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Abstract

Abstract of the thesis entitled: Performance assessment of cover shield-assisted radiant cooling

system for outdoor urban environment

Submitted by: Dharmasastha Kumar
For the Degree of: Doctor of Philosophy

at The Hong Kong Polytechnic University in August 2024.

Extreme heat is a growing global threat that requires urgent action to care for vulnerable
populations in outdoor environments and protect workers. The year 2023 was considered one
of the hottest on record in many cities around the world, but 2024 has proven to be even more
scorching, indicating an increasing trend in heat waves across the globe. The more vulnerable
groups affected by these heatwaves include bus commuters, daily labourers working outdoors,
road workers and the homeless. Deadly heat stress and heat strokes are experienced as dire
consequences of the heat waves sweeping through communities. With temperatures rising,
there is a critical need to implement measures that shield these at-risk populations from the

dangers of extreme heat.

Localised outdoor cooling hubs have the potential to address this problem and can protect the
public in the outdoors from heat waves. In the current situation of record-breaking temperatures
every year, i.e., for instance, crossing 52°C in China, and India, the common passive cooling
strategies such as shading, fan cooling, green roofs and blue-green infrastructure, are
questionable to protect people from extreme heat. The evaporative cooling, mist cooling, and
air conditioning have been utilized in the outdoors in some cities, but they are ineffective and

energy-intensive, especially in hot and humid climates.



The cover shield-assisted radiant cooling system is one of the alternative potential cooling
solutions for outdoor cooling applications. It can treat the radiant load directly and reduce
convective heat loss to the surroundings. An infrared-transparent cover shield, such as a low-
density polyethylene (LDPE) membrane is used to cover the radiant panel. The cover shield
allows infrared radiation from the surroundings but reduces convective heat transfer to the

ambient.

This technology has been proven to be effective in semi-outdoor environments. However,
outdoor cooling using this technology has yet to be investigated. In this research, the localised
cooling hub integrated with the cover shield-assisted radiant cooling system is investigated
using Computational Fluid Dynamics (CFD) modelling. It aims to investigate the thermal and

comfort performance of the proposed localised cooling hub for the urban outdoor environment.

A three-dimensional, steady-state CFD model of the proposed cooling system has been
developed for an outdoor urban environment. The thermal performance of the localised outdoor
cooling hub system is investigated for an open space in the hot and humid climate of Hong
Kong. The heat transfer characteristics of the proposed cooling system are analyzed for various
cover shield materials under realistic ambient conditions of the summertime in Hong Kong. It
was found that the sky-window selective membrane outperforms other materials. However,
this membrane is still in the development stage. In situations where there is no direct solar
exposure, a non-selective membrane can be preferred over a mid-infrared selective membrane,
as the non-selective membrane can provide the same cooling performance in the absence of

direct solar radiation.

In order to overcome the limitations of the existing outdoor comfort models, a methodology to
couple the CFD simulation with the human body thermoregulation system has been developed.

The skin temperature obtained from the coupling method is used to determine the human



thermal sensation in the outdoor environment using the updated CBE comfort model. The
thermal sensation obtained from this method has been compared with the thermal comfort
survey conducted in the experimental facility of a localised outdoor cooling hub employed with

membrane assisted radiant cooling system.

The thermal and comfort performance has been investigated for the street canyons of Hong
Kong, in terms of the heat extraction rate of the cooling system and thermal sensation
experienced by the occupants. The obtained thermal sensation has been compared with the
thermal sensation experienced by the people standing in the shaded spot without any cooling.
The results are more promising that the proposed cooling system performs well in the typical

summer weather of Hong Kong.

The present research has identified that the proposed radiant cooling system is a suitable
solution for outdoor applications. However, the current structure design of the system requires
optimization to improve the heat exchange between the cooling panel and the human body, as
well as to reduce the impact of solar radiation. Optimizing the system design will not only
enhance its energy efficiency but also provide better comfort for users. Future work should
focus on integrating the proposed cooling system with low-grade energy sources, such as waste
heat or renewable energy, to develop a more sustainable and livable cooling solution for

outdoor urban environments.

By addressing the design limitations and exploring the integration of low-grade energy sources,
the proposed radiant cooling system has the potential to become a more comprehensive and

effective solution for mitigating the challenges of extreme heat in outdoor spaces.



List of Research Publications

Publications Arising from the Thesis

Journal Publications

Dharmasastha, K., Zhong, Z., Niu, J., & Liang, H. (2023). A Comprehensive review
of cover-shield-assisted radiant cooling system. Energy and Buildings, 113121.
https://doi.org/10.1016/j.enbuild.2023.113121

Dharmasastha, K., Zhong, Z., Niu, J., & Liang, H. (2024). Thermal performance
investigation of membrane-assisted-radiant cooling system for localised outdoor
cooling hub. Sustainable Cities and Society, 101, 105173.
https://doi.org/10.1016/j.5¢s.2024.105173

Dharmasastha, K., Liang, H., Junwei, L., Xie, Y., Yu, Y., & Niu, J. (2024). Evaluating
thermal sensation in outdoor environments - different methods of coupling CFD and
radiation modelling with a human body thermoregulation model. Building and
Environment, 266, 112081. https://doi.org/10.1016/j.buildenv.2024.112081

Conferences

Dharmasastha, K., & Niu, J., (2022). Parametric analysis of the condensation-free
radiant cooling system, Proceedings of 11" international conference on indoor air

quality, ventilation & energy conservation in buildings, Tokyo, Japan.

Dharmasastha, K., Shin-ichi Tanabe & Niu, J., (2024) Sensitivity Analysis of Cooling
Panel Temperature on the Thermal and Comfort Performance of Outdoor Radiant
Cooling System, Proceedings of 18" International Conference of the International
Society of Indoor Air Quality & Climate, Honolulu, Hawaii.

Dharmasastha, K., Liang, Y., Yang, J., & Niu, J., (2024). A localised cooling hub for
urban outdoor environment: a sustainable solution for hot and humid climates,
Proceedings of 8th National and 2" International Conference on Refrigeration and Air

Conditioning, Chennai, India.


https://doi.org/10.1016/j.enbuild.2023.113121
https://doi.org/10.1016/j.scs.2024.105173
https://doi.org/10.1016/j.buildenv.2024.112081

Other Publications

Journal Publications

Yang, J., Liang, Y., Zhong, Z., Dharmasastha, K., Xie, Y., & Niu, J. (2024). Thermal
comfort investigation of membrane-assisted radiant cooling in outdoor settings.
Sustainable Cities and Society, 113, 105634. https://doi.org/10.1016/j.s¢s.2024.105634

Liang, Y., Yang, J., Zhong, Z., Xie, Y., Dharmasastha, K., & Niu, J. (2024). Thermal
Performance and Energy Efficacy of Membrane-Assisted Radiant Cooling Outdoors.
Sustainable Cities and Society, 114, 105787. https://doi.org/10.1016/].scs.2024.105787

Conferences

Yang, J., Liang, Y., Zhong, Z., Dharmasastha, K., & Niu, J. (2023). A study of the
cooling efficacy and thermal comfort performance of membrane-assisted radiant
cooling panels under outdoor air conditions. Proceedings of 3" international conference

for global Chinese academia on energy and built environment, Shanghai, China.

Liang, Y., Yang, J., Zhong, Z., Dharmasastha, K., & Niu, J. (2024). Assessment of
thermal comfort performance of membrane-assisted radiant cooling outdoors,

Proceedings of Roomvent 2024, Stockholm, Sweden.

Vi


https://doi.org/10.1016/j.scs.2024.105634
https://doi.org/10.1016/j.scs.2024.105787

Acknowledgements

First, 1 would like to express my sincere gratitude to my supervisor, Prof. Jianlei Niu, for his
invaluable guidance, unwavering support, and the numerous opportunities he has provided for
my career growth and network development. He has been a constant source of support, readily
available to listen to my problems, provide technical advice to tackle them and offer motivating
guidance. He has also generously spent his valuable time reviewing my papers and reports,

which has been instrumental in improving the quality of my work.

I would like to express my heartfelt thanks to the Research Grant Council of the Hong Kong
SAR, China (Project No. 15206620) for funding this project. I also extend my gratitude to The
Hong Kong Polytechnic University for supporting my participation in conferences and funding
my Research Student Attachment Program, both of which have been invaluable experiences

for my academic and professional development.

A special note of appreciation goes to Prof. Chengwang Lei for the exceptional opportunity to
continue my research at the University of Sydney and for his dedicated guidance throughout
my exchange program, which has broadened my perspectives and enriched my research

experience.

More importantly, I would like to acknowledge the invaluable support and collaboration of my
project colleagues, Dr. Zhong Ziwen, Liang Yan, Junran Yang, and Dr. Haobin Liang. Their
contributions to the same project have been instrumental in the progress of my thesis work. |
also extend my gratitude to Kenny Huang for his assistance in preparing the indoor chamber
tests, which were crucial for the project. Furthermore, | would like to thank Dr. Xie Yongxin,
Lin Junwei, and Dr. Yu Yichen for their expertise and support in the assessment of human

thermal sensation, which has been a vital aspect of this research.

vii



I would like to express my heartfelt appreciation to all my friends and colleagues at PolyU,
who have made my entire PhD journey a truly rewarding and fulfilling experience. A special
mention goes to my "research family" including Dr. Li Jianong, Jiang Ying, Zhou Sigi, Wang
Jiawei, Xu Xinzi, Peiyang Du, Wang Jue, Hou Yunge, Zhao Cheng, Dr. Huang Taiyang, as
well as my Indian friends, Aswin Kumar, Nandini, Mohana Das, Mohammed Yousuf,
Vasundra, Subash, Ramakanth, and Gokula Manikandan, for their unwavering support and

camaraderie throughout this journey.

