly higher temperature region at its
neighboring left. One can also tell this lmpking at the flow tracer. The fluid only
moves a little bit and pumps heat locally during the simultaneous heating/codading an

regeneration process locally.
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Table 1-3: Summary of heatrecoveryfegenerationmethods forcyclically operatedsystems

Technoloy Regenerator material Regenerator type Highlight Reference
HTF Thermailwave Steep square wave Shelton et a).1989, 1990
Adsorption . PonsandFeng, 1996
(>50°C) HTF Thermalwave Smooth triangle wave Pans et al., 1996
Refrigerant Convective thermalvave Steep square wave Critoph, 1994, 1997
HTF Two-bed Capable to add mass recovery Dousset al.,1988
. Reciprocating external . . Brown, 1976
Helium regenerator Designed for Stirling cycle Barclay 1979
Helium Rotating external Defined @ AME BarclayandSteyert
regenerator 1982
Magnetocaloric Rotating internal :
(0-20°C) Three layer @ bed regenerator Cascade cycle + regeneration Barclay, 1983
Packed bed of EGd1xAl>2 Reciprocating AMR Cascade cycle regeneration DeGregorizet al., 1991
Three layer packed bed Gdl Rotating AMR Achi eveTllr 25K Zimm et al, 2006
Stacked plates Reciprocating AMR Plate not superior to packed bed Engelbrecht et gl2011
Six layer packed bed Rotating AMR Achieved3 kW cooling Jacobs et 312014
Stainless steel mesh Passive Most widely used method de Monte, 1997
Stirling . Counterflow heat
(>100°0 CuNi tubes exchanger / Watanabe et al., 1996
ErsNi granules bed Passive GM Stirling machine, high frequenc  Kuriyama, et al., 1996
Thermoacoustic  Phosphotbronze screen Passive PTR, high frequency Radebaugh et al., 198€
(0-20°C) No Stack No regenerator Garrett et al., 1993
Stainless steel plate Passive external regenerat  Achieved 2.5Ktemperaturdift Gu et al, 2013
Electrocaloric HTF Internal regenerator / Guo et al.2014
(<5°C) Electrocaloric material bed Reciglrzolé: ating Proposed various regenerator layot Ozbolt et al.2014
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Figurel-8i s a demonstr at iesigns forfelectrogaloricocoobng. AE RO s
good regenerator should have high heat transfer coefficient, low pressure drop and

low electric resistance to reduce parasitic Joule heating.

b.)

f') Fluid flow

Figure 1-8: Electrocaloric cooling: various AER designs (Ozbolt et al., 2014).
Table 1-4 is a summary ofecuperator/heat recovery methdds systems operated
under steady state conditiddnlike the various heat recovery/regeneration design in
cyclically operatedsystems, the heat recovery techniques hee@almost the same,
by using a counteflow heat exchangerThe detailed heat exchanger difference
mainly depends on thghase of thevorking fluid in the systemsi-or exampleplate
heat exchangerare mainly used for absorption systems, since both streams are in
liquid phase When a gas phases involved, sheHandcoil and platefin heat
exchangersare applied for vapor compression SLHX and Brayton coolers,
respectively.
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Table 1-4: Summary of recuperator/heat recovery methods for systems operated

under steady state condition.

Technology Regenerator  Regenerator Highlight Reference
material type
Soldered non . .
Copper adiabatic Most widely Silva et al.,
: used 2011
capllary tube
Vapor
. : Accumulator Kang et al.,
Compression Copper Shellandcoil g
A built in SLHX 2006
(20-50°C)
Turbulence .
: NavarreEsbri
Copper Tubein-tube  enhancement
: et al., 2005
inner tubes
Absorption . Most widely Flamensbeck
(>100°C) Stainless steel  Plate type used etal. 1998
Joule quper and Coiled tubein- Mlnla_ture Ng et al., 2001
Stainless steel shell design
Thomson Lerou et al
(>100°C) Glass wafer  Tubein-tube / B
2005
Four series Foster et al
Stainless steel Platefin countefflow 2011 N
Brayton HXs
(>100°C) Coiled tubein- Miniature Zagarola. and
/ McCormick,
shell cryocooler 2006

Figure 1-9 shows different implementations of SLHXs for vapor compression

systems. As mentioned earlier, the soldered-adiabaic capillary tube was most

popular due to its simplicity. The coiled shatidtube heat exchangers were also

widely used for cryogenic applications, includingf Jand Brayton cryocoolers in

Figurel-10.
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Figure 1-9: Recuperator/heat recovery for vaporcompression cooling: SLHXs.
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(a) 3T cryocooler with coiled tube-shell counteiflow recuperator (Ng et al., 200z
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(b) Coiled tubein-shell counte{flow'rééuperator in a miniature Brayton cryocoole
(ZagarolaandMcCornick, 2006)
Figure 1-10: Coiled tube-in-shell counterflow recuperators used in cryogenic

applications.

1.4 Literature Review Summary and Research Gaps

The area of using SMA for thermoelastic cooling and heat pump is indeed an
unexplored field with variety of opportunities and challengeshe knowledge
obtainedso far includes some bliited dataof the SMAelastocaloric performance
including the entropy change and streBain characteristicsome mechanics design
lessons from a few thmmoelastic heat engines amthstomer heat pumps, as well as
how to design a heat recovery/regeneration proddssse are the bases to develop
our own thermoelastic cooling theories and prototypéste is a summary of
literature review for research gaps.

First, studies in terms of measuring comprehensiastocaloric effect have been
carried out only in the past few years. Most of the matesaldies were still
addressing their mechanical superelasticity behaviors rather thaslatecaloric
effect. To be more specificso far only afew materials with enough data can be
compared, i.e. NTi, Ti-Ni-Cu and somé&u-based SMAsMateriak investigations

are still needed.Comprehensive physical properties for each SMA with large
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elastocaloric effect are glerred in a single study rather thHaom multiple literature
since different groups might uskfferent composition specimen and have different
impurities, including bulk density, specific heat, thermal conductivity and others to
enable system level sutations.In addition,the stressstrain relationgor both tensile
and compressioare also requested to gdret how much work is needed in a cooling
system.If possible,materiat sciertists should fit their measured stretgin curves
into known constutive models so that their results could be implemented much
easier.For example,such model parameterfitting has been done extensively in
adsorption isotherm@ietsch, 1996, Chua et al., 200Besides the caloric effect
measurement should be comtaa to find more potential candidate SMASs.

Second there is no publishe®MA based thermoelastic cooling system prototype
before 2015Recently, the two reported demonstrators by Schmidt et al. (2015) and
Ossmer et al. (2015) are still far away from a fioming scalable prototype. In
addition, with the several proposed driving mechanssfar thermoelasticooling as
listed in Table 1-2, none of the ideas have been built and testdsb, no friction
countermeasures were deployedany of the driving mechanism, which was one of
the major challengein these system#dditionally, most of thedriving mechanism
designs have a tradeoff between heat transfer enhancement and system simplicity.
To develop athermoelastic cooling syste not only the driving mechanism is
important, but the heat transfer and heat recovery/regeneration iscpls@lently
crucial. Unfortunately, the only relateliteraturein terms of thermoelastic cooling
wereall in material level.The heat transfer dnheat recovery/regeneratiane based

on the cooling cycle first, and therefptke thermodynamic cycle dyais is needed.

48



System leveldynamicsimulationsbased on the cycle analysise neededo predict

the performance including cooling capacity a@@P. Heat transfer enhancement
measures can be investigated based on the model since then.

To be moe specific for heat recovery/regeneration, curresulid-state cooling
systems under cyclic mode are either with very low thermal conductivity (i.e.
adsorption) to enable the large temperature gradiemtpking under cascade cycle

to maximize the overall temperature lift (i.e. magnetocaloric and electrocaloric
cooling). In a thermoelastic cooling system, howewbte SMAs usually havaigh
thermal conductivity, which leads to almost uniform temperature within the -solid
state SMA bed contradicting the large temperature gradient requirement for a
thermalwaveheat recovery as in an adsorbent becaddition, elastocaloric effeas
usually much higér than the magnetocaloric and electrocaloric effect, and therefore a
singlestage heat pump is enoughNevertheless, the available heat
recovery/regeneration methofdsind inliteraturecould be a basis faurrent studyo
develop the most suitable heatecovery/regeneration method for thermoelastic

cooling application.

1.5 ResearchObjectives

To fill the research gap this area,le proposedtudyaimsdevelopingthe research
framework including both the fundamental and prototype developmeluding its
experimental evaluatiof his thesis intend® explore the following aspects.

(1) Thermodynamic fundamentaf elastocaloric materials

(2) Cycle desigrand theoreticatystemperformance prediction
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(3) Novel heat recovery process method

(4) Developing a proebf-concept prototype

(5) Enhancing the system performance based on a validated model

(6) Comparing the performance of thermoelastic cooling with other technologies

The fundamentapart of this thesisocuses orthe thermodynamic cycle analysis of

the thermoelastic coolingystems, analytical COBnd cooling capacity derivatipn
transient systermodel development and performance predictions. In addition to that,
an important feature of this thesis is to propose a novel heat recovery process
designed especially for thermosti@ cooling. The second application part focuses
mainly on prototypes develomnt and testingBesides,with prototype testing
experiences, ideas to further enhance the system performance are discussed together
with multi-objective optimization study ugingeneticalgorithm. Lastly, the notin-

kind cooling technologies ranking is quantitatively identified.
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Chapter 2: Thermodynamic Fundamental of
Elastocaloric Materials

This chapter introduces the basic thermodynamic knowledge of the martensitic phase
change in SMAs,including the Maxwell equations and the phase diagram.
guantitative comparison of various SMAs based on data from literature is

summarized.

2.1 Thermodynamics of Elastocaloric Materials

SMAs have been used mainly for biomedical applications in the pastodiie
superior superelastic mechanical performance.

Following the convention of the classic thermodynamics, and by analogy to the
magnetocaloric effect (Tishin and Spichkin, 2003) and electrocaloric effect (Ozbolt et
al., 2014) the internal energgnthalpy and entropyof the elastocaloric materials can

be defined as followingNote that the sign in Eq. {B) for elastocaloric materials is
opposite to that in the classic sefithte thermodynamics, since increase in strain

represents work transfer intoet system.

dut Tds £ & (1)
r

dit Tds -ed ¢ (2-2)

ds=2t° Oar + B of 3

ar 2,

The Maxwell relations can be derived using the above definitions, and are shown in
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Assuming a reversible heating and cooling process, based on the definition of specific
heat under constant stress process and the first lawrafdadgnamics, the following

eguation can be derived.

CS

ah* 5 . B g (2-5)
=r 0T ® 6

Eq. (26) is set to be zero to describe the isentropic adiabatic phase change process
upon loadingThe Maxwell relation in Eq. €2) is used to substitute one of the partial
derivative coefficient in Eqg. €3). By integrating te loading process from zero to
maximum stress, it yields the value of theoretical adiabatic temperature span in Eq.
(2-7). This equation is not applicable to use, however, due to the complicated terms
and comprehensive measures requirtstead, direct nm@surements are more
straightforward, including measurement of temperature change during the loading and
unloading process, or using the latent heat from DSC with the specificheais

discussed in more details in session 2.2.

ds=% dT %“e % e
T CUT &~
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The most important relation for elastocaloric materials from elastocaloric effect

(2-6)

(2-7)
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perspective is the Clausi@apeyram equation (Otsuka and Wayman, 1998), which
correlates the constitutive relation of elastocaloric material with the latent heat of the

phase transformation, as shown in Eg8)2

Qo
o

Ps
eM

S

|-O: Ot

(2-8)

i

®
2

O

where the left hand side stands for the transformation stress and temperature ratio
under equilibrium conditions, and right hand side is the ratio between the volumetric
entropy change and the phase transformation strain.

However, caution is neededhen using Eq.24-8), due to the nottrivial hysteresis
related with elastocaloric materiadsd deviation from equilibrium phase change

the hysteresis is not negligible, specifications on which saturation temperature/stress
is needed for Eq.2(8). The hysteresis is a complicated result of many factors, to
name but a few, including alloying, composition, thermal treatment, cycling
(operation) and aging (Ortin and Delaey, 2002). Despite the various causes of the
hysteresis, it measures the amount of gneéissipated during a cycle. In other words,
minimum hysteresis is preferred fromtleermal efficiency perspectivé-igure 2-1
visualizes the hysteresis under two different driving rs@stel on the phase diagram

as well.Figure2-1 (a) shows the thermally driven hysteresis under the constant zero
stress condition. The thermally driven cycle represents a heat engine cycle, which
converts heat into strain variation (linear motion or vibration) and dissipat# to a

low temperature heat sink. The elastocaloric material starts below the martensitic
finish temperature (M and is heated. It remains a single phase martensite until

reaching the austenite start temperaturg. hase transformation from namsite to
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austenite takes place upon further heating until it reaches the austenite finish
temperature (A. The austenite phase remains during the reverse cooling process
before it becomes the martensite start temperatugge @drther cooling transforms
austenite back to martensite until it reacheslMa thermally driven cycle, heat from

an excessive temperature level is required to induce the meetemsransform into
austenite. During the reverse phase change proadewer tenperature heat sinis
neededIdeally, all four temperatures should be equal if there is no hysteresis, such as
the boiling temperature and condensation temperature under the constant pressure are
identical in a vapeliquid system.

Figure2-1 (b) represents the hysteresis associated with a stre®s cycle under the
constant temperature condition, which is used for a cooling or heat pump system. The
stress keeps increasing to the saturation sfigsscorresponding to M when the
austenite starts itghase transformation into martensite. SingasAhigher than

the reverse phase change saturation stigssis lower thanliav under the same
temperature.

Figure2-1 (c) shows the welknown linear relation between the phase transformation
saturation stress and the temperature reported for various elastocaloric materials in
the past (Bekker and Brinson, 1997, 1998, Liang and Rogers, 1990, Lu and Weng,
1997). The real shap# the saturation stresemperature curve may not be strictly
linear due to many other factors. The four intersection states on the temperature scale
represents the four temperatures under the dim@sscondition in Figure 3(a). The

four curves dividehe entire domain into five swtdreas, and therefore can be used as

a phase diagram. The term phase diagram here follows the traditional
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thermodynamicc onvent i on f o rgaskquidssolid gystem (Mopaa eti e 0 s
al., 2011), which is different fromhé alloys community, where phase diagram for
elastocaloric materials mainly refers to the phase distribution when the alloy
composition varies (Otsuka and Wayman, 1998, Otsuka and Ren, 2005, Recarte et al.,
1999). Above the Mcurve is the single phase rtensite, and austenite single phase

is located below the #curve. Due to hysteresis, there are two regions where both
phases exist in equilibrium, which are the area between trentM and the area
between A and A, respectively. The region betweerettwo start curves represents
the metastable states.

