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Heat transfer enhancement of-@itfluid heat exchangeby novel surface or
geometry design and optimization igrejor research topicThe traditional way of
reducing airside thermal resistance is to extdrgideheattransferarea by adding fins
and the conventional method of reducirilyid side thermal resistance is tose
enhanced inner surfaces. Theggroachedave limitationsin furtherreducingthe

thermal resistance.

Small diameter (aand5 mm)fin-andtube heat exchanggitouvered finmini-
channel heat exchange(MCHX), newly studiedround bare tube heat exchargjer
(BTHX) andshape optimizedbare tube heat exchanggsBTHX) with diameterof
0.8~1.0 mmwere experimentallyinvestigatedusing air and wateto gain the
fundamental understamdj of heat transfer andhe currenttechnology limitations.
Correlations of akside heat transfer coefficient and pressure drop thereleveloped

for BTHX andsBTHX.



To improve current technologies,navel bifurcated bare tubkeat exchanger
(referred as bBTHX, hereafter)was proposed in this study. It wasumerically
investigated and optimized using Parameterized Parallel Computational Fluid
Dynamicg(PPCFD)andApproximation Assisted OptimizatiglhAO) technique. The
most unique feature dBTHX is the addition of bifurcation, which enhances airside
heat transfer by creating 3D flow and waterside heat transfer by boundary layer
interruption and redevelopment. The airside and waterside pressure drop can also be
reduced by proper design and optimizatiesulting in smaller faand pumping power.
Compared to MCHX with similar capacity and frontal area, the opt&HX design
has 38% lower total power an8% smaller volume and78o smaller material volume.
Comparedo BTHX with similar capacity anddntal area, the optimal design has 28%

lower total power and 11% smaller volume and 10% smaller material volume.

The bBTHX design can be widely applied in indussych as automotive
radiators, oil coolers, condenser and evaporaftovo applications of tis heat
exchanger were discussigddetait car radiator and indoor coil for Hybrid ¥able
Refrigerant Flow (HVRF) system. THEBTHX car radiator has 30% lower pumping
power, 68% smaller heat exchanger volume and 67% less water weigthdbarof
baseine. Moreover, efrigerant charge of HVRF systems widBTHX is reduced by

40~70%.



DEVELOPMENT OF A COMPACT HEAT EXCHANGER WITH
BIFURCATED BARE TUBES

by

ZHIWEI HUANG

Dissertatiorsubmitted to the Faculty of the Graduate School @f th
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2017

Advisory Committee:
Professor Reinhard Radermacher, Chair
ProfessoPet er B. Sunderl and (Dea
Resarch Professor Yunho Hwang
Professor Marino diMarzo
Professor Bao Yang
Professor Gary A. Pertmer
Associate Research Scientist Vikrant Aute



© Copyright by
Zhiwei Huang
2017



Dedi cati on

Toeveryone who lieved in me:
My family, mentors and friends



Acknowl edgement s

The work presented in this dissertation was carried out during the years of 2013
to 2017 at the Center for Environmental Energy Engineering (CEEE), University of
Maryland. | owe my deepgé gratitude to my supesor Professor Reinhard
Radermabher. | feel extremely lucky to be given the opjunity to work with my
mentor This work could hardly havbeen completed without h&ipport guidance
andcontinuousencouragement. | would also éiko express my warmest gratitude to
my dissertation committee membes, Peter B. Sunderlan®r. Yunho HwangDr.
Marino diMarzo, Dr. Bao Yang, Dr. Gary A. Pertmer and Dr. Vikrant Aute for their

efforts, advice and time.

| am deeply grateful to my athor, Dr. Yunho Hwang. His enthusiasm,
optimism, sipport and detailed guidancedlene through the darkest days in my
research. My sincere appreciation also goes to Dr. Vikrant Aute for supporting and
guiding me using his programming, mathematical and apdition expertise. | would
like to extend my gratitude to Mr. Jan Muehlbauer for training me in the lab, helping
me with my experimental testing and inspiring me with his unlimited wonderful ideas.
| also owe a great debt of gratitude to Dr. Jiazhen Lamgnistructing and influencing

me in both research and life

It is a magnificent pleasuréo acknowledge my sincere thanks to every
colleague in CEEE, especially Dr. Daniel Baceller, James TandateGao and
Zhenning Liwho have been working with me ¢ime projectand related publications

These great minds provided an intellectual atmosphere and an enjoyable work



environment. | also want to show my thankfulness to Mary Collins Baugher for helping

me improe my technical wriing skills.

Lastly, 1 woul like to deeply thank mparentswho first opposed but finally
understood and encouraged me to pursue my graduate degres sister, who is

always by my side, supporting me with her understanding and encouragement.



Tabl e of Content s

[D=To [Tor=1 (o o DA U TP STRPPPPPR i
ACKNOWIEAGEMENLS......o e e e eeeea bbb e e e e e e e e e eemees iii
Table Of CONTENTS.......uiiiiiiiiiiiiiiii e reee s v
LISt Of TADIES ...t eeeeee IX
IS o T [ SR Xi
I\ g1 Tl = L = RSP XVii
Chapter 1:  MOUIVALIONS..........ccoeiiiiieieeiiiieeme e e 1
1.1 MOTIVALIONS. ..ttt e e e e e e e e e e e anees s e e e e e e e e e e e e e eeeeeeesnsennneeeas 1
1.2, LILErature REVIEWL......ccoiiiiiiiiiiiitieeeiiiiiiie e e e e e eeess et e e e aeaaaaeaeeeeeeas 2
1.2.1. Airside heat transfer enhancement.............viiirccveeeiiiiiiiiiiineeennn 2
1.2.2. Heat transfer and friction characteristics of water flow in macro and

a1 o o (N] o= SR G N1 11 P 6
1.2.3. Nature inspired heat exchangers...........ccccovvvvivieeee i 8
1.2.4. Nunerical study of compact heat exchangers...........ccccccvvvvieecennee. 11
1.2.5. Heat exchanger design optimization................cevvvieeeenereeeeeeeeeeeenn 12
1.2.6. RESEAICH QapS.......cceeiiiiiiieeeeteeee et s 16

1.3, ODBJECHIVES.....ceiiiiiiiiiieee e e 16
1.4. Dissertation organization................oouviiiivimemeeeeeeeeeeeeeee e eeennannns 18
Chapter 2: Research Approach..........cccceeviiiiiiiieeciii e 20
2.1. EXperimental StUAY............iiiiiiii e eeer e e 20
2.1.1. TeStTaCHItY.....ceeiiieiiie e 20
2.1.2. Instrumentation and data acquisition system............ccccccvvveeeeeeennn. 26
2.1.3. ENergy balanCe.........cooouviiiiiiiii e 27
2.1.4. Uncertainty @analySiS...........uuuuuuuiiiiiiieceerieiiiieie e e e e e e e eeeern e 27
2.1.5. Data redUCHIQN........cceeeeeieeeeeeeeieeee e s 28
2.2. CFD SIMUIALION......uuiiiiiiiiiiiiiiiiieeeeeiie et e e e e e e e e e e e s smme e e e e e e e e e e e s e e aannes 37
2.2.1. Physics and governing eqUations.............ooeeeeeiiiecceeeeeeeeeeeeeeeeeee 37
2.2.2. Airside computational domain.................oeuviiiiceieeeeeeeee e 39
2.2.3. Waterside computational domain..............cccceuivimmmnnnnniiiiiiiiieeeee 43
2.2.4. CFD data redUCHION.........coooeiieiiiieeee s ceenes e 49
2.2.5. CFD Grid Uncertainty ANalySIS..........oooiiiiiiiiiimeee i 49
2.2.6. New CFD automation approach...........cccceeeeeiiicecciiiiiiiie e 54

2.3. Approximation Techniques and Optimti@a...................euvvveeiiieeciiininennee. 57
2.3.1. Design of @Xperiment...........ccooviiiiiiiiieeee e 57
2.3.2. Kriging metamodeling ...........eeeeeeiiiiiiiiieeeiiieieceeeeeee e 57
2.3.3. Multiscale HX optimization..............uuuiiieiiiiiiimmiiice e evnees 59
2.3.3.1. Modifications for current Study............coooovviiiiiiiiccee s 59
2.3.3.2. DBTHX SOIVEL ...t 60
2.3.3.3. Approximation assisted Optimization............ccceeeeeeeeeeeeeeiccceneeennnn 63
Chapter 3: Experimental Results and DiSCUSSIONS...........ccccvvvuiiieieemieeereennns 65
3.1. Dimensions of Stataf-The-Art Heat Exchangers.............ccccccivivieennnnns 65
3.1.1. Round bare tube heat exchanger (BTHX)........ccccoooviiiviiieemeiiiinnnnnn. 65

3.1.2 sBTHX Shape optimized bare tube heat exchanger (SBTHX)........65

\Y



3.1.3. Minichannel heat exchanger (MCHX)..........cccoieiiiiieiicccciccceee e 66
3.1.4. Slit firandtube heat exchangers with tube diameter of 5 and 4.mr67

3.2. Experimental Test Using Air and Water Under Dry Condition............... 68
3.2.1. Test matrix for BTHX, SBTHX and MCHX.......ccccoviiiiiiiiiiiiiieeneennn 68
3.2.2. Test matrix for 4 and 5 mm slitfamdtube heat exchanger.............. 69
3.2.3. ENergy bala®............oeeeiiiiiiiiiiiiieee e 69
3.2.4. Test results Of BTHX ....oooiiiiiii e 71
3.2.5. Test results of SBTHX.........uuiiiiiiiiiiiiiicceiiiciieieeeeeeeeeeeeeeevieene e ] 3
3.2.6. Testresults of MCHX..........oooiiiiiiiiiieeee e riiiiiieveeeccesseieeeeeeeen L O
3.2.7. Comparison of BTHX, sSBTHX and MCHX..........ccccceeiiiiiiiieccinnnnnns 78
3.2.8. Test results of 5 and 4 mm slitéindtube heat exchanger................ 81

3.3. Experimental Test Using Air and Water Under Dehumidifying Conditic@#
3.3.1. Test matrix for BTHX.....coooiiiiiiiiieees e 84
3.3.2. Test matriX Of SBTHX .....uuuuiiiiiiiiie et eeeeereee e 85
3.3.3. Test matrix of 4 and 5 mm slitfamdtube heat exchanger................ 86
3.3.4. Testresults for BTHX......ccoooiiii i eeeeeeee e 86
3.3.4.1. Effect of inlet air relative humidity (RH)..............cooovririiiiieenneen. 87
3.34.2. Effect of inlet air flow rate (AFR)..........coooiiiiiiiiiiiieeeiiiiiieed 87
3.3.4.3. Effect of inlet water flow rate (WFR)........cccoeiiiiiiiiiiiiiceecieeeen, 89
3.3.4.4. Effect of heat exchangéube orientation.............ccccccvvvviiiieeenennn. 89
3.3.4.5. |, jmand ffaCtOrS........cooviiiiiiiie e 93
3.3.5. Test results for SBTHX.........coovviiiiiiiiiiire e seeeennnnn 95
3.3.5.1. Effect of inlet air relative humidity (RH)..............cooovrriviiiieenneeen 98
3.3.5.2. Effect of inlet air flow rate (AFR)...........ccoiiiiiiiiiiiieeeiiiieed 98
3.35.3. Effect of inlet water flow rate (WFR).......ccooeviiiiiiiiiiiiieeeiieee. 100
3.3.5.4. Comparison of dry and wet coNdition............cccceeveeeiiieacneenenenn. 101
3.3.6. Test results of 5 andvamn slit firandtube heat exchanger.............. 105
3.3.7. Comparison of all heat exchangers..............cviiiieeeiiiiiiiieieeeeeeen. 108

Chapter 4:  Bifurcated Bare Tube Heat Exchger (bBTHX) Design.............. 112

4.1. DESIGN CONCEPT. . .eeeieiiiiiiiieee et 112

4.2. Airside First Order ANalySIS..........ooovvviiiiiiiiiimmeeeeeeeeeiee e eerannans 114

4.3. PArametriC STUAY..........uuuuuiiiiiiiiiiieeeiiiiiee e e e e e e e e e e e e e e e e 115

4.4. Experimental Validation of Airside Hydraulic Performance................ 116

4.5. Airside Sinulation Results and DiSCUSSION...........ccoeevviiiviiieeeiieeeeeeeeee, 119
4.5.1. Heat transfer ar@a..........ooooiiiiiiiiiiieeee e 119
A4.5.2. Free flOW @rEa..........cuuuueiiiiiii i eeeens e e e e e e 120
4.5.3. Airside heat transfer coefficient (AHTC).....ovviiiiiiiiiiiiiiiieeee, 120
4.5.4. Overall conductance (NA)........cooo e 124
4.5.5. Airside pressure drop (ADP) per depth..........coooviiiiiiiiceen i, 125
4.5.6. Summary of airside simulation results..............cccceeviicccreveeieinnnnns 127

4.6. Waterside Simulation Results an@GEISSION.........ccoovvvvreeeeiiiiiiceeiiieeenn. 129
4.6.1. Heat transfer ar@a..........ccoovvviiiieeiieeee e 129
4.6.2. Heat transfer coefficient............oouuiiiiiiiiicccie e 129
4.6.3. Overall condUCLANCE..........ccceeeiieeieeiieeee e 131
4.6.4. Wateiside pressure drop (WDP) per length...........ooooviiiiiicceinnnn. 132
4.6.5. ] @Nd FTACIOIS....uuiiiiiiiiiiiiiiie e 134



4.6.6. Summary of waterside simulation resulis............cccceevvvvieeeeeeeeeen. 136

4.7. Airside Thermal and Hydraulic Mechanisms................uuuiiccceeeeeeeenns 137
4.7.1. Heat Transfer MeChaniSml............cooouiiiiiiicce e 137
4.7.2. Flow friction MeChaniSmML..........ceiiiiiiieeeiiiceeeeiieeee e eeeeeeeeeeeeee e 139
4.7.3. Summary of aiide MeChaniSMS..............uuviiiiiii i 142

4.8. Waterside thermal and hydraulic mechanisms..........cccccoeeeevieeeeccennnn. 143
4.8.1. Smaller branch tubes..............ccoiii e 143
4.8.2. Boundary layer interruption and redevelopment...................c..cee. 144
4.8.3. FIOW SEParatiQn.........cccoeeeeeiiiiiiiieeee s eeeeeeeemme e 147
4.8.4 SECONAArY FlOW.....uuuiiiii et 148
4.8.5.Summary of waterside mechaniSmMS.............cccceeeeevieemeeevnennnniineenn. 150

Chapter 5:  DBTHX OPtmMIZatioNn...........uuueiiiiiiiiiiiiieeeiiiiieeeeeee e 152

5.1. Airside MetaVIOUeL..........oooiiiiiiiiiieee e 152

5.2. Waterside Metodel...........cooviiiiiiiiiiiieeee s 153

5.3. bBBTHXSolver and Validation..............c..uvviiiiiiimmmiiiiiiiiiieeeeeeeee s 154
5.3.1. BBTHX @rea COMECHON.........ccevuueeriniiii it e e e e e e e e e e eeenses 154
5.3.2. CFD VerifiCatiON.........cccuuiiiiiiiiieiiiimee e e e 155

5.4. Desgn Problem (DP)........ouii e 156
5.4.1. DP I: Singld’hase Heat Exchanger..............ccccovvviiieeee e, 157
5.4.1.1. Baseline heat exchanger............oooiiiiiiimmn e 157
5.4.1.2. Optimization probleml..............ooviiiiiiiiiceeeee e 159
5.4.1.3. Optimization results and diSCUSSION.........ccceviiiireeiiieeeiiiiieeeeennnn 159
5.4.1.4. ResUIts VEerifiCation............ccuuiiiiiiiiiiiieeeiiiiieeee e 165
5.4.1.5. Selected optimal design and baseline comparison.................. 165
5.4.2. DP II: SinglePhase HedExchanger of diameter 0.8 mm................. 168
5.4.2.1. Baseline heat exchanger............oooiiiiiiemn e 168
5.4.2.2. Optimization probleml..............oovviiiiiiiicreeee e 169
5.4.2.3. Optimization results and diSCUSSION.........cccoviiiieeeeiiceeiiiiieeeeeennn 169
5.4.2.4. ResuUlts VerifiCation.............cccccueiiiiiiiieeeiiieeee e 174
5.4.25. Selected optimal design and baseline comparison.................. 175

Chapter 6:  bBTHX ApPliCatioN...........uuueiiiiiiiiee e eeeeeeeeeee 178

T I G- gl 7= To | = o ] S PUPUURR 178
6.1.1. Baseline heat exchanger............cccooiiiiiiceei e 178
6.1.2. Design OPtIMIZAtIQN........ccouiiiiiiiiiieeieeeeibb bbb e erere e eeees 180
6.1.3. Optimizé&ion results and diSCUSSION..............coovviviiiieemeeeeeeeeeeeeiiinn, 180

6.2. Indoor Coil of Hybrid Variable Refrigerant Flow (HVRF) System....... 182
6.2.1. Traditional R410A/RF system design (baseling).............cccccee...... 185
6.2.2. Hybrid R410A VRF system desSign........cccooviiiiiiiiiiicce s 188
6.2.2.1. Refrigerant lI0op design...........ccoeviiiiiiiiiceee e 188
6.2.2.2. Indoor unit COil dESIGM.........uuuuuiiiiiiiiiiiiieeeiiiie e 189
6.2.2.3. Water loop pressure drop calculation..............ccceeevvvveemereennnnnn. 196
6.2.2.4. SUMMAIY.....cttiiiiiiiiniiiis s ammeeeeeeni e e e e e e e e s emee e e e e e e e e aeeees 197
6.2.3. Hybrid R290 and R600a VRF SYStem...........ccooeevvviiiimmmeiiiiieeeeeeens 197
6.2.4. System performance COMPAriSON.........cccuuuieeeiiiieeceeeeeeeee e 199

Chapter 7:  CONCIUSIONS .......iiiiiiiiiie e e emmr et e e e eeaaes 200

7.1. Summary of CONtHDULIONS ......eviiiiiiiiiiiiee e 200



VA nd U1 o] [Tor=\ 1 o] o LTS 202

7.3. Recommendations for Future WOork.............cccooiviiieeeiii e 204
Y 0] 01T T Lo =SSR 207
Appendix A: Pictures of test facility..............eevvviiiiiiiieee e, 207
Appendix B: HX blockage test PICIULES...........uveeiiiiiei s e 209
Appendix C: Heat exchanger test data...............eeveviiieeciiiiiiiiiiiiiiiiciceeeeee e 214
Appendix D: GCI calculation data...........cccoeeiieeeeiiieeeiiiiiee e eeeeeveee 261
Appendix E: Metamodel data.............eeeviiiiiiiiiieeeiiiiiieeeeeeeee e 264
Appendix F: Design optimization reSultS..........cccooveeiiii i ccecicciieiiie e, 301
BiDIOGrapNy....coeeieiiieeeeee e 311

viii



Li st of Tabl es

Table 1 Classication of Various HTE Techniques............cccuvviiiiiiieeniiiiiiiiiieeee. 3
Table 2 Fin types and HTE mechaniSm..............cceoiiiiiicccviiiiiiiiicee e veeenn 5
Table 3 Fractal theory development...........coooiiiiiiiieeri e 9
Table 4 Summary ahajor findings in research on fractal heat sinks............... 10

Table 5 Summary of HX optimization methods (adapted from Huang et al..2QB85)
Table 6 Summary of airefrigerant heat exchanger optimization using AAO

TECNNIQUES. ... e ee s 15
Table 7 Measurement INStIUMENT..........oooiiiiiiiiirren e 27
Table 8 Total uncertainty in key parameters...........cccceeeiiiiveeeiiiiiiiiiene e 28
Table 9 Implementation of GCl.........ccooeiiiiiiiiii e, 52
Table 10 Dimensions of BTHX, sSBTHX and MCHX..........ccccooiiiiiiiiiicecinnn, 66
Table 11 Dimensions of 5 and 4 mm slit-findtube heat exchanger.................. 68
Table 12 Test matrix for BTHX, SBTHX and MCHX............ooovviviiiiiiieenneeeeeee, 69
Table 13 Test matrix for 4 and 5 mm slit-amdtube heat exchange.................. 69
Table 14 Wet condition test matrix for BTHX........oovvvviiiiiiiiiieeeeiiiiene e 84
Table 15 Test matrix for SBTHX........oooiiiiiiiiiiiiieeen e 85
Table 16 Test matrix fob and 4 mm slit firandtube heat exchangetr................. 86

Table 17 Airside Parametric Study Parameters for BTHX and bBTHX.........116
Table 18 Waterside Parametric Study Parameters for BTHX and bBTHX...116

Table 19 Summary of airside parametric study.............cooevvviiieeieiiiieeiiiiinns 128
Table 20 Summary of waterside parametric StUAY..........ccovvvvriiiiiecciiiennenennn. 136
Table 2 Summary of all airside mechanisms..........cc.cccooeeievieeeiiiiiii e, 143
Table 22 Summary of all waterside mechanisms...............cccccimenee s 151
Table 23 Summary of airside mat@del...............cceeeeiiiiiiccc e 152
Table 24 Summary of waterside ma@del................ccooiiiiiiienni 153
Table 25 Inlé conditions of bBBTHX solver verification case...............ccc.vvve.e. 155
Table 26 Geometry parameters of bBBTHX solver verification.case.............. 155
Table 27 Comparison of simulation results from CFD and solver for bBTHX156
Table 28 Baseline MCHX ..o 158
Table 29 Optimization resultexification against CFD simulation (DP.J).......... 165
Table 30 Comparison of selected optimal design and baseline MCHX (DP.}67
Table 31 Baseline BTHX ...ttt iieeeiiireie e e e e e e e e e e 168

Table 32 Optimization results verification against CFD simulation (DR.11).....175
Table 33 Comparison of selected optimal design and baseline BTHX (DR.1}77

Table 34 Baseline car radiatQr...............uueeeiiiiccceeeiiiiiiseees e e e e e ereene e 179
Table 35 Comparison of bBTHX car radiator design and baseline............... 182
Table 36Designpoint verification against CFD simulation for car radiator dedi§a
Table 37 Simulation results for baseline R410A VRF system.............cccuu..... 187
Table 38 Baseline R410A VRF system performance..............coccccoveeneeineens 187
Table 39 Simulation results for R410A HVRF system...........cccoooeevviiieeceennnnnn. 189
Table 40 R410A HVRF system performance...........cccccuvvvviimemnnnnieniiiinnenneee 189
Table 41 Specifications of indoor unit (Mitsubishi, 2012)....................ccoveeee.. 191

Table 42 Design of indoor unit A5 mm slit finrandtube HX (simulation data). 192
IX