Last, but certainly not least, | would like to express my deepest gratitude to my beloved wife,
Durgadevi, for her constant support, understanding, and companionship, which have been
invaluable throughout this endeavor. | also extend my heartfelt thanks to my mom Amsavalli,
sister Dharani, and my adorable nephew Aadav Kumar for their unconditional love,
encouragement, and unwavering support, without which | would not have been able to reach

this point of success.

viii



Dedicated to Prof. Jianlel Niu
and in Loving Memory of My Father



Table of Contents

Certificate Of OFIgINALITY .......ooiiiiiiee e e i
ADSTIACT. ...t bbbttt e e i
List of Research PUBIICAtIONS. ..........c.coiiiiiiiii e %
ACKNOWIEAGEMENTS ... e te et e s reesreeaeaneenneas vii
LIST OF TADIES ... ettt nne s XV
LEST OF FIQUIES. ...ttt na ettt XVi
N[00 1= g o F= L L= U S XXI
ADDIEVIALIONS ...ttt ettt bbb e ne e XXI
VAMADIES ... bbb podlll
SUBDISCIIIES ...ttt ettt et e st e et e e b e et e et e e ae e e ba et e ere e e ae e beennenreereenee e XXVi
L0 5 7 N i 8 00 < PSR 1
] 8 oo [ o4 T o RS PSSRR 1
1.1  Cover Shield-Assisted Radiant Cooling SYStEM ..........ccociiiiiiiiieiene e 3
1.2 Research Gaps and ODJECLIVES ........cccvciieiiiiiciece e 5
1.3 ThESIS OULIING ..o et nreas 6
CHAPTER 2.ttt e e et e e e s bbb e e e e st bt e e e e bbb e e e e nbae e e e e anbreeas 8
LITErAtUIE REVIBW ...ttt ae e et e e e s e s taesteese e teenbeeneesreenneanes 8
2.1 OULAOOr COOING. .. ccuiiiiiieieiieite ettt 8
2.2 Membrane-Assisted Radiant Cooling SYStem..........ccccveiiiiiieiie i 10
2.2.1  Design CONSIAEIALIONS .......ccuieierieeiiiiee ittt sttt nee e 12



2.2.2  Cover Shield SeleCtion FaCIOrS........oocoeeeeeeeeeee e 15

2.2.3  Critical Air Gap Thickness for Membrane-Assisted RCS............cccooveveieennenn, 23
2.2.4  Heat Transfer Modelling.........ccoooveiiiiiiii e 26
2.2.5  CFD SIMUIALIONS.......oiiiiiiiiiiiii e 36
2.2.6  Thermal Comfort and ENErgy ......cccoveiieiiiiieiiee e 39
2.2.7  DISCUSSIONS .....vcueiiieieiiete sttt bttt b et sr et b b n e ene 46

2.3 CONAENSALION ISSUES ......vviiiieiieierieie sttt bbb 47
P O V1 (o (o To @Y o] o] I o= { [0 3 - OSSPSR 49
2.5  Urban Outdoor Environment Modelling ..........ccccooiiiiiiiiiiiciei e, 50
2.6 Heat Loss from Human Body in OULOOIS ..........ccceririiieiiieienie e 52
2.7 Outdoor Thermal Comfort MOGEIS ........ccoiiiiiiiiiee e 55
2.8 Human Thermoregulation Model.............ccooiiieiiciice e 58
2.9  Coupling Numerical Modelling and Human Thermoregulation Systems................. 60
2.10 SUMMIBIY ..ttt bbbt nne e 63
CHAPTER 3. ettt e e e e s e et e e e ae e e s s as s teaeeeeaeeesaannsnraneneeeeeasans 66
Thermal Modelling of Membrane-Assisted Radiant Cooling System ...........c.ccccevvvieneen. 66
3.1 Membrane-Assisted RCS in the Outdoor ENVIironment...........ccccovevvninenieineniene, 66
3.2 Model Set-Up and FrameWOrK............ccoueiiiaiieiiieiie s see e sre e 71
3.2.1  Mathematical MO ..........ccoiiiiiiicie e 75

3.3 RESUILS N DISCUSSION........evitiitiitiitieiieiieie ettt bbbt 78
3.3.1 Validation of Modelling Method .............cocviieiiiii i 78

Xi



3.3.2  Heat Transfer Performance Analysis of Membrane-Assisted RCS in the Outdoor

ENVIFONMENT. ... 80
3.3.3  Impact of Membrane Material ..............cccoiiiieiiiiie i 84
3.3.4  Practical Implications of the Prototype Design ..........ccccoereiiniieniniieieieiees 90

34 SUIMIMAIY ..ottt sttt sttt h e e bt e e st e ekt e e st e e s be e e mbeenbeeenbeesaneenbeennnean 91
CHAPTER ..ottt e et r e e e e e s s s a e et e e e s s aantbbaeeeeeeeesnans 93

Thermal Sensation Assessment - Coupling CFD and Radiation Modelling with Human

Body Thermoregulation MOdEl ..............coiiiiiiiii e 93
4.1  Research BaCKgroUNQ...........ccoiiieiiiiiiic ettt 93
4.2 MELNOUOIOGY ....oviiiiiiieieee et 96

4.2.1  Coupling of Environment Modelling and Human Thermoregulation Model....96

4.2.2  JOS-3 Thermoregulation MOdel ..........c.coeiiiiiiiiiiiice e 99
4.2.3  Thermal Sensation ASSESSIMENL...........coiiiiriiirinieriee st 101
4.3  Thermal Sensation Assessment in Localised Outdoor Cooling Hub ...................... 104
4.3.1 CFD Modelling of Localised Outdoor Cooling HUb ..........ccccoeviiiiiiininenee, 104
4.4 ReSUIt AN DISCUSSION .....oouveiiiiitiiiesiisie sttt 107
4.4.1  Convective and Radiative Heat Transfer ..........ccocoovieeiiiene i, 108

4.4.2  Thermal Sensation Assessment using the CFD-CTM-JOS-3 Coupling Method...

4.5  Comparison of Thermal Sensation Vote between CFD-CTM-JOS-3 Coupling Method

and Thermal COMTOIT SUIVRY ......cviiiieie e 111

4.6  Impact of Wind Velocity on the CFD-CTM-JOS-3 Coupling Method .................. 114

xii



4.7  Comparison of the CTM-Free Simplified Approach and the CFD-CTM-JOS-3

CoupliNg METNOU ...t enes 117
4.8 SUIMIMAIY .oiiiiiieiiiie it stee et e et et e e sb e st e e sbb e e e bt e e e bb e e e bb e e e bb e e snbbeennbneeanteeeas 120
CHAPTER St e e e e e s s bbbt e e e e e s ss bbb e reeaaaeeanaas 122

Thermal and Comfort Performance Analysis of Outdoor Radiant Cooling System ....122

5.1 MEhOUOIOGY ...t 122
5.2  Model Validation with Chamber TESt..........cccoiiiieiiiiicee e 127
5.2.1  MOoNItoring FaClity ......ccccoveiiiiiiicce e 128
5.2.2  Comparison of Model Results and Chamber Test Results ............cccccevvvennenne. 129
5.3 ReSUILS AN DISCUSSION........ccviiuiriiiiieiieiieieie sttt 131
5.3.1  Thermal Performance of the SYSteM..........ccccooiiiiiiiiiic e, 132
5.3.2  Comfort Performance of the System..........c.ccceveviiiiiicii e 134

5.3.3  Cooling Effect Comparison: LOCH Bus Stop and Conventional Bus Stop....140

ST 111 010 -1V USRS 143
CHAPTER 6.ttt e e e et e e e e e e s s sttt e e e e eeeessnnssbenenaeeeeenans 146
Conclusions and Recommendations for Future Study ............ccoceveiineniieninineeeen 146

6.1  Cover Shield-assisted Radiant Cooling SYStemM ..........cccooviiiiieneneneneseseees 147

6.2  Thermal Performance Assessment in the Outdoor Urban Environment................. 148

6.3  Thermal Sensation Assessment (Coupling of CFD and Human Thermoregulation)....

................................................................................................................................. 150
6.4  Thermal and Comfort Performance of the Cooling System..........cccccoeviiiiicvinnne. 151
6.5  Scope of FULUIE RESEAICN.........couiiiiceee e 152



Appendix A Thermal Efficiency and Efficacy AnalysiS........ccccccooevviieieiieiccic e 155

RESUILS AN DISCUSSION ...ttt sttt bbbttt sttt 156
Sensitivity Analysis — Cooling Panel TeMPerature ...........ccceeveveieeveniiesiene e 156
Appendix B - Computational Thermal Manikin (CTM) Validation .............cc.ccccevnnee. 160
] (] =] (o0 USRS 162

Xiv



List of Tables

Table 2.1 Summary of the cover shield-assisted radiant cooling studies .............ccceceevvriennnnn. 11
Table 2.2 Transmissivity of the cover shield through the thermal radiation channel (J. Zhang et
Ay 2021 1ottt R e R et et e et Eenreereereeneeneens 16

Table 2.3 Various nomenclature for the optical properties of semi-transparent material ....... 17

Table 2.4 Parametric studies of optical properties of the membrane............ccococrvviiiiiiennn, 18
Table 2.5 Details of heat transfer studies of CS-RCS...........ccociiiiiiiiii e, 28
Table 2.6 Details of coupling methods reported in the literature ..........cccoccovvevviienieinninnnn, 60
Table 3.1 Details of the critical air gap thickness analysis reported in the literature .............. 68

Table 3.2 Transmissivity of the cover shield through the thermal radiation channel (J. Zhang et
B, 2021 oot et et te R e et e e te et reereereeneeneens 70