Following the gadiquid-solid convention, a strestraintemperature surface
visualizes the combined relation Bigure 2-1 (a), (b) and (c), as demonstrated in
Figure 2-1 (d). This approach has been demonstrated foli-&i binary alloy in
literature (McNichols and Cory, 1987, Peyroux et al., 1998, Schiller, 200E)gume

2-1 (d), martensite single phase surface is bednoly red lines, which is adjacent to
the A-M two-phase surface. The ¥ two-phase surface deviates from theMVA
surface due to the hysteresis. Given context of a viagpad system, there is only a
single twephase surface since there is no hysteresisvds: boiling and
condensation. The states in between théA Mnd AM two-phase surfaces are
metastable. Austenite is conjugated to theAMvo-phase surface, which is bounded
by the green lines. The four strassnperature curves rigure2-1 (c) are in fact the
projections of the boundaries of the aforementione! Aand M-A two-phase
surfaces in the stresemperature plane. The constant stress hysteresis Idagure

2-1 (a) is the intersection cursef the phase diagram igure2-1 (d) with the zere
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stress plane. The constant stress hysteresis loop slope also represents the thermal
expansion coefficient for singlghase austenite and singlease martensite, as

illustrated in Figure 2-1 (d). The slope of the singlghase surfaces measure the
Youngds modul us under the wuniaxial | oading
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(c) Graphical interpolation of the constitutive relation for elastocaloric materials
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(d) A three dimensional phase diagram
Figure 2-1: Graphical representation of hysteresis curves, constitutive relation

and a threedimensional figure of the phase diagram of elastocaloric materials.

2.2 Thermodynamic Performance of Elastocaloric Materials

Criterions to rank elastocaloric SMAse as follows
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1 Adiabatic tempeaature sparieelad and nordimensional latent heéab)

The adiabatic temperature span iIis a direc
capacity. It is definedn Eg. (2-9). It favors materials with larger latent dteand

smaller specific heaf he latent heat can be measuredd8C following a thermally

driven phase change prosger by direct measure of the adiabatic temperature span,

i . €lag, wWiden assuming the entire latent heat is absorbed by the elastocaloric
material itself during the stress induced phase change process

Non-dimensional latent heat is a normalized adiabatic temperature span, defined as

the ratio between the adiabatic temperatur
shown in Eq(2-10). When the ratio is above 1, it means that the material is able to

run in a systenwhile providing the required temperature lift in the denominator of

Eq. (2-10). Otherwise the cycle will not functiorunless heat recovery/regeneration is

added.
Dh
DTad =_| S (2'9)
CP
g= DT,
DT, (2-10)

1 Phase change temperatuaege(Tpc)

If the SMAs phase change temperature range is out of theoraiitioner and
refrigerators requirement, no matter how large the performance metrics are, the
material is still not useful. This range offers an intuitive way to see if a cooling
application is capablef usng a specific SMA as the solistate refrigerant.

1 Energy storage density (ESD)
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ESD is another expression thie latent heat. It represents the volumetric latent heat,
therefore a denser SMA is movbrable. The definition is1 Eq.(2-11).

ESD=r D (2-11)
1 Relative cooling power (RCP)
This metric was commonly used literaturein terms of magnetocaloric effect and
elastoaloric effect, since it could be computed directly out of the differential
scanning calorimetry (DSC) results (Gschneidner and Pecharsky, 2000, Gschneidner
et al., 2005, Casilk¥illa et al., 2011). It represents the accumulated latent heat over a
temperatre span, including both sensible and latent. This concept is important, since
the real case entrogigmperature curve usually does not follow the ideal spike shape.
Instead, the latent heat, or the entropy change spikes span over a temperature range,
andtherefore the accumulated power over such temperature range (usually less than
5K) represents the useful cooling/heating power. The definitionis. (2-12). It can
be regarded as another way to measure thetlatat other than the straightforward

15! metric.
RCP=fj. B(s, t, T) d (2-12)

1 Material coefficient of performand€ORna)

The material coefficient of performance (CRP measures the energy conversio
efficiency, fom only the material propertperspective without considering the
system details. Nevertheless, there is no path independent cycle, so does
thermoelastic cooling. Therefore, the GfHs path dependent, or in other words,

may vary with diferent cycles.
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When considering the material level COP, several idealizations to the aygcle a
necessary, including assumption tH&i0% unloading energy is recoverable and
100% heat recovery/regeneration efficiency.

Here, the stresstrain relations of ifferent SMAs were predicted by a simple physics
based on&limensional constitutive model proposed by Muller and Xu (1991) and
applied by Fedelich and Zanzotto (1991). It was simple since only the loading
direction deformation geoetry was used in additioto the homogeneouphase
changeassumption Most importantly, the hysteresis physics was included. Muller
and Xu (1991) assumed a symmetric quadratic free energy formulation to consider
the hysteresis caused by domain elastic interactions (soeie frction). Fedelich

and Zanzotto (1991) then applied the model to plot loadiigading curves and
described their graphical interpretations. The experimental data for different alloys,
including NiTi (Cui et al., 2012), GZn-Al tensile (Bonnot et al., 2@) Sato et al.,

1984), CuZn-Al compressive (Sittner and Novak, 2000, Gall et al., 1998)ACNi

tensile (Chen et al., 2009, Yin et al., 2013)-&eNi compressive (Picornell et al.,
2004), FePd compressive (Xiao et al., 2013), aneNTiCu (Bechtold eal., 2012),

were used to fit in the FedelidanzotteMuller-Xu (1991) model for three
parametersA,Kandee( f ol | owi ng Fedelich and Zanzottob
Following the method proposed by Ziolkowski (1993) for a thermoelastic heat
engine, the CORX for two different cyclesan be derivedBrayton and Stirling. The
difference between them is whether the loading/unloading processes are isothermal or
isentropic.

First, the phase change stress (or fAsatur a
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Eq.(2-13) . Note that the subscript AAMO refers

The difference between loading/unloading stresses at the same temperature is a direct
measure of the hysteresis.
S (T)=5(TB -0 A
p (2-13
SMA(T):B(T B -ub A')
For Stirling cycle, the amount of cooling per unit mass per cycle is i(REd):

6=5u(T) 8 «DT= 219

The amount of loading energy per unit mass per aycls in Eq.(2-15):

s . 2(T
W+(Th):§9AM(Th) o SA% é’/ (2-15)

w (Tc,Th)=§;sMA(T) o gae b b/ (2-16)
e

Therefore, the COR:for Stirling cycle is equal to E¢2-17):

L (T, TDs - A
COP_, = %(T.) = (2-17)
w,(T,)- w(T) (T -T) B2+
Similarly, the CORatfor Brayton cycle is equal to E(R-18):
a DT, & a O, 5
qcé_c - 2 d 9 TFZ d ig A
CORw= o1 5 & o 5.1 — (2-18)
W+%-h+ Zad 8’W -Ege 2ad (('.")h- e ¥ Dd) >
¢ - ¢ -

Note here the difference between loading/unloading adiabatic temperatureisspans
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ignored

Also, CORnat in EqQ. (2-17) becomes Carnot COP under the same temperature
conditions when the hysesis constand* becomes zero. In other words, hysteresis

is the material level irreversibilityDetails on how to extrachA* from measured
stressstrain curves from literature can be found in Apperfdix

CORmatin Eq.(2-18) is less than that of Stirling cycle, since the constant temperature
heat source/sink do not match with the variable temperature heat transfer process. The
Brayton cycle has intrinsic irreversibility other than the contribution from hysteresis

constantA*.

30

0 Il Il Il Il
0 20 40 60 80 100

Energy Storage Density [MJ/n¥]

Figure 2-2: SMAs comparison based on adiabatic temperature span and energy
storage density.

Figure2-2pr oj ect s t h o sTel BS® diagnam. Sihce Gaased aloyse

have higher density than i, they are closer to Nri from the 3% metric ESD

Ferrous SMAs are also denser, but their latent heat are too small to catch up with
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other SMAs. Also,Ni-T i is the only materi al on the
regarded as the best material from both fharid 3¢ criterions.

Figure2-3 shows the materials on tla@aq i CORnatdiagram. NiTi is no longer the

only dominantchoice from the $and %" metrics. TiNi-Cu has Sanbut | er e
higher CORat due to small hysteresis. Also, the difference between tensile and
compressive driving mechanism is more significant. FeriNit results in more than

four timeshigher COPwhen switching to compression. FGu-basedSMAS, tensile

is usually a better choice.

CORP ratio to Carnot COP [-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
25 T T T T T T T T T
Ni-Ti tensile Ni-Ti compressive
0 Cu-Zn-Al tensile
Cu-Zn-Al
15 Cu-Al-Mn tensile compressive
3
b
810 |
Cu-Al-Mn-Ni tensile . Cu-Al-Mn i _
Ni-FeGaCo compressive Ni-Fe-Ga tensile
5 compressive
Fe-Pd compressiveammm
0 L L L L L
0 5 10 15 20 25

COP based on material propoerties-|

Figure 2-3: SMAs comparison based oradiabatic temperature spanand
material COPs under 10K temperature lift.
From tre above analysis, the small latent heat is a limiting factor for ferrous SMAs.
Ni-Ti, Ti-Ni-Cu, CuZzZn-Al and CuAl-Ni are some promising SMAs for the

thermoelastic cooling application.
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Chapter 3: Cycle Analysis and Dynamic Modeling

Given the thermodynamic essedi, viable cycles for thermoelastic cooling system
are proposed in this chapter. An e&syise analytical equation to predict the COP of
a thermoelastic cooling system is presentBdsed on the heat transfer energy
equation and martensitic phase transfation dynamics, a transient model is
developed in Simulink to conduct a few parametric studies. In the end of this chapter,
a breakdown COP chart is presented to guide the performance improvement

potentials.

3.1 Thermodynamic Cycles Analysis

The cooling/heapump cycle is a reversed power cycle. Within each cycle, heat is
pumped from a low temperature heat source (conditioned space, dendigddwn

high temperature heat sink (ambient, denotedywith the expense of consuming
power. For ideal thermosstic material operated under Carnot cycle, the cooling,

heating and power input within one cyelerepregntedirom Eq. 3-1) to Eq. (3-3):

=103 (3-1)
=T, B (3-2)
w=gq, -q, HTF T) ¢ (3-3)

Here the mtropy change associated with the martensitic phase changmasesal
parameter which is determined based d@he material compositiorand operating
temperaturePractically, the power consumption within one cycle is no less than the

reversible case, aaed by the hysteresis loss of the irreversibility during the crystal
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structure transformation from martensite to austenite and any friction in the
transmission system and driving system.

Generally speaking, a thermoelastic cooling/heat pump cycle carhimred via two

basic thermodynamic cycles: reversed Brayton cycld=igure 3-1 and reversed
Stirling cycle inFigure 3-2. The reversed Brayton cycle consists of two isentropic
processes and two istress processes. It starts from state 1 at unstressed austenite,
thenis loaded tostatel 6 its maktensitic phase change starts. @bksociated latent

heat isreleased fronstatel 6 state? adiabatically, causing the temperature to rise
ontheT-sdiagr am. Afterwards, the SMA is cool ed ¢
temperature ath, while still beingfully stressed at martensite. Before fullyiaeded

the SMA can be further cooled down $tate4 when heat recovery is applied by
exchanging the seible heat between one set of SMA material starting at state 3, and
another set of SMA material just finished cooling the conditioned space at state 6.
100% heat recovery efficienaoes not violate any laws of thermodynamieich
meanstemperature o$tate 4 could belentical totemperature o$tate 6. A detailed

study on how to achieve high efficient heat recovsrintroduced in Chapte4. A
reversed adiabatic phase change back to austenite takes placgaiiedno stateb

during the unloadingprocess. The rest of the cycle remains unstressed, during the
cooling process to the conditioned space from 5 to 6, and reversed heat recovery
process from 6 back to 1 with the other set of SMA materials coming from 3 to 4. The
heat recovery process conges energy internally, and the heat rejected to sink
should be equal to the heat absorbed from the conditioned space added by the work

needed to drive one cycle. It should be noted that the area underiedhirithed-U
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(stressstrain) diagram is theoading work, and area underneatkd 4 is the
unloading work, which could be fully recovered if designed properly. Therefore, the
area surrounded by the cycle dtdiagram is the net power input with 100% work

recovery design.

T A 100% Martensite 2.~ ~ A . .
r 0% Martensite 100% Martensite
) 234
Th
Te
“ 0% Martensite
S d

Figure 3-1: lllustration of reversed Brayton cycle and its variation as a
thermoelastic cooling cycle.

The reversed Stirling cycle ifrigure 3-2 contains two isestress heat transfer
processes, and twedthermal phase change processes. The cycle begins at unstressed
state 1, and is stresseddmtel 6 bef ore the phase change.
Brayton cycle, the SMA material is cooled during the martensitic phase
transformation process frostatel 6 state?, therefore keega constant temperature
while releasing the latent heat. The-goess heat recovery process fretate2 to
state3 is essentially the same as previously introduced. Afterwards, the unloading
process fronstate3 tostate4 viastate ® t akes place with the
process, where the conditioned room air is cooled down by the system. Another iso

stress heat recovery proces8, () completes the cycle.
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For Stirling cycle inFigure 3-2, one recessary condition is that the heat recovery
efficiency is 100%. If the heat recovery efficiency is less than 1(&ure 3-3
presents an alternative option by combining reversed Brayton cycle and reversed
Stirling cycle togethemas a hybrid cycle. Processs1A 2 and A 5 are isentropic
loading and unloadingrespectively,which compensate for the deviation of heat

recovery efficiency from 100%. The rest are similar to the Stirling cycle.

T r 100% Martensite A 0% Martensite 100% Martensite

R

0% Martensite

Th

Tc

41

\/

.
'

S a

Figure 3-2: lllustration of reversed Stirling cycle and its variation as a

thermoelastic cooling cycle.

T4 A 1 %Matensite  100% Martensite
100% Martensite i :

0% Martensite > 34
2 i :

ERL

.
|

\j

S a
Figure 3-3: A hybrid cycle design as a combination of reversed Brayton cycle

and reversed Sirling cycle.

67



The previous three cycles plottedrigure3-1 throughFigure3-3 are all ideal cycles,

since loading and unloading processes are assumed to be reversible. However, two
reasons contributetirreversibility of the rartensitic phase change. Fjrsimilar to

an irreversible pool boiling process for a liquid that requires superheat, excess driving
potential (excess stress) is needed to initiate the martensitic phase change. Secondly,
there isirreversibility (friction) associated with the propagation of crystal molecular
structure change during the martensitic phase change process. Both of them generate
entropy during the loading AL2) and unloading @& 5) process, as shown kgure

3-4 for a reailstic thermoelastic cooling cycle onTas diagram.

A 100% Martensite A 234 ;
T 2 n 100% Martensite l
0% Martensite ;0% Martensite
T2 ¥ ' '
Te

\
\

Figure 3-4: Il 1l lustration of a fAreal o ther moel a
reversed Brayton cycle.
The CORat for Stirling cycle and Brayton cyclean be found irEq. (2-17) andEq.
(2-18), respectively.
Note here the difference between loading/unloading adiabatic temperatureisspans
ignored By comparing Eq.4-17) with Eq. €-18), one can clearly conclude that the

Brayton cycle is less efficient than Stirling cycle, as quantitatively indicat&cble

68



3-1 as well. Instead of using two constant temperature heategeunic as discussed
above, the Brayton cycle is more efficient if two variable temperature heat
source/sink are used.