Table 43 Design of indoor unit BbBTHX (sSmulation data)............cccceeeeeeene. 195
Table 44Designpoint verification against CFD simulation for HVRF indoor ctB5

Table 45 Pressure drop of plate heat exchanger (waterside)........................ 196
Table 46 Pressure drop of water 100p PIpINg........coooovviiiiimmne e 196
Table 47Pumping power of water [00D.............uvvuueiiiii i e 196
Table 48 R410A HVRF system performance with two different indoor Lnits.197
Table 49 Simulation results for R290 HVRF system.............ccooevivieeeeeeeennnn. 198
Table 50 R290 HVRF system performance...............uuveeeeieeeiuiviemineeneeieeeeeeenns 198
Table 51 Simulgon results for R600a HVRF system...............ceeiiiicmeeennnnns 198
Table 52 R600a HVRF system performance.............oooooeieemne e 199
Table 53 System performance COmMpPariSOmL.............cevvvvvvieemeeeeeeeeeeeiiiinn 199



Li st of Figures

Figure 1 Techniques for metamodeling............ccoovviviiiieeer e 15
Figure 2 Heat exwanger test facility wind tunnel and water loop...................... 22
Figure 3 Comparison of air flow rate measured by wattmeter and nozzles....25
Figure 4 Heat exchanger test facilityefrigerant pumped 100p..............euvvveeeeeee. 25
Figure 5 BTHX computational domain.............ccoeeviiiiiiieeeii e e 40
Figure 6 bBTHX comptational domain..............cooovviiiiiiiieaniiieeeeeeeeee 42
Figure 7 bBTHX computational domainl5 banks................ccccceeiiiiiceeeiiiiinnnns 42
Figure 8 Waterside BTHX computational domain.................eeeevvieemiiivvnineenennnn 44
Figure 9Velocity contour (d=0.6mm, ¥=1 m/s, laminar).........ccccccoecvvvreiiieennnnn. 44
Figure 10 Velocity contour at miglane, model A...........coooeiiiiiiiiiieeen e 45
Figure 11 Velocity contour at miglane, model B................ccooiiiiiiieeen e 45
Figure 12 Velocity contour at miplane, 4segment model.................cccvvviivieenee 45
Figure 13 Normalized WHTQa) and WDP (bfompariSon..........cccceeeeeeeeeeeerienns 46
Figure 14 WHTC (a) and WDP (b) comparison............ccccccvvvvimmmnsnnnincnnnnnnnn 47
Figure 15 Waterside computational domain.............ccoeovviiieeeiiiiiiieeeeieceeeeeeian 48
Figure 16 Airside GCI reSUILS..........oooiiiiiieree e 53
Figure 17 Waterside GCl reSUS........ccooiiiiiiiiiiiiceeecccc e eeeeeeeeeeeeee e 53
Figure 18 Two PPCFD approaches in ANSYSorkbenchM..................c.......... 56
Figure 19 Segment of BBTHX SOIVEL..........uuuiiiiiiiii i eeeeeee 60
Figure 20 Flow chart of BBTHX SOIVET.........cooiiiiiiieeee e 61
Figure 21 Definitions of Br, Nr &N Nus.wvveeeiiiiiiiiiiieiiiiiieeeeeee e 62
Figure 22AA0 FIOW CRAIT.........uuiiiiiiiiiieic e 64
Figure 23 Picture of BTHX (OD=0.8 MM)........cuuuuuiiiiiieeeeceeeiiiiiiieeeeeeeeeeeeaeenns) 65
Figure 24 Pictures of sBTHX 1.5 mm) (a) overview, (b) tube pattern and (c) tube
S AP e ———————————————— 66
Figure 25 Picture of MCHX .......uuiiiiiiiiiiiiiiicceeeeeeeeee e 66
Figure 26 Comparison of dimensions of BTHX, sBTHX and MCHX................ 67
Figure 27 Picture of slit fiandtube heat exchanger (OD=5 mm)..................... 67
Figure 28 Picture of slit fimndtube heat exchanger (OD=4 mm)..................... 68
Figure 29 Energbalance of BTHX........cccoiiiiiiiiiiiiieeeiiiie e 70
Figure 30 Energy balance of SBTHX ... 70
Figure 31 Energy balance of MCHX ... e 71
Figure 32 Heat exchager capacity of BTHX..........ooooiiiiiiiiieeee, 72
Figure 33 Airside pressure drop of BTHX........uuiiiiiiiiiiiiiieeeieeeeee e 72
Figure 34 Airside Wilson plot of BTHX........oooviiiiiiiiiiieeeeee e 72
Figure 35 Airside hedtansfer coefficient of BTHX.........oovviiiiiiiiiiiiann. 72
Figure 36 j and ffactor of BTHX........oooiiiiiiiiireeeeceee e L 2
Figure 37 j and f factor power laws of BTHX..........oooiiiiiiiiimeen e 72
Figure 38Comparison of correlations with experimental data for BTHX.......... 73
Figure39 Energy balance of SBTHX ... 75
Figure 40 Heat exchanger average capacity of SBTHX..............ccccccvceeeeeeee 75
Figure41 Air side pressure drop of SBTHX........oooiiiiiiiiiiiiiee e 75
Figure 42 Air side heat transfer coefficient of SBTHX.............cccccoevvveeeeeeeeeen 75
Figure43 Wilson plot Of SBTHX .....covviiiiiiiiiiiiii e 75
Figured4 j and f factor of SBTHX........ccoviiiiiiiiiiiiiieciie e ] D

Xi



Figure45 j and f &ctor correlation (SBTHX).......oovvvviviiviiiiiiccmeeeeeeeeee 76
Figure46 Comparison of AHTC prediction of new correlation against existing

correlations (SBTHX).....uiiiiiii e eeeeeeeeeeei e eeeeevveeee e e e e eeeeanesenn e ] O
Figure47 Comparison of ADP prediction of new correlation against existing
correlations (SBTHX)......iiiiiii e eeeeeeeeei e eeeeveveeme e e e e e eeeasesen e ] O
Figure 48 Heat exchanger capacity of MCHX...........ouiiiiiiiiiiiceniiiiiieeeeeeeeen 7
Figure 49 Airside pressure drop of MCHX.........oooriiiiiiiiiiiir s 177
Figure 50 Simlation and experiments data comparison: heat exchanger capacity
(IMICHIX) ettt et e e e e e semt et e et e e e e e e e e e e e e e s s e s s sammne e e e e e eesenannnns 77
Figure 51 Simulation and experiments data comparismsida pressure drop
(IMICHIX) ettt ettt et e e e e e e semt et e et e e e e e e e e e e e e e s e e s s sammne e e e e e e e s e e annnns 77
Figure 52 Wilson plot of MCHX.....oooiiiiiii e 77
Figure 53 Airside heat transfer coefficient of MCHX.............cccoorviiieeen 77
Figure 54 jand ffactor of MCHX........cccuuiiiiiiiiiiiiieeeiiiiiiiiieeeeeeee e L B

Figure 55 Capacity comparison of BTHX, sBTHX and MCHX at WFR=30.g/s79
Figure 56 Capacity comparison of BTHX, sBTHX and MCHX at WFR=50.g/s79
Figure 57 Capacity comparison of BTHX, sBTHX and MCHX at WFR=70.g/$80
Figure 58 Air side pressure drop comparison of BTHX, sBTHX and MCHX...80
Figure 59 Water side pressure drop comparisf BTHX, sBTHX and MCHX.....80
Figure 60 Air side pressure drop comparison of BTHX, sBTHX and MCHX...80
Figure 61 Air side heat transfer coefficient comparison of BTHX, sBTHX and

1YL RO 80
Figure 62 Energy balance of 5 mm COil.............ccoooiriiieee e, 81
Figure 63 Energbalance of 4 mm CQll...........ooooiiiiiiiiemmn e 81
Figure 64 AHTC for 5 mm HX ..o 81
Figure 65 AHTC fOr 4 mm HX.ooooiiiiiiiii e 81
Figure 66 Capacity comparison of 5and 4 mm.HX.........ccccooeiiiiiiiccciiceeennn, 82
Figure67 Air pressure drop comparison of 5 and 4 mm.HX..........cccccciviieee. 82
Figure 68 UA value comparison of 5and 4 mm.HX............cccceeiiiiieeiviiiinnnns 82
Figure 69 Water pressure drop comparison of 5and 4 mm.HX.................... 82

Figure 70 Comparison of j and f factor of 4 mm heat exchanger with literatur@3lata
Figure 71 Comparison of j and f factor of 5 mm heat exchanger with literatur83iata

Figure 72 Verttal tube orientation of BTHX under wet conditian..................... 85
Figure 73 Horizontal tube orientation of BTHX under wet conditian............... 85
Figure 74 Energy balance (BTHX, vertical).............cccoooviiiieemiii e 90
Figure 75 Energy balance (BTHX, horizontal)..............ceeviiiiieeciiiiiiiiiiiiineeeen. Q0
Figure 76Heat exchanger capacity (BTHX, vertical)...............cccoevvvvieeeneeeeeenn. 90
Figure 77 Heat exchanger capacity (BTHX, horizontal).................cvvieeeinnnnn 90
Figure 78 Sensible capacity (BTHX, vertical)............cccovvimiiiiccciiiiie e, Q0
Figure 79 Sensible capacity (BTHX, horizontal)............ccccooiiiiicccnn 90
Figure80 Latent capacity (BTHX, vertical)..........ccccoeeeieiiiiiii e 91
Figure 81 Latent capacity (BTHX, horizontal)...............ceevviiiiieeniiiiiiiiiiiiieeeenn. 91
Figure 82 Airside pressure drop (BTHX, vertical)...........cccccoeeeeiiiieemeiieiiineeennnd 91
Figure 83 Airside pressure drop (BTHX, horizontal)..........ccccccceiiiiieaniinnnnnnn. 91
Figure 84 Effect of air flow rate on condensation at RH=50% (a)(b) and RH=70%
(c)(d) under vertical orientation (BTHX)........ccovviiiiiiieiiiiimmre e 92

Xii



Figure 85 Hect of air flow rate on condensation at RH=70% under horizontal

(ol T=T g1 e= 1A To] AT (=2 I 1 TP 93
Figure 86 f factor (BTHX, wet, vertical)..............uvuuuiiiiiicceeeeeiiiieee e 94
Figure 87 Prediction of f factor correlation (BTHX, wet, vertical)..................... 4
Figure 88 j factor (BTHX, wet, Vertical)................uuuuuuiiiicccreeeeiiiiiese e e e 95
Figure 89 Prdiction of j factor correlation (BTHX, wet, vertical)....................... 95
Figure 90 j, factor (BTHX, wet, vertical).........cccoeeeiiiieeiiiiiieeei e 95
Figure 91 Prediction ofyjfactor correlation (BTHX, wet, vertical)..................... 95

Figure 92 Energy balance for (a) RH=50% and (b) RH=70% (sBTHX,.wet)..96
Figure 93 Heat exchanger average capdoitya) RH=50% and (b) RH=70%

(1= 1 D TV PSPPSR 96
Figure 94 Sensible capaciiyr (a) RH=50% and (b) RH=70% (sBTHX, wet)....96
Figure 95. Latent capacifgr (a) RH=50% and (b) RH=70% (sBTHX, wet).......97
Figure 96. Air side pressure drégr (a) RH=50% and (b) RH=70% (sBTHX, weéxy

Figure 97. j and f factdior (a) RH=50% and (b) RH=70% (sBTHX, wet).......... 97
Figure 98 Effect of air flow raterocondensation at RH=50% (sBTHX, wet)....100
Figure 99 Effect of water flow rate on condensation (sSBTHX, wet)............... 101

Figure 100 Comparison of AHTC under dry and wet condition (SBTHX)......103
Figure 101 Comparison of ADP under dry and wet condition (SBTHX)......... 103
Figure 102 Comparison of j and f factor under dry and wet condition (SBTHX)3

Figure 103 Comparison of factor at dfferent RH level (SBTHX)..................... 103
Figure 104 Water blow out effect for SBTHX.........cccoiiiiiiiiiieeeieeee 104
Figure 105 Wet conditioj) jm and f factor correlatio(sBTHX) .............ccceeeeenns 104
Figure 106Prediction of wet condition j factor correlati@BTHX)..................... 104
Figure 107Comparison of wet conditiom factar correlation with experimental data
(SBTHX) ettt e e et an e e 105
Figure 108Comparison of wet condition f factor correlation with experimental dat
(S 3  8 TOSUS 105
Figure 109 Energy balance for 5 mm coil under wet condition...................... 106
Figure 110 Energy balance for 4 mm coil under wet condition...................... 106
Figure 111 Capacity for 5 mm coil under wet conditian..................coovveeeen.. 106
Figure 112 Capacity for 4 mm coil under wet conditian.................ceevvieeeennnee. 106
Figure 113 Air side pressure drop for 5 mm coil under wet condition............ 106
Figure 114 Air side pressure drop for 4 mm coil under wet condition............ 106
Figure 115 Sensible capacity for 5 mm coil under wet condition................... 107
Figure 116 Sensible capacity for 4 mm coil undet condition......................... 107
Figure 117 Latent capacity for 5 mm coil under wet condition....................... 107
Figure 118 Latent capacity for 4 mm coil under wet condition....................... 107
Figure 119 |, 4 and f factor for 5 mm coil under wet condition........................ 107
Figure 120 j, 4 and f facor for 4 mm coil under wet conditian......................... 107
Figure 121 Air side heat transfer coefficient and pressure drop per depth for baseline
NEAL EXCNANGEIS ... .o e e e e e e e 109
Figure 122 Gaxfor all baseline heat exchangers...........cooooveiiiieeeiii, 109
Figure 123Air side heat transfer coefficient and pressure drop per depth ayeioG
baseline heat @XChanQers.........o.coiiiiiiii e ereer e 109



Figure 124Boundary layer disruption and attachment regions on different fin types:

a) Plain, b) Louver and c) Slit. (Bacellar, 2016)............ccceeevviriieemieiieeeeeeeeeeee 110
Figure 125Boundary layer disruption and attachment regions on a round tube bundle
(Bacellar, 2018).......cceeiiieieiiiiiiiiimmme ettt e e e e annn s 110
Figure 126Flat plate temperature contour plot (CFD resultS)...........ccccceeenn. 110
Figure 127 Round tube temperature contour plot (CFD results).................... 110
Figure 128 AHTC of flat plate and round tube (CFD results)............ccccceeun.. 111
Figure 129 Skin friction coefficient of flat plate and round tube (CFD results}11
Figure 130 bBTHXtUDE StruCtUre..........ccooiiiiiiieieeee s 113
Figure 131 Two rows of bBTHX in staggered pattern...........cccceeeeiiiieeeevvnnnnnns 113
Figure 132 bBTHX schematic (staggered) and simulation domain............... 113
Figure 133 Two staggered patterns of bBTHX: pattern 1 (a) and pattern.2.(hj4
Figure 134 First order analgs COmMPACNESS..........ccvvvvvevvuuiiicreerrininineee s 115
Figure 135 First order analysis: material utilization.................cccccoeeeeiiiiinnns 115
Figure 136 bBTHX SamMPIle......cccoooeiiiiiiiieeeees e 117
Figure 137 Experimental validation for bBTHX air side pressure.drop.......... 118

Figure 138 Airside heat transfer area improvement compared with BTHX....119
Figure 139 bBTHX tube conf i gu.r.a.lt.i.b20

Figure 140 Airside free flow area decrease compared with BTHX................ 120
Figure 141 Effect of velocity and diameter on AHTC..........ccvvvviiiiiiieeciiinnee. 121
Figure 142 Effect of bifurcation angle on AHTC........cccooooiiiiiiiiiiceeii 122
Figure 143 Effect of LR 0N AHTC....ouiiiiiiiiiiiiiiieeee e 122
Figure 144 Effect of pattern on AHTC..........oooiiiiiiiiiiiiee e 123
Figure 145 Surfae heat transfer coefficient of pattern 1 and.2........................ 124
Figure 146 Effect of diameter on airside hA .......cccooeviiiieiiiiieeeiii e, 124
Figure 147 Effect of bifurcation angle on airside.nA..........ccccccoiiiiieaen. 124
Figure 148 Effect of LR on airside hA...........oooorrirmiiee e 125
Figure 149 Effet of pattern on airside DA ............oeeiiiiiiiiiiceei e 125

wi t h

d

Figure 150 Effect of diameter ..oan..226P/ Depth

Figure 151 Effect of bifurcation angle on ADP/Depth (d=2 mm, LR=0.5, Pattern 1)

....................................................................................................................... 126
Figure 152 Effect of pattern on ADP/Depth...........cccccviiiiiimemniiiiiiieieeee 126

Figure 153 Geometry of bBTHX..at..dx2r0A
Figure 154 Effect of LR on ADPR./.Dep27h
Figure 155 Effect of LR onn2ADPR./.De p27h

Figure 156 Effect of velocity..andl30i
Figure 157 Effect of bifurcation angle on WHTC (d=2 mm, LR=1.5)............. 130
Figure 158 Effect of LR..on.. WHTC..(.83%2
Figure 159 Effect of velocityand diamee r on h A ( d=.2... mml131 d =
Figure 160 Effect of bifurcation angle on hA (d=2 mm, LR=1.5).................. 131
Figure 161 EffeCt Of LR ON hA ..o 132
Figure 162 bBTHX computational domain..............cccvveiiieeeneeeniiciniieeee e 132

Figure 163 Effect of velocity andl1l33i
Figure 164 Effect of bifurcation angle on WDP/Length (d=2 mm, LR=1.5)....133

Figure 165 Effect of | ength .r.at.i.ol3dn

Figure 166 j factor of waterside parametric study results for bBTHX............. 134

Xiv

ameter

WDP/ L



Figure 167 f factor of waterside parametric study results for bBTHX............ 135

Figure 168 j/f value of waterside paramestudy results for bBBTHX................ 136
Figure 169 Overall conductance and WDP/Length comparison.................... 137
Figure 170 Mass flux of bBTHX and BTHX (
....................................................................................................................... 138
Figure 171 AHTC of bBTHX and BTHX with s
[ T = 11 (= o 2 PP 138
Figure 172 AHTC of BTHX with different diameter..............ccooovviiivieeeneinnnnee. 138
Figure 173 ADP/Depth of bBBTHX and BTHX..........ovvviiiiiiiis i, 139
Figure 174 Flow bypass at bifurcafdon (d
Figure 175 Radial velocity magnitude of BTHX and bBTHX.......................... 140
Figure 176 Cross section of BTHX (a) and bBTHX. (0)......coooiiiiiiiiiiiiieeeneee, 141
Figure 177 Airside velocity in z direction for bBBTHX...........cccoeeiiiiiiiiiceeiiinnnnnd 141
Figure 178 Drag coefficient for cylinder and sphere in free flaw.................... 142
Figure 179 Nusselt number of cylinder and sphere in free. flow.................... 142
Figure 180 Velocity contour of fully developed region of BTHX at 4pldne......145
Figure 181 Velocity vector at bifurcati@t midplane (color is velocity magnitude)
....................................................................................................................... 145

Figure 182 &tic pressure of BTHX (d=2 mmw0.1 m/s), BTHX0.7D (d=1.4 )
mmW=0.1 m/s) and bBTHX (wdO=E2nmnat migpland 5 A, LR
....................................................................................................................... 146
Figure 183Surface heat transfer coefficient of BTHX (d=2unVw=0.1 m/s),

BTHX-0.7D (d=1.4mm,¥=0. 1 m/ s) and bBTHX (4wd012mm, d=3

0TS PP PR PPUPPPPPPPPP 146
Figure 184 Velocity field of bBTK (d= 4 mm, LR=0.5; =60°, Vw=1 m/s, Re=3943)

At MIGPIANE. ...t eeee et rnnaee 147
Figure 185 Effect of LR on flow separation...............ccccuvvvimmmnniiiiiiiiiiiiieeeee 148
Figure 186 Velocity field of Sg@lomsfiary f
....................................................................................................................... 149
Figure 187 Temperature contour of geometry without (a) and with (b) secondary flow
....................................................................................................................... 150
Figure 188 Airside metamodel prediction of j factor (a) and f factar.(b)......... 152
Figure 189 Definition obne segment on waterside..............ooooeiccieene s 153
Figure 190 Waterside metamodel prediction of Nusselt number (a) and ADP/segment
() U EPREEPPURRRR 153
Figure 191 Heat transfer area calculation for bBBTHX...............ooooiiiieeeieennnn. 154
Figure 192 Heat transfer area correction equation for bBTHX...................... 155
Figure 193 Heat transfer area verification against CFD results for bBTHX...155
Figure 194 Single segment computational donf@imBTHX...........ccccccoeeeeenn. 156
Figure 195 Two baseline heat exchangers for optimizatian.......................... 157
Figure 196 Deviation of capacity and airside pressure drop against experimental data
10T 1Y/ USRS 158
Figure 197 Pareto front (DP.1)........uuuiiiiiiiiiiiiii e 161
Figure 198 OD and LR of Pareto front points w/o comstsg(DP I)..................... 161
Figure 199 PI and Pt of Pareto front points w/o constraints (DR.I)................ 162
Figure 200 LR and PI/OD of Pareto front points w/o constraints (DPR.1)......... 162

XV



Figure 201 AHTA and AHTC of Pareto front points w/o constraints (DP.])....163

Figure 202NHTA and WHTC of Pareto front points w/o constraints (DP..I)...163
Figure 203 Airside and waterside pumping power of Pareto frontspaiio
CONSEIAINTS (DP L) eeeieeeeiiiiiiiiei et eee e e e e e e e e e e e e eeeeenmnne s 164

Figure 204 Airside power percentage of Pareto front points w/o constraints 1B I)
Figure 205Aspectratio andmaterialvolume of Pareto front points w/o constraints

(] TP PPPPPPRR 165
Figure 206 Pareto front (DP I1)......cooeiiiiiiiiiiii i 171
Figure 207 Pl and Pt of Pareto front points w/o constraints (DR.LL)............... 171
Figure 208 AHTA and AHTC of Pareto front points w/o constraB® Il) ......... 172
Figure 209 WHTA and WHTC of Pareto front points w/o constraints (DP.11)172
Figure 210 Bifurcation angle and length ratio of Pareto front points w/o constraints
(] | IO P PP P PP PPPUPPPPPPPPR 173
Figure 211 Airside and waterside pumping power of Pareto front points w/o
CONSEIAINTS (DP L) .. .o e e e e e e e e e emees 173
Figure 212 Airside power percentage of Pareto front points w/o constraints (DP II)
....................................................................................................................... 174
Figure 213Aspectratio andmaterialvolume of Pareto front points w/o constraints
(] | IR P PP PP PPPUPUPPPURPPPR 174
Figure 214 Louvered fin car radiatQr............coooeeiiiiiiincceieeeeeeeeeeeeeee s 179
Figure 215 Louvered fin car radiator experimentahdatd correlation comparison
....................................................................................................................... 179
Figure 216 Optimization results of car radiator design.............ccccceeeviceevvnnnns 181
Figure 217 Traditional VRF System (with Heat Recovery)............cccooevviiceee. 183
Figure 218 Hybrid VRF SYStemM.......cccooiiiiiiiiiiiiiiieeeee e eeeeeeeeeeeeeeeme e 184
Figure 219 VRF piping d@N reStriCtioNS............uuiiiiiiiiiiiiiceeeiiieiieiieeee e 186
Figure 220 Schematic of traditional VRF System..............eceeeiiiieeeiieiiieeeeeee, 186
Figure 221 Baseline traditional R410A VRF system schematic..................... 187
Figure 222 Schematic of HVRF SYSteml............ciiiiiiiiiiccceiecie e 188
Figure 223 R410AIVRF System SCheMALIC.........cevvviiiiiiiiiiiieeeeeeieeeeee e 189
Figure 224 Indoor COil UNIL..........cooooiiiiiiieees e 190
Figure 225 Airflow direction of indoor COil UNIE..............coevviiiiiieeniiiiiiiiieneenn. 190
Figure 226 Dimensions of indoor COil UNit..............ccccoeiiiiiiecciiiece e, 191
Figure 2270ptimization results of bBTHX indoor unit cail.............cccccoeeviieeee 194
Figure 228 R290 HVRF system schematiC............ccccooiiiiieceiiiiiiiiieiie e, 197
Figure 229 R600a HVRF system SchematiC.............cccuvvvvimmmnnnniiiiiiiiiiieeeee 198

XVi



Q4
HVAC&R
Q

0

Q

®?