Table 3.3 Ambient and solar parameters inputs for the CFD modelling for various times of the

Table 3.4 Boundary conditions for the CFD modelling ..........ccocoveiiiiiniiinecee, 74

Table 4.1 Null zone skin temperature range and coefficients of body parts for the updated CBE

comfort model (Xie et al., 2020; Y. Zhao, Zhang, Arens, & Zhao, 2014) .........cc.ccecvvvvenennn. 103
Table 4.2 Description of local body parts of CTM ... 106
Table 4.3 Boundary conditions of the CFD mOdel ..........ccoeiieiieieiieiiec e 107
Table 4.4 Details of participants and ambient conditions of the comfort survey .................. 113
Table 4.5 Wind parameters of the different cases (Zou et al., 2021)........ccccoceveririvninnenenn 115

Table 5.1 Ambient factors and ground and building surface temperatures of the investigated
TIMES OF TNE JAY ... bbb 124

Table 5.2 Boundary conditions of the computational domain .............cccocevereienininicienenn 125

XV



List of Figures

Figure 1.1 The radiant cooling system proposed by Morse (Morse, 1963).........ccccoevrrvrreennenn. 4
Figure 2.1 Historical view 0f CS-RCS reSearch ..........ccocooviiiiiiniiiieeicsee e 10

Figure 2.2 Schematic of (a) Single layer (Xing et al., 2020), (b) double layer (Du et al., 2021),
(c) Multi-layer membrane-assisted RCS (Gu et al., 2023), (d) aerogel-assisted radiant cooling

(Y. Liang et al., 2021) STUGIES.......cuveeeieieiesie ettt 13

Figure 2.3 (a) Pictorial view of the outer side and (c) inner side of CS-RCS experiment setup
(b) Structure of the membrane-assisted radiant panel, and (d) schematic of the experiment setup

(K. W. Chen et al., 2020; Teitelbaum et al., 2020; Teitelbaum, Chen, et al., 2019) ............... 14

Figure 2.4 Variation of heat transfer coefficient with respect to air gap thickness (Xing et al.,

2020; N. Zhang €t al., 2021) .....ccooiieiiee ettt re et e sre e ereenreene e 25

Figure 2.5 Heat transfer components of (a) membrane and (b) aerogel-assisted radiant cooling

system (Sheppard, 2020)........ccioriieieee et nneas 28

Figure 2.6 Thermal radiation heat transfer model of membrane-assisted RCS (Xing et al., 2021)

Figure 2.8 Radiative heat transfer for double skin membrane-assisted RCS (Du et al., 2021)35

Figure 2.9 Radiative heat transfer process in aerogel layer in the aerogel-assisted radiant panel

(Y. Liang et al., 2021; Y. Liang et al., 2022)........ccceieiiieiiieieiieseesie e see s 39

XVi



Figure 2.10 Comparison of cooling capacity between the various cover shield configurations
of CS-RCS (Du et al., 2021; Gu et al., 2023; Guo et al., 2023; Y. Liang et al., 2021; N. Zhang

BLAL, 2021) covvvveeoeeeeeeeesseseeeeeesseesessseess e sees et ettt 43

Figure 2.11 Parameters considered for the urban modelling ...........cccccvevviiiiieie i 51

Figure 3.1 (a) Schematic of localised outdoor cooling hub prototype (b) Heat transfer
components of the membrane-assisted RCS in the outdoor environment (Roshan, Moghbel, &

ALEIA, 2020) ...t b bbb bbb es 67

Figure 3.2 Spectral transmittance of LDPE, Polyolefin (POF), PEA, and STATIC (He et al.,

2021; A. Leroy et al., 2019; Torgerson & Hellhake, 2020; N. Zhang et al., 2023).................. 70
Figure 3.3 Framework for the LOCH modelling in the outdoor environment ........................ 71
Figure 3.4 Schematic of the computational domain and radiant cooling structure ................. 74

Figure 3.5 (a) Computation domain and boundary conditions of CFD model (b) schematic of

EXPEIIMENT SELUD ...ttt s et e st e e e e se e sae e teeseesbeesbeensesaeesreensesseenne e 79

Figure 3.6 (a) velocity vector, (b) temperature contour of air domain, and (c) CFD Model

validation of membrane-assisted RCS for heat extraction rate...........ocoeooeeeeeeeeieeeeceeeeeeeeeen, 80

Figure 3.7 View factors of ceiling and wall panels to the surroundings............ccccoevevieennnne. 82

Figure 3.8 Heat extraction rates and heat transfer coefficients of ceiling panel at different

cooling panel temperatures (Tair = 31.6°C at 13:00 hr, MIR-selective membrane)................. 83

Figure 3.9 Heat extraction rates and heat transfer coefficients of wall panel at different cooling

panel temperatures ((Tair = 31.6°C at 13:00 hr, MIR-selective membrane) ............cccecvenenne. 84

Figure 3.10 Sun position and shading on the cooling panels at different times on 21st July..85

XVii



Figure 3.11 Heat flux comparison of the radiant cooling panel with various cover shield

configurations at (a) 9:00 (b) 11:00 (c) 13:00 and (d)15:00 hrs. .....ccceeveeieeireieieece e, 86

Figure 3.12  Variation of ceiling and wall panels’ membrane temperature, and their

corresponding ambient air and dew point temperatures at different times of the day.............. 89

Figure 3.13 Comparison of panel heat extraction rate of the three membrane types at

different times Of the daY ........ccccvi i e 91

Figure 4.1 Flow chart of coupling methods (i) CFD-CTM-JOS-3 method (Both one-way and

two-way coupling) (ii) CTM-free simplified approach (one-way coupling only)................... 98
Figure 4.2 Schematic of human thermoregulation model (Takahashi et al., 2021b)............. 101
Figure 4.3 Schematic of the computational domain and radiant cooling structure ............... 106

Figure 4.4 Local heat transfer coefficients, MRT and air temperature variation for the one-way

and two-way coupling MEtNOM.........c..ooviiiei e 109

Figure 4.5 (a) Local and overall skin temperature and (b) predicted thermal sensation from one-

way and two-way coupling methods (CFD-CTM-JOS-3 coupling).......ccccoevevveveeiiciieenenn, 111

Figure 4.6 (a) Comparison of local and overall TSV between predicted by the CFD-CTM-JOS-
3 coupling method and default JOS-model with thermal comfort survey (b) onsite survey of

the human subject (Yang et al., 2024) ........ccooieiieiie e 113

Figure 4.7 Annual Wind Rose Diagram for Hong Kong (Betti et al., 2022) (weather file:

KOWI00N WEALNET STALION) ....c.viiiiieciic ettt re e 115

Figure 4.8 Local CHTCs (W/m?K) for the wind velocities of 0.5, 1.0 and 1.5 m/s............... 116

Xviii



Figure 4.9 Local and mean skin temperatures assessed for the wind velocities of 0.5, 1.0 and

Figure 4.10 Local and overall (a) skin temperature and (b) thermal sensation vote predicted

by CFD-CTM-JOS-3 coupling method and CTM-free simplified approach..........c.............. 119

Figure 4.11 Different wind direction and manikin orientation configurations of the outdoor

radiant CoOlING NUD .......cvii e 120

Figure 5.1 Framework of the methodology to assess the heat extraction rate and thermal

SBINSALION ... ettt e et e e e e e e e e ——teeeeeee e e e ———eeeeeeeeeaaa—————aaeeeeaaaa—————— 123

Figure 5.2 Street orientation and respective solar path diagram of Hong Kong.................... 124

Figure 5.3 Schematic of the computational domain and boundary condition of Street Canyon

Figure 5.5 Comparison of total heat extraction rate between chamber test and CFD ........... 130

Figure 5.6 Comparison of skin temperatures of local body parts between simulation and

CNAMIET TSt .. e 131

Figure 5.7 Solar exposure of the LOCH for NS (East-facing hub) and WE (South-facing hub)

orientations for 9:00, 11:00, 13:00 and 15:00 NI .ccooeeeeiieiee e 132

Figure 5.8 Comparison of heat load components between WE and NS orientation cases ....134

Figure 5.9 Solar heat flux contour of CTM and radiant cooling panel (a) NS and (b) WE

OFTENTATION CASES ... e 135



Figure 5.10 Local and overall (a) skin temperature and (b) thermal sensation vote in the LOCH

TOr the CaSE OF NS OFENTALION ....oeeee et e e e e e e ettt e e e e e e e e e eeeeeas 136

Figure 5.11 Local and overall (a) skin temperature and (b) thermal sensation vote in the LOCH

TOr the CaSE OF WE OFTENTATION ....oeee ettt e ettt e e e e e e e e e eeeeeeas 138

Figure 5.12 Comparison of (a) skin temperature and (b) thermal sensation vote between LOCH

and conventional bus stop for NS orientation case (East-facing bus stops) at 13:00 hr........ 141

Figure 5.13 Comparison of radiative heat flux contour for (a) conventional bus stop and (b)

LOCH for NS orientation case (East-facing bus stops) at 13:00 hr..........cccccccevvveiiivieiinenenn, 142

Figure 5.14 Comparison of total heat flux contour for (a) conventional bus stop and (b) LOCH

for NS orientation case (East-facing bus stops) at 13:00 hr.........ccccoovevveviiciieecc e 143

Figure A.1 Variations of local and overall (a) skin temperature and (b) thermal sensation vote

for different cooling panel temperatures and N0-co0liNG CaSE.........ccevvevieiieieeie e 158

Figure A.2 Variation of heat extraction rate, overall thermal sensation vote and energy efficacy

for different cooling panel teMPErature ............ccoeeieiie e 159

Figure B.1 Convective and radiative heat flux validation of CTM against the wind tunnel

experiments for the velocities of (a) 0.5 m/s (b) 1.0 m/sand (C) 2.0 M/S.......ccovevvviiveinennn. 161