Table 3-1: Physical properties andphase changgarameters of some common

SMA with giant elastocaloric effect. (*)

Materials NiTi CuznAl CUAlINi

1 [kg/m?] 64006500 (6500) 7500:8000 (7900) 710067200 (7150)

e[ J/ kgAK] 470620 (550) 390400 (400) 373480 (440)

K[ W/ mAK] 8.6-18 (18) 84-120 (120) 30-75 (75)

as[ J/ kgAK] 42 19-26 ( 20) 20-30 (20)

&Tad [K] 22.9 (300 K) 15.0 (300 K) 13.6 (300 K)

T [°C] -2007 200 -2007 150 - 2007 200

A[J/kd] 150 155 280

K [MPa] 1.72 x 10 3.10x 16 4.90 x 16

& 0.02 0.025 0.029

w+ (Brayton) [J/g] 5.64 1.58 3.02

w- (Brayton) [J/g] 4.14 0.78 1.99

Whet (Brayton) [J/g] 1.50 0.80 1.03

9 2.29 1.50 1.36

COPhat (Brayton) 2.5 (Tensile) 6.9 (Tensile) 7.6 (Tensile)
8.0 (Compressive) 6.8 (Compressive) 5.2 (Compressive)

COPhat 3.4 (Tensile) 11.9 (Tensile) 11.9(Tensile)

(Stirling) 15.5 (Compressive) 11.4 (Compressive) 7.2 (Compressive)

Data reference

* The numbers in bracket are specific numbers used for all calculation in this study

NiTi: Ni 55 wt%; CuZnAl: Cu 65 wt% 70 wt%, Al 13 wt%- 23 wt%; CuAINi: Al 12-15wt%, Cu80

wit% - 85 wit%.

Also, 288 K to 298 K heat pump with 10 K temperature lift is used to evaluate thdimemsional

latent heab and other temperature dependent parambtnesin this table.

**: Cui et al., 2012, Smith et al., 1993, Otsuka and Wayman, 1998

*xx. Ziokolwski, 1993, Otsuka and Wayman, 1998, Bonnot et al., 2008, Manosa et al., 1993, Manosa
et al., 2009, Sittner andd\ak, 2000, Manosa et al., 2013, Gall et al., 1998, Lashley et al., 2007

***x Friend and Hamilton, 1995, Rodriguez and Brown, 1980, Huang, 2002, Chen et al., 2009,
Picornell et al., 2001, Picornell et al., 2004

~

The important criterionderived in Chapter2, 5, known as the sc al | end A n
di mensi onal | at eimEg. @h16)and ¢ useoh Bable34 &nd fromu n d
Eqg. 3-13) to Eg. B-15).

For a Brayton cycle design, the time scale of phase change is much smaller than the
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heat transfer time scale.

The derivation of the analytical COP and cooling capacity requires physical

understanding of the sohstate material temperature change during a single cooling

cycle.

Assuming:

1 Lump temperature for soligtate materials

1 Same kat transfer effectiveness for both sadtdte materials during both cooling
and heating process

1 Same cooling and heating heat recovery efficiency

1 Same adiabatic temperature span for stress induced phase change

For adiabatic phase change process

L-T =, ¥ 44 (3-4)

For solidstate material, heat transfer processés32nd 3\ 6):

O_| m_|

ad (3-5)

|

o |-

For heat recovery processA 3 and &, 1 6 )

Hn 7 (3-6)
The material cooling capacity could be evaluated by

Qmaterial = T_cp (T6 --ES) (3'7)

cyc
wherem is the total mass of solistate material in the system, ang is the cycle

duration, as shown iRigure3-5.
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t3 tats te tr

Figure 3-5: Illustratio n of the temperature profiles of solidstate thermoelastic
SMA beds during one cooling cycle.

The fluid cooling capacity deviates from the material cooling capacity, since part of
the cooling power released from the sdtdte material is lost along th@eline to
the heat exchanger due to fluid mixing, heat loss to ambientnast importantly,
the cyclic loss as a result of cyclical variation of temperature from the dead thermal
mass in the systenMore details in terms of the cyclic loasediscussedn 3.3.4 and
Chapter 6.Such difference caused by irreversibility could be measured by a factor
less than 1, daed in Eq. (38). It should be noted that this factor F is not a constant,
instead, it is determined based on the system configurationpedti@en the thermal

mass of SMA and dead thermal mass, and cycling frequency.

F 1 Qfluid (3-8)
Qmaterial

On the other hand, the real power consumption to drive the-saliel material

loadingunloading process also deviates from the theoretidakvahis difference is
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due to motor efficiencydmot, transmission efficiencydrsm, and workrecovery
efficiencydrec. A similar factor could be applied to evaluate this deviation, defined in

the following manner:

W W, - W
D 1 .|deal :h + - 3_9
W mot /Jsm V\L -h W ( )

real rec

In the context of vapor compression heat pump, this fa@ois similar to the

compressor efficiency. Work recovery is similar to an expansion device, where part

of the available energy from the high pressure refrigerant -issed to reduce

compressor workTakk n materi al s0 hysteresis into ac
energyw: and unloading energy. in Eqg. (39) are derived in Eq. {25) and Eq. (2

16), respectively.

Based on the graphical interpretatiorFigure3-5, two more equainsare given

Qmaterial - T6 - T5 (3_10)
Qatent -|-2 - -|1
Dl *T, % (3-11)
The system COP is defined as the ratio between gain and cost:
COP= Qﬂlﬂd _QﬂUid Qf\i)aterial Q.Ia@t Vyideak‘
ereal Qatent Qatent Vvideal ereal ( 3_ 12)

=F 1 aterial COF) D O

mat
atent

The second term could be evaluated from Bgt)(to Eq. 8-7):
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Qmaterial _ e*(DTad ] Dﬁ(l a7)
Qlatent B DTadg]' -'(1 e*)(l 2_¢
__ e(g A

ggl+(1- &)1 2 )hg

Based on the above discussi@ndthe useof CORna for Brayton cycle in Eq. &

(3-13)

18), the system COP and cooling capacity are:

. (g A
COPE T Sar1- 90 2 )g

DT (g A)
te EF(1-e?)(1 2%

It should be noted that facet® is not selfcontained within the above equations set. It

DOCOR, (3-14)

. m
Qua =F © (3-15)

can be evaluated externally by dynamic modeling or experiment.

3.2 Dynamic Model Development

Assumptions used in the dynamic model are as follows:

1 Martensitic phase transformation time scale ardlileg time scalarenegligible
compared withthe heat transfer time scale.

1 Radial heat transfer time scale is negligible compared with axial directipn, Bi
0.01

1 Uniaxial loading and uniform phase transformation

1 Constant thermophysical properties within the small temperature range of interest

1 Incompressible flow and uniform velocity profile at any cross section inside the
nitinol tube

1 Uniform fluid tempeature profile at any cross section inside the nitinol tube
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1 No heat transfer from nitinol tubes to surrounding

1 No radiation heat transfer

It should be noted that the first assumption is crucial to the dynamic model numeric
simulation, not only because dfet decoupling of the problem, but also transforms a

stiff problem to a normal problem and therefore stabilize the computation.

“Tw,

HRV

Bed #1

3 Bed #2
Pump3

wfie]_win]
@ Pump?2
Pumpl
Heat dumping loop Heat absorbing loop Heat recovery loop
(To ambient) (To target space) (Internal)

Figure 3-6: Schematic of the heat transfer fluid loop used for the numerical
model.

Figure 3-6 shows the schematic of the thermoelastic cooling system modeled. There
are four basic components in the model: thermoelastic material beds, heat
source/sink, mechanical power computation, and cdimgegipes (three colors
representing different loops). The governing equation of thermoelastic material beds
are the energy equations for solid tube and fluid inside, as shown i3-Eg). &nd

Eg. 3-17). For solid energy equation EQ3-16), the first erm identifies the
conduction along axial direction (flow direction), and the second term measures the
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convective heat transfer between solid and fluid contact with solid. Most importantly,
the last term is determined by the thermoelastic effect, whiplosgive during the
austenite to martensite transformation process, negative during the opposite process,
and remains zero when there is no phase transformation. This simplification of the
martensitic phase change latent heat assuming that the loadiagilunglgprocesses

are independent on temperatures of solid makes sense, since the time scale for phase
change (~0.1 sec) is much smaller than the time scale for heat transfer (~ sec). It is an
ideal scenario that the strestsain relation could be decoupl&dm temperature, and

is accurate enough for a cooling system level dynamic simulation. Such decoupling
leads to the calculation of generation term much easier, as indicated B+E). Ifh

Eq. 3-18), the loading process releases heat, therefore demetarm is greater than

zero when the deformation strain rate is greater than zero. Both latent heat released
from t he phas éandmecmagial sipessonduees] slefoemation energy
w+ are accounted, vice versa. It also holds for single pheaetransfer and heat
recovery process, since the time derivative of normalized strain is zero when no phase
change occurs. Here sineauniform phase change assumedthe martensite phase

fraction rate is the same as deformation strain rate. The ptidile is determined in

Table3-2.

HT, _ T, h T gi i

T 78 Cp)s( . F) W (3-16)
MT, ﬁrf 4h _l.l

ut e K IDCércp)f (Tf TS) N X} (347
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e o (3-18)

Table 3-2: Valves andpumps sequence of the thermoelastic cooling system

model.
Process IA1A2 2A3 3A 4 4A4 A5 5HAG6 6A 10
Description Adiabatic Heat Heat Adiabatic Heat Heat
phase transfer recovery phase transfer  recovery
change change
\i X O X X X X
V2 X X X X @) X
V3 X O X X X X
V4 X X X X @) X
V5 X X X X O X
V6 X @) X X X X
V7 X X X X @) X
V8 X O X X X X
HRV X X @) X X @]
Pumpl X O X X O X
Pump?2 X @) X X @) X
Pump3 X X O X X O
2] Ut+ 0 0 14+ 0 0
Note: fAX0 is close/loff, AOO Iis open/ on.

Adiabaic boundary conditions are applied for solid in E&10) and commonly

used boundary conditions for fluid are set in B52().

HT, —
& x=0,x £~ 0 (3-19)
T [x=0= Tiin (3-20)

A uniform temperature water tank model is applied fahldbe heat source/sink, as
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shown in Eq. -21). The heat source is assumed to have an instantaneous capacity
Qc, which is determined by a PID controller usifigand T setas control signals. The
set points for heat sourde and heat sinkh are determined based on the temperature

lift.

me, ge=me (T -0 Q (321)

For the connecting pipes, only fluidengy equation is used, with a correcting factor
a to account for the thermal mass contribution from solid pipe wall, as shown in Eq.

(3-22) and Eq. 8-23).

r _ Ki i, ah,, (T ) LJ,__TP.
w k() ¥ (kc) ot ok oxp

(3-22)

(mg,), +(mg), (rg), 1B { rg) (0B -ID)
(mg,), (rg), 1D

The valve/pump sequences dfied in

k =

(3-23)

Table 3-2 are used to determine the flow rate and corresponding velocity for each
pipe in Figure 3-6. When the valves are closed, it is assumed that the flow stops
instantaneouglwithout any delay, vice versa. Water is used as the heat transfer fluid
for all fluid loops. The following correlation are currently used to predict the pipe
flow heat transfer coefficien, for both regular pipes and thermoelastic material
tubes:

1 Laminar flow: Nup = 3.66 (fully developed constant wall temperature)

f  Turbulent flow: Nu, =0.023Ré&"° P¥ (Dittus-Boelter equation)

Similar to other cyclially operated cooling systems such as adsorption chiller, the
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thermoelastic cooling systémgstananeous cooling capacity, or the second term in
Eq. 3-21), is also varying all the time. Instead, the time average cooling capacity
during the cyclic steady state condition is used, and COP is also evaluated based on

the time average capacity, as showiq (3-24) and Eq. 8-25):

t .
- ot
o, =1 Q (3-24)
tcyc
Ot
copP= ( Q o )/7mot A (3-25)
rns W, - recW-

In this studyijt is assumd that#A,, 4...= 0.9, and work recovery efficienay, = 0.9.

msin Eq. (325) is the totamass of SMA in each bed.

To quantitatively study the thermoelastic cooling system performance, and investigate
the most favorable material from a thermodynamic system perspective, various
physical properties and loading test data are summariz€édhie 3-1 for analytical

and numerical modeling use in later part of this study.

3.3 Results and Discussions

3.3.1 Analytical COP

Figure 3-7 throughFigure 3-9 show the COP and cooling captgcturves predicted

by Eq. 8-14) and Eq. 8-15). The nonrdimensional latent heatevaluated at 10 K lift

is available inTable 3-1. Figure 3-7 shows how sensitive the performance is
dependhg on heat recovery performance, if the cycle duration remains constant. The

maximum COP impro@ments for all three alloys are all beyond 100% from worst

78



case scenario to ideal case. The improvement is even more than 50% when the heat
recovery efficiency increases from 30% to 70%. It should be noted that it favors the
higher specific heat materialsy means of improving the heat recovery efficiency,
since heat recovemeducesmore internal parasitic sensible heat for higher specific

heat materials.

—Ni-Ti - = Cu-Zn-Al -==-Cu-Al-Ni

Figure 3-7: Analytical COP as a funcion of heat recovery efficiency(Three

SMAs compressive loading modelF = 0 Ti@ = 10# & = 0.8,D = 0.85).
Figure 3-8 indicates that any insufficient heat transfer (proce$8,254 6 in Figure
3-5) will lead to significant performance deterioration. For normal operation
conditions, the effectiveness is usually greater than 0.8. The COP improvement from
0.8 to 1 is 19%, which is natssignificant as heat recovery efficiency. It should be
noted that unlike heat cevery efficiency, the COP improvement by means of

effectiveness is only a system perfectiveness and is independent of SMA properties.

79



—Ni-Ti = = Cu-Zn-Al  =----Cu-Al-Ni

Figure 3-8: Analytical COP as a functionof heat transfer effectivenes (Three
SMAs compressive loading model- = 0 .Ti@ 7 10&,d = 0.6,D = 0.85).
Figure3-9 plots how fast the performandecreasewhen the system temperature lift
increases The VCC system COP is plotted as a baselifigure 3-9 indicates a
concave decreasing trend, which could be depicted by the derivative of COP curves,
interception of COP at 0 K temperature lift, and interception of maximum

temperature lift when COP drops to zero, in BeRq) throughEg. 3-28):

e g2- BB 2A(1O M T )
HCOP: F [I)e g a’ S . ( ) ad @ OCOPmat (3‘26)
W 1 (& e)(1 2) (DT, + ) sD2A
" D;.\-A . e*
DT, 0K) £ DGO & )
CORDT, =0K) d 2A  1+(1e9(1 2} (3-27)
DT
Dl max = (3-29)

The Eq. 8-28) shows that the maximum temperature lift is not dependent on any

material properties, and thus is a system perfoomandex. Under the extreme case
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when the heat recovery efficiency becomes 100%, there is no limit on the maximum
system temperature lift anymore, and COP becomes independent on temperature lift

as well, as indicated by E@-(4).

12
——Ni-Ti - = Cu-Zn-Al

! LT -==-Cu-Al-Ni «+«+\V/CC baseline
o
o) 6
O

3

0 ' '

& [K]

Figure 3-9: Analytical COP asa function of temperature lift (Three SMAs under

compressive loading modef = 0.9, = 0.95,d = 0.7,D = 0.85)

3.3.2 Effect of Operating Parameters

Before discussinghe effect of operating parameters, including flow rates and cycle
durati on, |l et 6s take a | ook atFiguel-20. model p
Figure 3-10 (a) plots the temperature profile of two-WNi beds for four complete
cooling cycles under the Acyclic steady s
used for discussion in thighesisi s sampled cymderc sucecldyp st
condition.Figure 3-10 (a) is also comparable to the concept schematiigare 3-5.

Figure3-10 (b) plots the model predicted temperature profile of heatce and sink.