@Bo:

B

B oo

Q

O]

Qs
Qoo
o

Nomencl atur e

area (M)

minimum free flow area (f
surface area of fin (f

total air side heat transfer area?m
inside surface area of tubes?m
outside surface area of tubes (m2)

slope of a straigt line between the outside and inside tube wall temperature
(IkgK)

slope of the air saturation curved at the mean coolant temperature and the
wall temperaturéJ/kgK)

slope of the air saturation curve at the water filmgerature of the fin surface
(IJkgK)

slope of the air saturation curve at the water film temperature of the tube w
surface(JkgK)

constant

specific heat capacity at constant presgiffeyK)
tube outside idmeter (include collar) (m)
tube inside diameter (m)

energy balance (%)
Engineering Equation Solver
friction factor

in-tube friction factors of water

log mean temperature difference correction factor
mass flux kg/m?s)

maximum mass velocity based on minimum

flow area(kg-nv)

convective heat transfer coefficigi/m?K)

sensible capacityransfer coefficienfW/m?K)

mass transfer coefficiev/m?K)
inside heat transfeefficient (W/m?K)
total heat transfer coefficient for wet external fil/m?K)

heating, ventilation, aiconditioning and refrigeration
modified Bessel function solution of the first kind, order O

modified Bessel furt@on solution of the first kind, order 1

enthalpy kJkg)
air enthalpy kJ/kg)

inlet air enthalpy KJ/kg)

mean air enthalpyk(/kg)

outlet air enthalpykJd/kg)

saturated water vapor enthalgyitkg

mean enthalpykg/kg

saturated air enthalpy at the inlet water temperakiid

mean saturated air enthalpy at the mean water temperiaitig)
saturated air enthalpy at the outlet water tenajpree kJ/kg)
saturated air enthalpy at the fin mean temperakiid

XVii



(%1

3
3

EQ
EX

a,o-x __D-z ngx K,ﬁo-x ',o-xoc.

— c:
o=

P

oo
<

-

F C1 C2 P C1 &L C1C: C: C: Q-
o Ca

i
S wo
o)

€0

saturated air enthalpy at the fin base temperakJirkd)

mean saturated air enthalpy at the mean inside tube wall tempekatiagp (
mean saturated air enthalpy at the mean outside tube wall tempekatige (
saturated air enthalpy at the water film temperatkidé¢)

mean saturated air enthalpy at the mean water film temperature of thefiice
(kJ/kg) _
Chilton-Coburn’cfactor of the heat transfer

Chilton-Coburn’factor of the mass transfer

modified Bessel function solution of the second kind, order 0
modified Bessel function solution of the seconddkiarder 1
thermal conductivitfW/mK)

thermal conductivity of fifW/mK)

thermal conductivity of wategiWw/mK)

thermal conductivity of tub@NV/mK)

thermal conductivity of water filnW/mK)

tube length (m)

Lewis number

mass flow rat€g/s)

number of transfer unit

Nusselt number

outer diameter (m)

pressure (Pa)

pressure difference (Pa)
longitudinal tube pitch (m)
Prandtl number

transverse tube pitch {m

heat transfer rate (W)
Reynolds number

Reynolds number based on inside diameter
equivalent radius for circular fin

overall thermal resistan¢&/W)

tube inside radius (m)
distance from the centef the tube to the fin base (m)

distance from the center of the tube to the fin tip (m)

Schmidt number
temperature (K)
mean temperature of the water film (K)

mean temperature of the inner tube wall (K)
mean temperature of the outer tube wall (K)
mean temperature of water (K)

temperature difference (K)

log mean temperature difference for cousitew (K)

Fin thickness (m)

overall heat transfer coefficient (Vi?K)

wet surface heat transfer coefficient, based on enthalpy differenoe?$kg

volume flow rate 1n®/s)
humidity ratio of moist air (ktkg)

XVili



mean air humidity ratio (Kgg)

. mean saturated air hunitiglratio at the mean outside tube wall temperature
e (kg/kg)

0 saturated air humidity ratio at the water film temperatkggk@)

E. mean saturated air humidity ratio at the mean water film temperature of the
W surface kg/kg)

A% geometric parameter (m)
A% geometric parameter (m)
I Thickness of condensate water film (m)

Greek symbols

” density(kg/m?)

0 fin factor

contraction ratio

_ surface effectiveness

- fin efficiency
fin thickness
‘ dynamic viscosity (N&n?)

Subscripts

s air side
inlet

mean
exponent
outlet
tube wall
wet

frontal
refrigerant

SFcommage
C‘

XiX



ChapterlMot i vati ons

1.1. Motivations

Air-to-fluid Heat eXchanger(HX) is widely used in industry as automotive radia oil
cooler, water and glycol coolarondenserevaporator and indoor coil for chiller systérhe heat

exchange efficiency of the heat exchanger has a considerable influence on total energy usage.

As the economy develops and population grows, timeadd for energy, material, space
and other resources increases dramatically, calling for better energy, material and space usage.
Compact heat exchanger that has less material, less envelope volume than traditional heat

exchanger is the next generatiogde exchanger

The work presented here igotivatedby the need of innovative designs and advanced
geometries to improve heat exchanger performance. Heat transi@ncemerttas been studied
for decades and the traditional way to maximize the overall HXluctanceHA) is to increase
surface area by employing extended surfaces, for instance fins, to airside to reduce airside thermal
resistance because it accounts for 75~90% of total thermal resistance. However, fin surfaces have
lower heat transfer coeffents compared with primary heat transfer surfaces (tube surface)
because ofhe boundary layer development. Moreover, additional fins inevitably result in more
material consumptionThus, conventional firandtube heat exchanger designs have intrinsic
limitation of further improving heat transfer performancergj\wcertain amount of volume and

material volume.



1.2.Literature Review

1.2.1.Airside heat transfer enhancement

Air-to-fluid heat exchangsrin applicatiors are mainly firandtube heat exchangers,
including round tube heat exchangers, flat tube heat exchangers and microchannel heat exchangers.
A large amount of literature can be founeégnhancing heat transfer of these conventional designs.
Over 9500literatureson Heat Transfer Enhancement @Tare pubkhedper Webb and Kim
(2005). Webb and Kim (2005) categorized the heat transfer enhancement techniques into passive
methodsand active methodss shown imTablel. Compound enhancement and combinations of
two or more passive and/or active techniques are also fdeaskivetechniquesare the most

sought (70.9%) with emphasis on extendedacegManglik and Bergles, 2004).

The ultimate objective of enhancing heat exchanger performance is to increase the total
UA value which can result in: (a) size reduction usually reflecting cost and weight reduction, (b)
increase in heat dutyc) LMTD reduction leading to better thermodynamic efficiency or (d)
pumping power reduction which can be translated into the oper@stgeduction. UA can be
increased by increasing U, A or both. Since air thermal resistance accounts for 75%~95% of the
overall HX thermalesistanceefforts to improvair-to-fluid heat exchanger performance mainly

focus on air side.



Table 1 Classification of Various HTE Techniques

Passive Techniques

Active Techniques

Surface coating
Rough surfaces
Extended surfaces
Displaced inserts
Swirl Flow
Coiled tubes
Surface tension

Mechanical aids
Surface vibration
Fluid vibration
Electrostatic fields

Injection
Suction
Jet impingement

Additives for liquids
Additives for gases

Roundtubeandfin heat exchangers (RTHX) with various configurations were proposed
and studied in the past decad®$HX has become a universally aisar-to-fluid heat exchanger
type. Such heat exchanger consists of mechanically or hydraulically expanded equally spaced
parallel tube bundles in staggered otined pattern with continuous various configured fins on
the outside of the tube array to impe heat transfer coefficient @irside Usually liquid heat
transfer medium such as water, olil, or refrigerant is forced to flow through the tube bundles while
gas heat transfer medium, such as air, flows across the tubes through hgférent fins types
have been studied comprehensively including plaisg, fivavy fins or corrugated fig louvered
fins, offset strip firs, and perforated fim The shapes of tubes are mostly round or ovaé
fundamental characteristics of different fin types arersarized in a recent review paper
(Bhuiyan and Islam, 2016) by numerically compgiheat transfer and pressure drop performance
of different finandtube heat exchangers under different conditions. Two basic concepts are
extensively used for such extendadfaces: (i)specialchannel shapes, such as wavy chanel
which provide mixing due to the boundary layer separation within the channepé&gtedyrowth
and wake destruction of boundary layers, such as offset strip fin, louvered fin and pefforated

(Bhuiyan and Islam, 2016Another method to enhance heat transfer is vortex generator which not



only interrups thedevelopmenof thermal boundary layer but also genes&agitudinal vertices
and causeflow destabilization and it can be combineithaall previous enhanced fin types. Jacobi
and Shah (1995) reviewed the vortex generatorsdetail Fundamentallyheat transfer
enhancementomes with pressure drop penalty. These different surfdisessed aboveare

summarized iMable?2.

Flat tubeor mini- and micre channel heat exchangers (MCHX) are standard heat
exchangeror automobile radiators. They are also widely applied as air conditioning evaporators
and condensers for residential, intlizd and atomaive use Typical flat tube heat exchangers
and microchannel heat exchangers are usually designed witHoowkired fins of which the heat
transfer enhancement mechanism was explginedously The flat tube shape is albeneficial
compared with RHX regardingairside pressure drop. A typical MCHX comprises of a flat tube
with multiple small sized ports. The advantage of MCHX aeendfin-andtubeheat exchanger
and flat tube heat exchanger is on the liquid side. By reducing the tube sizey afddlin the
heat dissipation of integrated chips using a microchannel heat exchanger was reported by
Tuckermarand Peas€l981) Smaller liquid flow passagdsadto higher surface area to volume
ratio, higher thermal transport, smaller envelope volusngaller overall refrigerant charge and
higher system efficiency. Specially, theage of headers simplifiéise refrigerant circuitry and

reducs the total flow path, resulting in reduced pressure drop.



Table 2 Fin types and HTE mechanism
Fin type Picture HTE mechanim
Mmoo m

in fi T Tt
Plain fin-andtubeHX - [ LT 1 Extended heat transfer area
?

(KaysandLondon,1984)

1 Extendedheat transfearea

1 Lengthened flovpath

1 Improved airflowmixing

1 Bounaary layerinterruption and
redevelopmenat corrugations

Wavy fin-andtubeHX
(KaysandLondon,1984)

9 Extended heat transfer area

9 Boundary layer isnterruption and
redevelopmenatlouvers

9 Improved flow mixing

Corrugated louvered fiandtube
HX
(Bhuiyan and Islam, 2016)

1 Extended heat transfer area

9 Boundary layeinterruption and
redevelopmenat strips

1 Improved flow mixing

Offset strip firandtube HX
(Bhuiyan and Islam, 2016)

9 Boundary layedissipation in the wake
region formed by holes
1 Improved flow mixing

Perforated firandtubeHX
(Bhuiyan and Islam, 2016)

9 Boundary layeinterruption and
redevelopment

9 Generatdongitudinalvortices

1 Cause flow destabilization

Vortex generator
(Jacobi and Shah, 1995)

Approaching
sir_fiow

Recently, small diameter (<5 mm) finless heat exchangers have been proposed and
investigated. Bacellar (2014) numerically investigated bare tube heat exchandeplain fin
andtube heat exchangewith diameter of 2~ 5 mm and developed correlations basedC&tD
simulation results. Paitoonsurikarn et al. (2000) numerically found #rattbbe heat exchanger
can achieve a much larger aide heat transfer coefficie(00 Wm?K) with the air velocity
range of 1 ~ 6 s by reducing tube diameter to 0.3 ~ 0.5 mm. Thus, finless designshasag
tubeswith hydraulic diameter less thdmmm can exceed the aide heat transfer performance of

conventional heat exchangers.



1.2.2.Heat transfer and friction characteristics of water flow in macro and #ubes (<4 mm)

In current study, water is used as thauhe side fluid and singlphase heatransfer and
friction characteristics are analyzed. As it is the first time to investigate the performance of the
novel geometry, the singehase characteristics are needed
1997) for the development of the needed-phase heat transfer mechanisms and correlations. So
here the heat transfer enhancement approdchiestube side obare tubearebriefly summarizd
and the heat transfer and friction characteristics of water flow in macro and +hibesare

analyzed.

Although the airside heat transfer enhancement is significant, tube side heat transfer
performance enhancement is also a major topic. Similar to the airside, there are alscapdssive
active heat transfer enhancement methods. Passive heat transfereardrdnmethods include
enhanced inner surfaces (midno tubes, inner grooved tubes) and inserts (coils, twisted tape).
Enhanced inner surfaces are commonly used utamiled compact heat exchanger design
because they can produce enhanced tube sidér&esfier coefficient with a small pressure drop
penalty. Enhanced surfacpromote turbulence and reduce the thickness of the boundary layer,

leading to higher local heat transfer coefficient.

Brognaux et al. (1997) investigated heat transfer and fniatlzaracteristics for single
phase flow in singkgrooved and cross grooved midio tubes with outer diameter of 15.987 mm.
It was found that micréin tubes hd enhanced heat transfevefficientas high as 1.8 times that
of smooth tubes. There is alsssearch on twphase flow in micrdin tube with even smaller

diameter (4~7 mm) (Hu et al., 2008, Mancin et al., 2016).
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However, in current study, the diameter range is below 4 mm. As far as the author knows,
there is no available microgroove or migho tubes within this diameter range, especially for
diameter that is less than 1 mm. Thus, one main task of current research is to find a way to enhance

heat transfer in macro and micro tulfiéandlikar, 2002.

Conventional forced convection heat transfed &iction correlations which were derived
from tubes with diameter much larger than mitttbes were examined by many researchers. Here

is a summary:
Friction factors

Yang et al. (2003) measured the friction factors of water flow in tubes with diameter
ranging from 0.5 to 4 mm. They found that there is no significant discrepancy for water flow in
small diameter tubes compared with large diameter tubes. Yang and Lin (2007) also found that for
tubes diameter ranging from 100 to 1100 & m,
Poiseuille {Q p FY'Q) and Blasius 'Q 18t X WQ 8 ) equations in laminar and turbulent
regime, respectivelyComparable resultwerereported by Leleat al. 004) for diameter range
of0.1~0.5mm, Leta.,. 003) for di meter of 79.9 to 205. 3
of 1 33b,the conventional theories are applicable for flow in the size range of current study
(0.5~4 mm).This is the theoretical basis of baseline bare tube heat exchanger CFD simulation

results verification for pressure drop.
Fully developed heat transfer

Yu et al. 3) found the Nusselt numbers for water cooling in turbulent regime were
considerably larger than those would be predicted for larger tubes, suggesting the Reynolds

analogy does not apply for micro tube flow. Yen et al, (9) measured heat transbempede of
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laminar refrigerant RL23 in 0.3 mm diameter tube and found the results were in reasonable
agreement with the analytical laminar constant heat flux value (Nu=4.36). However, in these
experiments, the temperature was measured by direct attachymg thermocouple on the tube

wall. Yang and Lin (2007) pointed out that the measurement accuracy of-toierovall
temperature is significant because the diameter of the sensors for measurintub@csarface
temperature is comparable to the sizetre microtube itself. This may result in inaccurate
temperature measuremdrgcauseof sensor wire thermal shunt. A noontacted liquid crystal
thermography (LCT) method was proposed to measure the surface temperature -tiilmeisto

avoid the thermathunt and thermocouple contact problems. Samples with diameter of 123 to 962
em were tested. They found the conventional h
flow can be well applied for predicting the fully developed heat transfer penficeria micre

tubes. The transition occurs at Reynolds number from 2300 to 3000, which is the same range as
that for conventional tubes. Correlations examined for turbulent flow include Dittus and Boelter
(1930) correlation, Petukhov and Popov (1963) cati@h and Gnielinski (1976) correlation. Thus,

we can conclude there is no significant size effect for water flow in tubes Witddraimeter range

in current study (0.5~4 mm)rhis serves as the theoretical basis of baseline bare tube heat

exchanger CFBimulation results verification for heat transfer.

1.2.3.Nature inspired heat exchangers

Nature has inspired many scientists and engineers to solve problems through observation
and mimicry. One such example is heat transfer enhancement. The enormous ratanal hass
transfer phenomena have led engineers to seek solutions to heat transfer enhancement problems
from nature. Fractal geometries are found in respiratory and vascular systems of plants and animals,

such as blood vessels, human lungs, leaves licessetc. Inspired by this, fractal heat exchangers
8



have been developed aacefound to have intrinsic advantage of minimized flow resistance and

strong heat transfer capability.

Significant amount of research has been conducted on the theory déftitteray, 1926;
Sherman, 1981; Mandelbrot, 1982; West, 1997; Bejan et al., 2008; Bejan and Lorente, 2006, 2007,

2011; Bejan, 1997, 2002, 2003; Xu and Yu, 2006), and the main findings are summariziele in

3.

Table 3 Fractal theory development

Researchers Major findings

Murray, 1926 Devel oped Murrayds Isafaparentbraneh equalbtiee sunfof theludg
the radi of daughter branches.

Sherman, 1981 Found when Murrayés | aw was obeyed dianfeters
and various flow characteristics such as wall shear stressjtygbrofile, and pressure gradient.

Mandelbrot, 1982 Described fractal structure from nature: coastlines, leaves and clouds.

West, 1997 Developed scaling laws for a bulk fluid transport problem to minimize the flow work.

Bejanet al.,2008; Bejan antlorente, | Developed Constructal Theoryor a finitesize flow system to persist in time (to survive) its
2006, 2007, 2011; Bejan, 1997, 2002, configuration must evolve in such a way that it provides an easier access to the currents thg
2003 through t.

Xu andYu, 2006 Analyzed the transport properties including electrical conductivity, heat conduction, convecti
heat transfer, laminar flow, and turbulent flow in the networks and dkttneescaling exponents
of the transport properties in the neth&

For application, thdractal channelg(FC) are mainly used for electronic coolinghus,
most research focaeson comparing its pesfmance with traditional serpentine chanf8C)and
parallel channe(PC). The major findings are summarized Tiable 4. Even tlough there are
various application of fractal channelscluding heat sink (as shown in Table 2), fuel cell (Senn
and Poulikakos, 2004), microreactor (Chen et al., 2011; Chen et al., 2015) distrilaurtder
and Luo, 2004; Luo et al. 2007; Guo et al., 2014), collector (Guo et al., 2014), tube and shell heat
exchanger (Guo et al., 2014), spindle (Xia et al., 2015), Si/Ge nanocomposite (Chen et al., 2015),
etc. Howevermost of the researdiocus on heatsink for electronic cooling due to the inherent
advantage of temperature uniformity of fractal structure. For fluid types, research covetdiquid
liquid (Tondeur and Luo, 2004; Luo et al., 2007; Guo et al., 2014),-s»liduid (as shown in
Table 2),solidto-two phase (Daniels et al. 2011; Daniels et al., 2007; Zhang et al., 2011), solid

to-gas (Chen et al., 2014; Chen et al., 2011; Chen et al., 2015), antbssicd (Chen et al.,
9



2015) heat exchangers; however, no research has been done tdoligagdheat exchangers,

which is a research gap and should be investigated.

Table 4 Summary of major findings in research on fractal heat sinks

Ref. Major findings

Pence Compared wittparallelchannels PC) with equal surface arefractalchannels EC) has

2002 1.0% | ower pressure drop for the same total flow rate€
condition.

2. 50% lower densityith similar maximum wall temperature and pressure drop.

Chen and Cheng
20

Compared with PC with equal surface area, FC has

1. Higher total heat transfer rate;

2. Lower total pressure drop;

3. Larger fractal dimension or a larger total numbésrahchlevels will resit in a stronger heat transfer capability with a
smaller pumping power.

Sennand
Poulikakos, 2004

1. Compared with SC with same hetrisfer area and same rectangular area, F@itges heat transfer capability and 50%
lower pressure drop;

2. Pressure drop from bifurcation is substantial and not negligible;

3. Lower pressure results fraimenot fully developed flow in highdsranchlevel

4. Secondary flow motions initiates at bifurcations;

5. Transverse vortices create recirculation at bifurcations that result in hot spots at the inner corners of bifurcations;
6. Longitudinal vortices result in enhanced thermal mixing and a decire¢he required flow rate for heat transfer;

7. Laminar mixing by secondary flow motions improves |d¢asseltnumber.

Alharbi et al, 2003

Compared withPence's <D mode| the3D model

1. Predics a 20% lower totapressure drop for fractal channels but similar for straight one, this is due to pressure recove
bifurcations that residfrom an increase in flow area;

2. Predicts pressure drop 1T#gherfor SC wherusng temperature dependent properties, but sinfdr FC;

3. Has the reinitiating assumption, which seems to provide plausible ingmessure distribution.

Alharbi et al, 2004

1. FC has75% lower temperature variatiamd al0% pressurelrop penalty compared with tHC,
2. The assumption afonstant properties it suitable for high heat flux condition.