XX



Nomenclature

Abbreviations

AFTPU Aerogel-Functionalized Thermoplastic Polyurethane

AlJ Architectural Institute of Japan

AT Apparent Temperature

AVA Arteriovenous Anastomoses

CBE Center for Built Environment

CFD Computational Fluid Dynamics

CHTC Convective Heat Transfer Coefficient

COST European Cooperation in the Field of Scientific and Technical
Research

CS-RCS Cover Shield Assisted Radiant Cooling System

CT™M Computational Thermal Manikin

DES Detached Eddy Simulation

DI Discomfort Index

DO Discrete Ordinates

DOAS Dedicated Outdoor Air Systems

DPT Dewpoint Temperature

EVA Ethyl Vinyl Acetate

HDPE High-Density Polyethylene

HI Heat Index

IR Infrared Radiation

IRT Infrared Radiation Transparent

JOS Jointed Circulations System

XXi



LDPE
LES
LLDPE
LOCH
MIR
MRT
NS
NST
OUT_SET*
PAU
PCM
PCT
PDMS
PE

PEA
PET
PMV
PP

PPD
PRESTO
PVC
RANS
RCS
RHTC

SET

Low-Density Polyethylene

Large Eddy Simulation

Linear Low-Density Polyethylene
Localised Outdoor Cooling Hub
Mid-Infrared Radiation

Mean Radiation Temperature
North-South

Non-Shivering Thermogenesis
Outdoor Standard Effective Temperature
Primary Air Unit

Phase Change Material

Partially Transparent Polycarbonate
Poly Dimethyl Siloxane
Polyethylene

Polyethylene Aerogel
Physiologically Equivalent Temperature
Predicted Mean Vote

Poly Propylene

Predicted Percentage Of Dissatisfied
Pressure Staggering Option
Polyvinyl Chloride

Reynolds Averaged Navier Stokes
Radiant Cooling System

Radiative Heat Transfer Coefficient

Standard Effective Temperature

XXii



SRANS Steady Reynolds Averaged Navier-Stokes

SST Shear Stress Transport
STATIC Spectrally Tuned All-Polymer Technology for Induced Cooling
TI Turbulence Intensity
TLS Turbulent Length Scale
TSV Thermal Sensation Vote
TSV Thermal Sensation Vote
TWL Thermal Work Limit
UHI Urban Heat Island
UTCI Universal Thermal Comfort Index
WBGT Wet Bulb Globe Temperature
WE West-East
Variables
ic Clothing vapour permeation efficiency
s’ Scattering direction vector
C;, Cyand Cs Constants
Ep Blackbody emissive power (W/m?)
Gp Turbulent kinetic energy due to buoyancy (m?/s?)
Gy Turbulent kinetic energy due to velocity gradient (m?/s?)
I Black body intensity (W/m?)
I Clothing insulation (clo)
I; Spectral intensity (W/m?/um)
Ly Lewis ratio

XXiil



Py
Qe
Qcond
Qr

Qt

Qr

S, and Se

Yu

fcl
i

Qin

=

vl

ar
a
Ay and 4,
He

Pre f

Ok

Saturated water vapour pressure at ambient air (kpa)
Saturated water vapour pressure at skin temperature (kpa)
Convective heat flux (W/m?)

Conductive heat flux (W/m?)

Radiative heat flux (W/m?)

Total heat transfer (W/m?)

Solar heat flux (W/m?)

User-defined source terms

Fluctuating dilatation compressible turbulence to the overall
dissipation rate

Clothing area factor

Gravity (m/s?)

Incident radiative heat flux (W/m?)

Position vector (m)

Direction vector

Air velocity component along the i-axis (m/s)

Air velocity component along the j-axis (m/s)

Solid angle (sr)

Thermal diffusivity (m?/s)

Spectral absorption coefficient (m™)

Wavelength boundaries for a band (um)

Turbulent viscosity (kg/ms)

Reference density (kg/m?)

Prandtl numbers for k

XXiv



C,C1,C2, D1, and D2

Cap

D

D

E

F(0 = nAT,)
G

h

Scattering Coefficient (m™)

Prandtl numbers for €

Wall emissivity

Heat exchange by blood flow (W)

Body surface area (m?)

Heat exchange by convection (W)

Constants in terms of reflectivity, emissivity, and panel
temperature

Heat capacity (J/K)

Thickness of the membrane (m)

Heat exchange by conduction (W)

Evaporation (W)

Fraction of radiant energy emitted by a blackbody
Incident radiant flux onto a surface (W/m?)
Heat transfer coefficient (W/m?k)

Incident radiant flux across a membrane (W/m?)
Radiation intensity (W/m?)

Radiosity (W/m?)

Thermal conductivity of air (W/mk)

Air gap thickness (m)

Refractive index

Nusselt number

Pressure (pa)

Heat production

Thermal resistance (m2k/W)

XXV



R Heat exchange by radiation (W)

Ra Raleigh number

RES Heat loss by respiration (W)

S Path length (m)

T Temperature (K)

t Time (s)

Q Scattering albedo

a Absorption coefficient (or) Attenuation coefficient (m™)
w Skin wittedness

(0 Phase function (1/sr)

a Absorptivity

B Thermal expansion coefficient (1/K)
€ Emissivity

A Wavelength (um)

U Extinction Coefficient (m™)

U Dynamic viscosity (kg.m/s)

P Reflectivity

p Density (kg/m®)

o Stephen Boltzmann constant (W/m?k*)
T Transmissivity
Subscripts

j adjacent body tissues

atm atmosphere

XXVi



c cooling surface

c convective

c-m heat transfer between the cooling panel and membrane

cse cover shield external surface

et total evaporative

g geometrical resistance based on the view factor between the
surfaces

h heating panel surface

hs heat sources

i segment number

j tissues

m membrane surface

m,e membrane to external ambient
me membrane exterior surface

mi membrane internal surface

0 operative temperature

r radiative

S surface radiant resistance

sk skin

sol solar radiation

surr surrounding indoor surfaces

t total

t total

re radiant energy resulting from emissivity

XXVii



CHAPTER 1

Introduction

Global warming and urban heat waves are marked by an increase in the frequency, intensity,
and duration of hot days. In recent years, many cities all around the world have suffered heat
wave attacks (Kotharkar & Ghosh, 2022). For instance, India (Goyal, Singh, & Jain, 2023),
China (Lei et al., 2024; Tan et al., 2010), Europe (Sola-Caraballo, Lopez-Cabeza, Roa-
Fernandez, Rivera-Gomez, & Galan-Marin, 2024) and USA (lIssa & Alrusayni, 2024) have
faced extremely high temperatures, exceeding 45°C, 42°C, 46.8°C and 49°C respectively. This
shift could have detrimental effects on both physical and psychological well-being, and in
extreme cases, it may contribute to an uptick in mortality rates (Ballester et al., 2023; Dodla,
Satyanarayana, & Desamsetti, 2017; Knowlton et al., 2009; Robine et al., 2008). The urban
heat island (UHI) effects (Mirzaei & Haghighat, 2010; Mattheos Santamouris, Ding, &
Osmond, 2019) i.e., the combination of anthropogenic heat release and trapped solar radiation,
and weakened wind flow due to blockages by buildings of the urban environment worsen the
summer thermal conditions for human comfort (M. Santamouris, 2020). The number of hot
days and nights increased drastically due to the UHI effect (Edward, 2009). This phenomenon
is occurring in parallel with the rapid pace of urbanization. Predictions indicate that by 2050,
urban dwellers are expected to constitute two-thirds of the global population, a significant
increase from the 57% recorded in 2022 (Desa, 2014). Elevated temperatures in urban
environments are likely to result in greater indoor-centric lifestyles among city residents.
People become aware of the importance of the outdoors for fresh air and a healthy lifestyle
during the COVID pandemic (Stock, Bu, Fancourt, & Mak, 2022). Moreover, bus commuters

and people working outdoors, road workers, construction workers and the homeless are



supposed to spend a long day time in the outdoors and thus, are more vulnerable to the UHI

and heat waves.

The outdoor shelters such as bus stops with current infrastructure standards and material
options mostly failed to protect the occupants in summer days of hot climates (Dzyuban,
Hondula, Coseo, & Redman, 2022). Regrettably, some major cities did not even have shelter
for suburban bus stops ("Sydney’s Busted Bus Stops: Read our Campaign Report," 2024).
There are several passive methods proposed to improve the thermal comfort of outdoor shelters
such as adaptive structure design (Lin, Matzarakis, & Huang), alternate constructive materials,
roof vegetation (Igbal, 2019), and trees (Cheung & Jim, 2018). While these passive cooling
concepts can provide thermal comfort (Igbal, 2019), their effectiveness during extreme urban

heat waves remains questionable.

Mechanical air-conditioners are used in bus stops in some hot cities such as Delhi (India),
Lahore (Pakistan), Antalya (Turkey), and Dubai (UAE) ("Waiting for a bus becomes cool,"”
2017). The “Green Air Conditioner” based on evaporative mist cooling is implemented in bus
stops in Japan ("Keeping Bus Stops Cool," 2017). Most of the abovementioned air-conditioned
bus stops are enclosed by glass facades, but waiting in a confined space is not safe as it can
accelerate the spread of infectious pathogens (Mokhtari & Jahangir, 2021). Kyogoku et al.
(Kyogoku & Takebayashi, 2023) reported that the evaporative mist cooling system for the open
space in Japan failed to provide chillness to the human body. In middle-east countries, outdoor
air conditioning has been implemented for an open stadium (Sofotasiou, Hughes, & Calautit,
2015) and open jogging tracks (Post, 2021). When it comes to a humid environment, could
become energy-intensive, and energy will be wasted for treating the latent heat of outdoor

ambient air.