The temperature lift determines the set points for heat sink and source, and the
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temperature curves are approaching theipsetts controlled by two PID controllers.
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Figure 3-10: Temperature profiles predicted by the numerical modé (Ni-Ti
alloy, unt = 1.2 m/s,usr = 0.1 m/s, L = 0.254 m, OD = 0.005 m, ID =0.004 m, N =

1 9 Tir =€l0 K, half cycle durationtcyc = 20 S)
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It should benatedthat the heat recovery duration in this study is determined based on

the following equation@ording to Chapter 4, unless otherwise noted.

o

alL L

HR, pi
b =% g 1R pipe (3-29)
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Figure 3-11: Model predicted COP and cooling capacity as a function of cycle

duration (Ni-Ti alloy, ust = 1.2 m/s, L = 0254 m, OD = 0.005 m, ID =0.004 m, N

1 Big = 18K).

The first termt* in Eq. (3-29) is the heat recovery coefficient, or a rdimensional
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heat recovery time, and is found to be 1.2 in order to result in the optimum heat
recovery efficiency, ass discussed in Chapter 4. The two terms inside bracket
measure the total time duration for the fluid to travel half of the heat recovery loop,
which is equal to the time required to flow through oneTNbed, in addition to the

time required to flow througthe connecting heat recovery pipes between tw®iNi
tubes beds.

Figure3-11shows that the cycle duration is the most significant contributing factor to
the system performance. A | onger nsteycl e
and a more reversible heat recovery, therefore both heat transfer effectifeards

heat recovery efficiency increase. As indicated by Ed3-{4), the COP increase

with a higherUand d. This indicate that within a longer cycle duration, theltot
cooling generated per cycle increases with a constant work input per cycle. However,
the time averaged generated cooling per cycle is not necessarily increasing as well.
As indicated by Eq. 315), a longer cycle result in a higher numerator and
denomirator at the same time, and an optimum duration could be fouRtyime

3-11 cooling capacity plot.

Similarly, Figure 3-12 plots the contribution of another important parameter to the
performance, the flo rate (or corresponding velocity over the Nitube) during the

heat transfer processyt. A higher flow rate increases convective heat transfer
coefficient, and therefore the heat transfer effectiveness increases as well. Since the
cycle duration remas constant, both COP and cooling capacity increases until a
plateau is reached whemt = 0.4 m/s. This is because the majority bottleneck to

limit a higher effectiveness is the heat transfer duration rather than heat transfer flow
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rate at that point. Theecond observation is that the COP and capacity curves have
tiny oscillation atdifferent flow rate rather thamcreasingmonotonicallyto a
saturation values. This is due to the temperature oscillation transient effect during the
heat transfer process @ the thermal mass of fluid inside the heat source/sink is in

the same magnitude as the Nibed fluid.
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Figure 3-12 Model predicted COP and cooling capacity as a function dieat
transfer flow rate (Ni-Ti alloy, unr = 0.2 m/s, L = 0.254 m, OD = 0.005 m, ID =

0. 004 m, TithNre 16K).1 9, &
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Figure 3-13: Model predicted COP and cooling capacity as a funon of heat
recovery flow rate (Ni-Ti alloy, ust = 1.2 m/s, L =0.254 m, OD = 0.005 m, ID =
0.004 m, TithNr 16K).1 9 , F= <]
Regardingthe heat recovery flow velocityyr, Figure 3-13 shows that an optimum
UnHr exists but differs under different cycle duration. A slower hea@vexy process is
considered to be a more reversible design, but requires a longer heat recovery
duration according to Eq3429), and therefore Bvesless time for heat transfer. By

using the analytical COP in Eq3-14) again, the first effect is that smaller unr
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returns a higher heat recovery efficierggywith a side effect of smaller heat transfer
effectivenesd¥. These two major contradictory effect result in the existence of the

optimumunRr.

3.3.3 Effect of Geometry Parameters

Unlike fluid refrigerants used in vapor compression system,-stdiig¢ mateals used

in thermoelastic cooling have unique shapad geometries. The geometries could
significantly contribute to the transient behavior during the heat transfer and heat
recovery process. For the followi-ig sessi

volume is maintained constant to guarantee the same amount of material latent heat.

a0 4
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Figure 3-14: Effect of Ni-Ti tube wall thickness on COP andsystemcooling
capacity (NiTi alloy, ust = 1.2 m/sunt =0.2 m/s, L = 0.254 m, OD = 0.005 m,
alir = 10 K, N = 13i 59).

As shown inFigure3-11, the system cooling capacity does not increase linearly when
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the cycle frequency increases, which is due to low heat transfer effectivaddssaa
recovery efficiency. In other words, the-NWii tubeds ther mal mas s
heat transfewith high frequency, and thus might be a limitattorincrease the cycle
frequency. One way to resolve this issue is to use thinner wall with sniedlenal

mass per Nili tube. Figure 3-14 shows the effect of NTi tube wall thickness on

both COP and cooling capacity. The-Ni OD remains constant while varying
different wall thicknesses. However, the cooling capaaitg COP trend are not as
expected to increase as wall thickness decreases.

To better understand the physi€sgure 3-15 plots the bed cooling capacity curves.

The significant difference betwedfigure 3-14 and Figure 3-15 indicate that the
amount of cooling extracted from Ni tubes do increase when reducing the wall
thickness, but the cooling power could not be delivered to the heat Seuik®the

tube wall becomes thinner, theioabf the dead thermal mass of HTF to the useful
thermal mass of the Nii tubes increases significantly. As a result, twminant

dead thermal mass of HTF inside thoseTNtubes neutralizemost of the useful
cooling generated from the Ni tubes, esgcially under high frequency (short cycle
duration) casesg;ontributing to the cyclic lossas discussed iRigure3-17 and later
chapters. A few possible improvement designs to reduce the dead thermal mass of
HTF and increasinghe cycling frequencyare to bediscussed in Chapter 6 and

Chapter 8.
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Figure 3-16 shows the impact of NTi tube length on the system COP and cooling

capacity. The influence of tube length is not as significant as other parametens show

before. Longer tube slightly reduces the fluid heat transfer driven potential since the

fluid temperature changes more along theTNtubes, and therefore has a slightly

negative impact on the heat transfer effectiveties¥he heat recovery is considd

to be more reversible with a longer tube length, and therefeiié tbe length has a

slightly positive impact on the heat recovery efficielcyrhe combination of these

two effects contributes to the curves showkigure3-16.
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3.3.4 Loss Contributions

Previous essionsfocus how the system COP is determined by the operating and
geometric parameters. This session focuses on an overvidesofcontributions
Figure 3-17 left plot is abreakdown charshowing how the COP is degrading from
Carnot COP and CQfR: to the system COP including the parasitic pump loss. The
two CORnat are evaluated using Eg2-17) and Eqg. 2-18) under isothermal and
adiabatic compression, respectively. These two numbers could be boosted if other
alloys are applidale for a systemwhentheir mechanical properties and fatigue life

are within tolerance. The first stage loss is duigreversible phase change&hich is

also measured by the material cons&nin Eq. £-17) and Eqg. 2-18). Unlike liquid-
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vapor phase lmange solidstate phase change is highly irreversible contributed by
Africtionod interaction between different
inefficiency of adiabatic compression, since the constant temperature heat source/sink
do not match withthe variable temperature heat transfer process in a Brayton cycle.
The next stage loss is due to mechanical driving system inefficiency, which is also
measured by the factdd defined in Eq. 39). When assuming a 90% motor
efficiency, and 90% work recowe efficiency, it yields the Dto be0.70. The fourth

stage loss is due to heat transfer effectiveness and heat recovery efficiency less than
100%, which is shown in Eq3{13). The COReq equalsto 3.7 for a typical case
simulation. The last stage lossdsie to cyclic loss together with pumps parasitic
power consumption. Factérin Eq. 3-8) measures the cyclic loss, which is due to
cyclic heating/cooling of fluid and corresponding pipe wallsthié HTF pumps

power consumptioms consideregdassuming ito be equal to 20% of motor work, a

system COP of 1.7 is achieved.
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Figure 3-17: lllustration of breakdown COP chart of the studied compressive
thermoelastic cooling systenNi-Ti alloy, operating on 10 K temperature lift
from 15°C to 25°C, with a set of typical operating parameters)
This typical case evaluaton&s st arting point, since itos
optimization. The previous parametric studies indicate that a lot of design and
operating paraeters do have optimum solutiorhdrefore, it is possible to reduce the
third and fourth stages losses thghuoptimizing the operating parameters and
geometric parameters. It is also possible to use the hybrid cycle instead of the Brayton
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cycle to improve the CQR: With a conservative estimation with no improvement on
cyclic loss and pump work consumption,C®P improvement estimation is then
plotted on the right side ¢figure3-17, assuming first to fourth stages losses could be
reduced to half compared to the left side baseline scenario. The system COP is
estimated to be 7.7 at 10Kt under this estimation. A more conservative estimation
could also be made, assuming the first stage loss remains the same since motor
efficiency could not be improved significantly, with a system COP of 5.2. A few
improvement methods and their impastthe system performanceg quantitatively

discussed in Chapter 6.

3.4 Chapter Summary and Conclusions

This study discusses the thermodynamic fundamentals of thermoelastic cooling
from the following aspects:

1 Three ways of cycle design dns and stresstrain diagrams, applicable
for both tensile driving mode and compressive driving mode.

1 Analytical COP derivation and physical interpretation, applicable for both
tensile and compressive driving medssing Brayton cycle design with
heat recovery (regeredion).

1 Development of a dynamic model for a compressive thermoelastic cooling
system under Brayton cycle.

1 Parametric study on important operating parameters and design geometric
parameters using the dynamic model. Optimum solutions exist for the

following parameters: cycle duration, heat recovery flow rate, SMA tube
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wall thickness and length.

Discussion on the breakdown COPs of the Brayton design compressive
thermoelastic coalg system, analyzing the lossntributiors. A typical

case system COP consiohgr driving motor efficiency and necessary
parasitic pump power consumption is 1.7, and an estimated system COP
with improvement ranges from 5.2 to 7.7, all evaluated under 10K lift.
Possible performance improvement methagi® looking for more
efficient SMA material, optimizing operating and geometric parameters,
better design heat transfer loops or use high efficient pumps, and more

efficient design of mechanical driving system.
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Chapter 4: Novel Thermo-wave Heat Recovery

The Brayton cycle introduced in Chapter&juires a high fécient heat recovery

processin this chaptera specific design of the high efficient heat recoy@gcess is
introduced,which is alsok nown as the dtl ome bealtereoont
based on a natural analogy to the vkelbwn countetflow heat exchangers.

I ntrinsically, t he gover-ascalen gounteflQu bediti o n s be
recoveryo -flawmhdat exchangetsane similar, which implies that a 100%

heat recovery is theoretically achievabléne analysis in thichapter reveals éh

factors causing degradation from the 100% efficiency limit. This concept is further

validated by a modified system dynamic model and experimental data.

4.1 Time Scale CounteFlow Heat Recovery

This section is to introduce what the novermatwave heat recover§HR) process
is and how it worksn the followingorder.
1 Provide aroverview of the novel thermaVave desigrconceptfor high
conductivity solid application
T Propose t hetimpscalaoantegldweheabrécovlry proceds

1 Explamghow to use a fluid with timemperature

scalecounterflow heat recovery proceds

1 Explainhow to design the heat recovery process to generate and maintain the

fluid with such a temperature gradient
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Figure 4-1: lllustration of the r ole of heat recovery in ayclic solid-state cooling
cycle.
Figure 4-1 explains the role of heat recovefgilowing the Brayton cycledesign
introduced in Chapter.30 accomplish the cycle, two solid heat exchan¢gsobd A
and solid B are neededThe beginnings of first half cycle and second half cycle
(OA 1 and & 4) areadiabati¢ which occuwhen the governing mechamselease or
absorb latent heatsuch ascompresion/tension forthermoelastic cooling and
magnetization/demagnetization for magnetic coolinge Blecond parts A2 and
4A 5) are the heat transfer processes betweendlias svith two streams of fluid
from the heat sinkT) and heat sourceld). The hat recovery processes are right
after heat transfer processe#\ (2 and % 6) between solid A and solid iBternally.
It should be noted that the temperatures of two solids switch befweenl Th as the
cycle continues at the beginning of the heat recopsogess.
The HR process is to recuperate the sensible heat between twetatdimateriab

that havethe sameamount ofthermal massFor examplesolid A (a.k.a. solid heat
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exchanger A) starts frorthe low temperature and solid B begins withe high

temperatur e. The objective is to Aswapo th
solids.Si nce the solid wondét flow |Iike a fluid
Aitemperature swapoO process between solid A

need to absorb sensible energy from solid B and provide cooling to solid B at the
same time, and then deliver the absorbed heat to solid A. To conserve energy, the
amount of energy taken from solid B has to be the same as that absorbed by solid A.
One can exgct a direct contact of the two solidgould result in the reach of
equilibrium after a certain period of time, however, with a good design, one can
achieve even higher efficiency, that solid A ends up with temperature even higher
than solid B. Intheided case solid B could be completely cooled down to the initial
temperature of solid\, as shown in sectio&2, while in practical,it is always higher
thanthat due to limited heat transfeapability.

The concept ofnovel thermalwave heat recoveris introduced herdy comparing
between the traditional thermatave used for lowconductivity solids heat recovery
application (adsorption cycle), and the novel therwmave developed for solid
materials with high conductivity (sokstate cooling), as shown Figure 4-2. Both
Figure4-2 (a) and (b) use color to indicate the temperature level of solid, and use the
solid line position to indicate the temperature of fluid. The three figurEgyafe4-2

(a) depicts two thermal waves moving from left to right to heat solid A and to cool
solid B, respectively. The left therrmalave heats up solid bed A by a moving
thermalwave front bearing a tiny wave length, which representtuid having a

steep temperature gradiefthat wave front heats up solid bed dradually as it
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moves through solid Aand finally heats up almost all the bed. Since the solid bed
conductivity is low enoughthe thermal wave moves much faster than the heat
conducion through the solid. Aeinitially steep temperature gradiesftthe fluid can

thereforebedevelogdinto a square shape as the wave sweeps through the solid A

.. Wave length .. Wave length Wave length
Solid A
Solid B
(i) Beginning of the heat recovery
Solid A
Solid B

(i) Heat recovery in progress

Solid B
Solid A

(i) End of heat recary

Q—m=— ——
Cooler H
Solid Bed

Solid Bed >
A B Solid A U Solid B

(iv) Schematic
(a) Low conductivity solid thermalvave for (b) High conductivity solid thermalvave for solid
adsorption cycles (Shelton et al., 1990) state cooling cycles (this study
- ldeal wave length: zero (steep wav - Ideal wave length: half loop length (smoa

Y

- ldeal wave pattern: square wave wave)

- ldeal wave pattern: ramp (triangle) wave

Figure 4-2: lllustration of traditional adsorption thermal -wave for low
conductivity solid desiccant applcation, and novel thermalwave for high

conductivity solid material.
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Neverthelessthe thermalvave @nonly be formed by the fluid between Solid A and

Solid B with a smooth temperature gradient, or a large wave length, as indicated by
Figure 4-2 (b), since themateriab themselves could not form large temperature
gradientfor the solidstatematerias with high conductivitiesThe wave lengths for

both cases, measured by the distance between the onset and end of one thermal wave,
are labeled in the beginning stage=agjure4-1. Taking solid A for example, the long

wave length thermalave heatsup solid A in a step at a time during the heat
recovery process a different mannefrom that inFigure4-2 (a). At the beginning

of the heat recovery proce@ay time t = Q)the inlet fluid temperature is the lowest,

and the low temperature fluid heats up the solid by a tiny temperature difference at
the beginningAs t > 0, the tempeature of the fluid entering solid A varies from the
lowest temperature to the highest temperature gradually, asné result,the
temperature of solid Ancreasegradually following the same pattern of fluiét the

end of the heat recovery process, flne temperature at the inlet gblid A is the

hi ghest, and solid AG6s temperature is clos
tracing particles in botkigure4-2 (a) and ) are added to assigte understanthg of

how the thermalwvaves propagaseand how the fluid with temperature gradient
moves.As shown inFigure4-2 (a),since t 6 s b et t ethelow conductivifye ner at e
adsorptionbed by a uniform temperature, tisermatwave prefers ahorter wave

length or steeper temperature gradient (ideally square wé@we}he other hand in

Figure 4-2 (b), the high conductivity solidtate material needs to be regenerated
uniformly, and thereforat prefers a longer waviength or smoother temperature

gradient (ideally triangle wave).
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4.1.1 Novel Thermal-WaveHeat RecoveryConcept

The idea of the novel thermalave heat recovery cycle stems from the concept of a
simple counteflow heat exchanger, where the inlet temperaturéuad A is lower
than that of fluid B. If the two streams share the same flow heat capacity rate and the
heat transfer area is infinitely large, the outlet temperature of fluid A would be the
same as the inlet temperature of fluid B. In reality, the bttdtaperature of fluid A is
al ways | ower than that -fofowd udeasiBgn Tihse tiae
the temperature difference between two flow streams everywhere throughout the heat
exchanger. Such idea can betheatemgpéraivgei zed or
di fference between solid and contacting f|
any ti meo.