Enfield et al, 2004

1. Developed 2D model for predicting concentration profilasd degree of mixing (DoM);
2. Developed a nedimension number and a design guideline to determine the optimal number of branch levels to mini
pressure drop and maximize DoM for a fixed initial parent channel width, total path length, and chahnel dep

Wanget al, 2006

Compare FC with PC and SC, FC has

1. Thebest temperature uniformity;

2. Lowerpressure drop tha®Cbut higherpressure droghanPC,

3. Reduced risk of accidental blockage of channel segments;

4. Reduced potentiaf thermal damage due to the reduced risk of blockage;

5. Increased number of parent channels and branch levels resulted in increased temperature.uniformity

Wanget al, 2007

1. Pressure drop increases as bifurcation angle increases with a decreasing increasid80giethe optimal angte
2.Channels with bifurcation angle ®80e+180¢ has a | ower pr es s ur eressurorgcoverypanp a
bifurcation;

3. Increasing angle also increases the risk of appearance of hotspot near the bifurcation;

4. Moreuniform distribution of the outlet mass flow can be achieved with increased bifurcation angles, but the gradient
reduced with increasing angles

Honget al, 2007

1. A modified structurevasproposed to address the hotspot istyeafidingserpentine channel structure at the end of highe
branches);

2. Hotspot ppears at the highest branch (4th) due to assumption of conjugate heat transfer;

3. Effect of bifurcation on pressure drop becomes more obvious for higher flonesaténg in a nonlinear relationship
between pressure drop and mass flow rate, urtlikdinear one foPC,

4. The modified=Cis much better than that BICwith respect to pressure drop, thermal resistance and temperature unifo
andthis advantage is much more obvious when the flow rate or the pressure drop is low, which isfeceaued high pressu
drop is not recommended in practice for the design of microsystems.

Chenet al, 2010

1. FC hasconsiderable advantages o&€tin both heat transfer and pressdrep;
2. FC hasnherent advantage of uniform temperature on the heating surface than SC.
3. The local pressure loss due to confluence flow is found to be larger than that due to difluence flow.

Wanget al, 2010

1. Leaflike flow networks has lower pressure drop and higher haasfer coefficient than symmetric tree ones

Yu et al., 2012

1. FChas a much higher heat tréarscoefficient at the cost of a much higher pump pawenpared with PC with the same
heat transfer area.

2. AR (aspect ratio=height/widttgf microchannel plays a very important role when considering pressure loss, heat trans|
coefficient, and COP;

3. FC withlowest ARhashighest COPbutthe one withhighest AR has the highest ratio of COP over @DPC

Zhang et al., 2013

1. Small aspect ratio is preferred for a smaller prestoand a larger heatansfer rate

2. A high branchlevel produced a high pressutep and a large heat transfate;

2. The bends with fillets for the fractiike microchannel reduce the local minor pressure losses, compared with that with
90° bends, resulting in a lower overall pressure drop
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Zhang et al., 2015 | 1. Both the flow rate and th&R have large influences on the evolution of the vortices, which promefiutt mixing and
enhance the efficiency beat transféer

2. FCwith a smallerAR of 0.333 was verified to have lower pressure drop and better heat transfer performance within a
other microchannel networks under investigatiothestudy

3. Observd transverse and longitudinal vorticities, secondary ffmd recirculation flow motiohs

4. Confluence flow has a larger pressure drop than diffluent flow, but not much difference.

1.2.4.Numericalstudyof compact heat exchangers

The design and sizing of heatxchanges involve many complex procedures and
calculatons. The convective heat transfer coefficients between fluids and walls are key variables
in the design procedure. Heat transfer coefficients are functions of flow velocity, fluid properties,
internal tube geometry and dimension, external tube geomettydamension. For simple
geometries, heat transfer coefficients are available in literature for-ghgte flow at laminar,
turbulent or transitional conditions (Sunden, 2007). However, for complex heat exchanger
geometries or novel heat exchangers, araly solutions and correlations in literature are no
longer applicable As a numerical solution methodology of governing equations for mass
conservation, momentum, heat transfer and other transport process, Computational fluid dynamics
(CFD) or computatioal heat transfer (CHT) or numerical heat transfer (NHa33 become a
power f ul t ool for HX design nowadayscan(b8unden,
applied to HX simulation in two ways: (i) entire heat exchanger aurfitarycell. In the firstway,
theentireheat exchanger or the hansferringsurface is modeled by using large scale or coarse
computational meshes or by applying a local averaging or porous medium approach. However,
when applying this method, several assumptions includiggigdl properties and characteristics
should be known beforehand which is not practical for prediction. The advantage is the
computational cost is relatively low. Another way is to identify modules or group of modules that
repeathemselvesn a periodic o cyclic manner in the main flow direction. This method enables

accurate calculations by including more details in the model. Patankar et al. (1980) first introduced
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stream wiseperiodic flow and heat transfer which becomes a common method for HX research,
especially for prediction of novel surfaces and complex geomeélry.CFD model should be
validated using experimental data to demonstrate the validity of the computation. Abdelaziz et al.
(2010) reported uncertainty #10% in airside capacity againstpeximental data for a novel HX.
Xiaoping et al. (2010) also reportedl0% uncertainty for airside heat transfer coefficient
predication against experimental data for a louvered fin microchannel heat exchanger. In Chen et
al . (201 &pribted cisuit hedt gxcharfgethe largest deviation for prediction of Nusselt
number is found to be 6.5% and that for capacity is 6.14%. CFD has also been applied to

investigate the airside flow maldistributiovigici et al., 2016).

1.2.5.Heat exchanger design optimizati

Design optimization involving CFD calculation is a major research topic, especially in
novel heat exchanger desigro do optimization, the first step is to automate CFD calculation to
make it easier to explore the design space. The reasons ardiffoagh commerciasoftware
allows one to build model and mesh, it is hard to change the topology and second, the calculation

time can be reduced by taking advantage of parallel calculation.

Hilbert et al. (2006) andbdelaziz et al(2009, 2010) both inbducedsuch automated
method and Abdelaziz named it Parallel Parameterized CFD (PPCFD). This PPCFD method relies
on the commercial software Gamb20(7) for geometry and mesh generation &dJENT®

(2017) for solving the flow and energy equatiottshasfour steps:

1 Generate profile forekign variables and parameters

1 Generate journalliés for both Gambit anBLUENT®
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f Execute Gambit andFLUENT® using the journal files to generate geometry,
generate mgh and run simulation iIRLUENT®

1 Post process outpuaitato obtan thermalhydraulic performance

A batch file generated alongside executes these four steps. Depending upon the number of
processors available, different cases can be run in parallel. It is reported that this automation
technique saves more th&9% engineering time compared to conventional CFD modeling

(Abdelaziz et a].2010)

Even though the PPCFD technique can help reduce the computational time by automating
the simulation procedure and using parallel computation, it may still result irchogmutational
cost when implementing this method into heat exchanger optimization problem. Therefore
approximatiorassisted optimization (AAO) has been applied for optimization using numerical
simulations. Huang et al. (201Summarizedhe optimization rathods into five categories as
shown inTableb.

Table 5 Summary of HX optimization methods (adapted from Huang et al. 2015)

Methodology Expertise | Relative Computational Cog
Exhaustive Search Low 10,000000
Random Search Low 1,000,000
Parametric Analysis Low 100,000
GradientBased Methods Medium 10,000
Heuristic Methodsd.g. GAG, MOGA etc) Medium 10,000
ApprOX|mat|onAs_S|sted Optimization High 100-1000
(offline)
ApprOX|mat|onAss_|sted Optimizatin High 100
(online)

One key procedure in approximation assisted optimization (AAO) is metamodeling.
Metamodels are statistical approximations that are used to replace the actuad witdel

acceptable estimation errors to significantly reduce the catipntamount.Metamodeling
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involvesthree steps (Simpson et al., 20Q&).choo® an experimental design for generating data,

(b) choo® a model to represent the data, and then (c) fit the model to the observed data. There are
several options for each tifese steps, as shownRigurel. First, AAO requires an initial set of
sample points in the desigspace It is recommendedo useDesign of Experiments (DoE).
Classical designgendto allocate points on or netirte design space boundaries and leave a few
points in the center, including full and fractional factorial designs, central composite designs and
Box-Behnken designs. However, a good DoE should fill the entire design space instead of focusing
only on the lmundaries or at the center (Sacks et al., 1989, Jin et al., 2001), thus space filling
designsshouldbe applied, including Latin Hypercubes (LHC) (McKay, 1979), mean sqeared

(Jin et al., 2002), integrated mean squared error (Sacks et al., 1989 imdistance approach
(Johnson et al., 1990), orthogomatays(Taguchi, 1987; Owen, 1992), Hammersley sequences
(Kalagnanam and Diwekar, 1997). Various metamodeling approackegiireeringptimization

have been reported, includirgsponse surface tetiques (Otto et al., 1996; Sobieski et al., 1998),
Kriging (Jones et al., 1998rtificial neural networks (ANNSs) (Fonseca et al., 2088} inductive
learning (angley andSimon, 1995). Simpson et al. (200&yiewed several of these techniques

in detal.

Among them, Kriging metaodel techniques most widely usedor heat exchangers
because of itBexibility and suitability(Jones et al., 1998yhe approximation can be done in both
offline and online manners. In offline mode, the metamodeling puveas carried out before any
optimization is conducted, while in onlia@proximationan existing metamodel is updated during
optimization with new points sampled in intermediate stages based on the progress of the optimizer.
Recent akrefrigerant heatexchanger optimization research using AAO techniques are

summarizedn Table6.
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SAMPLE

EXPERIMENTAL MODEL MODEL APPROXIMATION
DESIGN CHOICE FITTING TECHNIQUES
(Fractional) Ly Polynomial > Least Squares —p Response Surface
Factorial -~ | (linear, quadratic) Regression Methodology
Central Composite Splines Weighted
Box-Behnken (linear, cubic) Least Squares
; Regression
D-Optimal ™1t Realization of a _
G-Optimal Stochastic Process| | > Best Linear _{ 5 Kriging
Unbiased Predictor

Orthogonal Array

Kernel Smoothing

Plackett-Burman ) ) Best Linear
Radial Basis Predictor
Hexagon Functions
Hybrid Log-Likelihood
_ Network of Nisuga)
Latin Hypercube | }”7  Neurons ~P>Backpropagation +—>
e Networks
Select By Hand~{_| i .
' > Rulebase or > Entropy Inductive
Random Selection Decision Tree (info.-theoretic) Learning

Figure 1 Techniques for metamodeling
(Simpson et al., 2001)

Table 6 Summary of air-refrigerant heat exchanger optimization using AAO techniques

Authors Experimental design Meta- Objectives
model
SpaceFilling Cross e
Aute (2008) Validation Tradeoff Kriging Ml\lj:::f%bé%:t'\\;e'
(SFCVT) ' ’
Abdelaziz Max: h?ag]tgtlrilrc:gg? \ég;)acity per
(2009) MED Kriging frontal area, per heat exchange
volume and per material.
SpaceFilling Cross Singleobjective:
th%ig)t al. Validation Tradeoff Kriging Min: ADP
(SFCVT) Max: AHTC
Baceller Latin Hypercube Krigin Multi-objective:
(2016 Sampling (IHS) ging Min: ADP, V
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1.2.6.Research gaps

Based on théteraturereview, themaingaps are as follows:

1 Air-side heat transfer coefficient of @o-fluid heat exchanger stitlasthe potential
to be improved, and so is tHwid side Which means the ato-fluid heat
exchanger still has the potential to have less pressure drop, less volume and less
materialvolumewhen delivering theame capacity.

1 Air flow is limited to be two dimensional on primary heat transfer surface (tube
surface)or bare tube heat exchangérgere is ndare tube heat exchangkssign
that utilizes 3D flow on primary heat transfer surface.

1 Natureinspired heat exchange devidleaveno6t been systematic
there lackslesign guidelinéor nature inspied thermal device design

1 Though numerical studie small diameter firandtube heat exchangers and bare

tube heat exchangensve nobeen widely experimentglinvestigated

1.3.Objectives

There arethreemain objectives of current research: éXperimerally investigate the
performance oétateof-the-art heat exchangers to gain the heat exchanger design fundamentals,
including traditionalouvered finnednini-channel heat exchangesmall diameter finandtube
heat exchanger (4~5 mm)ewly studied rouwh and shape optimizdaaretube heat exchanger
(0.8~1mm) (2) invent, simulate and optimize novel heat exchang#rathas improved thermal
and hydraulic performan@scompared to baselines both airside and fluid sidend validate the

novel heat exchager performancagainstexperimentablatg (3) analyze the applicability of the
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novel heat exchangeand discuss its applicability astomotive radiator and indoor coil floybrid

variable flow systenn detail

Investigation of thestateof-the-art hea exchangers performance encompas®) design
and construct an ASHRAE standardizedtaiwater/Ref. test facilityor heat exchanger capacity
ranging from 1 to 10 kW with uncertainty of less th&?a: (b) experimentally investigate the
singlephasetransferusingwater and air for mnmi-channel heat exchangesmall diameter fin
andtube heat exchanger (4~5 mand bare tube heat exchanger (0.8); (C) experimentally
investigate théwo-phaseheat transfeusing refrigerant (R410A) and air fdin-and-tube heat
exchangers;d) developair-side heat transfer coefficient and pressure @apelationsfor bare
tube heat exchangg(0.8~1mm) which have been rarely investigated in literatugeafalyze the
thermal and hydraulic mechanisms of distincisfand tube shapeds gain the fundamental
understanding of heat transfer aamtiress potentials and limitations of compact@&fluid heat

exchanger design

Novel airto-fluid heat exchanger desigiptimizationincludes (a) review nature inspired
heatexchange devices comprehensively and develdgsan guideline for natus@spired heat
exchangers; (b) inverd heat exchanger with newly defined geometry; (b) conduct numerical
simulation and parametric study on both airside and watersisiag Comput@onal Fluid
Dynamics (CFD}oftware (c) conducexperimental tests to validate CFD simulatifi);explore
thermal and hydraulic characteristics of the novet@nefrigerant heat exchangen both airside
and waterside (d) develop Parallel Parametaréd CFD (PPCFD) technique in ANSYS®
WorkbencAM and couple it with AproximationAssistedOptimization (AAO) technique (e)
optimize current heat exchanger so that it 3@8 lower total pumping power, 30% less volume

and 30% less material volume thinose of baselinelouveredfin mini-channel heat exchanger
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with similar capacity, same or smaller frontal area, similar aspect ratio and same working condition;
(f) optimize current heat exchanger so that it has 10% lower total pumping power, 10% less volume
and 10% less material volume thidnoseof baselindare tubdieat exchanger with similar capacity,

same or smaller frontal area, similar aspect ratio and same working condition.

Applicability analysisof the novel heat exchanggrcludes (a) design an aito-water
automotive radiator that has 30% lower total pumping pp@@¥6 less volume and 30% less
material volume thathoseof baseline which is the widely used louvered fin and flat tube heat
exchanger that has been test@y);modela Hybrid VariableRefrigerant Flow (HVRF) system
numericallywith current heat exchanger design as indoorthail has 30% less charge ttlihose
of baselineRefrigerant Flow (VRF) systenand investigate the performance of HVRF system

with different refrigerants, includg R410A, R290 and R600a

1.4.Dissertation organization

This dissertation is organized so that the research motivation, literature review and research
objectives are presented in Chapte Chapter 2 summarizéise research approaches including
experimental wdy, CFD simulation, approximation techniques and nadtle optimization.

Chapter 3 discusses the test results of all baseline heat exchangers that were tested using water and
air under both dry andethumidifying conditions. The novel bifurcated barkeuneat exchanger
(bBTHX) is presented in Chapter 4, 5 and 6. In Chapter 4pBiéHX design concept is shown

and parametric study results are discussed for both airside and waterside. The thermal and
hydraulic mechanisms are discussed in detail to demataghe advantages. In Chapter 5, the
metamodel andBTHX solver are explained and the optimization results are discussed. Two

optimization cases are studied. In Chapter 6, two applications of current design are described.
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Chapter ™raws the main conclims, simmarizeshe contributios and related publications and
provides recommendations for future work. Test facility pictures, HX blockage test results, HX
experimental dataGrid Convergencelndex (GCI) calculation data, metaodel data and

optimizatian results are listed in the appendices.
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Chapter2Res ear ch Approach

This chapter gives a detailed description of research approaches of experimental test,

Computational Fluid Dynamics (CFD) simulation and optimization.

2.1. Experimental Study

2.1.1.Test facility

The experimentaletup (shown irFigure2) consistf a closedoop wind tunnel, a water
system, a refrigerant pumped system and a data acquisition system,svbégable of testing

heat exchangers from 100 W10 kW capacityunder a wide range of operating conditions.

The closedoop wind tunnelwas designed and constructed based on the ASHRAE
standard 41.2ASHRAE, 1987) It included three parts: (1) a test section with two different duct
sizes to test heat dxangers with cross section area as large as 0.66 x 0.66 m, (2) a flow
measurement chamber with nozzle grid to measursider mass flow rate and (3) an air return
duct with three air handling coils with hot water, cold water and glycol water and a hantwlif
control the inlet air temperature and humidity. A variable speeddamstalled to allow different

air velocities through the wind tunnel.

Two ducts were built independently as test sections with the-seati®n area of 0.33 x
0.33 m and 0.68 0.66 mrespectively. Both the test sections have the same length of 2.5 m. There
is no difference in construction materials and instrumentations between the small and large ducts
except for the crossection area. During a heat exchanger test, onsdeson is selected based
on heat exchanger size, and the other is blocked meanwhile. Both test seeti®basilt using

9.53 mm polypropylene plates with a thefroanductivity d 0.5 W/mK and insulated from the
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inside using 50.8 mm thick polystyreneafns with a thermal conductivityf 0.12 W/mK, to

prevent heat loss from or into the duct.

The heat exchanger prototype was placed inside the smaller test section. The gaps between
the heat exchanger and the section were completely blocked with plategitbypass flow, with
leading edge in the air flow direction. Two sampling trees whiehe branchstructure made of
thin copper tubes with uniform sampling holes distributed over cross sectiomeaeastalled at
the upstream and downstream of heahexger. Sample air was drawn from the sampling tree by
a blower mounted outside the duct and supplied back into the duct to ensure same amount of air
flow. Air flow rate inside the samplintyee was only 1 imin through a moisture resistant tube
with an nner diameter of 3.2 mm thus the power consumption of blower is too small to cause any
significant temperaturicreaseof the air. Along the sampling air tube, therasa 4wire Class
1/10DIN RTD sensor and a chilled mirror hygrometer chamber to metmitemperature and
dew point temperature of sample air. Two sets of mixers and settling megriastalled before

and after sampling devices to ensure the uniformity of air stream.
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Figure 2 Heat exchangertest facility i wind tunnel and water loop

Settling means are two layers of metal mesh with 51% open area each which also functions
as supporting structure of sampling trees and thermal couple gridssiwiind nine T-type
thermocouples for small and big test sections, tgmty. Readings of thermocouples were used
as a supplement of RTD for temperature measurement and as a mean of air uniformity check. RTD

readings was used in the data reduction due to its high accuracy. Both barometric and differential
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pressure transducewere installed with ASHRAE standard pressure tap to measure absolute

pressure before heat exchanger and pressure drop across heat exchanger.

Air flow measurement chamber is in the downstream of heat exchanger testing section. A
nozzle grid ofsevenASHRAE-standard nozzles with diameter of 0.051, 0.076, 0.076, 0.127,
0.127, 0.178 and 0.178 wereinstalled in the middle of this chamber to cover the volume flow
rate range of 0.03 to 1.65%® Nozzles are plugged when not in use. Two sets of settlingsnea
wereinstalled before and after the nozzle grid to straighten the flow. A sampling tree integrated
with a fourwire-class 1/10DIN RTD sensor winstalled in the upstream of nozzle grid to measure
the air temperature of nozzle. Both barometric and rdifféal pressure transduceveere
connected to the standard pressure tap ring to measure the absolute pressure before nozzle and
pressure drop across nozzle. Nozxlesecalibrated under the procedure described in ASHRAE
standard 41.2AHRAE, 1987) Thisprocedure is based on energy conservation, which means heat
output from electric heater should be equal to heat input into the air inside the duct. Electric heaters
with capacities of 0.5, 4, 7 and 9 kW were used to ensure the air temperature riselasbeham
10eC to reduce uncertainty +02¥adf readinggMaseused toi t h a
measure the heat er 8)s Ths shoudadual theheatimg cgpacity of the air
whichwas calculated using air flowtenand air temperature difference, as shown in Equétjon
Air flow rate was measured by nozzle amdas calculated by using equations from ASHRAE

standard 41.PASHRAE, 1987)without correction factor.
0 "0OY 6 yYY (1)

Comparison between the actual heater output (with an uncertaintydf and heating

capacity measured by nozzle (with an uncertainty pf B are shown ifrigure3. The differences
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for all flow rates are withir4.8%, indicating that no correction factor is needed for this nozzle

grid.

Air return duct is a metal duct with outside insulation to reduce heat loss. Three coils were
installed to control the air inlet temperature. A tankless gas water heater with the oighets
temper at ur e thdhot Waleh lodp. Archallartweghdhe lowest outlet temperature of
5eC -hhgC tleecotdHwater loop and glycol water loop respectively. Three mixing valves
are located on each water line to regulate the temperatf each coil thus to control the
temperature of inlet air of test heat exchanger. Cold water and glycol water lines are also used to

dehumidify the air while an electric steam humidifeeused to increase the humidity.

The water loop of the heatehxanger test facility consists of (1) a variable speed gear pump
to provide different steady water flow rates, (2) twavide Class 1/1@IN RTD sensors and two
absolute pressure transducers installed at the inlet and outlet of heat exchangers, (@nhaadliffe
pressure transducer to measure the pressure drop across the heat exchanger, (4) a Coriolis mass
flow meter to measure mass flow rate and density of water, (5) a water buffer tank to eliminate
small fluctuations of water temperature and (6) a platd exchanger that exchangers heat from

a tankless gas water heater to water inside the water tank.
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Figure 3 Comparison of air flow rate measured by wattmeter and nozzles
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Figure 4 Heat exchangertest facility i refrigerant pumped loop

Besides water loop, a refrigerant pumped lowgs built as well to conduct twphase
testing. The refrigerant pumped loop consists of (1) a variable speed gear pump to provide different
refrigerant flow rates, (2) four 4vire Class 1/1MIN RTD sensors and two absolute pressure

transducers installed at the inlet and outlet of heat exchangers, (3) a differential pressure transducer
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to measure the pressure drop across the heat exchanger, (#®lia @ass flow meter to measure

mass flow rate and density of refrigerant, (5) one 5 kW electric heater and one 10 kW electric
heater to heat refrigerant and watt meters to measure power consumption in order to back calculate
inlet quality, (6) a receiver(7) a plate heat exchanger to balance heat transfer, and (8) a glycol
water/chilled water tank connected to plate heat exchanger to control the temperature. This

refrigerant loop can handle refrigerant like R410A, R184a

All data were recorded aftsteady state was reached for each test. All data signals of

instrumentation were collected by a data acquisition system (DAQ) and transmitted to a computer.