On the other hand, the heat imbalance between the human body and the thermal environment
causes discomfort, i.e., cold or hot. The heat generated from the human body is continuously
transferred to the surroundings through convection, radiation, conduction and evaporation, to
maintain the body core temperature between 36.1 to 37.2°C, in turn, achieve thermal comfort.
The conventional air conditioning system helps attain the heat balance by enhancing convective
heat transfer, by blowing the cold air over the skin. It is energy-intensive for outdoor
applications. Instead of enhancing the convection, increasing the radiation loss by using a heat
sink would be the better alternate solution. Enhancing the radiative heat transfer by using a heat
source or sink is called radiant heating or cooling technology. For the outdoor application, the
cover shield-assisted radiant cooling system could be a potential option, as the system directly
treats the radiant load, with reduced convective heat loss to the ambient. Teitelbaum et al.
(Teitelbaum, Chen, et al., 2019) performed an experimental study on membrane-assisted
radiant cooling in a semi-outdoor environment. The results revealed that it can provide better
thermal comfort as it provides cooling energy through radiative heat transfer. Condensation is
amajor issue for conventional radiant cooling technology, especially in hot and humid climates
(Tang, Zhang, Liu, & Li, 2021; Teufl, Schuss, & Mahdavi, 2021; Xing, Li, Zhang, &
Heiselberg, 2021). However, the membrane cover shield on the radiant panel protects the panel
from ambient convection while transmitting infrared (IR) radiation (Du, Wu, Huang, Xu, &

Liu, 2021; Guo, Wu, Du, Huang, & Xu, 2023; N. Zhang et al., 2021).

1.1 Cover Shield-Assisted Radiant Cooling System

In the Cover Shield-Assisted Radiant Cooling System (CS-RCYS), the radiant cooling surface
is decoupled from the ambient air by the infrared-radiation transparent (IRT) membrane. The
transparency of the cover shield in the infrared region allows thermal radiation from occupants
and heat sources. The concept of the CS-RCS was initially proposed by Morse in 1963 for the

hot and humid climates of Australia (Morse, 1963). In the proposed system, the radiant cooling
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panel is covered using a 0.1 mm transparent polythene sheet with 25 mm spacing between them
to prevent contact between the cooling surface and external humid air (Figure 1.1). To maintain
the outer surface temperature of the polythene cover above the dewpoint temperature (DPT) of
the surrounding air, a small heater is provided between the cover and the radiant panel.
However, it is not economical and increases the cooling load of the radiant cooling system.
Morse also proposed to increase the number of polythene covers but each additional cover
reduces 17% of the cooling effect. The proposed cooling system was not getting much attention

due to its inefficiency and also the unavailability of the appropriate material.

Polythene coyer sheet

Cooling plate «. o _.~Insulation

Atr B, Vapour sealed casing
. o -
Heater with _
Radiation shields ™t 4

Figure 1.1 The radiant cooling system proposed by Morse (Morse, 1963)

In 2005, Wang (J. Wang, 2005) replicated the Morse model and the air gap-based radiant
cooling system is mutated from the original concept. Instead of a polythene sheet, an
aluminium sheet was used. It will act as the radiation shield, i.e., a barrier for the radiation
exchange between the heat source and cooling pipes (Ning, Chen, Liu, & Zhang, 2016; Su et
al., 2019; Teitelbaum, Rysanek, et al., 2019; Xing & Li, 2021). Later, the original concept was
revived in 2018 (Teitelbaum, Rysanek, et al., 2019) with an IRT membrane, i.e., a convection
shield between heat sources and a cooling panel. And this concept grabbed momentum in
academics and various researchers showed interest in this concept (Aviv et al., 2021; K. W.
Chen, Teitelbaum, Meggers, Pantelic, & Rysanek, 2020; Teitelbaum et al., 2019; Teitelbaum

et al., 2020). The IRT aerogel is also used as the cover shield for CS-RCS applications (Y.



Liang et al., 2021; Y. Liang et al., 2022). In the membrane-based CS-RCS, the heater is not
used to maintain the membrane temperature above DPT, as the well-designed air gap thickness
serves this purpose. The air gap between the membrane and radiant cooling panel reduces
convective heat transfer between them and keeps the membrane temperature comparatively
higher than the cooling panel. In aerogel-based CS-RCS, highly insulative and transparent

aerogels are preferred to serve the purpose of air layer in the membrane-based CS-RCS.

The principle of the CS-RCS is almost similar to that of the nighttime radiative sky cooling
system (N. Zhang et al., 2021). In the radiative sky cooling system, the panel exposed to the
sky absorbs the radiation from outer space, which is around 258 K, through the atmospheric
window (8-13um). In the membrane-assisted radiant cooling system, the membrane acts as an
atmospheric window between the radiant panel and the heat source. Advancement in the
membrane design makes the radiative sky cooling work in the daytime also. Inspired by
daytime radiative sky cooling which uses a selective IRT membrane that is only transparent in
infrared radiation regions and highly reflective to the solar radiation wavelength opens the
opportunity to use the membrane-assisted RCS for outdoor/semi-outdoor applications. Wind
effects enhance convective heat loss from the human body in outdoor environments, while

radiant cooling improves radiative heat loss.

1.2 Research Gaps and Objectives

Studies reported on outdoor cooling are seldom found in the literature. However, conventional
air conditioning-based outdoor cooling systems have been installed in some cities, they were
used for transparent enclosed spaces and their performance has not been reported yet.
Compared to indoor space cooling, outdoor cooling has to deal with several undesirable load
components such as solar radiation, radiation from surrounding surfaces etc. On the other hand,

the outdoor ambient conditions are uncontrollable and transient. Due to the convective heat



loss to the outdoor environment, it is challenging to design conventional air conditioning for

open outdoor spaces.

As a relatively less explored alternative, cover shield-assisted radiant cooling systems avoid
convective losses while addressing radiative loads. Previous studies on the membrane-assisted
radiant cooling system have investigated indoor and semi-outdoor applications, and not
adequately investigated for outdoor applications. It is important to address the challenges for
its usage in outdoor applications. To advance understanding and implementation of outdoor

radiant cooling systems, this research aims to address three key questions:

1. To what extent does the radiant cooling system enhance human thermal comfort in
outdoor environments?

2. What are the system’s energy consumption and energy efficiency?

3. What system design considerations are necessary to meet both thermal comfort and

energy efficiency?

Answering these will support the overarching goal of developing sustainable and climate-
resilient urban centers. Outdoor populations worldwide would benefit from improved thermal

conditions and expanded use of public spaces.

1.3 Thesis Outline
This chapter (Chapter 1) presents the problem statement, the proposed solution of the
membrane-assisted radiant cooling system, research gaps, objectives and the outline of the

thesis.

Chapter 2 covers the literature review based on the aspects of outdoor cooling systems, outdoor
environment modelling and outdoor thermal sensation assessment. It provides a comprehensive
review of the membrane-assisted radiant cooling system, outdoor modelling using

Computational Fluid Dynamics (CFD) techniques, and the coupling methods between CFD
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and thermoregulation models. Additionally, the design considerations regarding the membrane

material have been discussed.

Chapter 3 provides the thermal performance investigation of a Localised Outdoor Cooling Hub
(LOCH) employed with the membrane-assisted radiant cooling system. It analyses the impact
of membrane material on the thermal performance of the cooling system and presents the result
and discussion to address the second and third research questions concerning energy

consumption, and design parameters.

Chapter 4 explores the different coupling methods between CFD and the human
thermoregulation model to assess the thermal sensation in the outdoor environment. This
methodology is applied to the proposed LOCH to investigate the first research question on the

thermal comfort provided by the outdoor radiant cooling system.

Chapter 5 presents the thermal and comfort performance of the outdoor radiant cooling system
for the hot and humid climate of Hong Kong. It compares the thermal sensation experienced
under the cooling system with that of a shaded spot representing a conventional bus stop,
evaluating the performance of the cooling system in a real-world scenario and addressing the

first and third research questions.

The last chapter, Chapter 6 provides the concluding remarks from the present research work
and provides the recommendation for future studies. The energy efficiency and efficacy
analysis of the current structure design on a typical summer day in Hong Kong and the
validation of the computational thermal manikin utilized in the simulation are discussed in the

appendices.



CHAPTER 2

Literature Review

This chapter presents a literature review on key topics related to membrane-assisted radiant
cooling systems for outdoor applications and the assessment of outdoor thermal comfort. It
first examines the membrane-assisted radiant cooling system designs, highlighting impactful
design factors, heat transfer models developed, and evaluations of thermal comfort levels and
cooling capacity achieved. A comprehensive understanding of this emerging cooling

technology was sought through this review.

Numerical modelling is central to achieving the research objectives. Therefore, the literature
review also examines previous work on outdoor environment modelling techniques. When
assessing thermal sensation in outdoor settings, focus is given to studies investigating outdoor
thermal comfort models, human thermoregulation models, and efforts to couple numerical
simulations with thermoregulation system representations. This review aims to build upon prior
work to design and modelling of membrane-assisted radiant cooling hubs, while effectively
evaluating the systems' impacts on occupants' perceived thermal comfort within varying

outdoor contexts. Additionally, gaps and opportunities for further research are identified.