Table 4-1: Analogy of spatial scale counteflow heat transfer process to time

scale counterflow heat recovery process.

Spatial scale aunterflow heat transfer Time scale counteffow HR process
process

Inlet temperature Tin (K) Initial temperature Tinit (K)
Heat exchange
capacity 3 (W) Heat transfeed QW)
Temperaturslope n7( Kn&) Temperéureslope "HKAY
Effectiveness & () HR efficiency d(-)
Max. effectiveness  100% Max. efficiency 100%
Thermal resistance R (KAV?Y) Transient resistance R (KAL)
LMTD

-_rsz,init B Tsl,init
$ init,

anlcp,s(Tsfinal - R

sz%,f(-l;,out _-I;,in) R

To follow this idea, the flid entering both solid heat exchangers should have a

minimum temperature difference from the solid heat exchangers at any moment
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throughout the HR process. The analogy between the physical parameters describing

the fAspati afll oswoal lee actp utorteersssf eand -fiovi me sca
heat recovery process is quantitatively listedable4-1. This analogy could also be

expressed bffigure4-3 (a) and (b).

TCC)A T(°C) A

TB,in

T init
TA,out

A fina
Solid B inlet fluid

Tgfina =
T init

Teout

Solid A inlet fluid
TA,in

——— >

\

l

-~ Fluid B 4—‘

-
oo
-

Solid B

Fluid A R ——

Solid A inlet

- Fluid B -~
\

(a) Spatial scale countdlow heat (b) Time scale counteitow HR process
transfer process

Figure4-3: Temperature profil es-flawheattransferi spat i al

processo and t hef ltoiwneh esacta |Iree ccotheerwigle rpr oc e s s

thermal-wave heat recovery process.

Figure4-3( a) demonstrates two fluidsd temperat:
flow heat transfer process with a large heat transfer area, where the outlet temperature
of streamA is approaching the inlet temperature of stream B. Top pl&igufre4-3
(b) demonstrates the two solidsd temperatu

process, together with the temperatures of their correspondindlumdetAgain, the
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color here indicates the temperature level for both solids and fluid. The green solid

and dashed lines are corresponding to the heat transfer fluid circulating between two

solids. As indicated by the same figure, the inlet flurdgeratire for A and B needs

to vary with time accofdiowgl yesogachidewae f
the next question is how to develop these two green linEgyure4-3 (b), i.e. fluid

passing two solid heat exchange#sle changing temperature with time.

4.1.2 How to Vary the Solid Inlet Fluid Temperature with Time

As it is demonstrated in the top plotleure4-3( b ) , durinfgl owe HWROuUN'
process, the fluid at the inlets of solids A andi®uld vary its temperature with time,

so that solid A is heatfdogradudl mgot Ipr @
solid B is cooled down steadily through another one. Following two approaches were

used to illustrate the physics behind this process

Mathematical approach: the energy conservation equation for fluid inside the

connecting pipe between A and B is shown in Egl)( where fluid conduction,

viscous dissipation, and heat transfer with pipeline wall could be ignored:

DT, uT, _ . . 4N (T (%0 T)
= #4% -
th utf “« b RPY) b e 0 (4-1)

Here DI+/Dt means the material time derivative of the spatial scalarTieldhe solid

A inlet fluid temperature can be obtained by solving BeR)(

WT, (x1)

Ht

a0 = U B(utt OF (4-2)

If the left side term is a constf it indicates thals is changing linearly with time. As

102



a resul t, It means that an #dAinitial condit
the pipe is required. It should be noted here that a linear temperature profile is not

strictly needed for R, but itds good for a better pe
section 3 regarding ideal HR cycle analysis.

Physical approach As indicated by the snapshots in the bottom platigtire 4-3

(b), the fluid between solids A and Bsha linear temperature gradient profile varying
betweenTa,init and Tg, init. Now how the fluid temperatures of two solid inlets (green

arrow positions irFigure 4-3 (b)) vary according to the incoming fluid temperature

gradient § explained. Taking solid A inlet as an example, from the plot, it can be
observed that hotter fluid arrives later than colder fluid. As a result, the solid A inlet

fluid temperature varies frofa,init t0 Tg,init When the fluid travels the exact distance

of the connecting pipe between solids A and B, whiobxictly our goal irthe last

sectiond.1.1

Both approach leads to one conclusion that a fluid between solids A and B with
Apreset o temper at UkineandTks is rejuived todcloene thee t we e n
Acoumltewd HR idea. |t should be n#&l)ed t hat
the temperature gradient is required for the fluid inside the connecting pipe, rather

than for the pipe wall. The contribution of connecting pipe wall taHReefficiency

is discussed later. The next question is: how to generate such a fluid with the required

temperature gradient and how to maintain it?

4.1.3 How to Producethe Fluid with a Stored Temperature Gradient

The way to generate such a fluid with storedgerature gradient is in fact quite
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simpl e: it 6s a n atenhanaed prgcesy, encectmeaycle duratiom n d s

is controlled precisely to be (defined inTable4-3 of section4.4). In other words, if

the cycle duratio is t;, and the system reaches thecsa |l | ed fAcyclic stea
there is a smooth fluid temperature profile close to linear distribution inside
connecting pipe. Here cyclic steady state is referred to temperatures varying
periodically over cycles ang locations in the system.
20
18 |
£ 16
(O]
= I e e T LT v STSE i ——
©
o 14
o
& -
o | ----Begmnln_g
— — Developing
——More developed
10 L L L L
0 0.4 0.8 1.2 1.6 2
x /L[]
Figure 4-4: Snapshots of fluid temperature distribution along the connecting
pipe at different time. (Th = 20°C, Tc = 10°C)
First what 1t mean s discysediAnthetbegmmring,lafysoligse ner at e

and fluids are in equilibrium before one starts the cooling cycle and the heat recovery
cycle. In other words, the temperature distribution at the beginning is uniform at an
intermediate temperaturBigure4-4 shows the snapshots of temperature distribution
inside two connecting pipes at different time during the cyclic heat recovery process.

Recall the role of heat recovery in the whole cyclé&igure4-2, and keep in ind
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that the solids A and B temperatures change eith& ¢ Tc in every half cycle. At

the very beginning, when solid A is & and solid B is afly, the fluid temperature

drops a I|ittle when passing throegatkosol i d
This part of fluid will pass solid B during the next half heat recovery cycle when solid

B is switched tdl¢, and the fluid will be further cooled down with the development of

the Al ow temperature peako. As Kdhei cytche c
ot her part of fluid and the fAcold peako in
not change over cycles, desired fluid with temperature distributios developed
betweenTcandThi n t he connectingepiepat eallliei $ e Mpat
gradient is an evolving result from any initial temperature profile to the cyclic steady

state temperature profilelhe results are based on the ideal heat recovery cycle
developed in sectioh.2.

The feature of selénhancing is more intuitive tonderstand. Take the connecting

pipe from A to B inFigure4-2 (b) as anexample. If initially a fluidhasa temperature

gradient with higher temperature on the right side, as indicated by (i), the solid B is

cooled down with mimhum temperature difference between B and inlet fluid to solid

B through the heat recovery process using the temperature gradient between solids A

and B. Let us focus on the particle at lowest temperature inside this connecting pipe

flowing towards solid Bas indicated by (ii). At the end of the heat recovery process,

the particle moves to the outlet of the connecting pipe (iii). Meanwhile, a reversed
temperature gradient has been established with higher temperature on the left as it
compared with (i). Thefore, during the next heat recovery cycle when solid B is

going to be heated up instead of cooled down, the reversed temperature gradient will
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achieve the countdlow heat recovery process once again. In this way, the fluid
temperature gradient is devplxl as heat recovery cycle continues.

In a summary, theconcept offi c o uinlt @w i n  thasnbeen dewetoped 0
focusing on minimizing the temperature difference between the fluid and solid during
the heat transfer process, by passing fluid with varyemperature through the salid

A and B. This fluid temperature variation inside solid is achieved by @ep#rated

and selsustaining smooth temperature gradient in the connecting pipe between

solids A and B.

4.2 |deal Heat Recovery Cycle Analysis

4.2.1 What is IdealHeatRecoveryCycle

Ideal heat recovery cycle analysis is to rank different parameters based on their
impacts on the efficiency of heat recovery process. One can then neglect most of the

minor irreversibility and simplify the heat recovery madekhould be noted that the

i deal heat recovery cycle does not guarant
mod el that describe the most i fipwheat ant f ea
recovery processo while ignoring those min

The following assumptions are necessary to model the ideal heat recovery cycle:
1 Solid conductivity is infinite.

1 Solid acts as a point thermal mass with uniform temperature

1 The wall of the connecting pipe has zero thermal mass

1 The connecting pipe has uaifm pipe diameter along the length
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1 Negligible fluid conductivity
1 No viscous dissipation
1 Uniform fluid temperature at any cresection (onedimensional simplification)

M No internal heat source/sink for fluid/solid

- Periodic boundary: |

: T.(0.1) = T; (2L.1) :

| Solid A Solid B |

¢ Tr (X,) Ta(t) Tr (X,1) Ts(t) |
O O

x=0 Adiabatic x=L Adiabatic x=2L

Figure 4-5: lllustration of the ideal heat recovery cycle model.
Figure 4-5 is an illustration of the ideal heat recovery cycle model with above
assumptions. The two solids are locatedal. andx = 2L, with a periodidoundary
condition to characterize fluid circulation. A simple physical interpretation of the
above assumptions is: the connecting pipes are adiabatic, and the only place where
heat transfer can happen isxat L andx = 2L i.e. the place where fluid isicontact
with solid A or B. The governing energy equations for solids and fluidlawa/n in

Eq. @-3) and Eq. 4-4):

dT.(t) _  hA | ]
o (mcp)ngs(t) T (L) (4-3)
M (%), E(x) _ hA & (%) () d. hA Wx) 1 g
pt mo (mg), t (mg),
(4-4)
Herelk i s t he Kroneckerdés delta function, i nd

to fluid only takes place at eithgr= L (solid A) orx = 2L (solid B). For any other
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than these two options, the right hand side of the equation is zero.

4.2.2 Sufficient Conditions for |deal Heat RecoveryEfficiency

Table 4-2: Non-dimensional ratios and time constants characterizing the ideal

HR cycle.
Quantities  Definition Physical interpretation Contribution
- Thermal mass ratio between the solid and Smallerr,
(mcp) the fluid inside the connecting heat recoven better
r [-] n= = pipe. efficiency
(me)f’HR - A non-dimensional measure of solid therm
mass.
(m ) - Thermal mass ratibetween the fluid inside Not
® [ F= G f.s the solid heat exchanger and solid. significant
2 (me) - A nondimensional measure of solid/fluid
s thermal mass ratio inside solid heat exchan
- Heat transfer rate ratio between convectivi Smallerrs,
(mcp) flux rate through flow and conduction from better
R[] r,= f the solid wall surface. efficiency
hA - A non-dimensional measure of flow rate or
h.
(mcp) - Ratio petwe_en fluid thermal mass inside !\lot
tr [sec] t = L _ f,HR  connecting pipe ar_ld heat ca_pacn;era mdt_apendent
u (mcp) - It measures the time for fluid to travel variable
f between two solids.
- Ratio between the thermal mass of solid a Smallert,,
b, [sec] = (me)s heat transfer coefficient. better
2~ hA - It measures the transient response speed efficiency
solid.
- Ratio between the thermal mass of fluid  Not
inside solid heat exchanger and a sum of he independent
(mcp)f . transfer coefficient and flow heat capacity  variable
t3 [sec] = rate.
hA+ ( m%)f - It measures the transient response speed

fluid inside the solid when it interacts with
flowing fluid and solid at the same time.

An analytical analysis yields the following solution kY. (4-5), with an initial
condition of linear temperature profile iy. (4-6). The threenon-dimensional ratios

and three nowlimensional time constants in E¢-%) are defined inrfable4-2. To
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investigate the sufficient conditions satisfying ideal heat recovery efficighey,
Acycl i c sconditodiyneeed la otleeowords, one more condition needs to

be considered to guarantee ideal heat recovery efficiency other than the efficiency
itself is 100%, i.e. the temperature profile in the connecting pipe at the end of any
heat recovery cycle should be the saamehe initial temperature profile in the other
heat recovery pipe, as shown in E47§.

Solution for solid A during first heat recovery cycle with given ini

conditionis:
T (1)=T, (Th-t LOLaYE DT engeti gg s
' ¢ , 22
: : 00 ; 5560¢t @
(T,- T)t Fl%@+l)12é (—:‘XFlez;eti 885-(!’3 rz)gel exgeti &8
T(LY=T, S P e
X
(=1 T(XO=T A% )7 0 %L
Initial conditiors are A(O)_Th’ L -
B — e Tf()(,o):'l;1 .('|;1 :IE)XT L x 2k

Equivalent conditions forraideal heat recoverygycle efficiencyunderii ¢ y ¢

steadyrest at eo

_TA(0)- TA(t) _751 at 060
EEACEACRES St Tt (4-7)
ge a a, X 60 a gel @0
jaér’3+l)1§ -exg 1t u g@?ﬂ(fz ) 1:@(9 w g
BB % B P OB
DT, (xt) =T, (xt) (L %0 (E —— "0
(xt) =T (x) F(L %0 (F 7 EEARE]

Both solid temperature and outlet fluid temperature in &&) consist oftwo parts:
the first part is the first two terms, which are result of the upstream flow with an

initial condition of linear temperature distribution. The second part is the third term
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that represents the deviation from the upstream flow, caused by thé&ano®a

between the solid thermal storage rate and fluid heat transfer rate. To satisfy the two

equations in Eq.4(7), the second part in both equation of E§5) needs to be zero,

which means that the both the solid and the fluid inside it need to glyefmow the

incoming fluid temperature profile. That is to say the temperature patterns of both

solid and fluid have to match with each other, or can be underas a balance has

to bemadefor the traditional heat exchangerssipacescale:

1 Solid absrbing/rejecting heat speed needs to be matched with incoming fluid
temperature variation speed.

1 Fluid inside solid heat exchanger absorbing/rejecting heat speed needs to be
matched with incoming fluid temperature variation speed.

To quantitatively degibe the flow balancing principle mentioned abave, two set

of conditions below are sufficient to deritzg. @-7).