2.1.2.Instrumentatiorand data acquisition system

Table 7 summarizes the ingtments installed in the test facility and the corresponding
uncertainies Nati onal I nstrument s compact field
acquisition (DAQ) systems. All the measured sigmadsecollected using LabVIEW program. In
addition toreceiving signals, the program also prodidggnals output to system so that a
proportionalintegratderivative (PID) control was used to control temperatures, mass flow rates

and pressures.
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Table 7 Measurement instrument

Instrument Type Manufacturer Model Range Systemguc
Uncertainty
Mﬁztg'row Coriolis | Micro Motion 2700 0~500 g/s 0.1%
RTD Resistance Omega PR-25AP -200~800°C 0.03~0.07C
Thermocouple T Omega Tt-T-24-100 -250°~350 °C 0.5°C
. Chilled . .
Dew point mirror EdgeTech Dngrak Il Ch!lled -40~60°C +0.2°C '
sensor hygrometer Mirror Transmitter dew/frost point
Barometric Strain Setra 2781600MA1B2BT1 60~110 kPa | +100~+200Pa
- 0,
2641001WD11T1F | 0 t o 1 (+ 062652{?";8) +
Differential Strain Setra =
2641005WD11TE 0 to O. (+/'0'§|53st) +
i 0
Watt meter | Suspended) —Ohio GH-020D 0~4 kW +0.2% of
coil torsion | Semitronics Int reading

2.1.3.Energybalance

For each testthe capacity weemeasured from both air side and water/refrigerant side. Per

ASHARE standard 33, thdifference between these two capacities, which is defined as energy

balance, shodlbe less tham 5%. The definition of energy balance is shown in Equa®n

006

C| CR
C| CR

¢ pmmp

2.1.4.Uncertainty analysis

Total uncertaintyis the summation of systematic uncertainty and random uncertainty.

2

Systematic uncertainty is caused by measurement and instrumemthtdnis defined ashe

differene between the true value and the value that instrument can measure. Systematic

uncertainty sources include imperfect calibration of instruments, changes in the environment and

imperfect methods of observation. Random uncertainty is caused by prediatablatibn in

reading which is usually represented by standard deviation. Random uncertainty sources include

lack of sensitivity, random nois@and statistical processes.
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Data could be classified into dirgcimeasured data (e.g. temperati¥eand calculated
data (e.g. heating capaciy. For direcly measured data, uncertainty sources include instrument
systematic error and random error which is represented as the standard deviation of data series.
Total uncertainty of calculated paratmeis determined by uncertainty propagation with total
uncertainties of directly measured parameters. Pythagorean summation is used for uncertainty
propagation. For a calculated val@which is calculated using measured valies FE fo as
shown in Equatiorf3), the total uncertainty of is then calculated as in Equati@). Equation
(5) and(6) is an example of uncertainty propagation for enthalpy. In current study, the uncertainty
propagation is conductedsing software Engineering Equation Solver (EES). Experimental
uncertainties of the key parameters are summarniz€ahle8. Uncertaintywas evaluated for each

test in current study.

"Q Qo FE R ©)
rQ rQ = 17Q
1 : wW : mW ; wT
Q "QORY (5)
1 T_€SQ -y ©)
T Ty
Table 8 Total uncertainty in key parameters
Air Water
Temperature +0.18K +0.14K
Flow rate +0.8~1.7% +0.2~0.3%
Pressure drop +1.5~2.1% +1.4-2.5%
Capacity +1.2~2.1% +1.6~3.1%

2.1.5.Data reduction

For heat exchanger, both dry and wet condition teste conducted, thus here the data

reduction method are explained separately.
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Dry condition

The heat exchanger capacities under dry conditions wiendatad for airside and water

side using Equatio(¥) and(8), respectively,
0 0r0 Yy Y )
0 0rG 4y 45 (8

For further data reduction, the arithmetic average o$ide capacity and waer-side

capacityd are useds the heat exchanger capadityrepresented by Equatig).

(9)

To calculate the air heat transfer coefficient)sdh plot methodvas used. The Wilson
plot method was first proposed by Wilson (Wilson, 1915), and is a wigssg method to
determine the convective HTC using experimental data (Fernd@whea, 2007). In this case,
Wilson plot method was used to firtetairside HTCs for different flow rates. The overall thermal
resistance could be expressed as the summation ofswd¢econvective thermal resistantg,,
tube wall thermal resistan¢é and airside convective thermal resistang¢e Thermal resistance
due to fluid fouling was neglected. Thus, the overall thermal resistance could be written as

Equation(10).

Y Y Y Y (10)
Based on experimental data, overall thermal resistaice ¢€ould be evaluated using

eithere-NTU method or LMTD method. LMTD methodas choserfor this study becausée

inlet and outlet temperatures of both fluade known For a crosdlow heat exchanger, we could

evaluate the heating capacity as Equatid).
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LR 2% (11

Where3Y is the log mean temperature difference for coufitev configuration, and F
is the log mean temperature difference correction factor for the-toosseat exchanger, then F
is determined by temperature effectiveness, heat capacity rate ratig, dverall thermal

resistance could be expressed as Equétidn

Y p &Y 12
YO 0 (12

We kept the aiside HTC, the air flow rate constant while water flow nates varied.
Wilson (1915) theorized that if the mass flow of the water was modified, then the change in the
overall thermal resistance would mainly be due to the variation of tteedairHTC (while the
remaining thermal resistances remained nearly caistaimce air inlet temperature and water
inlet temperaturevereconstant, we could assume the thermal resistance-sidailand tube wall
to be a constant number. Aside convective thermal resistan¥e and tube wall thermal

resistancéY could be expressed as Equat{®B).
Y Y O (13

The convective HTC of water was proportional to a power of the wglasi written as

Equation(14).
Q 00U (14

Here the coefficienb and exponent of water velocigyare unknowns. By combining

Equation(12), (13) and(14), the regression form is derived as Equafis).
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p
00

. p
Y z l‘)_ (0} (15)

Thus, a linear regression was applied to obtain the valugs of and best curve fitting
was used to find. Then the aiside thermal resistan®é could be calculated using Equation

(13).

For heat exchanger with fins, the-aide thermal resistance can be represented as Equation
(16). Thus, to find akside heat transfer coefficient, iteratiorustbe conducted to dermine fin

efficiency using Equatio(iL7) to (22).

The— here is the surface effectiveness, and is related to the fin surface area, total surface

area and fin efficiency bycBmidt (1949) equation.

0 1
- P 6 p - ( 7)
where
OATaE %o 18
T A % (18)
, ¢Q
a 7 (29
Q
Y U
%o T p p T UL IV TO (20
7
Y P ¥— — ™ for staggered tube layout (21
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T
Y PR gp— — TR for single row coil and inline layout (22

For finless heat exchangers, p, thus'Qcan be directly calculated using Equatid®).

The ChiltorColburnj factor and factor is expressed as follows:

. _ h 3

=g e PP (23)

07 W "k

Q —— = [ —) 24
57 0 P . P (29

Wet condition

Data reduction for wet condition is more complicated. Basically, the present reduction
method is based on the Threlkeld (1970) metfdw main steps are to calculate overall wet heat

transfer coefficienfQy andsensible capacityansfer coefficientQ;, first and then calculate mass

transfer coefficienfQp, . Details areas below

The total heat transfer rate for aide is shown in Equatio(25). The water side heat

transfer rate is the same as shown in Equg8pn
Orn & & (29
The overall heat transfer coefficient, based on the enthalpy potential is given as follows:
0 "Yi03Q0 (26)
where3z'Q is the mean enthalpy difference for counter flow coill,

30 0 G (27)
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The mean enthalpy difference for the counter flow configuration is listed in Eq@28pn

and(29) according to Bump (1963) and Myers (1967).

I T H R R @9
ol &
R T T T R e
o o]

The overall heat transfer coefficient is related to the individual heat transfer resistance

(Myers, 1967) as follows:

T R
p wo 0O p
Vi by ¢ Q0 ., 05 0-j (30)
h W0 WrO
where
" P
Qr =
" 8s o (3D
OFr 0

w in Equation(31) is the thickness of the water film. A constant of 0.005 inch was
proposed by Myers (1967). In practice (/ Q ) accounts for only 0i%% compaed to
(6 5 T ; "Qy), and has often been neglected by previous investigators. As a result, this term is

not included in the final analysis.

5 Qi G Slope of the air saturation ued at the meal (32)
Yer Y coolant temperature and the inside wall temperature
o Qrn Qen Slope of a straight line between the outside 33)

q

¢

Y, “Yii inside tube wall tempernate
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= YQn Slope of the air saturation curve at the water f (34)

W ;
VY temperature of the tube wall surface

o - YQn Slope of the air saturation curve at the water f (35
h Y'Yh temperature of the fin surface

Tubeside heat transfer coefficienQ is evaluated from the Gnielinski correlation

(Gnielinski, 1976).

. AP YQ prmlu Q. o
Q Q5r: onmmnmYQ pT1 (36

P P& w01 p

<l gl

Where™Qis calculated using the correlation developed by Petukhov (1970), as shown

below,

P

HONVO  p@ T lommnYQ v pm (37

0

Note that the Reynolds number used in Equat(@6) and (37) is based on the inside

diameter of the tube.

To calculate the overall heat transfer coefficient, similarly, the wet fin efficiency must be

evaluated through iteration. The wet fin efficiency, defined by Thi@&lk€970), is shown in

Equation(38).
— i D q (39)

where'@, is the saturated air enthalpy at the man temperature of fifiGands the
saturated air enthalpy at the fin base temperature. The fineefficiunder wet condition is

calculated using Equatieif39) and(40).
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= 2ri é,Kl(MTri )I 1(M Tro)'K 1M 1ro) 1M { i) (39)
M, (12 - 1) @Ky (M)l (M ) - K (M ) .M § )

M = [l (40)

The air side heat transfer coefficient under wet conditions was calculated using the

following procedure (Wang et al., 1997):

1. Calculate total heat transfer coefficiét; using Equatios(26) to (29)

2. Calculatefluid side heat transfer coefficiei@ using Equatior{36)

3. Assumean arbitray value for the condensate film temperati¥g , and calculate
@ ;

4. lIteratively calculate air side overall heat transfer coefficient under wet condition
"Qp using Equatior§30). Fin efficiencyis evaluated usingquatiors (39) and(40)

5. Calculate’@, ; by using the following Equation,

Cpatf g o) (4)
s,w,mzlam'ThCO’ (1 U'oﬁo[hﬁj’i 2’5L|$Lp])(|am| rr)f

6. Calculdae”Y from™Q, . If Y derived here is not equal that is assumed in step

(3), then repeat step (3) ~ (6) uritfl; is constant

Obtain overall heat transfer coefficient and calcusatesible capacityransfer coefficient

using Equation(31).

The next step is to calculate mass transfer coeffidignt Simultaneously heat and mass

transfer process can be described by the process line equation from Threlkeld (1970):
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dia _ (ia_ is,w) -
aw, _Le(V\é- W) i, 2501e) (42)

where'Y represent the ratio gknsible capacitiyansfer characteristics to the mass transfer

performance,

Mo
e (43)

,07p.a

Le=

However, for firandtube hat exchanger, the saturated air enthal@y X at the mean
temperature at the fin surface is different from that at the fin base, thus Eqd&iaoesnot
correctly describe the dehumidification process.modification of the process line on the

psychrometric chart corresponding to thedimdtube heat exchanger is described as follows:

From the energy balance of the dehumidification, one caBa@edtion(44).

ﬁladiazcl}vo dAb,o(iam _is por) E‘:hﬁdA(iam I_sw)r (44)
p,a p.a

From conservation of wateondensategne can get Equatidd5).
rrth\é: taod’%o( Wm_Wpor)l 'Eh; dIA Wm _Vyw)w (45)
Dividing Equation(44) by Equation(45) yields

di, _LeQi, kpom Le(e Q) (i, O,

AW, (Wi- Woon €€ B (W, Wo,) (46)
where
_ A
e A (47)

Themass transfer coefficient aiffd;; is calculated following the procedures:
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1. Calculatew i andw f ; from™Qrr andQ j

2. Assumean arbitrary value fob ‘Q

3. Calculate the humidity ratio d¢fe outlet air from experiment

4. Calculate the humidityatio of the outlet air by Equatiqd5). If the humidity ratio
calculated from step (4) equals that from step (3), thgn stee repeat step (2) to
4)

5. DetermineQ;, from Equation(43)

Air-side heat and mass transfer coefficient and friction factor e&rfdtube heat
exchanger under wet condition are evaluated uSimgon-Colburn’QChilton-Colburn’@ andQ

factor as follows:

.__h /3
1= GmCon Pr (49
o = 512 (49)

max

f - I]:?alzl‘aDh Pr2/3
2G5a s

(50

2.2.CFD Smulation

2.2.1.Physics and governing equations

CFD simulation for all heat exchangeare conducted usifgNSYS® WorkbencAM 18.0.
First, Solidwork$ generates gpmetry fileand exportedt into Workbench™. Then,Meshing",
embedded meshing software in Workbefttoesthe meshingandfinally, FLUENT® runs the

simulation.
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The governirg equations of continuity, momentum (Navi&tiokes) and energy are listed

as Equatiorf51) to (53).

p oo o (51)
pOw) =pR MO ® 3 by (52
b Pra(h Hzi)] LoD (53

For air side simulation, the assumptions are:

1 Threedimensionalsingle phase, steady state flow;

1 Negligible gravitational effest

1 Ideal gas model for density calculation;

1 Temperature dependeptoperties estimated with polynomial curve fitting other
than density

91 Pressure work and kinetic energy are negligible.

In current studyeddiesareexpected at boundary layer detachnagpite low Reynolds
numbers. Since the transition between laminar and turbulent regimes is unknown and must be
solved by the simulation, tho-equatiork-U r eal i zabl e ( RKE) rmwesde | (S
used with enhanced wall functions enabled in every simulation. Another advantage of using
turbulence model is that they can better solve a larger range of problems which is desired when
simulatingmanysamples using same CFD settings. Compared with standandoklel, RKE has
improved performance for problems involving boundary layers under strong adverse pressure
gradients or separation, rotation, recirculation and strong streamline curvature thtable foii

problems in current study. Antdhasa higher rate of convergence when using RKE compared to
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other models fomanyCFD simulationgBaceller, 2016)For corresponding bare tube simulation,

same assumptiongereapplied.

Thermal properties foria such as specific heat, thermal conductivity and viscosity are
estimated with polynomial curvetiing as function of temperatur8éceller, 201pand density is

based on ideajas model.
For water side simulation, the assumptions are:

1 Threedimensiong single phase, steady state flow;
1 Negligible gravitational effects;
1 Temperature dependgmtoperties estimated with polynomial curve fitting

1 Pressure work and kinetic energy are negligible.

The reason of choosingU r eal i zabl e ( RKE wallfuoctoadfor wi t h

waterside simulation is similar to that of airside

Turbulent boundary conditions were set to default: 5% turbulence intensity and viscosity
ratio of 10. The pressureelocity coupling scheme used is the Coupled solver available in
FLUENT®. A second order upwind space discretization is set to ensure better accuracy.
Convergence criteria is defined as 13®r continuity and velocities, 1.6&for energy, and.le-
3 for turbulent kinetic energy (k) and eddy vi
however it stabilizes into a solution, we assume that if the standard deviation of the last 100

iterations is less than 0.5% of the average, thisrcibnverged.

2.2.2.Airside computational domain

BTHX computational domain:
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The calculation domain for BTHX is shownhingure5 as well as the air flow direction. It
is a twedimensional cross section of two row staggetubes of the heat exchanger. Boundary

conditions are defined as:

1 Constant and homogeneous velocity distribution at inlet
1 Constant pressure at outlet (0.0 Pa gauge)

1 Periodic flow at top and bottom of computational domain
1 Tubes as walls, tube wall tempéure is fixed at 350 K

1 The air inlet temperature is fixed at 300 K

A triangular mesh elemenmtasset for the models and a refined boundary layer mesh at
tube wallswasmodeled to capture the momentum and thermal boundary layer development with

higher acctacy.

Air

a

Figure 5 BTHX computational domain
bBTHX computational domain:

For airside simulation, there are different computational domain due to different simulation
purpose. The main difference is tube bank number. For parasteti, only two tube banks are
simulated while for metamodeling, tube bank numbers are frorh3 The computational domain
of bBTHX for parametric study is shown igure®6. It is a threedimensional cross section of two
rowsof staggered tubes of the heat exchanger. End effects are neglected. Boundary conditions are

defined as:
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1 Constant and homogeneous velocity distribution at inlet

1 Constant pressure at outlet (0.0 Pa gauge)

1 Periodic boundaries at lefight plane (xzplane)and topbottom plane (xyplane)
of computational domain

1 Tubes as walls, tube wall temperature is fixed at 350 K

1 The air inlet temperature is fixed at 300 K

Although hexahedron mesiks a robust meshing method with excellent stability and
computational costt is time consuming in terms gfeneration Time saved during computation
sometimes canna@ompensatéhe time consumed during generatiamich isespecially true for
complicated geometries. Along with the increase of computing power, tetrahedralts|estéch
can be generated automatically even for complex shapes, have been paid more &btention
Moreover, it was observed that results obtained with quadeatahedraklements and hexahedral
elements were equivalent in terms of both accuracy atdi ke (Cifuentes and Kalbag, 1992;
Wang et al., 2004), and the stability was found to be excellent even with irregular geometry such
as human organs (Bourdin and Trosseille, 200fyus, for current design, quadratic tetrahedral
mesh element wassed Thus, the choice of amunstructuredmeshwas justified by the greater
easiness in controlling and adapting the mesh quality in an automatic way during optimization.

And this has been proven to be accurate enough in tube bundle simulations (Ranut et al., 2014)
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Inlet

Figure 6 bBTHX computational domain

For metamodeling, tube bank rangeefrom oneto 15, the computational domain of 15

banks are shown iRigure?.

Figure 7 bBTHX computational domaini 15 banks
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2.2.3.Waterside computational domain
BTHX computational domain:

The waterside computational domain is showifrigsire 8. A triangular mesh element is
set for the models and refined boundary layer mesh at tube walls is modeled to capture the

momentum and thermal boundary layer development with higher accuracy. Here are the settings:

1 Constant and homogeneous velocity distribution at inlet
1 Constant pressure at outlet (0.0 Ragg)
1 Tube wall temperature is fixed at 350 K

1 The water inlet temperature is fixed at 360 K

Total tube length is 30 times diameter. The first half (15D) is there to ensure the second
half is fully developed flow, as shown kigure9. Results of the second half are used to calculate

heat transfer coefficient and pressure drop.
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Figure 8 Waterside BTHX computational domain

| 15D, developing flow | 15D, fully developed flow |

o .

Figure 9 Velocity contour (d=0.6mm, w=1 m/s, laminar)

bBTHX computational domain:

The waterside computational domain is the same for parametric study and metamodeling.

To give an accurate estimation of the tube side heat transfer and pressuteedespry length

and the fullydeveloped region need to be modeled separately. However, the entry length varies

due to different geomaess, thus the first task is to determine the entry length of each geometry.

Since what really matters is the determination of computational domagevetoping flow and

fully developed flow instead of finding the entry length equation, we can only focus on heat

exchanger with largest Reynolds number. Another parameter needs to be minimal Jggee

chapter 4 for definition ot anda) because in current design, the boundary layer reinitiates at

each bifurcation, thus the flow pattern becomes stable after sbifaraations
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In the design domain, the one with largest Reynolds number and snia#éstié the one
with diameter equals 4 mm, bifurcation angle equafs ®@ter velocity equals 1 m/s and length

ratio equals0.5.

01 | 02 03 | 04 05 | 06 07 08 09 | 10 11 | 12 13 14 15 | 16 17 18 19 20 21 22 23 24

Figure 10 Velocity contour at mid-plane, model A
(I D=4 mm, w=dn¥$6 RA0.5) V

I ﬁbm“u-’

Figure 11 Velocity contour at mid-plane, model B
(1' D=4 mm, w=dn¥5LRAQ.5) V

Figure 12 Velocity contour at mid-plane, 4-segment model
(1 D=4 mm, w=dn#s6LlRA0,5) V

Two modelswerebuilt: Model A is with uniform velocity inlet and model B is with fully

developed flow inlet. In reality, the tubes are connected with header, thus the inlet condition can
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be assumed to be uniform water velodiigurel10 shows the velocity contour of the middle plane

of model A. This computational domain is divided into 24 segments. To simulate the fully
developed reign, a straight tube is addedttte inlet to ensure the inlet floig fully developed
when it comes to the bifurcation. The length of straight tube is 15 tiredg&ameter. The velocity
contour of model B is shown irigurell. Comparing the two enlarged figures, it is obviows th

the major difference is in segmebit. The addition of bifurcation makes the velocity field almost

identical after segmesit2.

1.08 1.18
1.07 model A: uniform velocity inlet 1.16 model A: uniform velocity inlet
1.06 model B: fully developed velocity inlet 1.14 model B: fully developed velocity inlet
E 1.05 4-segment 112 4-segment
= 1.04 =110
T 1.03 F108
=102 = 1.06
£1.01 g 1.04
2 1.00 z 1.02
0.99 1.00
0.98 0.98
0.97 0.96
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Segment # [-] Segment # [-]
(a) (b)

Figure 13 Normalized WHTC (a) and WDP (b)comparison
Waterside heat transfer coeféat (WHTC) and waterside pressure drop (WDP) are

plottedin Figurel3(a) and (b). From the two graphs, it should be seen that both WHTC and WDP
of model A become stable around a certain value starting with segniém maximum deviation

is around +2%. For model B, WDP and WHTC becomes stable starting with segment 1. It should
be noted that all values are normalized based on the averaged values of model A starting with

segment 2.

In current study, to simplify thealculation and save computational time,-ae¢ment
model is used. The velocity contour is showifrigure12. It looks almost identical to the first 4

segments irFigure 10. In Figure 13, resultsof 4-segment modehre very close to the first 4
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segments of model A. Thussie g ment model 6s results can be us
developed flow simultaneously. Results ajeent 1~2 is used for developing flow, and averaged

results of segment 3~4 is used for fully developed flow.

The selected point is the worst scenario, here isg¢hécationusing a random point. As

shown inFigurel4, the results of $4egment modehatchthat with model A very well.