2.1 Outdoor Cooling

The asymmetrical and transient outdoor environment makes outdoor cooling more challenging.
The outdoor cooling system must treat the undesired ambient factors including solar radiation,
long wave radiation, wind speed, air temperature and humidity. The purpose of outdoor cooling
is to provide comfortable outdoor space, especially during hot summer days. There are several

strategies implemented to mitigate the intense urban heat waves and to provide comfortable



outdoor spaces. Passive cooling strategies such as urban morphology designs (Lai, Maing, &
Ng, 2017; Taleghani, Kleerekoper, Tenpierik, & Van Den Dobbelsteen, 2015), solar reflective
coating on surfaces (Chatzidimitriou & Yannas, 2015; Taleghani, Sailor, Tenpierik, & van den
Dobbelsteen, 2014; Jiachuan Yang, Wang, Kaloush, & Dylla, 2016), and blue and green
infrastructure (Gobatti, Bach, Scheidegger, & Leitdo, 2023) are commonly used for urban
spaces to provide shading, reduce solar, ground surface temperature, and air temperature, and
enhance wind speed. Particularly in outdoor public places, including bus stops and train
stations, shading, and mechanical fans most commonly used passive cooling strategies, and
green roofs are seldom located. However, during intense urban heat waves or hot summer days
in tropical climate zones, the benefit of a passive cooling system to protect public health from

heat exposure is questionable.

There are some active cooling systems implemented for outdoor spaces. Air conditioning and
mist cooling have been implemented in the bus stops with enclosed glass facades ("Keeping
Bus Stops Cool," 2017; Kyogoku & Takebayashi, 2023; "Waiting for a bus becomes cool,"
2017). However, the performance of the air-conditioned bus stops has not been reported yet.
Although there are difficulties and limitations to designing and implementing air conditioning
in outdoor settings, air-conditioned stadiums (Sofotasiou et al., 2015) and jogging tracks (Post,
2021) have been implemented in middle east countries. In tropical climates, the air conditioning
system outdoors has to deal with a high latent load, which becomes energy intensive. Adding
mist in an enclosed space may increase the chances of virus spread, and also increase the

humidity in the space.

Radiant cooling technology can be used for outdoor cooling as it directly provides cooling
energy to humans by radiative heat transfer, instead of conditioning the air. Conventional
radiant cooling systems have limited cooling capacity due to their condensation issue in humid
climates. Therefore, to reduce the convective heat loss from the panel, as well as to isolate the
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panel from humid ambient air, the membrane-assisted radiant cooling system is reported to be

a feasible option for outdoor cooling applications.

2.2 Membrane-Assisted Radiant Cooling System

In the past two decades, studies regarding conventional radiant cooling systems have attracted
a lot of interest (Hu & Niu, 2012; Karmann, Schiavon, & Bauman, 2017; La, Dai, Li, Wang,
& Ge, 2010; Rhee & Kim, 2015; Saber, Tham, & Leibundgut, 2016; Xing et al., 2021; K. Zhao,
Liu, & Jiang, 2016). With the IR transparent membrane, the radiant cooling system can be quite
different from those traditional radiant cooling systems which have been studied (N. Zhang et
al., 2021). The cover shield-assisted radiant cooling technology was initiated in 1963 in
Australia (Morse, 1963). Due to the lack of appropriate materials and inefficient operation
techniques, it has not gained much attention. In recent years, it has gained attention again in
academia due to its potential to deal with condensation in hot and humid climates
(Dharmasastha, Zhong, Niu, & Liang, 2023). The historical journey of CS-RCS is shown in

Figure 2.1, and a detailed summary of the studies is provided in Table 2.1.

Thermal Comfort Analysis
Semi-outdoor
School buildings

Original concept Cooling Capacity
Original concept revisited and Energy Saving
revived Narur"ll ventilation
I »  Structure improvement
1963 2005 2018 2024 * Materal development
Developmg stage > * Outdoor RCS
"

| N . Commercialize
l 1_01213 A

Origin of cover

shicld concept Derived Concepts

Radiative shield

Passive Energy Storage
and Sources Integration
PCM and Solar PV
Sky radiative cooling

Heat Transfer Model Development
Single membrane
Double membrane
Multiple membrane
Aerogel based RCS

Figure 2.1 Historical view of CS-RCS research
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Table 2.1 Summary of the cover shield-assisted radiant cooling studies

S. Author Location of Covering Research methods
No authors material
1 Morse, 1963 Australia Polythene Experimental
2 J. Wang, 2005 China Wide range Experimental
3 Teitelbaum, Rysanek, et USA PP, LDPE, Experimental
al., 2019 HDPE
4 Teitelbaum, Chen, etal., | Singapore & USA LDPE Experimental, Semi-
2019 outdoor
5 Sheppard, 2020 Singapore & LDPE Experimental,
Canada Numerical
6 Xing, Li, Cui, Zhou, & China Wide range Numerical
Liu, 2020
7 Teitelbaum et al., 2020 USA, Singapore & LDPE Experimental
Canada
8 Teitelbaum et al., 2021 USA, China & Polyethylene Experimental,
Canada Numerical
9 Y. Liang et al., 2021 China PE Foam and PE Experimental,
Aerogel Numerical
10 N. Zhang et al., 2021 China Polyethylene Experimental,
Numerical
11 K. W. Chen et al., 2020 USA, Singapore & LDPE Numerical
Canada
12 Duetal., 2021 China LLDPE Experimental,
Numerical
13 Aviv et al., 2021 USA, Canada & IRT membrane Numerical

Belgium

11




S. Author Location of Covering Research methods

No authors material

14 He etal., 2021 China & Singapore PE Aerogel Numerical,

Experimental

15 Y. Liang et al., 2022 China PE Aerogel Numerical

16 Du et al., 2022 China IRT membrane Numerical

17 | Riffat, Kutlu, Tapia-Brito, UK IRT Plastic Sheet Experimental
Su, & Riffat, 2022

18 Mokhtari, Ulpiani, & Iran & ltaly Polyethylene Numerical
Ghasempour, 2022

19 Albuja, Foliaco, Bula, & Columbia IRT membrane Numerical

Gonzalez-Quiroga, 2022

20 Guo et al., 2023 China IRT membrane Numerical

21 Guetal., 2023 China IRT membrane Numerical

22 N. Zhang et al., 2023 China Wide range Experiment — Chamber

test

Note: PP- Polypropylene, LDPE - Low-density polyethylene, HDPE - High-density polyethylene and
PE - Polyethylene

2.2.1 Design Considerations

Structure design of CS-RCS

The structures illustrated in Figure 2.2a were applied in most of the studies related to the CS-

RCS. In some numerical studies, mini prototypes were built to validate the numerical models

(Du et al., 2021; Gu et al., 2023; Y. Liang et al., 2021; Xing et al., 2020). The cover shield

configurations of these prototypes are based on material and number of layers, i.e., single,

double, and multilayer membrane-assisted, and aerogel-assisted radiant cooling systems, as

shown in Figure 2.2 (a) (b) (c) and (d) respectively. The first-ever full-scale structure of

membrane-assisted RCS namely the “cold tube” was built in Singapore (K. W. Chen et al.,
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2020; Teitelbaum et al., 2020; Teitelbaum, Chen, et al., 2019). The structure of the membrane-
assisted radiant panel and pictorial and schematic of the pavilion cooled by a membrane-
assisted radiant cooling system are shown in Figure 2.3. The capillary tube radiant cooling
panel covered with LDPE membrane has been used. A semi-enclosed space designed with 8
wall radiant panels is tested for the cooling performance of the system. Do et al., (Do, Luther,
Amirkhani, Wang, & Martek, 2022) proposed a similar membrane-assisted radiant cooling

panel design for retrofitting radiant cooling panels.

The difficulty in adopting the membrane concept in the radiant cooling application is the
infiltration of the humid air in the air gap region. Hence, the structure should be designed
carefully to seal the air gap perfectly. Even in the tightly packed air gap, the water vapor can
penetrate through the membrane, as the commonly used membrane materials are water vapor
permeable (Tock, 1983). To absorb the water vapors, water vapor absorbents such as
desiccants, and silica gel packets, can be kept in the air layer. And these packets need to be

replaced often once they are saturated. Therefore, it should be considered when designing the

structure.
(a) Single layer (c) Multi layer
F=F—> cooling panel
air gap membranel
| b membrane2
Inembrane membrane3
LZ4——> heating panel
(b) Double layer (d) Aerogel

membranel Aerogel

membrane2

Figure 2.2 Schematic of (a) Single layer (Xing et al., 2020), (b) double layer (Du et al., 2021),
(c) Multi-layer membrane-assisted RCS (Gu et al., 2023), (d) aerogel-assisted radiant cooling

(Y. Liang et al., 2021) studies

13



The backside of the panel is insulated to prevent heat transfer in that direction. The frame
structure can be made of plastic material such as PVC, UPVC, etc., as it conducts less heat and
is also light in weight. In the CS-RCS, the radiant panel will be maintained at a temperature
lower than the DPT of the ambient. In this case, the use of aluminium or metal frame structure
should be insulated from the cooling panels, as the conduction from the panel to the frame may
cause condensation on frame surfaces. The chilled water circuit to the cooling panels is the

same as the conventional radiant cooling system.

Connected to chiller

Air gap dimension d)
Frame

2" thick insulation layer

Thin metal sheet painted
with emissive paint

Capillary mat

Membrane \ \ Y

Desiccant packs

Figure 2.3 (a) Pictorial view of the outer side and (c) inner side of CS-RCS experiment setup
(b) Structure of the membrane-assisted radiant panel, and (d) schematic of the experiment

setup (K. W. Chen et al., 2020; Teitelbaum et al., 2020; Teitelbaum, Chen, et al., 2019)

The main difference between the CS-RCS and the conventional radiant cooling systems is the
cover shield. There are several factors involved in the selection of the cover shield, such as

optical properties and thermal conductivity, which are primarily discussed in this section.
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Depending on the cover shield, whether it is membrane or aerogel, the design parameters and

structure will vary, as their heat transfer characteristics are different.