Sufficient condition #1 rm = 0, finite other nordimensional ratios and finite time

constants. This means that either the solid thermal mass needs to be infinitesimal, or

the fluid thermal mass inside the connecting pipe needs to be infinite. Under this case,

there is no requiraent for heat transfer coefficient.

Sufficient condition #2 t> = 0, ts = 0, ® = 0, finite t1, and finite other non

dimensional ratios. If both the solid and the fluid inside the connecting pipe have

finite thermal mass, 100% efficiency is still achiblaby lettinghAto be infinite.

Both conditions are not achievable in reality, as a cotfler heat exchanger with

100% effectiveness does not exist eithdowever, the desigmgoal is always to

minimize the leat transfer irreversibilityfor both trasient heat recovery here, and
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steady state heat transfer as well. Nevertheless, the two conditions here provide some
insight on how to improve the heat recovery efficiencythesr contributions are
summarizedn Table4-2, andar e st i | | usef ul ftreicomimg e al 0 mc

sessions

4.3 Validation Approach

The theoretical aspects developed in 4.1 and 4.2 will be validated by experimental

data and a modified dynamic model.

4.3.1 Experimental Setup

As shown inFigure 4-6, a small scale HR test facility was developed in the
laboratory Two stainless steel (SS316) tubes were adopted as the simulated solid
state material beds, since thermaphysical properties of stainless steels are close to
those of NiTi alloy, which is one of the most promising thermoelastic matefide

two tested stainless steel were insulated externally. Water was usedHiBrer

both heat recovery and temperature control. The HR was achieved by two HR pipes
storing the requid smooth temperature gradient and the flow was driven by a
variable speed pump between two stainless steel test sections. Solenoid valves were
installed on both sides to control the fluid flow. During the test, two objective
temperatures were needed befeaeh HR cycle, i.e. one high level temperature and
one low level temperature. An inline heaterd an icecooled coilwere adoptedis

the heat source and heat sink, respectitelgontrol the targeted initial temperatures

of the solidstate materialPumpsto circulate HTFand solenoid valves were installed

on both cooling | oop and heating |l oop for
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1.5 kW, and wasofdon tsyte RIRdmhtrobey Thé iecenoled
coils had a designed capacdyund 0.5 kW, and the capacity was tuned with the

mixing valve. Some detailed information in terms of the test facility are listed in

Table4-3.
Table 4-3: Some important parametersof the test facility.
Test section HR pipe Cooling and heating loop
Material Stainless steel SS316 PVC, clear PVC Clear PVC
ID (mm) 11.8 25.4/12.7  for PVC/clea 12.7
PVvC
OD (mm) 12.7 28.6/15.9 for PVCiclea 15.9
PVvC
Length (m) 0.5 0.3/0.7 forPVCi/clear /
PVC
Valves / 2x electric actuated valves 8x solenoid valves
a()* / 1.09/1.24  for PVCiclea 1.24
PVC

Note: o i s 4d2 foriconeedting pipes Bajween two test sections.

Heating Pump

<

-2 V-6 iRvalve  HR Pipe

<l

<

-4

<
©

_ MFM Valve _ Cooling Pump
— Test section —
#1
— — Mixing Valve Legend
. Cooling |
L R o
_ HRValve  HRPipe _ Thermocouple
H _ Coriolis flow
\J HR Peristaltic Pump meter MFEM

VLY V-5 VKV D —

Figure 4-6: An illustration of the schematic of the HR test facility.
The test procedure is described below. During the first half cycle, #1 test section was

heated and #2 test section was cooled to the desired temperature levels before the HR
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cycle began. Dung the HR cycle, the fluid was circulated between two test sections
following the proposed principle to cool test section #1 and heat up test section #2 in
an opposite way. The second half cycle began after the first HR cycle and was
operated in the oppdsi way compared with the first half cycle. The test section #1
and #2 were cooled and heated, respectively. The second HR cycle operated as the
same manneto the first one, except the goal was to heat up the #1 test section and
cool down the #2 test seati. A detailed valve sequence is presentelhinie4-4.

Table 4-4: Valve and pump sequences for the HR test.

Valve and pump 1sthalf cycle 2" half cycle
Temperature contro Tenperature control

V1, V2

V3, V4

V5, V6

V7,V8

MFM Valve

HR valves

Cooling loop
pump

Heating loop pump
HR pump

X0 OXXOXXO
X O X X X X X|F

X0 OXXXO0OO0oOX
X O X X X X X|%

O X
O X

Note O represents open; X represents closed.

During the testthe temperature profiles of both the test sections surface and the fluid
inside them wereneasured by a grid of-ype thermocoupleandwererecorded in

every second. There were ten thermocoupistalledin each test section, including

five inserted mto the stainless steel tube to measure the fluid temperature and the
other five attached onto the test section surface. A Comadissflow meter was
installed on the bypass line in order to measure the HR flow rate, with calibrated
accuracy of 0.1 g/Puring the normal heat recovery testing, the flow meter was not

used and therefore MFM valve wasrmally closed. Only under the flow rate testing
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circumstances, the top HR valve was closed and MFM valve was switched to open. It
should be noted that theofl meter was not intended to measure the instantaneous
flow rate, but to generate a map to estimate the relative flow velocity under different
HR pump operating speed conditions. The thermocouples were calibrated over the

required temperature span withir30C.

4.3.2 Dynamic Modeling

To help understanding the experimental results and investigate possible performance
improvements, a ongimensional transient model was developed and implemented
into Simulink (Anon., 2012). This model was similar to the ideal caséel to some
extent, but some of the idealized assumptions were removed and was fitted to real
case betterTable 4-5 lists the main differences for a better understanding. The
following assumptions were used for this model:

Table 4-5: Comparison between ideal HR model and-D real case model.

Objects Features Ideal HR model Real case model
Solid Solid length Infinitesimal Finite
Solid conduction No Yes, D
Fluid inside solid Fluid length Infinitesimal Finite
hea exchanger Fluid conduction No Yes, 1D
Pipe wall effect No Yes, lumped
Fluid in HR Heat loss to ambient
. . . No Yes
connecting pipe through pipe wall
Fluid conduction No Yes, D

(1) Symmetric conduction in radial dirémh through solid test section could be
simplified using lump method, since the Biot number using pipe thickness was
less than 0.01, when assuming a free convection boundary condition with water.

As a result, only the conduction through axial directionfl@w direction) inside
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solid was considered.

(2) Adiabatic boundary condition between metal and surrounding ambient air.

(3) Uniform fluid temperature at any cressction. Based on this assumption only the
convection in flow direction was considered.

(4) No internalheat source/sink.

(5) No heat loss from the solid test section to surrounding ambient at fluid inlet and
outlet boundaries.

(6) The transient response from the solid structures of the connecting HR pipe, valves
and pumps to the fluid temperature variation was ém®ugh, so that the wall
temperature of HR pipes were the same as local fluid temperature. The thermal
mass of the pipe walls were added to the thermal mass of the corresponding fluid
to consider their transient effect.

Based on the above assumptiortsg transient onrdimensional model could be

described by the temperature of fluid and the solid as fellow

IJ_TS: ﬁlTs h T F

it ai " dCé Cp)s( s f) (4-8)
ur, _ 4h Tu

T =d; v IDCépr) (Tf -Fs) Ur XL (4-9)

Here in both equations, the first right hand term was the conduction in the flow
direction. The second term was the heat transfer between the fluid and solid. The third
term was the most dominant one, the convection term, which was not appeared in Eq.

(4-8) since there was no bulk movement in the solid. The internal flow heat transfer
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coefficient could be evaluated based on DiBa®lter correlation or laminar flow

analytical solution. The geometry paramaién Eq. @-8) could be calculated based

on Eq. 4-10):
2 2
%

With boundary conditions for both solid and fluid:

KT,
ut

=0

x=0,x +

T o= Thin

And initial condition
T(X)=TT(X =70 & L
The conneting HR pipes, pump, and valves were also-dineensional models,

considering the thermal mass as the sum of the fluid and neighboring solid wall in Eq.

(4-12):
W, kW h U
T O T I o 1

EqQ. (4-11) is a combination oEq. (4-8) and @-9) to redue the computation cost,
where the fluid temperature and wall temperature were assumed to be the same,
denoted byT:. The thermal mass of pipealls, pump body, and valves body were
considered by the term in Eqg. 4-11), defined as the ratio between the total thermal
mass per unit length and the thermal mass of the fluid per unit length id-E). (

The values of this factor for the pipes applied in the test facility were list€dhle
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4-3. For ideal cyclep = 1.

(me,), +(ms), (rg), By rg), © (g, 1B (+g (0D 1B) 4y

T me), (r5), DV (75), 15

Finite difference routine was used and implemented to Simulink. fSitegd ODE

solver was chosen to solve the set of equations above.

4.4 Results and Discussion

The validatiomn of the onedimensional transient model by experimental data is given
first, and some insight of the thermahve propagation using the modeling resate
discussed afterwards. Parameters contributing to the HR performance are discussed

based on the meting results. A design guideline is providied future workat last.

4.4.1 Experimental results and model validation

Figure4-7 shows the average temperature profiles of two test sections over 5.5 cycles
under one test condition. Thee at er 6 s s et poi n-tooled&X was 3 AC
maintained at 18°C to provide a 15°C temperature span for the heat recovery process.
Each halfcycle began with a 40 seconds temperature control process, when the
temperature curves were approaching thwe temperature limits. Then the HR
process took place at the end of each-bgtle. The HR haltycle ended before
those small spikes ifigure 4-7, and the corresponding heat recovery efficiencies
were calculated after the $gm reached a cyclic steady state condition. Those spikes
were due to flow mixing at the beginning of temperature control process, between the

T-junction of the heating/cooling loop and thguhction of the heat recovery loop, as

shown inFigure 4-7. The mixing effect should be minimized in real systems to
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reduce the irreversibility generated by the flow mixing.

40

< Heat recoverytsr = 15 sec

-

w
o

Temperature [C]
N N
o (6}

<+-—— Temperatureontrot 40 sec

151 --= Test Section #1
i ——Test Section #2
10 1 Il Il Il Il
30 32 34 36 38 40

Time [min]

Figure 4-7: Temperature profile of two solid walls during the heatrecovery
process (+r = 15 sech = 61%, dc = 59%).
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Figure 4-8: The influence of flow rate on the heat recovery efficiency.

Three sets of tests were conducted at different heat recovery flow rate contitions
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validate the model by varying the flow rate and the heat recovery duration. Only three
optimum points were shown igigure 4-8. Although there was slightly discrepancy
between cooling and heating efficiencies, they were witthea measurement
uncertainty tolerance range. The maximum HR efficieexgerimentally achieved

was 8%, which could be regarded as a successful sign of the proposed method, since
it alreadysurpassethe 50% paralleflow heat transfer limit. Nevertheledhere are

still a lot to improve betweenl€6 and 100%, and experimentally validated one
dimensional numerical model is a good way to understand such gap and find the

further improvement solutions.

Table 4-6: Experimental validation of one-dimensional model.

tHR (S) u (m/S) d_experimental(‘) d_numerical(') Deviation (%) t* (') I* (')

1 15 0.25 0.61 0.64 5% 1.34 0.18
2 13 0.46 0.5 0.52 4% 1.53 0.18
3 11 0.63 0.47 0.45 -4% 1.57 0.18
Note:t* and|* are defined in Eqs3{13) and @-14), respectively.

40
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----- Model #1 -eme
35
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=]
©
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Figure 4-9: Experimental validation of one-dimensional model {ir = 15 sec).

The three data points figure 4-8 were compared with the model prediction under
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the same operating conditioncable 4-6 listed the comparison results, and less than
5% relative deviation was achieved in all cases. To visualize this small difference,
Figure4-9 shows a comparison between the experimental data and simulateom

the 15 seconds case (5% deviation caSgure 4-9 already filtered the temperature

control process, and therefomnly HR processes were displayed during each cycle.

Two major differences eriodiatthe bbgmning bfeah v e d :

cycle was lesgstimated by the model, and the model was not able to predict some
random norsmooth sections in the experimental curves. The first discrepancy could
be explained by the assumptions used in the model thab¢beHR pipe wall is in
equilibrium with the local fluid. In reality, however, the equilibrium is never
established during the transient heat recovery process in finite time, and the HR pipe

wall delays the thermalave propagation, therefore increases dieation of the

Afl ato period. The second discrepancy coul

the test, such as trapped bubbles in the HR pipe. Nevertheless, the model predicts a
similar pattern as the experiment, and therefore could be used m@xhsection to

investigate the validity and physics of the novel therweae heat recovery design.

4.4.2 Insight of thermal-wave propagation

Earlier, the ideal cycle heat recovery was analyzed to have a linear temperature
di stributi on. rateepeofile saapshatseanalysis istpeesamezi based

on the experimental | Yiguwed-10j in erdeetd corfipare a | 0

mo |

bet ween i deal c as e aFigue 4410 tlee admpeatureapsofile Clearl

inside the connecting pipe is not a linear function, and this deviation from ideal case
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is because of real case irreversibility.
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Figure 4-10: lllustration of thermal -wave propagation by snapshot of
temperature profiles at different time step during one heat recovery process and
corresponding particle trace on the schematic.

There are several observations freigure4-10:

(1) The two tracing particles travel the same distance during the HR process, which is
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a little bit more than the length of one solid bed plus the length of one HR pipe. In
ideal case, the cycle duratidnis the traveling time for gingle heat recovery
pipe, since the length of solid bed is negligible.

(2) The thermalwave peak amplituddiminisheswhile along traveling through the
HR pipe. In other words, the HR pipe wall acts as a damping force to the transient
thermalwave. In ideal ase, the peak amplitude reduces much slower, since the
damping effect caused by the heat recovery pipe wall is zero.

(3) There is slight temperature difference along the solid bed during the HR process.
Based on tfheo wficonunttieme s temgderatore gradienhci pl e,
inside solid bed itself neutralizes part of the additional heating/cooling, therefore
limits a potentially higher efficiency. As a result, a shorter solid bed is possibly to
achieve a higher heat recovery efficiency. In ideal casesdh@ length is zero,
and there is no such temperature glide.

There are a lot of variables contributing to the heat recovery efficiency, such as solid

bed geometries, HR pipe geometries and thermal properties, flow rate, and cycle

duration. However, thesvariables affect the HR efficiency through a few -non
dimensional parameters rather than contributing independently. Here the most
significant nordimensional numbers are introducelg. @-13) is the non
dimensional heat recovery duration, which is dedirby the ratio between the heat
recovery duration and the time required by any particle in the flow to travel the
distance that is equal to the length of one solid bed and one HR pipe. &, then

during one HR cycle, a particle inside the flow travahe circuit to the same location

where it starts. Eq4(14) is the noadimensional length, characterizing tta¢io of a

122



particle in the flow travels within one of the solid bed through the HR process. Case
I* = 1 is corresponding to zero HR pipe lengthit, andI* = 0 is corresponding to

zero solid bed length limit. For ideal heatovery cycle in section 4. = 1 andl*

=0.
t* — tHR — tHR — tHR\]
ttravel + LHR,A-B \ +VHR,A»B (4-13)
u LL{R,A—B
|* - ts:olid — L/U — \

(4-14)

t L/u+ LHR,A—B/ Upiras v -NHR,A-B

travel
Based on the definition df and the observationl] from Figure4-10, t* should be
slightly higher thafnl dw tion atcihme viegurg Iheed fiHR U
4-11 plots simulation results with various solid bgelometry, HR pipe geometry as

well as different cycledurationand flow velocity. t 6 s obvi ous that t h
efficiency occurs whei* is around 1.25, which also validatése observation (1).