4500 27
model A: uniform velocity inlet 26 madel A: uniform velocity inlet
4000 4-segment 75 4-segment
¥ 24
£ 3500 £23
=3 o 22
(8] (=]
= 3000 =21
= 20
2500 19
18
2000 17
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Segment # [-] Segment # [-]
() (b)

Figure 14 WHTC (a) and WDP (b) comparison
(I D=1 mm, w=A1=mIspLR=0.5V

Thus, the waterside computational domain is showrFagire 15. A tetrahedralmesh
element is set for the models and a refined boundary layer mesh at tube walls is madgea¢o
the momentum and thermal boundary layer development with higher accuracy. Here are the

settings:

1 Constant and homogeneous velocity distribution at inlet

1 Constant pressure at outlet (0.0 Pa gauge)

1 Periodic boundaries at lefight plane (xzplane) ad topbottom plane (xyplane)
of computational domain

1 Tubes as walls, tube wall temperature is fixed at 350 K

1 The water inlet temperature is fixed at 360 K
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2.2.4.CFD data reduction

UA-LMTD methodwasapplied to calculate airsidad watersideonventiorheat transfer

coefficient, as shown in Equati¢b4) and(55).

Q=m QT T h=A Of (549

hszEP |2:’{>_T|| fD @ la) |-|:) _-II-|
A, DTmI A gTw'Ti) '(va 0) ﬁ (55)
IngT,- T)/ (T, -T) |

For pressure drop, the dynamic pressure difference between inlet and outlet is negligible
compared to static pressure difference. Thus, static pressure diffeetwee inlet and outlet is

regarded as the total pressure difference.

2.2.5.CFD Grid Uncertainty Analysis

The Grid Convergence Index (GCI) method (Roache, 1993; Roy and Oberkampf, 2011,
ASME, 2009), which is based on Richardson extrapolation method (Richadtb), is an

acceptable and a recommended method to evaluate the grid convergence.

Here is the recommended procedure for GCI calculation (Procedure for Estimation and

Reporting of Uncertainty Due to Discretization in CFD Applications, 2008):

Step 1: Defie a representative cell, mesh, or grid &eesfollows for two-dimensional

and threalimensionatomputational domains.

T 1/2
e DA 9

hy =¢———— U (56)
e N g
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hp == 0 (57)

where Yo is the volume and0 is the area of th&h cell, and) is thetotal number of

cells used focomputation

Step 2: Select three significantly different sets of grids where the element size ratio between
subsequent grid resolutioissno less than 1.3. This value of 1.3 is based on experience and not on
formal derivation. The refinement should be done systematicallytrendse of geometrically

similar cells is preferable.
Step 3: LetQ "Q "Q andi QFQ,i "QTQ, calculate the observed order of
accuracyf)” using Equation(58) through (61). Note thaf) B~ Ttfori Q¢ &8ande is a

selected variable whids critical to the conclusions being reported.is the solution on th&®

grid.
- 41 & le, §
= —3< E
= gfn—rﬂ ?ﬂ e, 10( p) (58)
o érzf' S
Q(ﬁ)=|n§,3§j (59
s=sgn &,/ ) (60)
€ = A T (61)

Step 4: Calculate the extrapolated values as in Equ@n
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;21 —
/ext_

Step 5: Calculate and report the error estimates using Equ@Bnand the grid

convergence index (GCI) in Equati{év).

.21 -
1 _Vext™ A
1= ea” A 63
Nt )
F, G2
Gelg, =2 (64)
21

where'Ois factor of safety. If solutions on three grids are available, then the following
rules should be followed. It should be noticed that in Eqn#62) and(64), order of accuracy
is different from the observed order of accurgeyVhen the observed order of accurgeggrees
with the formal order} within 10%, then the formal order of accuracy along with a sééetpr
of 1.25 is used in the GCI calculation. When the observed order of accuracy does not agree within
10%, then a factor of safety of 3.0 is used. And the order of accuracy is limiteeebed.5 and
the formal order. Setting the upper bound is because that allowing the order of accuracy to be much
larger than the formal order causes the uncertainty estimates to be unreasonably small since the
GCl goes to zero asgoes to infinity. Setting the lower bound is because that allowing the order
of accuracy to go to zero causes the uncertainty estimate to approach infinity. These are
summarized inTable 9 (Roy and Oberkampf, 24). But if solutions on only two grids are

available,;O o8t(Roache, 1993
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Table 9 Implementation of GCI

E' pf Fs p
Ps
¢0.1 1.25 Pq
>0.1 3.0 min ( max (0.5 )p,

The uncertainties of boundary points of the design space are fundamentally larger than that
of other points because the combinations of lower and upper bounds vyield thekewsd
computational domainshus having a higher potentfar poorer mesh elements in terms of size
and aspect ratio$hus,the GCI method is employed for tBesamples represented by all variable
combi nati ons of -dibehson desigspatedpls oheocentrad samphe. (Bacellar,

2016)

Airside GCI results: The numerical uncertainties of heat transfer coefficient and pressure
drop are 2.2% and 4.0% for finer mesh, and 3.0% and 4.5% for coarse mesh, respectively, as shown

in Figure16. Mesh 2 (intermediatamesl) was selected as the final mesh.

Waterside GCl results: The numerical uncertainties of heat transfer coefficient and pressure
drop are 4.0% and 3.6% for finer mesh, and 4.9% and 5.6% faecoash, respectively, as shown

in Figurel7. Mesh 2 (intermediatamesl) was selected as the final mesh.
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Figure 17 Waterside GCI results
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2.2.6.New CFD automation approach

To do Approximation Assisted Optimization method, CFD automati@niscessity. In
this dissertation, the CFD simulation was carried out using a parallel parameterized computational
fluid dynamics (PPCFD) simulatn, which was proposed by Abdelaziz (2009) and realized in
ANSYS® WorkbenchM 18.0 usingtwo novel approacs proposed by the authoPPCFD
automatically generates mesh and CFD journal files, runs the files and performs post processing
to summarizeand anbyze the results. InAbdelaziz( 2009 ) 6 s a p pmasused for, Gamb
geometry and meshing and ANSYSLUENT® for simulations. Gambit, which was the only
platform that allowed journaling and scripting therefore suitable for the automation method, is no
longer availableTwo novel approacheare proposed here to realize the PPCFD procedure in

ANSYS® WorkbenchM,
The detailed stepsf approach Aare shown irFigure18 (a) and as follows:

1) Generatalesign of experin@ (DOE) table for parameters;

2) Use external code to generatsegies obatch file journal files for Workbench?,
DesignModeletM, Meshing™ andFLUENT®;

3) Execute journal files for Workbenth, DesignModelet™, Meshing and
FLUENT® using the journal fils to generate geometry, generate mesth run
simulation in WorkbencH';

4) Post process output data to obtain theryalraulic performance.
The detailed steps of approaBtare shown irfFigure18 (b) and as follows:

1) Build first case and set parametric tabl&ANSYS® WorkbenchM;

2) Generate design of experiment (DOE) table for parameters;
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3) Import DOE table to parametric table ANSYS® WorkbencAM and update the
table to get output parameters;

4) Export parametric table drconduct post data process.

These two difference approaches both enable automatic calculation and allow for shape
change However, only approach A has the capability of topology change and allows for
customized settings for geometry, meshamgd CFD simuwdtion. Approach A also has the
advantage of fully parallel computation for every step: geometry generation, meshing and CFD
simulation. Approach B only allows parallel computation for CFD simulation. And the parameter
numbers of approach B cannot exceedlliimit of 20 which is the largest number supported by
parametric table in ANSYSWorkbench™ 18.0. However, to use approach A, one needs to learn
different programming languages including Python, JavaScript and ScHeamsidering
Approach B is easy toeérn and there is no topology change requirement for current study,

Approach B was selected to be the PPCFD approach in current study.
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Figure 18 Two PPCFD approachesn ANSYS® Workbench™
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2.3. Approximatio Technigues and Optimization

2.3.1.Design of experiment

In many engineering problems, including current study, it is ideal to run simulations for
eachpointin design domain to determine the relationship between input and output parameters.
However, this is impssible because of the computational dosttation. Hence, developing
methods for efficiently selecting the experiments becampsrtant. Design of experime(@OE)
is a systematic approach to effectively sample the design space to achieve the ajtiityal q
information of the relationship between input parameters and output responses. The quality of
DOE plays a critical role in the accuracy of matadel prediction. Different DOE generating
methods are available in literature, such as random samphtig, hypercube sampling (LHS)
(McKay et al., 2000), fulfactorial designs (Box et al., 1986), maximum entropy sampling (MES)

(Shewry and Wynn, 1987). In current study, Latin hypercube sampling (LHS) was used

2.3.2.Kriging metamodeling

A metamodel or surrogat model, is a model of model. It is developed from the classical
regression methodologies, which correlates data using least squares fitting methodologies. In
current study, metamodelingas used to generate the airside and waterside heat transfer and
friction correlations because it is hard to take into consideration of geometrical parameters using
traditional regression methodologies. It is an approximation to system response constructed from
sampling points, the design of experiments (DOE). Metamodielmgre applicable than classical
regression methods for problems that the function form is not known a priori. Various
metamodeling approaches are available, such as polynomial regression, spline regression, sparse

grid, artificial neural network, krigingnd hybrid model (Simpson et al., 2004ic
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Kriging is an advanced interpolation technique that predicts the response of unknown
design based on its linear distance from known design points and responses through a stochastic
process, such as Gaussiaogess. Kriging technique provides superior performance for nonlinear
problems and shows a higher degree of flexibility, and is recommended when design space has 50
or less variables (Wang et al., 2007). Kriging technique can fit higher order variattbesootput
parametes and auto refine the model by adding refinement points so that it can provide an

improved response quality. Hence, in current study, Kriging metlasdised for metamodeling.

The accuracy of metamodel svavaluated using the Metambdcceptability Score

(MAS) (Hamad, 2006)MAS was calculated using following equat®n

o = \Eyi ¥| 65

=10 e s e ©
N

MAS:% 100 (67)

MAS? 1 -@4y (69)

Wherew is true valuew is predicted value by metamodéD is error,Q  is maximum
tolerance error user defined (usually 5% to 10%)@mnslnumker of test samples. The metadel

is accurate is Equatidg8) is satisfied.
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2.3.3.Multi-scale HX optimization

2.3.3.1. Moadifications forcurrent study

As computational power increases, it is possible to study enhanced surface performance
improvement, flow arrangement, and circuitry using accurate segmnkidesimulation tools,
such aCoilDesigne? (Jiang et al., 2006). However, this requires the input of heat transfer and
pressure drop of the new surface. This could be heat transfer and pressure drop correlations or data
from CFD simulations or experimentlf the correlatiosor data come from CFD simulation of

enhanced HX segment performance, then the method is regarded ascalaltiX simulation.

Multi-scale simulation enables efficiemitegration of the enhanced HX segment
performance prediction gy CFD simulations with overall HX performance prediction using

segmented!NTU method, which provides significant computational savidggiélaziz, 2009).

However, as far as the author knows, all available applications of mulsicale HX
simulations Abdelaziz, 2009Khaled et al. 2010, Bacellar et al. 2016), only airsidesiaslated
using CFD whilein-tube side was modeled using existing heat transfer and pressure drop
correlations because thm-tube side geometry is round smooth tub@hich has been
comprehensively studied alreadhy current study, not only airsitheit dso intube side geomeés
arenew, thus the first improvement of current studypiapplymulti-scale HX simulation on both

air and intube side.

The secondnodification of current study is that it accounts for physical properties of
working fluids sothe metamodeling results could be used at any conditions. In previous studies,
the airside CFD simulation was conducted at a specific working condition and later was used at

different working conditions for optimization. This is acceptable due to the saration of air
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physical properties at different working conditions. In current study, working fluid at liquid side
is water, of which the physical properties changes cannotbe negitoifeda t er si deds met ¢
accounts for physical properties by ugsiReynolds number as an extra input in addition to

geometry parameters.

2.3.3.2. bBTHX solver

Therearemanymathematical models and simulationsl$athat have been developed for
design and rating of heat exchangers. However, none of them are applicable to leesten
exchanger design due to its unique geom&oya customized heat exchanger solver needs to be
developed. The calculation segment is showRigure19 and the flow chart is shown Figure
20. The definition of tube per row ¢, row number (N and water segment numberJgNare

shown inFigure21.

Water, m P h

ikyne Pikne TNk in

Water, m P h

ik our? ik out * ik ot

Figure 19 Segment obBTHX solver
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Figure 20 Flow chart of bBBTHX solver
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Nwr =10

Nws=2—=

Figure 21 Definition s of Nipr, Nr and Nws
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2.3.3.3.  Approximation assisted optimization

The key procedure of mulicale HX optimization is Approximation Asted

Optimization (AAO). The detailed steps applied in AAO are as follows:

1) Airside Design of Experiments (DoE) and PPCFD;

2) Waterside Design of Experiments (DoE) and PPCFD;
3) Airside metamodel building and verification;

4) Watersidemetamodel building and vdication;

5) Segmented HX solver;

6) Multi-objective gtimization.
The optimization framework is illustrated fiigure22.

Multi-objective optimization (MOO) problem is an optimization problem that involves
multiple dojective functions, as formulated in Equati@@0). The solution of multobjective
optimization is usually a set of tradeoff designs called Pareto front.

minimize f;, &) i= 1,.M
subjectto:g; ¥ ¥ 0 | =1.],

h X¥ 0 k=1.K
)~(Iower¢ X %pper

(69

Equation(69) describes an objective optimization problem with design variable wector

and objectivef; . There areM objectives in tal and f; refers to thei™ objective. There are)

inequality constraints ang; (X) refers to thejth inequality constraint. There are alko equality
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constraints andl (X) refers to thek" equality constraint. Lower bound of variableXs, and

upper bound isX,pper -

The problem atwe represented is solved using M@ibjective Genetic Algorithms

(MOGA) (Deb, 200} in current study.

CFD S
Automation Start Optimization

v v . 7
Develop Airside Develop Waterside Designs «

Segmented HX solver

Run PPCFD

Airside Waterside

F Metamodel F Metamodel Stress Analysis
Accepatable?

Accepatable? Accepatable? st

Optimal Designs

Yes

Approximation End

Figure 22 AAO flow chart
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Chapter3Ex peri ment al Results and Di scl

3.1.Dimensions oStateof-TheArt Heat Exchangers

3.1.1.Round bare tube heat exchanger (BTHX)

==

Figure 23 Picture of BTHX (OD=0.8 mm)
Round bare tube heat@hanger with small diameter haden proposed by Bacellar et al.

(2014) and numerically investigated. Howevaw experimental work has been done for such heat
exchangers. A prototype was manufactured using stainless steel bare tubes with outer diameter

equals 0.8 mm, as shownhkigure23. The dimension is 15A50x5 mm.

3.1.2.sBTHX Shape optimized bare tube heat exchanger (SBTHX)

Shape optimizedbare tube heat exchang&BTHX) with small diameterhad been
proposed by Bacellar et al. (2016) and numerically investigated. However, no experimental work
has been done for such heathangers. A prototype was manufactured using 3D printing with air
side hydraulic diameter equals 1.5 mm, as shovwaguare24. The dimension is 16A.00x18 mm.

And the material is titanium.
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(@)

(c)

Figure 24 Pictures of sSBTHX (Dn=1.5 mm) (a) overview, (b) tube pattern and (c) tube shape

Leading edge

3.1.3.Mini-channel heat exchanger (MCHX)

A micro-channel heat exchangelas manufactured with dimensiaof 210<120x16 mm,

as shown irFFigure25. It has the same air frontal area as the bare tube heat exchanger. Louvered

Figure 25 Picture of MCHX

fin pitch is 20. The material is aluminum.

Table 10 Dimensions of BTHX,sBTHX and MCHX

Water Air heat Water
Frontal | cross transfer heat | Envelop| Material | Material
Type area section area transfer | volume | volume mass
[m?] area ] area [m?] [m?] [ka]

[m?] [m?]
BTHX | 0.0228 | 0.0001 | 0.1826 | 0.1364 | 0.0001 | 0.000013| 0.1269
sBTHX | 0.0100 | 0.0002 | 0.2178 | 0.1100 | 0.0002 | 0.000020| 0.1663
MCHX | 0.0247 | 0.0002 | 0.5525 | 0.0735 | 0.0004 | 0.000060| 0.1628
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Figure 26 Comparison of aimensior_ls of BTHXsBTHX and MCHX

The dimensions of BTHX ansBTHX and MCHX are shown iablel1 and normalized
values areshown inFigure26. The air frontal aressof BTHX and MCHX are similar. Due to the
addition of fins, the air side heat transfer area of MCHX is ttfoee times that of BTHC and

sBTHX. BTHX andsBTHX have two thirdssmaller volume and material volume than MCHX.

3.1.4.Slit fin-andtube heat exchangers with tube diameter of 5 and 4 mm

Two slit fin-andtube heat exchangefBigure27 andFigure28) weremanufacturedy a

companyand the dimensions of these two heat exchangers are summarTzdaddml.

Figure 27 Picture of dit fin -and-tube heat exchanger (OD=5 mm)
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Figure 28 Picture of dit fin -and-tube heat exchanger (OD=4 mm)

Table 11 Dimensions of 5 and 4 mm slit firand-tube heat exchanger

Primary Heat Secondary Hat Total Air Side Heat Fin Material Tube Material
Transfer Area Transfer Area Transfer Area Volume Volume
[m?] [m?] [m?] [m?] [m?]
5 mm 0.12 2.08 2.19 0.00011 0.000020
4 mm 0.12 1.83 1.94 0.00010 0.000020
Tub:ﬂl;/l;stenal Coil Length Coil Depth Coil Height Frontal Area
[k] [m] [m] [m] [m?]
5 mm 0.21 0.39 0.011 0.38 0.148
4 mm 0.21 0.42 0.009 0.36 0.152

3.2. Experimentallest Using Air and Water Under Dry Condition

3.2.1.Testmatrix for BTHX, sBTHX and MCHX

BTHX, sBTHX and MCHX are rated for about 1 kW, thusretested usg the same test
matrix to make a fairamparison. Three different water flow rates and three different air flow rates
weretested, as shown ifablel12. This test matrixvasfor comparing the performance of dir¢e

heat exchangers at dry condition.
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Table 12 Test matrix for BTHX, sBTHX and MCHX

Inlet Air Inlet Air Inlet Water Air Flow Water
Test | Surface Temperature RH Temperature Rate Flow Rate
[°C] [%6] [°C] [m%s] [9/d]
1 Dry 35 40 60 0.03 30
2 Dry 35 40 60 0.03 50
3 Dry 35 40 60 0.03 70
4 Dry 35 40 60 0.05 30
5 Dry 35 40 60 0.05 50
6 Dry 35 40 60 0.05 70
7 Dry 35 40 60 0.07 30
8 Dry 35 40 60 0.07 50
9 Dry 35 40 60 0.07 70
3.2.2.Testmatrix for 4 and 5 mm slit firandtube heaexchanger
Test matrix for 4 and 5 mm slit fiandtube heat exchanger is showriliable13.
Table 13 Test matrix for 4 and 5 mm slit fin-and-tube heat exchanger
. Inlet . Air Water
Test| Surface Telr:JSteg{ure Alr 'Il'glr?\tp\é\gcilrre Ve'lagrcity Flow Vgif:?tg/ Flow
RH Rate Rate
[°C] [%] [°C] [mys] [m%s] [mys] [o/]
1 Dry 35 40 60 1* 0.15 1.0 30
2 Dry 35 40 60 1 0.15 2.0 50
3 Dry 35 40 60 1 0.15 3.0 70
4 Dry 35 40 60 2.5 0.375 1.0 30
5 Dry 35 40 60 2.5 0.375 2.0 50
6 Dry 35 40 60 2.5 0.375 3.0 70
7 Dry 35 40 60 4* 0.6 1.0 30
8 Dry 35 40 60 4 0.6 2.0 50
9 Dry 35 40 60 4 0.6 3.0 70

3.2.3.Energy balance

The energy balance of all tests for each heat exchanger are all wif8ity as shown in

Figure29, Figure30andFigure31.
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Figure 30 Energy balance ofsBTHX
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Figure 31 Energy balance of MCHX

3.2.4.Testresults of BTHX

Figure 32 presents the heat exchanger capacity of BTHX, and airside pressure drop is
shown inFigure33. The airside heat transfer coefficievds calculated using Wilson plot method
(Figure34) and the results are shownHigure35. Chilton-Colburn j and f factowerecalculated
and plotted irFigure36. The j and f factor correlatisnveredeveloped using power law, as shown
in Equation(70) and(71), as well as irFigure37. A comparison of AHTC prediction of current
correlation against existing correlations in literature further reveals the ngagfsditveloping

new correlations through experimental data, as showigure38.

j=0.6499Re > ,175¢ Re ¢ 4C (70)

f =1.0114Rg "**® ,175¢ Re ¢4 (72)
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3.2.5.Testresults ofsBTHX

Figure39 presents the energy balance results, all of which were within + £ig4re40
presents the HX average capacity and airside predsopeADP) is shown ifrigure4l. Figure
42 presents the airside heat transfer coefficient using Wilson plot method (Wilson, 1915). AHTC
is calculated for each airside veity. Fitting equations for each velocity are showrFagure43,
with y equal®2 and x equalpf6 . Chilton-Colburn j and f factor are shown kigure44. Note
that the Reynolds numbaevas calculated based on maximum velocity and airside hydraulic

diameter due to the irregular tubleape. Hydraulic diameter is defined as:

_ AsAnin

where Lsis air flow pass depth and+ is air free flow area.