2.2.2 Cover Shield Selection Factors

Selecting the cover shield material for a radiant cooling application is a crucial element and
many factors need to be considered. The most important factors include the optical, thermal,
and mechanical properties of membranes. For practical applications, other factors like
availability, cost, and manufacturability should also be considered. These factors associated

with membrane selection are critically reviewed in this section.

Optical Properties of cover shield

The requirements of the optical property of the cover shield are stringent for the better
performance of the system. To treat the sensible heat load effectively by radiative heat transfer,
an ideal cover shield should be 100% transparent to infrared radiation. Typically, the radiation
emitted by humans (8 -14 pum) (Hsu et al., 2016; Ignatov, Mosin, & Drossinakis, 2014) and

indoor heat sources is within the Mid-Infrared (MIR) region (3-50 um) (lIso, 2015).

The cover shield property that indicates the transmittance variation with respect to the
wavelength is spectral transmittance. According to the spectral transmittance in different
thermal radiation channels, the cover shield used for CS-RCS can be categorized into non-
selective, MIR-selective, and sky window selective (J. Zhang et al., 2021). Table 2.2 indicates
the spectral transparency of each type of cover shield. The non-selective membranes can be
used for indoor applications as the shortwave radiation exchange is less considered for the
cooling load. MIR selective cover shield which can reflect most solar radiation but is
transparent in the MIR region is considered as an ideal cover shield for daytime radiative sky
cooling (Zizhong Li, Chen, Song, Zhu, & Zhu, 2020; Naghshine & Saboonchi, 2018). It is also

preferable for outdoor and semi-outdoor radiant cooling applications to eliminate the solar heat
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load on radiant cooling. Sky window selective cover shield only allows infrared radiation
between 8-13 um, which covers the radiation from the human body. It is suitable for outdoor
environments, and it will only allow IR radiation from humans and block the radiation from
surrounding buildings and ground surfaces. Hence, the performance of the radiant panel can be

effectively utilized in an outdoor environment.

Table 2.2 Transmissivity of the cover shield through the thermal radiation channel (J. Zhang

etal., 2021)
Cover Shield Thermal Radiation Channels
Solar Atmosphere Sky Window Atmosphere
(0.25 - 2.5 pm) (2.5-8 pm) (8-13 pm) (>13 pm)
Non-Selective v v v v
MIR Selective % v v v
Sky Window Selective % % v %

Note: v and X symbols in the column indicate the transparent and opague on the specific channel

There are significant parametric studies related to membrane optical properties to analyze the
cooling performance of CS-RCS. It is important to understand various optical properties used
in the literature, and it is listed in Table 2.3. The cooling performance was usually represented
by cooling capacity and the cover shield’s air contact surface temperature to avoid the
condensation risk. An increase in transmittance allows more IR radiation between the source
and sink. An increase in transmissivity increases the cooling capacity significantly (Du et al.,
2021; Xing et al., 2020), while it has comparatively less impact on membrane surface

temperature. An increase in reflectivity decreases the cooling capacity and air contact surface
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temperature of the membrane linearly (Du et al., 2021). However, the impact of reflectivity on
the cooling performance and membrane temperature is comparatively lower than that of

transmissivity.

Table 2.3 Various nomenclature for the optical properties of semi-transparent material

S. No Property Nomenclature | Unit Definition
1 | Transmissivity T - Transmitted radiation/incident radiation
2 | Absorptivity a - Absorbed radiation/incident radiation
3 | Reflectivity p - Reflected radiation/incident radiation
4 | Emissivity E=a - absorptivity = Emissivity (Kirchoff's law)
Absorption coefficient (or) Decrease in radiation due to
5 | Attenuation coefficient k m™* | absorption/thickness
Decrease in radiation due to
6 | Scattering Coefficient O m | scattering/thickness

Combined effect of absorption and scattering

7 | Extinction Coefficient u=(k+o,) | m? |loss
Q= Os . .
8 | Scattering Albedo = (k+o) i Fraction of scattering loss to total loss

Speed of light in vacuum/speed of light in

9 | Refractive Index membrane

The reduction of radiation across the thickness of the cover shield is indicated by the absorption
and scattering coefficient. The parametric study on its derived coefficients, scattering, and
extinction coefficient of membrane material is performed by Zhang et al. (N. Zhang et al.,
2021), using a validated theoretical model. At a lower extinction coefficient, the cooling
capacity of the radiant cooling system is higher, as the absorption and scattering losses are
lower. The membrane surface temperature is maintained as constant, i.e., 17°C which is above

DPT to avoid condensation risk. An increase in extinction coefficient 10 to 3000 m™ increases
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the cooling capacity as the panel temperature can be reduced to 0.25°C, for the constant
membrane temperature. The radiant panel temperature is decreased by 90.6%, and the cooling
capacity is increased by 5.9% when the scattering albedo increases from 0.1 to 0.9. The
scattering loss has no impact on the radiative heat flux of the radiant panel, it varies less than
5% throughout this range. The extinction coefficient and the refractive index have a
comparatively great influence on the cooling capacity. An increase in the refractive index from
1.01 to 1.91 increases the panel temperature by 96.8% and reduces the cooling capacity by
26%. Lower refractive index membranes are comparatively better and enhance the radiative
heat exchange. The detailed variation of cooling capacity and membrane temperature of various
parametric studies on the optical properties are summarized in Table 2.4. The influence of

aerogel optical properties on the radiant cooling performance is yet to be analyzed.

Table 2.4 Parametric studies of optical properties of the membrane

Variation in Variation in
Defau | cooling capacity membrane Panel temp.
Ref. Parameters Range It (W/m2) temp. (°C) (°C)
Scattering
0.1-0.9 0.5 97.1-102.9 17.0 (constant) 2.68 -0.25
(N. Zhang albedo
etal., Extinction
10-3000 | 500 107.9-89.4 17.0 (constant) -0.44 - 3.13
2021) Coefficient
Refractive Index | 1.01-1.9 | 1.51 1245-91.8 17.0 (constant) 1.25-2.46
(Xing et Transmissivity 0.1-0.8 0.5 24.8-61.7 Order of 102 | 14.25 (constant)
al., 2020) Emissivity 0.05-0.8 0.2 43.2 - 54.6 Order of 10 | 14.25 (constant)
(Du et al., Reflectivity 0-0.1 0.87 101-104.7 17.3-17.9 7.0 (constant)
2021) Transmittance | 0.05-0.95 | 0.04 75.5-105.4 17.2-18 7.0 (constant)
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Thermal properties of the cover shield

The thermal resistance associated with convection and conduction, which is offered by the
transparent layer above the cooling surface, should be designed as high as possible to 1) reduce
the convective and conductive heat transfer, and 2) to maintain the temperature of the cover

shield above DPT.

In membrane-assisted RCS, thermal resistance is offered by the membrane and the air gap
layer. The thermal resistance offered by the membrane is negligible compared to the thermal
resistance offered by the air gap, due to the micro-size thickness of the membrane (N. Zhang
et al., 2021). In other words, the impact of the thermal conductivity of the membrane on the
cooling performance of CS-RCS is insignificant. Hence, the thickness of the air gap layer

should be carefully designed to provide higher thermal resistance.

In the aerogel-assisted RCS, the aerogel works like an air gap layer in membrane-assisted RCS.
It should be highly insulative to achieve the two targets mentioned above. Thermal resistance
offered by the aerogel depends not only on thermal conductivity but also its thickness.
However, an increase in aerogel layer thickness reduces the IR transmissivity. The thickness
of the widely used aerogel material, i.e., PE aerogel, is limited, typically less than 8 mm for
radiant/radiative cooling applications for adequate IR transparency (He et al., 2021). An
increase in PE Aerogel thickness reduces the IR transmittance in the MIR region. The PE
Aerogel thickness of less than 6 mm thickness has transmittance above 0.9, and it gradually
decreases when its thickness increases further (A. Leroy et al., 2019). Hence, the tradeoff

between the aerogel thickness and IR transmissivity must be taken care of.

Mechanical properties of cover shield

The mechanical strength of materials may need to be considered for cover shield selection in

practical applications. The IRT membranes with high transmissivity would have poor
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mechanical strength. Typically, the membrane thickness is in the order of microns to enhance
its IR transparency, which also makes it vulnerable to damage and puncture. An increase in the
thickness of the membrane reduces its transparency and in turn reduces the cooling
performance of the radiant cooling system (Teitelbaum et al., 2020; J. Zhang et al., 2021). An
increase in the thickness of the membrane from 0.05 to 3 mm, reduces the cooling capacity
from 105.34 to 93.37 W/m?, assuming constant membrane temperature (N. Zhang et al., 2021).
The average transmissivity of the PE membrane reduces from 0.9 to 0.75 when its thickness
increases from 10 to 100 um (J. Zhang et al., 2021). Widely used LDPE membranes are known
for being soft, flexible, lightweight, and having low toughness. LPDE films have a high chance
of getting cracked and wrinkled easily (Xing et al., 2021). The practical application of using
LDPE films for radiant cooling applications tends to fail shortly (Xing & Li, 2021; Xing et al.,
2020; Xing et al., 2021). There are several studies related to the mechanical stability
enhancement of membranes for radiative sky-cooling applications, such as corrugated
structures (Nilsson, Eriksson, & Grangvist, 1985), PE meshes (Gentle, Dybdal, & Smith,
2013), windshields (Golaka & Exell, 2007), etc. These studies can be valid for membrane-
assisted RCS applications, as their structure is similar to that of a sky radiative cooling system
(Xing et al., 2020). However, all the methods to improve mechanical stability have their
drawbacks which affect the cooling capacity of the radiant cooling systems. An experimental
study on CS-RCS used wooden frames to hold the LDPE membrane (Guo et al., 2023). And
the study suggested that the influence of the wooden frames could be ignored for the results.
The cover shield used for outdoor radiant cooling applications should withstand the worst
ambient conditions such as high wind, dust, rain, etc. Especially when it is easily accessible, it
should have considerable mechanical strength to resist external forces. Hence, suitable
materials with better mechanical strength with favorable optical properties need to be

developed. As the properties of the cover shield, i.e., membrane or aerogel, for both radiant
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and radiative cooling are similar, hopefully, appropriate material will be developed in the near

future.