Based on the operating principle, if the thermal mass of the HR pipe is zero, then the
optimum t* should be 1, which is the same as the ideal case. Such deviation comes

from both the delay caused by the connecting pipe wall thermal mass, and the finite

diffusion speed inside solid bed as well.

Figure4-11 also indicates minimum efficiency whett is around 0.9. The physical

interpretation ot* < 1 case is that the thermahve peak from the opposite solid bed

has not yet arrived at the reference solid bed. The limit case istivAgrzero, when

the thermalwave propagtion speed is approaching zero, or solid bed/HR pipe length

is approaching infinity, that the efficiency drop to zero. Beyond the peak efficiency
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point t* = 1.25, the efficiency decreases since the additional thesanad has the
counter effect. The limitase is whert*A infinity, or thermodynamic equilibrium

state, that the efficiency becomes 0.5.

Figure 4-11: Parametric study of heat recovery efficiency with nordimensional
cycle time defined in Eq. 4-13).

(Conditions: 0.25m <L <0.75m, 0.1 m < Hr < 0.8 M, 19 mm <4DHr < 38 mm,

12 sec <Hr < 36 sec, 0.05 m/s &< 0.15 m/s, corresponding 0.05k< 0.9)
Figure 4-12 shows one of thé* = 0.9 case when the efficiency is equal 0.04.
Figure4-12 (a) shows the temperature profiles of two solid beds Fagure4-12 (b)
plots the snapshots of the temperature distribution within the HR pipe. The steep
slope inside the HR pipe the reason leading to suahow HR efficiency, since the
outlet temperature remains almost unchanged at least ldéfere= 0.5. The steep

slope prevents the high temperature fluid from entering the solid bed, and depresses
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the key principle to gradugll change temperature based on
fl ow heat transfero principle. The

remai ni
atttor= 0. 99

further aggravatwasebdbheropagaitel

the next cycle, and thereforeauses a continuous low efficient heat recovery
performance. When the fluid temperature distributionsigure4-12 (b) and Figure

5 are compared, failure to generate the smooth temperature gradient inside HR pipe is
the key reaon leading to low HR efficiency. It should be noted that the steep thermal

wave inFigure4-12 is in fact a desired pattern foretlhow conductivity application
such asdsorption cooling.
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(a) Solid A temperature curves

(b) HR pipe temperature distributions
Figure 4-12: An illustration of the low heat recovery efficiency case nea* = 0.9.
(Bad case examplet. = 0.5 m,u = 0.1 m/s,Lur = 0.15 m,IDHr = 25.4 mm,tvr =
95s,0t*=0.9,1*=0.4)
One observation frorrigure4-11 is that the HR efficiency is not only dependent on

t* when t* is less than 1, since it diverges at the safmealue. The previous
discussion explains the physics for ctse 1, that the thermakave peak has not yet

arrived from the opposite solstate beds. As a result, the efficiency is sensitive to
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how far away is the peak, or in other words, the ratio of the solid bed traveling time
I*. Figure 4-13 plots the efficiency with variou$® when 0.8 <t* < 1. One can
imagine Figure 4-13 is a plane perpendicular téigure 4-11 with an additional '3

coordinate of*.

0.8

Efficiency [-]
o o
I o

o
(N}

Figure 4-13: Parametric study of heat recovery efficiency with nordimensional
length defined in Eq. (414).
(Conditions: 0.25m <L <0.75m, 0.1 m < Hr < 0.8 M, 19 mm 4D Hr < 38 mm,
0.8<t*<1,0.1 m/s<u<0.4m/s)

Whent* < 1, the HR efficiency is no longer sensitive ttg but rather dependent on
I*, vice versa fott* > 1 casesFigure4-13 also indicates that the minimum efficiency
cases discussed kigure4-13 are determinedby I*, or the geometries of both solid
bed and HR pipe. To enhance a high HR performance, a Bnfeks than 0.1) is

recommended based on the trend. It should be noted that for ideal case, there is no
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temperature gradient in solid and correspondinglfiaside it. However, whel > 0

in real case, the conduction loss caused by flow direction temperature gradient
degrades the heat recovery performance.

Figure 4-14 showsthe individual effects of some important design parameetdR

pipe length/diameter and flow velocitlfigure 4-14 indicates an optimum HR pipe
length exists, since not sufficient temperature gradient is available in a short pipe, and
too much pipe wall thermal mass damping effect adiaers the temperature gradient

on the other hand.
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Figure 4-14: The influence of HR pipe length and velocity on heat recovery
efficiency ¢* = 1.2,IDnur = 39 mm).
Figure 4-14 also indicates that velocity is another key parameter to the HR
performanceLower flow rate results in better HR performante ideal cyclefrom

3.2 ra is an indirect measure of the heat recovery pipe length, and it predicts better
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performancewith smallerr. It is different from the dAr
counterpart effect from the connecting pipe wall thermal mass is not taken into
accoun for ideal case. On the contrary, the trend that smaller velocity has better
efficiency is the same as ideal case, where snmaltends tahave higher efficiency.
Table 4-7 summarizes all the degradation factors (or irrevéitsi and non
dimensional quantities characterizing them as discussed above. For both ideal case
and fAreal 0o case, the finite solid ther mal
unmatched flow rate are key factors limiting the heat recovery effiziéhen
considering real case limitations, if the cycle duration is not controlled appropriately,
mixing could happen when a fluid with higher temperature enters the solid that is
supposed to be cooled down. This mixing irreversibility is characterizett.by
Another equally essential naimensional number i¢ to measure the irreversibility
caused by conduction through solid and fluid.

Table 4-7: A summary of degradation factors (irreversibility) during the heat

recovery process.

Solid length Solid Connecting  Heat Fluid Mixing caused Unmatched
(axial thermal pipe thermal transfer conduction by inappropriate flow rate
conduction) mass mass coefficient tHR

Ideal - A - to - B ry

Real I* r 8(Eq.4-12) b Fo(t) t &

4.4.3 Design guideline

Based onthe previous discussion, several guidelines are proposed here for future
studies:

1 An appropriate HR cycle duration is the key point. The HR duration is slightly
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higher han the time required for the flow to travel the distance of the solid bed
and HR pipe, which is 25% longer than the traveling time in thiapter
Quantitatively speaking* = 1.25 is the optimum solution.

1 A moderate HR pipe length and diameter is rec@mded. The HR performance
is not sensitive tt* if the cycle duration is chosen wisely, but a too short HR pipe
or too long HR pipe could lead to performance degradation, badeidune4-13.
Based on results iRigure4-13, I* ranging from 0.0%0.3 is recommended.

1 A small flow velocity leads to a high HR performance. Velocity less than 0.1 m/s
is recommended based Bigure4-14.

1 Any asymmetry in heat recovery pipe (lengli@meter, material, etc.) shiol be
avoided as much as possible.

1 Appropriate sizing of the pump and valve is necesddmnecessary pump heat
generation and valve heat generation could lead to imbalance between the cooling

efficiency and heating efficiegc

4.5 Chapter Summary and Conclusions

This chapter firsintroduces a systematic approach to realize the high efficient heat

recovery process for sokstate cooling applications by applying an analogy to the

counteff | ow heat transferecountefclecwo Mdat At é anev
principle could be approached by fluid wit
two solidstate materials. An ideal cycle model was developed to understand the

physics and how to achieve an ideal heat recovery processndmdimensional

time constantratios and one time constant were found to be critical parameters
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affecting the ideal cycle performance, which are the thermal mass ratio between the
solid and the fluid inside the heat recovery loop, the heat transferatatdoetween
convective flux rate and conduction heat transfer rate from the wall surface, and the
solid transient response time constant.

In addition, both experiment and more realistic modelere usedo validate the
proposed heat recovery proce$9% efficiency was experimentally achieved and
could be regarded as a successful sign for the method, since it overcame the 50%
limit when comparing with a parallflow heat transfer. To understand why only
61% was achieved, experimentally validated numénnadel was developed and
usedto investigate the heat recovery performance under a wide operating range. It
was shown that failing to construct a smooth temperature gradient could cause low
heat recovery performance by an opposite failure case analygis. more
dimensionless numbers were found with significant contribution to the heat recovery
performance besides the three already identified parameters, which are the
dimensionless cycle duration and the dimensionless length. Based on the numerical
results a 1.25 dimensionless cycle duratibna 0.050.3 dimensionless length and

flow velocity less than 0.1 m/s are recommended. Degradation factors including
irreversibility from the thermal mass of connecting pipes, unmatched heat recovery
flow rate, am inappropriate cycle duration should be minimized. The maximum
achievable efficiency in thishapterwas 0.6 and 0.88 by experimental and numerical
approach, respectively. According tize results, several HR design guidelines were

proposed for future stlies.
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Chapter 5: Proof-of-concept Prototype Design,
Fabrication and Testing

The world first ofits-kind thermoelastic coolingrototype is designed, developed,
and tested, based on the Brayton cycle in Chapter 3 and the heat recovery process

proposed in Chapter. 4

5.1 Design and Developmenbf a 100 W Compressive Thermoelastic Cooling

Prototype
Based on the model proposed in @leapter 3for a two bed system, the nitinol tube
guantityin each beds sized to be 19, een operated under 0.05 Hequency.The
nitinol tubes used for the prototype were purchased from NDC Inc.
The goal is to compress nitinol tubes. Based on the available proposed compression
mechanism summarized in the literature review, a solid boundary is necessary around
the nitinol tubes to prevenubkling. In order to conduct heat transfer, a liqidF
needs to flow through those tubes during the compression process, and therefore any
part in direct contact with the nitinol tubes are required to transport fluid as well.
Based on the above mentiongab major concerngrigure 5-1 presents the nitinol
tube basel assembly design fathe 100 W prototype. Note that iRigure 5-1, the
nitinol tubes are arranged in a hexaglshape, and are surroundedadygteel holder
with the same hexagahinternal shape to support the nitinol tub&se loading head
is located on each side of the nitinol tubes bundle. Flow channels are used to let the

fluid flow and distribute the fluid into each nitinol tubdhe wlole assembly was
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designed to benountedby two linear bearings, for both alignment and support

purpose.

Fluid in Fluid out
Nitinol tubes holder

Loading head Loading head
Nitinol tubes

Figure 5-1: lllustration of a single nitinol tubes bedbaseassembly.
Basedon the previous cycle design, when one bed is compressed, the other is
released. Therefore, the layout of the two beds cannot be in series. In addition, when
compressing one bed, ideally the unloading enesagy be recovereds well. As a
result, the twdbeds are designed to be implemented in parallel, antbaded in a
way that both of them are 50% compressed when the driving systamasloff, as
shown inFigure5-2. In Figure5-2, the middle red &x is a moving part to compress
the two beds, with a rigid mount to the linear actuator. When the linear actuator is
offline, the moving boxs in the equilibrium position, allowinigoth nitinol beddo be
50% compressed. When the linear actuator is irratipg and one bed is fully
compressed, the other biststressfree.
With this mechanism design, a detailed system design was carried out in SolidWorks,
as shown irFigure5-3 (a). Note that the difference betweEmgure 5-2 and Figure
5-3 (a) is that the frames need to transfer the compression force to a common

structure to balance the force betwdamlinear actuator and nitinol tubes.
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Nitinol tubes base assembly (bed)

ANNNNNNNNNNNNNNNN

Linear actuator Moving box R

Figure 5-2: lllustration of the designed driving mechanism with supporting

structures.

(b) Photo of the assembled prototype with motors

Figure 5-3: lllustration of the 100 W prototype.

All the O1 tool steel based franpartswere machined and assembled based on the
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design.The final assembled prototype was showrkrigure 5-3 (b). Some important
geometries for reference are listed Trable 5-1, including both the nitinol tubes
assembly and the whole prototypgdore photos of the prototype can be found in
Appendix B.

Table 5-1: List of someimportant geometries of the 100 W prototype.

Geometry Values Units
Nitinol tube length 2540 mm
Nitinol tube ID 3.76 mm
Nitinol tubes assembl Nitinol tu‘be oD 4.72 mm
- Holder diameter 50.8 mm
Overall length 457.2 mm
(stress free state)
Overall length 1981.2 mm
(without motors)
Prototype Ov_erall length 2984.5 mm
(with motors)
Overall height 444.5 mm
Overall width 304.8 mm

5.2 Experiment Setup

To measure the performance of the prototype and ensure normal functioning,
sophisticatedvater loops together with sensors are needed. As shotigune 5-4,

the test facility consists of three water loops, to achieve heat rejection, cooling
delivery and heat recovery, respectively. Heat source ®rcald side is an electric
heater, to compensate the cooling generated from the prototypair-émoled fan

coil heat exchangewas used as the heat sink to rejectt tiean the prototype. The
valveand pump sequence can be found in

Table 3-2. Eight thermocouples were installed to measure the water temperatures at

various locations, including the inlet and outlet of two nitinol beds, heat source and
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heat sink. The flow rates in both the cooling loop and heatimg \\ere measured by
two mass flow meters. The thermocouplesre calibrated t®.2°C. The flow meter
has the rated and calibrated accuracy up to 0.2Jgless otherwised mentioned| a

tested data were sampled under 2 Hz rate.

J_ Mass flow
Mass flow|= meter2
meterl (=
T
[ee]
'_
[ ) Electric
( : heater
. )
Heat sink J_
N~
|_
Pumpl
@ Pump2
Heat rejection loop Cooling delivery loop Heat recovery loop
(To ambient) (To target spacé (Internal)

Figure 5-4: Schematic of the test facility for the 100 W prototype.

Q =mg,(T -T) (5-1)
oT,, = T 52
~Ntcon (t) dt
g =0 =17 (5-3)
Ntcyc

Based on the flow rate and temperature difference, #tantaneous cooling capacity

inside the heat source can be evaluated, based on HQ. Ahother important

parameter is the systembés temperature
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2). Eg. (53) transforms the instantaneous capacity to the @weraged cooling

capacity. Note that the temperature sampling period used for £9.nfbist beunder

the fAicycl i condditneady st ateo

5.3 Results and Discussian

5.3.1 Open-loop Testing
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Latent Heat [J/g]
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Nitinol bed system

(a) Schematic of the opéioop test setup

¢ Loading ®Unloading § 3 i
; $
| ¢
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I ¢
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Strain [%)]

(b) Measured latent heat by watapacity when varying strain

Figure 5-5: Summary of the openloop testresults.

Asocal | ed ofopment est was designed and

test, to first ensure the latent heat of MieTi tube as well as validatthe existed

numerical model developed in Chapter 3. The test rig is showgume5-5 (a). Only
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a single bed is used, with one thermocouple attached to each side to record the
instantaneous istream water temperature. The water flow rate was measured by the
Coriolis mass flow meter. The method is based on Ed),(&nd an integration is
needed to accumulate the instantaneous capacity to compute the overall latent heat
transferred from the NTi tubes.

Figure 5-5 (b) illustrates the measured latent heat using the water capacity as the
method described abovEhe latent heat reached 10 J/g under 4% strain, and is 11.7
J/g under 4.5% straihis system level measurement fioned the material level

latent heat obtained by previous benchmark tests, i.e. DSC measyremednt

guaranteed that the Nii tubes are functioning as designed

5.3.2 Indication of Cooling

The first testtonductedvasto see whether or not the prototywasfunctioning well

and providing cooling as designed. The
including all the valves and pumps following the designed sequence specified in
previous chapters following the Brayton cycle, expect the linear actuator. Tieerefo
there is no phase change and thus no cooling generated in the control group. In the
experimental group, everything including the linear actuator was turned on.