There is no available correlation in literature for j and f factor for such gepniéius,
new power law correlations of j and f factmyainst Reynolds number are developed, as shown in
Figure44. 1t should be noticed that Equats({73) and(74) could only be used for this certain heat

exchanger geometry within the operation condition range as specified.
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j=1.1583 B (562 ®e  1266,Pr 0.aYy (73)
f=1.3349 BeP (562 ®e  1266,Pr O.ay (74)

To examine the prediction of these new correlations and further explain the necessity of
developing them, a comparison of new correlatiagainst existing correlations for round bare
tube bundle are presented kigure 46 and Figure 47. When applying these equations, an
equivalent diametewasused as outer diameter to ensure the minimum free flow area is the same.
For AHTC prediction, discrepancy tveeen experimental data and the new correlation prediction

is withina 2%. Zukauskas (1972prrelationgives a discrepancy ef 15%. Predictions of Khan
et al. (2006 correlationand Bacellar et al. (2016a) correlation fall beyendl5%. Even though

Bacelar et al. (2016a) correlation is for bare tube bundle with small outer diameter2hthd

(outer diameter of current design is 1.1 mm), the difference of tube shapes causes the inaccuracy
of prediction. We can also conclude comparing with round tuleen#ww geometry has lower

AHTC (though air side total heat transfer area is larger). It was already found that Zukauskas
(1972) correlation ovepredictedADP (Bacellar et al., 2016a) when using for small diameter
tubes. So,for ADP prediction, only Bacelr et al. (2016a) correlatiomasused. The discrepancy

between the prediction of new power law correlation and experimental data iswift¥ while
the maximum deviation of bare tube correlation prediction is aba2$%. Thus,comparing with

round tubethe new tube shape has lower ADP as well.
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3.2.6.Testresults of MCHX

HX average capacity is shown kigure48 and airside pressure drop (ADP) is shown in
Figure49. Test results are compared with simiglatdata from a softwar@oilDesigne? which is
based on finite element heat exchanger model. The correlations used for airside svarfiget
al. (1999 while correlations used for wat@te are from Dittus and Boelter920). Difference
between simulad capacity and experimental data is within 69gre50) and maximum airside

pressure drop discrepancy is 20Btgure51). Wilson plot graph is ifrigure52 and heat transfer
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coefficient calculated using Wilson plot method

plotted inFigure 54.
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Figure 54 and f factor of MCHX

3.2.7.Comparison of BTHXsBTHX and MCHX

Capacity comarison: Heat exchanger capacit@sthree heat exchangers are shown in
Figure 55, Figure56 andFigure57. The gradient of heat exchanger capacity over air velocity,
which is the slope of the trend line, decreases as the air flow rate increases, and increases as water
flow increases at a ceitaair velocity. This is because when the air flow rate increases or the water
flow decreases, the portion of air side thermal resistance decraatdesinfluence of air velocity
on capacity diminishes, and vice versa. The gradient of heat exchangeitycayver water
velocity, which could be seen by comparing the discrepancy of the trend lines, decreases as water
flow rate increases, and increases as air flow rate increases. Similar reason could be used to explain
this, which is that when water flowteaincreases or air flow rate decreases, the portion of water
side thermal resistance decreases, then the influence of water flow rate on capacity reduces. It
should be noted that BTHX has the largest capacity among these three and it has larger benefit at

lower water flow rate. This is meaningful at partial load condition.

Air side pressure drop comparison: The air side pressure drop is shévwguia58. The
heat e x c kidnpessursddop iadreasestiorarly with the increase of air velocity and

the slope increases as air velocity increases and this is because higher air velocity increases
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frictional losses. The change in water flow rate causes the air density to change, resulting in a
different air pessure drop, but the change is not significeBT.HX has the largest air side pressure
drop, followed by BTHX and MCHX. The reason is the face aresBdHX is half of that of

MCHX and BTHX and the air velocity at the same air side flow rate are hifjbenake a fair
comparison, the air side pressure drogls®plotted against air side velocity, as showrrigure

60. By using theoptimized tube shape desi8BTHX), the air pressure drop is lower than bare

tube design (BTHX).

Water side pressure drop comparison: The water side pressure drop is summarized in
Figure59. The mni-channel heat exchanger has the largest water side pressure drop due to smallest

water cross sgion area and largest water velocity.

Air side heat transfer coefficierftigure61 shows the air side heat transfer coefficient of

three heat exchanges. It shows that BTHX has the largest heat transfer enefficie
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Figure 55 Capacity comparisonof BTHX, Figure 56 Capacity comparisonof BTHX,
sBTHX and MCHX at WFR=30g/s sBTHX and MCHX at WFR=50g/s
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3.2.8.Test results of 5 and 4 mm slit fandtube heat exchanger

Energy balanceof 5 and 4 mm firandtube heat exchangtst resultare shown irfrigure

62 andFigure63. They are all within £5%.
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Thermal performance: From heat transfer point of view, there ismuzh difference
betweert and5 mm slit finrrandtube heat exchangeiThe capacities ahown inFigure66. The
heat transfer coefficiestwhichwere calculated based on Wilson pkrteshown inFigure64 and
Figure65, separately. The heaanhsfer aresfor 4 and 5mm heat exchanger at8.4and2.19m?,
respective}. Thus, the UA valugof 4 and5 mm heat exchanger anet much different, as shown

in Figure68.
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Hydraulic performance: The air side pressdreps of 4 and 5mm heat exchanger are
shown inFigure67. Water side pressure dogreshown inFigure69. The reason that 4 mm heat
exchanger has lower air pressure drop is due to smaller fin number. The higher water pressure drop

for 4 mmheat exchanger is due to longer circuit length.

The4 and 5mm coikd | a ndaredomgarecwitlotest data from literatuk¥gng et
al., 200) for traditional slit firandtube heat exchangawith larger diameter (7.6 mm). As shown
in Figure70andFigure71, j and f factosfor both 4 and 5 mm codrelarger thary.6 mmdiameter
heat exchanger. The j and f factorlculated using correlation from Wang et al.Q2Pare also

shown in these two graphs.
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3.3. Experimentallest Using Air and Water Under Dehumidifying Condition

3.3.1.Testmatrix for BTHX

Among three 1 kW heat exchangers, BTH¥as tested under wet condition for both
vertical Figure72) and horizontatube orientation Figure 73), and the test matrix is shown in
Tablel4. Three different air flow ragzthree different water flow tes and three different inlet air
relativehumidity were tested.

Table 14 Wet condition test matrix for BTHX

Test | Inlet Air Temperature InIgtHAlr Inlet Water Temperature A':Q';It%w Wa;e;;low
[°C] [%] [°C] [m¥s] [9/s]
1 26.7 35 7.2 0.03 20
2 26.7 35 7.2 0.03 35
3 26.7 35 7.2 0.03 50
4 26.7 35 7.2 0.06 20
5 26.7 35 7.2 0.06 35
6 26.7 35 7.2 0.06 50
7 26.7 35 7.2 0.09 20
8 26.7 35 7.2 0.09 35
9 26.7 35 7.2 0.09 50
10 26.7 50 7.2 0.03 20
11 26.7 50 7.2 0.03 35
12 26.7 50 7.2 0.03 50
13 26.7 50 7.2 0.06 20
14 26.7 50 7.2 0.06 35
15 26.7 50 7.2 0.06 50
16 26.7 50 7.2 0.09 20
17 26.7 50 7.2 0.09 35
18 26.7 50 7.2 0.09 50
19 26.7 70 7.2 0.03 20
20 26.7 70 7.2 0.03 35
21 26.7 70 7.2 0.03 50
22 26.7 70 7.2 0.06 20
23 26.7 70 7.2 0.06 35
24 26.7 70 7.2 0.06 50
25 26.7 70 7.2 0.09 20
26 26.7 70 7.2 0.09 35
27 26.7 70 7.2 0.09 50
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, - 3 % 3
Figure 72 Vertical tube orientation of Figure 73 Horizontal tube orientation of
BTHX under wet condition BTHX under wet condition

3.3.2.Testmatrix of SBTHX

The test matrivof SBTHX under wet condition isummarized ifmable15.

Table 15 Test matrix for SBTHX

Test | Inlet Air Temperature InIgtHAlr Inlet Water Temperature | Air Velocity Vzg\?\,rya?gs
[°C] [%] [°C] [m/s] [9/s]
1 26.7 50 12.0 0.03 20
2 26.7 50 12.0 0.03 35
3 26.7 50 12.0 0.03 50
4 26.7 50 12.0 0.06 20
5 26.7 50 12.0 0.06 35
6 26.7 50 12.0 0.06 50
7 26.7 50 12.0 0.09 20
8 26.7 50 12.0 0.09 35
9 26.7 50 12.0 0.09 50
10 26.7 70 12.0 0.03 20
11 26.7 70 12.0 0.03 35
12 26.7 70 12.0 0.03 50
13 26.7 70 12.0 0.06 20
14 26.7 70 12.0 0.06 35
15 26.7 70 12.0 0.06 50
16 26.7 70 12.0 0.09 20
17 26.7 70 12.0 0.09 35
18 26.7 70 12.0 0.09 50
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3.3.3.Test matrix o4 and 5mm slit firandtube heat exchanger

Both 4 and 5mm slitfin-andtube heat exchangers @ested under wet condition. The test
matrix is shown inrable16.

Table 16 Test matrix for 5 and 4 mm slit fin-and-tube heat exchanger

Test | Inlet Air Temperature InIStHA'r Inlet Water Temperature | Air Velocity | Water Velocity

[*C] [%] [*C] [m/s] [m/s]
1 26.7 50 7.2 1 1.0
2 26.7 50 7.2 1 2.0
3 26.7 50 7.2 1 3.0
4 26.7 50 7.2 25 1.0
5 26.7 50 7.2 25 2.0
6 26.7 50 7.2 25 3.0
7 26.7 50 7.2 4 1.0
8 26.7 50 7.2 4 2.0
9 26.7 50 7.2 4 3.0

3.3.4.Testresults for BTHX

This heat exchanger prototype was tested under both verticabamdnal orientations, as
summarized in Table 1.HE inlet air conditions werkxed dry bulb temperature of 26.7°C with
various relative humidity of 35%, 50% and 70%. Tileti air frontal velocity variedt 3, 6 and 9
m/s The inlet water temperature svbB2°C and the water mass flow rates we&@ 35 and 50 g/s,
respectively. For the horizontal orientation test, only conditions of the smallest and largest air

velocity were tested.

The results from the wet test conditions are summariz&igure 74 throughFigure 83,
where vertical orientation is on the left and horizontal orientation is on the right. Energy balance
(EB) for all data points are withim 5%, as shown ifigure74 andFigure75. Here the effects of
inlet air humidity, air flow rate and water flow rate and orientation on heat exchanger capacity,

sensible capacityatent capacit and airside pressure drop (AD&e discussed
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3.3.4.1. Effect of inlet air relative humidity (RH)

When inlet air relative humidity (RH) is 35%, the heat exchanger is at dry condition,
meaning there is only sensible cooling. As inlet air relative huynidireases from 35% to 70%,
overall heat transfer capacity increadeag\ire76) for the verticatubeorientation tests. However,
when air RH changes from 35% to 50%, heat exchanger capacity decreases sligitizoatal
orientation Figure 77). Increased RH also leads to lowsamsible capacitySC), as shown in
Figure78 andFigure79. This is because higher inlet air humidity leads to additional condensing
water accumulation on the heat exchanger surface, which reduces dry surface area and restrains
sensible capacitiyansfer. Accordinglylatent capacityncreasesKigure80andFigure81) as inlet
RH increases. In terms of airside pressure drop, larger inlet air humidity results in larger airside
pressure drop due to the bridging effect formed bynmethcondensate water between the tubes

(Figure82 andFigure83).

3.3.4.2. Effect of inlet air flow rate (AFR)

As air flow rate (AFR) increases, total capackigure76andFigure77), sensibleapacity
(Figure78 andFigure79) and airside pressure drapigure82 andFigure83) all increase while
latent capacityeither increass or decrease(Figure 80 and Figure 81). The change ofatent
capacityis also affected by other factors such as inlet air humidity, water flow rate, condensate
removal heat exchanger orientation and heat exchanger geometry. For this tXetheapacity
eitherdecreasesr increass depending on test conditioRigure80 andFigure81). Generally, as
air flow rate increases, total capacity increases, causing water outlet temperature &e,increa
resulting in higher average wall temperature. THtent capacityransfer is expected to decrease
due to increased wall surface temperatHi@vever Jarger air flow rate also means more moisture

in the airstream, which produces more condensatiosid&s, there are also other factors need to
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be considered such as the ease of condensate water reflows)whetherlatent capacity
increases or decreases depends on which factor is dominant. Heresgéikplaffect of AFR under
vertical orientation. Té mostcrucial factorunder vertical orientation is the inlet air RH. When
inlet air RH is low, the surface is partially wet as@hsible capacitiyansfer is the dominant factor,
leading tolatent capacityecrease. This phenomeneasobserved in the exgsiment, as shown

in Figure84 (a) and (b). Compare the results at AFR=0.06 and 0¥ inhcan be noticed that as

air flow rate increases, wet surface area becomes smaller and dry surface area becomes larger,
egecially on the top of the heat exchanger. When inlet air RH is high, the surface is fully wet, the
extra moisture in the air becomes the dominant factor, calaeg capacityo increaseFigure

84 (c) and (d)show that both surfaces are fully wet. Next, the effect of AFR under horizontal
orientationwill be explained Here, the most crucial factor is removal of condensate water. At
horizontal orientation, it is hard to remove the condensate water at low ftewdua to the
orientation, as shown figure85 (a). Instead of flowing along the tubes as in the cases of vertical
orientation, condensate water just accumulates in between the tubes asd foater bridge if

the air flow is not strong enough. At higher velocity as showrigure 85 (b), the condensate
water is blown out by the incoming air flow. Water splashes in the downstream of air flow, leaving
water marks on theimd tunnel duct wall. For pressure drop, higher air flow rate results in higher
ADP, which is expected-{gure82 andFigure83). One interesting phenomenon is undertical
orientation airside pressure drop for RH=35% and 70% is not much affected by waterside flow
rate, but airside pressure drop for RH=50% increases as water flow rate increases. This is because
for each heat exchanger geometry, there is a certain maxiamiount of water retention
corresponding to a specific condition. When RH is 50%, the amount of retained water has not

reached its maximum vyet, thus the increase of waterside flow rate will Easé capacity
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increase, enhancing the bridging effect. WhaA is 70%, the amount of retained water has

reached maximum, and consequently the extra condensing water flows down the tubes.

3.3.4.3.  Effect of inlet water flow rate (WFR)

As water flow rate increases, total capackig(re 76 andFigure 77), sensible capacity
(Figure78 andFigure 79) andlatent capacit{Figure80 andFigure81) all increase. Wat flow
rate increase has a negligiletifect on airside pressudeopwhen inlet air RH=35% and 70% but

it leads to airside pressure drop increase when RH=50%. Thilasliscussed previously.

3.3.4.4. Effect of heat exchangéubeorientation

When there is no water condensate, there is no difference regarding total capasibte
capacity latent capacityand airside pressure drop between heat exchanger operating tineter ei
orientation. Under the wet conditions, compared with heat exchanger under vereal
orientation, the horizontaibeorientation tests show smaller total capadiig(re76 andFigure
77), sensible capacityFigure 78 and Figure 79) andlatent capacityFigure 80 and Figure 81).
However, the airside pressure ds@pigure82 andFigure83) under horizontatlube orientation
arelarger than tbseunder vertical tube ongationdue to bridging effecThus,it is recommendd

to operatehis heat exchanger undegrtical orientationf there is condensation.
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(b)
RH=50%, WRF=50 g/s AFR=0.06%s RH=50%, WRF=50 g/s AFR=0.09%s

(d)
RH=70%, WRF=50 g/s AFR=0.06%8 RH=70%, WRF=50 g/s AFR=0.09%g

Figure 84 Effect of air flow rate on condensation at RH=50% (a)(b) and
RH=70% (c)(d) under vertical orientation (BTHX)
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Figure 85 Effect of air flow rate on condensation at RH=70% under horizontal
orientation (BTHX)

3.3.4.5. |, jmand ffactos
Here thej, jm andf factor resultsare discussed onlynder the preferred verticibe
orientation As it was already demonstratezkistingj andf factor correlations for bare tube
bundles under dry condition in literature are not applicable for such small diameter tubes (Bacellar
et al., 2016a) and there are no available wet condition atoes$,so thatnew correlations are

developed.

Figure 86 presents the variation dffactor on the effect of inlet air RH and Reynolds
number. Friction increases as inlet air RH increases from 35% to 70% dwehiodiing effect
of condensate water. Correlationsfdfctor were developed as power law based on Reynolds

number, as shown fBquation(75), (76) and(77). Maximum deviatiorfor f factor is withina 2%
under dry condition and 15% under wet conditior-{gure87).

f =1.705 @¢>*° (200 ®e  €00,Pr C.7Hy (79)

f=200.33®¢* (200 ®e  600,Pr O.RH 56 (76)
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f factor

f=38.67 @g** (200 ®Re  €00,Pr ORKH 78 (77)

Figure88 andFigure90 present the variation pfandjm factorby the effect of inlet air RH
andReynolds number. The variationjaindjm factorby the relative humidity effect of inflow air
is not sensitive. This is consistent with observations by Véaat) 000) and Phaat al. 011).
Correlations of andjm factor are developed as power laased on Reynolds number, as shown

in Equatiors (78) and(79). Maximum deviations foy andjm factor are withire 10% (Figure89

andFigure9l).
j=1.004 @¢*** (200 Re  600,Pr .7 (78
jm=0.6978 ®g*" (200 ®e  600,Pr 0.kt (79)
1 0.6
# RH 35%
0.5 [ ARH50% +15% M
A RH 70% 2% K 2 ...ﬂ
% 0 4 | = L
* T
01 F . ® . %0 3 r %
# RH 35% 0.2 r
A RH 50% 0.1 F
RH 70%
001 0 | | | | |
100 1000 0 01 02 03 04 05 06
Repe fexp
Figure 86f factor (BTHX, wet, vertical) Figure 87 Prediction of f factor correlation

(BTHX, wet, vertical)
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3.3.5.Test esults forsBTHX
Wet condition test results are summarize&igure92 through Figure96, with results for
low inlet air relative humidity (RH=50%) on the left and high inlet air relative humidity (RH=70%)

on the rightFigure92 shows the energyaltance of all wet condition tests are witkird.3%. Here

the effects of inlet air humidity, air flow rate and water flow rate on heat exchanger capacity
sensible capacitylatent capacity airside pressure drogre discussedespectively. Chilton
Colburnj, Chilton-Colburnjm andf factor are shown ifigure97.
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Figure 93 Heat exchanger average capacitfor (a) RH=50% and (b) RH=70% (sBTHX,
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Figure 94 Sensible capacityfor (a) RH=50% and (b) RH=70% (sBTHX, wet)
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Figure 97. j and f factor for (a) RH=50% and (b) RH=70% (sBTHX, wet)
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3.3.5.1.  Effect of inlet air relative humidity (RH)

From heat transfer point of view, larger inlet air humidity leads to |degent capacity
(LC, comparingrigure94 (a) and (b)), lowesensible capacit{SC, comparing=igure95 (a) and
(b)) and larger overall heat exchanger capacity qjomparingFigure 93 (a) and (b)). This is
because higher inlet air humidity leadsattditional condensing water accumulation on the heat
exchanger surface, which reduces dry surface area and restrasiisle capacitiransfer. From
airside pressure drop point of view, larger inlet air humidity results in larger airside pressure drop
(comparingFigure96 (a) and (b)). This difference is within 11%, which is not a significant penalty
for the tradeoff in latent capacitymprovement. Comparison with dry condition pressure drop is

discussed later.

3.3.5.2.  Effect of inlet air flow rate (AFR)

As air flow rate increases, total capacifigure 93), sensible capacit{fFigure 94) and
airside pressure drofrigure 96) increase. Howevefatent capacityeither ncreass (Figure 95
(b)) or decreasg(Figure95 (a)). It is also affected by other factors likéetrair humidity and heat
exchanger geometry. For this Hldtent capacitydecreasesHigure 95 (a)) for the 50% RH test
condition and increases for the 70% RHgUre95 (b)) test condition. Typically, as air flow rate
increases, total capacity increases, causing waterside outlet temperature increase, resulting in
higher average wall temperatuidereforethelatent capacityransfer is expected to decrease due
to increasd wall surface temperature. However, larger air flow rate also means more moisture in
the airstream, which will produce more condensation. This conflict indicates that wiagtiner
capacityincreases or decreases depends on which factor is dominaen it air RH is low,
the surface is partially wet, theensible capacitiransfer dominatesso,the surface temperature

increase is the dominant factor compared with airstream moisture increase, lealditentto
o8



capacitydecrease. This phenomenoroiserved in the experiment, as showirigure98. Dark

area on the surface is wet surface and light area is dry surface. Comparing AFR=0.03, 0.06 and
0.09 n¥/s, as air flow rate increases, wet surface area isleansald dry surface area becomes
larger. When inlet air humidity ratio is high, the surface is fully wet, the extra moisture in the air

becomes the dominant factor, caudegnt capacityo increase.

For pressure drop, higher air flow rate results ghbr ADP, as expecte#ifure96).
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Dry Surface Wet Surface

\

RH=50%, WFR=35 g/c RH=50%, WFR=35 RH=50%, WFR=35
AFR=0.03 ni/s g/s AFR=0.06 /s g/s AFR=0.09 rfis
Figure 98 Effect of air flow rate on condensation at RH=50%(sBTHX, wet)

3.3.5.3.  Effect of inlet water flow rate (WFR)

As waterside flow rate increasagnsible capacitfFigure94), latent capacityFigure95)
and total capacityHigure93) all increase. The effect of water flow rate on airside pressure drop is
negligible Figure96). Figure99 presents the condensate level of three different water flow rates
at inlet RH=50%. Only RH=50% pictures are selected because it is hard to recognize the difference

on fully wet surface at inlet RH=70%.
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Condensate
Level

RH=50%, AFR=0.03 His, RH=50%, AFR=0.06 His, RH=50%, AFR=0.09 Ais,
WFR=20 g/s WFR=30 g/s WFR=50 g/s
Figure 99 Effect of water flow rate on condensationsBTHX, wet)

3.3.5.4. Comparison of dry and wet condition

Comparisa of dry and wet condition airside heat transfer coefficient, airside pressure drop
and jand f fact@rare summarized iRigure100 Figurel0landFigurel02 respectivelyAHTC
is sensible capacity r ansf er coef f i sensible tapacitpansfer coefficiehiis i on o s
higherthanthat of wet condition at the same air side velodtigure101shows the pressure drop
variation due to different inlet air humidity levels. Airside pressure drop under RH=70% is 0~11%
largerthanthat of RH=50%, and is 0~15% larger compared with that of dry condition. And the

pressure drop penalty isame obvious at low air velocity (< 5 m/s). The most important reason of
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low airside pressure drop penalty is the header shape. As sh&guie 24, the header of heat
exchanger is diamond shape so that condemsztts flows away easily along the header instead

of accumulates at the bottom of the heat exchanger. This reduces the water bridging effect between
tubes, which was observed in most-éindtube heat exchangers. Another reason why there is
almost no presse drop penalty at high air velocity (> 5 m/s) is the blow out effégure104

shows water waklew out by air from backside of the heat exchanger. Two arcs formed by water

weremarked on the graph.

Figure 102 shows j and f facteron the effect of inlet relative humidity for dry and wet
conditions. As Reynolds number increggeand f factos decrease. Addition dhtent capacity
decreases j factor. As inlet relatikemidity increases from 50% to 70%, j factor decreases and f
factor increases slightly. However, the variation of j and f faaarthe relative humidity effect
of inflow air is not sensitive. The present results are similar to that of Fu et al. (192%eWal.