The comparison was plotted Figure 5-6. Figure 5-6 (a) shows the recorded water
temperatures for both heat source and heat sink, when the linear actuator driving
system was turned off. The temperature increase was due to parasitic heat generation
from the pumps and solenoid valves. In faathvthe slope of the temperature rising

curve, the estimated parasitic heat generation rate was 12 W from pumps and solenoid
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valves in total. When the linear actuator was turned drigare 5-6 (b), the water

temperature at heaource side decreased as expected since cooling was delivered

there. The water at heat sink was heated up and the temperatures increased. As a

result, the temperature between the heat sink and the heat source separated. The

existence of temperature liftdicated that the prototype was functioning and heat

was pumped from the low temperature heat source to the high temperature heat sink.
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Figure 5-6: Indication of temperature lift.
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5.3.3 Performance ImprovementMethods

To improve the performance of the prototype, a few sourcdsnihtions were

identified and countemeasuresvere deployed accordingly. The first improvement

was to reduce the friction problem caused by a few misalignmetiteirsystem,
includingt he | i near actuatorés deviation from
moving box, and slight vertical misalignmeshie to loose threaded mount between

the linear actuator and the moving bd@ke second improvement, sdiscussed into

more details in Chapter 6, is to use some plastic tubes as insulation layer to minimize

the heat loss from HTF to the metal loadingd®eaAt last, the constraint from the

doubl e motorsé torque problem was sol ved

gearboxDetails of the three major improvements are listeligure5-7.

Heat loss from water to 4_2 K
ST the.T_iﬂloﬁﬂ.{h 9 hea__ds " 10 tubes,
- - 4% strain

10 tubes,
3.4% strain

e K Limitation of two
\ motors

7 tubes,
4% strain
10 tubes,
3% strain
Friction problem: 7 tubes up
to 3.8% strain
1 1 1 1 1 1 | 1 1 1 1 1 1
May, 2014 Sep, 2014 Jan, 2015 Jul, 2015
Time

Figure 5-7: Highlighted challenges and improvement methods applied to the
prototype.

The starting point was 1.3 K temperature lift. With the reduced friction, 3 more
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nitinol tubes were able to be compressed in order to achieve a higher capacity,
reaching the 1.8 K temperature lift. Plastic tube insulation boosted the temperature lift
further to 2.8 K. Finally, the 4.2 K temperature lift was reached by compressing 10

tubes in each bed under 4% strain, as showiguare5-6 (b).

5.3.4 Highlighted Results

Series of tests under various conditidr@/e been conductedcluding varying the

cycling frequency, heat recovery duration, heat recovery pump speed, and heater/heat
sinkés capacity. The he hetop/offdaio underd@dz t y was
rate. The heat sinkéds capacity was adjust.
Figure 5-8 is a summary of the most typical results. Without plodyetherether

ketone (PEEK}ube as insulation, hmaximum temperature lift measured was 1.3 £

0.4 K with 28 £ 10 W cooling capacitlylore details regarding this improvement with
PEEK tube can be found in Chapter 6.

80 =

<7 tubes, without PEEK
07 tubes, with PEEK
A10 tubes, with PEEK
T £10 tubes, with PEEK, no parasitic heat

70

—

= 60

—

Temperature lift [K]

Figure 5-8: Highlighted test results.
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The temperature lift was improved to 2.8 + 0.4 K with 41 = 11 W cooling capacity. It
was further improved to 4.2 + 0.4 K with 65 + 10 W cooling capacity when 400 Ni
tubes were implemented in each bed instead of seven tubes. A projection was made
when assming no parasitic heat generation from the pumps and valves, where the
maximum cooling capacity could reach 77 W since the estimation of the parasitic
heat was 12 W based &igure5-6 (a). By extrapolating the linear performaraeve

to the horizontal axis (zero capacity limit), 4.8 K temperature lift can be theoretically

achieved.

5.3.5 Model Validation

The dynamic model developed in Chapter 3 was further validated by thdompen
testing results shown in section 5.3.1. The sitimtawas overlay to the measured
water temperature difference across one of th@iNube bed during the loading
process.Comparison is visually shown iRigure 5-9. Two selected results, under
4.5% strain and 3% strain are pretsal in (a) and (b), respectively. The trend

matched well with deviation less than @2at any time.
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Figure 5-9: Model validation by using open-loop transient water temperature

difference measurement results.
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Figure 5-10: Model prediction versus measured data.

Then, the measured water temperature profiles with the siowla@sults were
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compared under the same conditions. A graphical comparison is plottaduire

5-10. Though the model prediction had some minor discrepancy from the measured
data, the overall trend, even some curvature changandga were well captured.

The major difference between measured data and simulation data came from three
reasons. First, there is always discrepancy in the estimated thermal mass based on
some simple geometric measurement from the prototype, which caesribu the

slope difference of water temperature curves at different stages of the cycle. Second,
as demonstrated bFigure 5-5, the latent heat asymmetry between loading and
unloading as a result of hysteresis contributed to abgmmetry in the water
temperature curve between loading and unloading processes, which was under
estimated by the model, especially EG¢18. Third, in the prototype the flow was

not entirely steady, especially some bubbles could flow with water asTwedlled to

the flow rate fluctuation and temperature fluctuation as well. Nevertheless, the model
developed in Chapter®as able to predict theajor dynamics inside the system, in
addition to the bed level validation Figure5-9. This two level validation provides

more confidence to use for performance predictions of more performance
improvement designs in later chapters.

Figure5-11 presents durther comparison betwedhe measured data and simtita

results, where the experimental data has been demonstrdtegliie 5-8. Based on

the original designedeadthermal mas¢DTM) in the system, the three solid lines

are consistent with simulation results presented in Ch8pidre real thermal mass in

the prototype deviates from that of the designed value, which deteriorates the

prototypeds real performance. The dashed
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using 80% mor®TM. In addition, 4% strain and 90% active-Nimaterial are used

to follow the test condition. The updated simulation performance curve is close to the

measured results within the measurement uncertaiftgediscussed in more details

in Chapter 8, the deviation caused by #ugelitional DTM can be qualfied by the

ratio between active thermal mass of SMA and the DTM, which is a factor

determining the slope of the solid lineskigure5-11. The vertical axis intercept is

det er mi

For Ni-T i

ned by t he Ihaahdethetsyern eparatingofrequendy.e

all oy, the theoretical 3dhaseddnfld c

J A m@tent heat and 10 seconds half cycle durafitverefore, increasing the cycling

frequency could lead to a better performance as well.
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Figure 5-11: Comparison between measured data, original model prediction,

and updated model prediction by tuning the dead thermal mass.

145

S MA

cool

(



5.4 Chapter Summary and Conclusions

This chapter introduced the design, damstion and testing results of the 100 W
thermoelastic coolingrototype. A linear actuator (screw jack) driven by two motors
was used to compress two nitinol Bedlach consisting of t 10working tubesThe
temperature lift was observed as the signcobling. The maximum achieved
temperature lift wad.2+ 0.4K, and the maximum measured cooling capacity 6&as

+ 10W excluded the parasitic power generation from pumps.
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Chapter 6: Performance Improvements by Innovative
Designs and MulttObjective Optimization

The thermoelastic coolingsystem COP was predicted to be 1.7 under 10 K
temperature lift fromFigure 3-17. However, when considering the metal thermal
mass impact using the real developed thermoleastic cooling prototype gesmetrie
from Chapter 5, the performantedegraded. The updated results showed that only
6.6 K temperature lift was achievable with the modificatiBigure 6-1 plots the
updated COP breakdown analysis ch@tearly,t he f i rlsss is dué @ ¢ghe 6 s
material property and is the most important and significant term to retinedowest

COP was zero because the maximum achievable temperature lift was 6.6 K. While
the Stirling cycle with isothermal loading/unloading is difficult topegach, the
second stage loss can be partially eliminated at lga@pplying hybrid cycle design.

The third stagé $oss is fixed due taehe current state of the art mechanical driving
system efficiency unless breakthrough occurs this component All the above
mentioned three losses are beyond the scope ofttidy, which lowers the COP
from 28 to 5.6. Herehis chaptefocuses ominimizing the heat transfer loss and the
cyclic loss, which are closely related to the system level heat transfereand h

recovery processes.
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corl COPcanat: 28 L osses contributions
25—
1. Irreversible Martensitic phase
20 change losses (hysteresis)
Sirling
COP: 15.5
15—
2. Adiabatic compression loss
10 Brayton
COPrar: 8 3. Mechanical losses due to motor efficiency
ot and work recovery efficiency e
5 COP..c 3.7 4. Heat transfer losses for solid-state refrigerant only,
LT due to effectiveness Uand heat recovery efficiency dus

0

COP: 0
Figure 6-1: Illustration of loss breakdown chart for a compressive thermoelastic
cooling system baseline scenario operated under 10 K temperature lift (COP was
zero because the eximum achievable temperature lift was 6.6 K).
The novel designs introduced in tlesisapterfocus on reducing the cyclic loss caused
mostly by unnecessary dead thermal masses inside the syStume 6-2 is a
schematic of the gginal design of a single SMA bed assembly using nitinol tubes to

produce cooling and heating capacity.

Nitinol tubes

Loading head Tubes holder ﬁ

Loading head

Figure 6-2: Drawing of the baseline/original design of the SMA bed assembly
using nitinol tubes undercompression mode.

Both beds share the same symmetric design. Under ideal circumstances, the only
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necessarpart inFigure6-2 is the red tubes bundle in the middle, where anything else
can be regarded as dead thermal mass siegedt not generate uséftooling nor
heating. The tubdolders were designed to sustain radial direction stress from the
nitinol tubes duringthe compression procesas well as avoid buckling. The two
loading heads were originally designed to feed HTE @achof thenitinol tubes for
heat transferandtransfer the compression force directly into the nitinol tubes. In the
original design, the top hexagon part of the loading head has multiple HTF flowing
channel holes corresponding to eattihe nitinol tubes inside. The HTF holes were
gathered in another orthogonal channel, which was then connected to the external
HTF pipes. Theube holdes and loading heads were made of enhanced steel and,
therefore, improvements are needed to minimize the heatdraresiveerthe nitinol
tubes and HTF to theeibeholdes and loading heads. Some important geometries and
properties are listed ihable6-1.

Table 6-1: Some important parameters ofthe baseline/original compressive

thermoelastic cooling system.

Geometries
Bed quantity {] 2 Nitinol tubes per bed] 19
Nitinol tubes OD [m] 0.005 Nitinol tubes ID [m] 0.004
Nitinol tubes length [m] 0.254 Tubes holder diameter [m] 0.051
Loading hed diameter [m] 0.064 Loading head depth: hexagon [r 0.051
Loading head depth: top [m] 0.051

Properties
Nitinol } [ k g°A m 6500 Nitinol ¢, [J A 550
Nitinol k [WA #A ¥] 18 Nitinol entropy change)[AA g 42
Stainless stegl[ k g°A m 8000 Stainless steal, [J A¥A ] 550
Stainless stedd [WA #A K] 30 HTF water
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6.1 Novel Design Options

6.1.1 Coating/Insulation Layer for Tubes Holders

As shown inFigure6-2, the nitinol tubesverearranged in a hexagahlayout inside

the tube holdes, where theradial conduction ook place between them. This
conduction directly absorbs heat dgyithe loading process and releases heat during
the unloading process, which neutralizes part of the heating/cooling capacity while
theheat exchanger process occurs between HTF and nitinol tubes.

To resolve this issue, a layer of low thermal conductivigterial,such as insulation

or a thin film of coatingwith low thermal conductivitycan be appliedn thetube
holdes as a heat resistance. To quantitatively investigate its applicability, the
following equation is added to the original model for the fdoating/insulation layer.

b
1/ hcontact + d

coating

hcoating = (6' 1)

Ik

coating
In Eq. 6-1), heontactiS the contact resistance betweentifge holdess and the nitinol
tubes,b is the contact area ratio between thbe holders and nitinol tubes, since
nitinol tubes are only in line contact with thabe holdes. In this chapter b was

assumed to be 0.1.

6.1.2 Coating/Insulation Layer Design

The same method can be introduced to W lbading heads. A thin film coating or
an insulation layer reduces the heat transfer interaction between the loading head steel
part and the HTF flowingniside the nitinol tubes. Simildao Eq. 6-1), the overall

heat transfer coefficient between the H®&Rd the loading head metal can be
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expressed in Eq642).

1

hcoating, LH = 1/h+d (6'2)

coating

/K

coating

In addition, a 2D model for the loading head was added to take the steel thermal

mass into account, as shown in Et3j. Noting that the fluid was still modeleas 1

D in Eq. 6-4).
Wy (xrt) e fil, (xrt)  “Ha(xrt) Tu(xri
o mE T T ©9
LJ.Tf(X,t)_ ﬁle(X;t) (Xb I&;atlng LH
£ T YT g O T By
Wl (x 1.1) 0
IJX x=0,x &+
K, T, (% 1,t) . (6-5)
w ut
T, t
_kLHHLH Elrx’r ) :h:oatlng,LH( (Xr’t) Tf(xg)
T (x=0,t) =T, (1) (6-6)

Eqg (6-5) and Eq. (6) are boundary contitbns. Eq. 6-5) assumes adiabatic
boundary forthe metal loading hegdexcept for the contact side between HTF and
metal. Eq. §-6) is the inlet boundary condition for HTF.

Similar to the previous developed modelChapter3, afinite difference method as
used in the updated model developed in SimiMnko solve the above set of

equations.
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A specific design of using a single thermal insulation layer, such as Teflon®, is
presented irFigure 6-3 using the mentioned concept. Instldesign, there is only a
single HTF pass inside the top hexagon part of the loading head, which can be

insulated by the Teflon insulation layer. The HTF is then distributed by a meshed

layer.

Meshed layer Thermal insulation

To nitinol tubes

Loading head metal base

Figure 6-3: lllustration of the insulation layer design for loading head.

This design reduces the heat transfer between the HTF and tHdaadiag heads
significantly. However, it cannot eliminate the heat transfer due to the finite thickness
of the insulation lagr. In fact, since the HTF diameter cannot be smaller than a
certain threshold to guarantee sufficient flow for each nitinol tube, one needs to
consider the tradeoff of losing the strength of the hexalgsirel loading head wall
when increasing the instian layer thickness. Therefore, adding a coating/insulation
layer is not the ultimate solution for the loading heads. The next design can fully

solve this issudbut has more implementation challenges.

6.1.3 Decoupling Design for Loading Head

To further reducehe impact fromthe loading head dead thermal mass, two more
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innovative designs are proposedthich aim to eliminate any HTFrom contacing

with the loading head metal surfaces. Both designs use smaller plastic tubes for the
HTF flow, where the plastic t@s are inserted inside either the loading plate or the
loading head metal part. The plagtibe OD is supposed to be smaller than the ID of

the HTF holes within the loading head. Sitlke HTF only flows inside those plastic
tubes and the loading headg anly for compression, the design concept developed
here is also known aa decoupling design for loading heads. In addition, using

smaller plastic tubes also reduce the dead thermal mass of the HTF itself.

Figure 6-4: lllustration of the direct compression without loading head design.
The first approach following this decoupling concept is showRigure 6-4, which
does not have loading heads. Instead, the two loading plag@sadlyi in contact with
the loading heads compress the nitinol tubes directly. It should be noted that there are
holes on both loading plates to allow those small plastic tubes to be inserted inside the
nitinol tubes.
Figure 6-5 illustrates the second approach. By using less rigid thermoplastic tubes,
such asPEEK tubes, this decoupling concept can be applied to the original loading

head directly. The thermoplastic tubes have a 908 beide the loading head. The
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