(2000) and Phaet al. 011).

Figure 103 presents the variation of factor on the effect of inlet relative humidity. As
inlet relative humidity increases from 50% to 70%, factor slightly decreasesThe slight
degradation of mass transfer performance may due to the condensate retention phenomenon

between tubes. This is consistent with observations by &haen@011).

Correlations for j, fy and f factorweredeveloped for wet conditiotest shownn Figure
105as power law based on Reynolds numbé&quation(80), (81) and(82). Maximum deviations

are withina 7% of jy and f factor prediction and are within10% of j factor.

j=0.6678 @¢* (315 ®e  1080,Pr .7t (80)
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Figure 104Water blow out effectfor SBTHX
(RH=70%, AFR=0.09m?3's, WFR=50g/s)
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3.3.6.Test esults of 5 and 4 mlit fin-andtube heat xchanger

Energy balance for both heat exchangers is within 5%, as shdvigure109andFigure

110separatly. The total capacities of both heat exchangeshosvn inFigure111andFigure

112 The total capacities of 4 mm heat exchangeskgatly higher than that of 5 mm coil. The

air side pressure dre@reshown inFigure 113 andFigure114. The air side pressure increases

both as air and water flow rate increases. This is due to the blockage caused by condensation water

The air side pressure drop is slightbyver than thabf 5 mm coil. Sensible capacitiase shown

in Figurel15andFigurel16and latent capacities asbown inFigure117 andFigure118 The

sensiblecapacitie®f both heat exchangaresimilar, but latentapacitiesor 4 mm coilarehigher

thanthoseof 5 mmm coilj, jm and f factos are shown irfFigure119andFigurel20, respectively.
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3.3.7.Comparison ball heat exchangers

AHTC and ADP/Depth for all baseline heat exchangers are plottéidume 121 BTHX

has the largest AHTC as well as ADP/Depth. There are three reasons for this:

The first is for different heat exchangers, the mass flux based on free flow area is different.
As shown inFigure122 the mass flux for BTHX is the highest. HoweverFigure123 even if

we plot the AHTC and ADP/Depth over mass flux, values of BE#e&till onthe top.

The second reasas boundary layer interruption and redevelopment. From heat transfer
point of view, the highest Nusselt number appaathe beginning of boundary layer. For different
types of fins, their design principle is also boundary layer interruption and redenxgigpas
shown inFigure124. In bare tube designs, for each tube, the boundary layer redevelops, as shown
in Figure125 However, for fins, especially louvered fins anitl fahs, the louver and slit size are

also small, this cannot sufficiently explain the phenomenon.

The third reason is about the shape. Round tube has intrinsic advantage over flat plate
regarding heat transfer. Flat plate and round tubeee simulated umg the same condition. Inlet
air velocity is 2 m/s and temperature is 300 K and the wall temperature is 350 K. The temperature
contours are as shown igure126 andFigure127. FromFigure128andFigure129, flat plate

has better hydraulic performance while round tube has better heat transfer performance.

108



600 60

mh_4mm mh_5mm Wh_BTHX_0.8mm h_NTHX mh_MCHX
OAP/L_4mm AP/L_5mm OAP/Ls_BTHX_0.8mm [IAP/Ls_NTHX OAP/Ls_MCHX
500
. 4 50
400 - "
L] —
| 4 40 E
_ 300 © . £
X ] a
E L ] i <
s 200 - 30
= [ ] [ S
u =
100 | a
| 4 20 g
0 - B
= 110
-100 | a
o ]
[
0 ]
_200 u] | | | | | | 0
0 1 3 4 5 6 7 8
V_fr [m/s]
Figure 121 Air side heat transfer coefficient and pressure drop per depth fobaselineheat
exchangers
18 800 60
Wh_4mm Wh_5mm
16 700 - Wh_BTHX_0.8mm h_NTHX
& mh_MCHX DAPIL_4mm
14 600 ! AP/L_5mm OAP/Ls_BTHX_0.8mm 50
‘ F APILs_NTHX DAPILs_MCHX
500 =
NE12 - P . 40 E
E10 L g 400 - 5
2 n = ] =
== u = 300 n 30 &5
x 8 [ | 2 L] )
(0]
= n "3 £ 200 - L ! 2
51 m ® Gmax_4mm 100 | " g 209
4 L " = Gmax_5mm i1
"  =Gmax_BTHX0.8mm 0r c 10
2 - 4 = Gmax_NTHX 100 - Y 5
® Gmax_MCHX o
0 1 -200 w4 1 L 1 0
0 5 10 0 5 10 15 20
V_fr [m/s] Gmax [kg/m?/s]
Figure 122 Gmax for all baseline heat Figure 123 Air side heat transfer
exchangers coefficient and presure drop per depth

over Gmax for baseline heat exchangers.

109



T Attachment May or may not occur disruption

®? " ® -
) (R
—

Attachment _ Disruption
IO 0 bt SO P e
_—

e g e
‘Disruption Attachment
R —
R —
—_— ) \ W H
- ' -~ Y
‘ m 3
_— /
— Attachment D15rupt10n
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(Bacellar, 2016)
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Figure 126 Flat plate temperature Figure 127 Round tube temperature
contour plot (CFD results) contour plot (CFD results)
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Figure 129 Skin friction coefficient of
flat plate and round tube (CFD
results)

Figure 128 AHTC of flat plate and
round tube (CFD results)
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Chapter4Bi f urcated Bare TUbBM&XDdédeiagn Exct

4.1.Design Concept

The innovative design imispired by human lungnd blood veinstructure. Ifdirecty
copyingthe nature the design would bleierarchical bifurcated tubes, such as fractal channels for
electronic cooling. However, the biggessativantage of using mulgvel hierarchical bifurcated
structure is the low utility of space. So, for fractal channels, the round disc shape (Pence, 2002) or
sandwich structure (Chen and Cheng, 2002) are common designs to better utilize space. However,
in the application, such designs would dramatically increase the difficulty of header digsitn
irregular header sha@adincrease the difficulty omanufacturingdue to the small branch tube
diameter so that it might not be able to be 3D printechay also increase the difficulty of heat
pump/air conditioner systegeometrydesign if the new heat exchanger is used as evaporator or
condenser because of the irregular geométnys,in current study, instead of using melével

hierarchical bifurcatetlbes, only two levels of tubes are used.

This novel heat exchanger consists of two levels of tubes, the main tubes and the branch
tubes. Main tubes are all vertical tubes as showhRiguare 130 of which outer diaraters are
symbolled aZD while branch tubes alabeledasO . Longitudinal tube pitch) is defined as
the center distance of two adjacent main tubes. The transversal tubepitshtifen defined as
the central distance of two adgnt rows, as shown iRigure 131 Bifurcation angle ¢ is the
angle between branch tube and the center line. Centerlines of all tubes generate a honeycomb
structure consigtg of multiple hexagons in this exangplindicated by dotted lind=igure 132
shows the heat exchanger shape with header and the flow directions of two fluids on both sides.
Tubes can be either staggered clirie in the air flow direction. For staggpel configuration, two
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different patterns are studied in current research, as shdwgurel133(a) and (b). Darker tubes
are first row and lighter tubesesecond row. The difference between these two configmsais
that the bypass flow, which flows through the honeycomb area formed by first row tube, hits the

main tube of second row in pattern 1 while it hits the part of main tube and bifurcated tubes of

second row in pattern 2. Computational domain is shiawine red box.
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9000000

Figure 131 Two rows of bBTHX in

Figure 130bBTHX -tube structure
staggered pattern
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Figure 132bBTHX schematic (staggered) and simulation domain
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Figure 133Two staggered patternsof bBTHX: pattern 1 (a) and pattern 2 (b)

4.2. Airside First Order Analysis

Airside heat transfer area is one of the key parameters to enhance airside heat transfer.
Before further investigatioof the new heat exchanger, first order analysis was conducted to
evaluate airside heat transfer area by comparing the compactness and material utilization of current
design and baseline heat exchangers. Compactness is defined as airside total heateeoséar
heat exchanger envelopelwme and material utilization idefined as airside total heat transfer

area over heat exchanger material volume.

The assumptions for first order analysis include: (1) same liquid side cross section area; (2)
same tubgitch ratio; (3) same tube bank number; (4) same tube thickness ratio; (4) constant inlet
air velocity, and (5) FPI of finned heat exchangers are alF3§jure134andFigure135show the
results of compactness and material utilizatr@spectively It can be seen that at large diameter
range (>1 mm), nmi-channel heat exchanger and plaindimttube heat exchanger have larger
compactness and material utilizatiodse toadditional secondary surface area. However, as

diameter becomes smaller, the advantage of secondary surface area diminishes. Compactness and
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material utilization of ound bare tube heat exchanger with diameter less than 1 mm are similar to

that of finnedheat exchangerbBTHX even has larger compactness and material utilization than

finned heat exchangerBhus,current study focuses on small diamdtdurcated bare tube HX

Another advantage of small diameter is the reduced internal volume, which lessns

refrigerant charge if applied in air conditioner and heat pump systems, leading to reduced system

weight and less environmental impact.
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Figure 134 First order analysis: compactness
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Figure 135Fir st order analysis: material utilization

4.3.Parametric Study

The airside parameters studied are summariz&alobe 17 and the waterside parameters

studied are summarized Trable18. Diameter ratio (DR) is defined as the ratid®foverO and
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length ratio (LR) is defined as the ratio of length of main tbgdver length of branch tubé ().
DR was fixed to be 0.7 to maintain the mass flux constant inside tubes in current study. To compare

the heat

of bare tube heat exchang@) (n comparison.

g X ohramagereq s tthee M awaskeptthe sagné &s thddiameter t e r

Table 17 Airside Parametric Study Parameters for BTHX andbBTHX

Types Parameters Units BTHX bBTHX
Og [mm] 1.50 1.50,
Congants O, [mm] 1.50 1.50,
DR - - 0.7
OorQ, [mm] 08,2,3,4 08,2,3,4
Gy, [m/s] 0.5,2,35,5 0.5,2,35,5
Variables — [deg] - 10, 35, 60
LR - 0.5,15,25
Pattern 1,2

Table 18 Waterside Parametric Study Parameters for BTHX andbBTHX

Types Parameters Units BTHX bBTHX
Constants Oy [mm] 1.50,
DR - 0.7
OorQ, [mm] 0.8,2,3,4 0.8,2,3,4
Variables @, [m/s] 0.1,0.3,0.6,1 0.10.3,0.6,1
_ [deg] - 10, 35, 60
LR - 05,1525

4.4. Experimentalalidation of Airside Hydraulic Performance

The airside CFD model was validated against experimental data measured from a four
bank HX with 0.8 mm diameter, 1.19 mm longitudinal pieaid 1.24 mm transverse pitch.
Working fluids are air and water. The test facility and measurements followed the ASHRAE
standards (ASHRAE, 1987, 2000). The average uncertainty in the capacity measurements was
2.71%, whereas the pressure drop was 2.91%.aens for heat transfer coefficient between
experimental data and simulation data range from 1% (at higher air side velocity) to 15% (at lower
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air side velocity). Oveprediction of pressure drop was observed, and addition of a correction
factor of 0.61 bought the maximum deviation down to 7%. Details could be found in Baceller et

al., 2016.

One bBTHX sample was3D printed by Connex 3 Systems Objet5@3ing VeroWhite
filament, as shown iRigure136. There are 18ibes per row and 7 rows in total. Diameter for first
layer tube is 2 mm, diameter ratio is 0.7, longitudinal pitch is 3 mm, transverse pitch is 3 mm and
length ratio is 1.732. Due to leakage issue, this sample was only tested to validate the air side
pressure drop for now and a new leak tight prototype is on the way to validate heat transfer. Similar
to bare tube heat exchanger, consistent -pvediction of pressure dros also observed
Experimental validation shows a good agreement of less than 88ajgflying a correction factor
of 0.51, as shown iRigure137. The potential reasons for deviation include but are not limited to
experimental uncertainties, model uncertainties and manufacturing uncertoteshat in the
following session, data shown are all simulation data, without correction, sihec®bserved
pressure drop is related to lots of factors including material type, surface roughness, manufacturing

method, etc.

qnm
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Figure 136 bBTHX sample
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Figure 137 Experimental validation for bBTHX air side pressure drop
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4 5. Airside Simulation Results and Discussion

4.5.1.Heat transfer area

The comparison of ahBTHX configurations studied is summarizedHigure138 As the
bifurcation angle increases or the length ratio decreases, the bifurcation number will have to
increase for a certain heat exchanger length, resulting in a larger heat transfer area improvement.
Diamete has no effect on heat transfer area impnoet as long as the diameter ratio is fixed.
The difference between pattern 1 and pattern 2 is more obvious at larger bifurcation angle. It can
be noticed that for geometry with d=10A, ther
even degradatioriTheoretically, tubes with bifurcations should have larger total area than bare
tubes with same diameter because the area ditavichtubes with small diameter are larger than
tube with larger diameter. However, when the bifurcation angle is very foradixample, 10°),
the merging area of secondary tube balances out the extra area that created by secondary tubes,

resulting in similar or even smaller heat transfer area than baseline, as illustratdei 39,

25
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“Tfhn Tap ‘Ten ‘" I'Mn ‘"Tgp ‘I'eén ‘" 'fgn “Trap ‘' regn
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Heat Transfer Area Improvement
(%]
'_\
o

Figure 138Air -side heat transfer area improvement compared witlBTHX
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Secondary tube Merged sgcondary tube

Figure 139bBTHXt ube confi guration with d=10A,

4.5.2.Free flow area

The decrease in free flow area results inrgjes flow acceleration, leading to larger mass
flux, thus larger heat transfer coefficient. So, this factor needs to be considered separately in order
to make a fair comparison of heat transfer coefficient later. The free flow area percedtegen
is plotted inFigure140. It shows the same trend as that of heat transfer area improvement. Free

flow area decreases as bifurcation angle increases or length ratio decreases.
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Figure 140Air-side free flow area decrease compared witRTHX
4.5.3.Air-side heat transfer coefficient (AHTC)
Since it will be overwhelming to plot all data in a single plot, representative points are
selected to illustrate the influence of each parameter. The resultsnameaszed inFigure 141
throughFigure144. AHTC of bBTHX is higherthan that of BTHX ahigherair velocity (2, 3.5

and 5 m/s) and miglte lower when air velocity is 0.5 m/s).
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Effect of air velocity: The effect of air velocity on AHTC is showrFigure141 As air

velocity increases, theHTC increases nofinearly for all cases.
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Figure 141 Effect of velocity and diameter on AHTC
(d=10A, LR=0.5, Pattern 1°

Effect of diameter: The effect of diameter on AHTC is also showkfigare141 AHTC
increases as diameter decreases. This can be explained by usingpdeffr®HTC and Nusselt
number The relationship between AHTC and diameter as shown in Equ&&poan be derived

by using the definition of Nusselt number and Reynolds number as shown in E¢838}j¢84)

and(85).
Nu="D 83
k
Nu= G Re" P (m,nig0,1¢ (84)
_ub
Re==> (85)
_uym 1
h-v—mCOkPr“W (86)

Effect of bifurcation angle: AHTE€of bBTHX with different bifurcation angles are shown
in Figurel42 AHTC increases as bifurcation angle increases. The main reason is that the increase
of bifurcation angle leads to smaller free flow area, as showkigure 140, thus better flow
mixing.
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Figure 142 Effect of bifurcation angle on AHTC
(d=2 mm, LR=0.5, Pattern 1)

Effect of length ratio: AHTG of differentbBTHX with different LR are shown iRigure
143 1t can be found that AHTC increases as langtio decreases. This can also be explained
using the free flow area percentage decrelgpri(e 140) described before. Designs with smaller
LR have smaller free flow area. Another reason is with smaller lemgih, there are more

bifurcation structures in unit volume, which enhaBBeflow mixing and result in higher AHTC.

800
BTHX, d=2 mm

700 bBTHX d=2 mm, LR=0.5 (small size)

@ bBTHX, d=2 mm, LR=1.5 (medium size)
r®bBTHX, d=2 mm, LR=2.5 (large size) o
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R

0 2 V,[m/s] 4 6

Figure 143Effect of LR on AHTC
(d=2 mm, d=60A, Pattern 2)

Effect of pattern: Two different patterns have bstmlied and the difference is shown in

8

0

Figure144. Pattern 2 hakigherAHTC than pattern 1. The free flow area and heat transfer area
for pattern 1 and 2 per unit envelope volume are similar thus the differeA¢€¢TiIC must come

from the pattern itself.
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Figure 144 Effect of pattern on AHTC
(d=2 mm, d=10A, LR=0.5)

Take the configuration ifkigurel44( d =2 mm, d=10A, L Rploted5) as
the contours of surface heat transfer coefficient at 5 m/s to see the difference between two patterns,
as shown irFigure145 In the computational domain, two rows of tubes are calculated and the
results are plotted separately. The difference mainly comes from the gegohde. For pattern
1, there is certain aa on each of secondary tube surface where the heat transfer coefficient is
nearly zero due to the blockage of first row tube. For pattern 2, the effect of blockage is reduced
by staggering the secomdw tube to let the bifurcation area of second row tubé the middle
of the bypass area formed by first row tube, thus the average AHTC on secondary tube is higher

than that of pattern 1. Therefore, pattern 2 geometryigherheat transfer coefficient.
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AHTC 7 pattern 1 (left: second row: right: first and second row)

Pattern 2. second row

Pattern 2, first and second row
B 650\

Figure 145 Surface heattransfer coefficient of pattern 1 and 2
(d=2 mm, d=10A, LR=0.5, Va=5 m/s)

4.5.4.0verall conductancénA)

To find out which geometry is better for heat exchanger design, the comparmaaraif
conductance (represented using hA valpe) envelope volume, which is the product of heat
transfer coeffieent and heat transfer area, is necessary. The influence of air velocity, diameter,
bifurcation angle, length ratio (LR) and different patterrogarall conductancare the same as

that on AHTC.Thus,herethis part is notepeated.
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Figure 146 Effect of diameter onairside hA Figure 147 Effect of bifurcation angle onairside hA
(d=10A, LR=0.5, Pa (d=2 mm, LR=0.5, Pattern 1)
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4.5.5.Air-side pressure drop (ADP) per depth

First, the influence of air velocity, diameter, bifurcation angle, length ratio (LR) and
different pattern on air side pressure drop (ADP) per dagtlliscussedAgain, representative

data are summarized gure150throughFigure154

Effect of air velocity: The effect of air velocity on ADP/Depth is showRigure150. As

air velocity increases, ADP/Depth increases-hiogarly.

Effect of diameter: The effect of diameter on ADP/Depth is also showigime150. It is

easy to undetand that ADP/Depth increases as diameter decreases.
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Figure 150Effect of diameter on ADP/Depth( d =1 0A, LR=0. 5,
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Effect of bifurcation angle: ADP/Depthaluesof bBTHX with different bifurcation angles

are shown irFigure 151 Increase of bifurcation angle is related to decrease of free flow area,

larger mass flux, thus larger ADP/Depth.
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Figure 151 Effect of bifurcation angle on ADP/Depth(d=2 mm, LR=0.5, Pattern 1)
Effect of pattern: This was discussed in detail in AHTC comparison. It is easy to tell from

Figurel53that pattern 2 has more flow bypass area as compared to pattern 1 thus ADP is smaller

for pattern 2.
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Figure 152 Effect of pattern on ADP/Depth
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Pattern 1

Pattern 2

Figure 153Geometry of bBTHX a t
Effect of length ratio: ADP/Depth of differefBTHX with different LR are shown in

d=10A,

LR=2.

S,

Patterr

Figure 154 and Figure 155 The difference between the two graphs is the bifurcation angle.

Bifurcation angle is 60° ikigure154and 10 in Figurel55 As length ratio increases, ADP/Depth

decreases. This is expected considering that as length ratio increases, free flow area increases, thus

ADP/Depth decreases. However, it should be noticedrnagure155 as length ratio increases,

the ADP/Depth obBTHX is smaller than BTHX.
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Figure 154 Effect of LR on ADP/Depth
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4.5.6.Summaryof airside simulation results
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Figure 155Effect of LR on ADP/Depth
d=10A,

Based on previous discussiove concludethat thebBTHX geometry has larger heat

transfer area, AHTC andverall conductancéhan BTHX thus it has immense potiahtto be

applied in aircooled heat exchanger fielflable 19 summarize the influence of air velocity,
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diameter, bifurcation angle, length ratio (LR) and different pattern on AHTC, ADRadll
conductance

Table 19 Summary of airside parametric study

Air ve Tube di| Bifurcat Lreantgit Patt
AHT ¢ ¥ Z g z 2
ADF 7 g Z g 2
h A y Z y z 2
Notyei:ncr2heserease
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4.6. WatersideSimulation Results and Discussion

4.6.1.Heat transfer area

Since thebBTHX is a bare tube heat exchanger, the waterside heat transfer area is close to

airside heat tmasfer area, thus the analysis of heat transfer area is the same as in Chdpter 4.

4.6.2.Heattransfercoefficient
This sectiordiscusgsabout the effect of different parameters on heat transfer coefficient.

Effect of watervelocity: The effect of water vetity on WHTC is shown ifrigure 156.
As the water velocity increases, the waterside heat transfer coefficient (WHTC) increases for all
casesAnd for all cases, thbBTHX hasa larger WHTC than BTHX. The advantageWHTC
improvement is more obvious at the laminar flow cases for BTHX. This is becaus®8THiX,
even when Reynolds number is low, the addition of bifurcation will cause boundary layer re
initiation, secondary flow and flow mixing, which all contributea higher local heat transfer

coefficient.

Effect of diameter: The effect of diameter on WHTC is also showkigare 156. The
WHTC increases as diameter decreases. This can be explained by using the defil\¥MbBIi<
and Nusselt number. This analysis is the same as that of airside, shown in E@&xtiorough

(86).
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Figure 156Effect of velocityard di amet er on RABISIC (d=10A,
Effect of bifurcation angle: The WHTCs bBTHX with different bifurcation angles are

shown inFigure 157. WHTC increases as bifurcation angle increases. As bifurcation angle
increase, the velocity vector change of original flow is larger, causing more flow mixing. This is

consistent with findings in fractal channels by Wahgl. 007).

Figure 157 Effect of bifurcation angle on WHTC (d=2 mm, LR=1.5)
Effect of length ratio: the WHTCs of differebBTHX with different LR are shown in

Figurel58. It can be found that the WHTC increases as LR decreases. This is because the WHTC
is areaaveraged HTC, designs with alier LR have more bifurcations in unit length, resulting in

larger overall WHTC.
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