Availability of cover shield material

The non-selective membranes such as LDPE, and LLDPE, are commercially available as they
are used for a wide range of applications. The application area of the PE membrane is limited
to 0.06 to 0.08 m? (Gentle et al., 2013) due to its stiffness and structural strength. However,
some experimental studies on the membrane-assisted radiant cooling system used the 2.52 m?
(1.2 x 2.1 m) of LDPE membrane for a single (Teitelbaum et al., 2020; Teitelbaum, Chen, et
al., 2019). The application area limitation is not considered in this study, it may have an issue

in the long term.

Teitelbaum et al. (Teitelbaum, Rysanek, et al., 2019) used commercially available plastic
materials which are transparent to the IR wave, i.e., HDPE trash bags, LDPE, and PP bottles.
The transmissivity measured using Fourier-transform infrared spectroscopy (FTIR) analysis
for HDPE (t:0.76 mm), LDPE (t:3.4 mm), and PP (t:0.05 mm) are 0.247, 0.298, and 0.587
respectively. Due to the higher transmittance of PP, it was concluded that suitable for radiant
cooling applications, but the thicknesses of the membranes were different. However, in the
later studies (Teitelbaum et al., 2020; Teitelbaum, Chen, et al., 2019), the LDPE (0.05 mm

thickness) membrane was used rather than PP due to its excellent optical properties.

Zhang et al., (N. Zhang et al., 2021) developed a method for the selection of IRT membrane in
CS-RCS. Two criteria for determining the availability of membrane materials were proposed,
which include that the cooling capacity should be higher than the conventional radiant cooling
system with a radiant panel temperature of 17°C, and the outer surface temperature of the
membrane should be higher than 17°C. Among the investigated materials including

polyethylene (PE), PE aerogel, KCI crystal, KBr crystal, and ZnSe crystal, polyethylene, all
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materials satisfy both selection criteria. It was suggested that PE and PE aerogel could be better
options when considering cost and stability. Xing et al., (Xing et al., 2020) provided a list of
several available membranes and their optical properties, which can be suitable for CS-RCS.
The list consists of several variants of PE, i.e., LDPE and HDPE, ethyl vinyl acetate (EVA),

polyvinyl chloride (PVC), partially transparent polycarbonate (PCT), and PP.

Despite so many available membranes, most relevant studies chose LDPE membranes in their
experiments due to their low cost, high availability, and high IR transparency. There are several
materials commercially available at low costs, such as polyethylene terephthalate (PET) and
polyolefin (POF), etc. (Abdel-Bary, 2003), though they were seldom considered for CS-RCS

before.

As for aerogel-assisted RCS applications, there were two materials ever used, including PE
foam and PE aerogel (Y. Liang et al., 2021). The PE aerogel provides better cooling
performance compared to PE foam (Y. Liang et al., 2021). The PE aerogel is getting attention
for daytime radiative cooling applications. Various derivatives of PE aerogel, such as zinc
sulfide-pigmented PE aerogel (Arny Leroy, Bhatia, Njike, Vaartstra, & Wang, 2021), poly
dimethyl siloxane (PDMS) film laminated PE aerogel (M. Yang et al., 2020), and aerogel-
functionalized thermoplastic polyurethane (AFTPU) (Shan et al., 2022) have been developed
to improve the performance of radiative cooling devices. These Aerogel materials may be a
potential choice for future CS-RCS applications. To realize that the cooling performance and

the condensation risk of aerogel-assisted RCS need to be further analyzed.

More than cost and availability, favourable optical properties, mechanical strength, and
application area need to be considered for cover shield selection. The selective cover shields
which provide better cooling performance in radiant cooling applications are also used for

daytime sky radiative cooling (Zizhong Li et al., 2020; J. Zhang et al., 2021), and cloth fabrics
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for personal thermal management applications (Hsu et al., 2016; Shan et al., 2022). Hence, the
development of an advanced cover shield with all favourable parameters is the need of the

hour.

2.2.3 Critical Air Gap Thickness for Membrane-Assisted RCS

The heat transfer between the radiant cooling panel and membrane should be the lowest
possible. The insulative nature of the air reduces the heat transfer between them. However, the
lesser thickness restricts the air movement, hence the conduction heat transfer dominates over
convective heat transfer. An increase in air gap thickness allows air movement due to the
buoyancy effect. The air gap thickness at which maximum thermal resistance is nearly achieved
is called critical air gap thickness. Beyond the critical air gap thickness, the influence of thermal

resistance on membrane temperature is negligible.

The perception of critical air gap thickness is reviewed and reported by each researcher
differently. The critical air gap thickness is at which the effect of radiant panel temperature on
the membrane surface temperature became insignificant. Teitelobaum et al., (Teitelbaum,
Rysanek, et al., 2019) reported the critical air gap thickness through experiments. It was
reported that for the 99 mm of air gap thickness, the membrane surface temperature will be the
same for all orientations of the radiant cooling panel. An increase in air gap thickness beyond

this equilibrium point, i.e., 99 mm, does not influence the membrane temperature.

Xing et al., (Xing et al., 2020) obtained the critical air gap thickness through the membrane
surface temperature calculation through the heat transfer model developed. It was found that
the critical air gap thickness is 14 mm at which the natural convection dominates the heat
transfer over conduction. The maximum membrane temperature achieved at the critical air gap
thickness for the investigated radiant panel temperature is 22.5°C. Designing the air gap

thickness beyond this critical limit will improve the anti-condensation. Panel depth causes pure
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conduction to natural convection resulting in the highest membrane temperature when
analyzing panel depth of 0-50 mm. This study failed to explain the membrane temperature
when the pipe depth is above 50 mm (Figure 2.4). The researcher also suggested that a vacuum-
filled gap between the panel and membrane will only allow the radiative heat transfer and it
can maintain relatively lower air gap thickness. Even though the vacuum-filled air gap is the
perfect insulator for convective heat transfer, it involves several issues when applied in

practical applications.

Zhang et al. (N. Zhang et al., 2021) reported the critical air gap thickness through Raleigh
Number. The theoretical analysis of the heat transfer coefficient will be minimal at the Raleigh
Number for the air gap larger than 3.5 x 10°. The minimum heat transfer coefficient and its
corresponding critical air gap thickness were calculated for the fixed panel temperature (0°C)

and membrane temperature (18°C), i.e., 2.01 W/m?K and 55 mm (Figure 2.4).

Du et al. (Du et al., 2021) considered the air gap thickness of 10 mm for the analysis as the
corresponding calculated thermal resistance of the air gap is attained maximum. This study
failed to report the thermal resistance beyond 30 mm of air gap thickness and the temperature
difference between the cooling panel and membrane assumed for the calculation is impractical.
As the previous studies are reporting a critical air gap thickness of more than 50 mm, the range

of air gap thickness analyzed could have been extended.

Gu et al. (Gu et al., 2023) analyzed the air gap thickness for the multilayer membrane-assisted
RCS using CFD techniques. The air gap thickness at which the heat transfer transition occurs
from conduction to natural convection provides the maximum thermal resistance. The
simulation results concluded that the air gap thickness of 10 mm has negligible convective heat
transfer in the air gap region. And it provides the optimal cooling capacity and higher air

contact surface temperature. An increase in the number of layers with a critical air gap thickness
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of 10 mm will not increase the convective heat transfer. Designing the air gap thickness around
the critical range will enhance the air contact surface temperature for the multi-air-layer or

membrane concept. However, it has a great risk of condensation for single and double-

membrane-assisted RCS.
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Figure 2.4 Variation of heat transfer coefficient with respect to air gap thickness (Xing et al.,

2020; N. Zhang et al., 2021)

The air gap thickness is the function of radiant panel temperature, membrane surface
temperature, and its orientation (Horizontal, vertical, and inclined). Hence, it should be
analyzed for the range of possible radiant panel temperatures and membrane temperatures. The
critical air gap thickness at the worst-case condition should be considered for the calculation.
The first-ever full-scale membrane-assisted radiant cooling system was experimentally

investigated, and the air gap thickness used is 152 mm (Teitelbaum, Chen, et al., 2019).
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2.2.4 Heat Transfer Modelling

Theoretical analysis

The concept of CS-RCS evolved into different types depending on the cover shield material
and the number of cover shields over the radiant panels. As per the panel design and its
applications, the heat transfer methods and heat load components will vary. As the CS-RCS
can be used for both indoor and outdoor applications, the heat transfer components will be

slightly different. This is due to the various heat source exposures.

In indoor applications, the exposed heat loads are limited to occupants, indoor heat sources,
and non-radiant surfaces. Hence, a non-selective cover shield, i.e., transparent for all thermal
radiation channels, is suitable for this application. For outdoor applications, the MIR and sky
window selective cover shields are preferred to eliminate the solar radiation falling on the
cooling panel. The heat transfer components of both membrane and aerogel-assisted RCS are

shown in Figure 2.5. The solar load component can be neglected for indoor applications.

In the membrane-assisted RCS, the components of convective heat transfer are due to the
natural convection in the air gap region, external convection between the ambient and
membrane surface, conduction across the membrane layer, solar radiation, and radiation from
surrounding heat sources. The heat balance equation at steady state conditions for both indoor

and outdoor applications of membrane-assisted radiant cooling systems is given below (Egns.

2.1-2.3).

Qt, indoor — Qr,human + Qr,surr. + Qc,mi [2-1]
Qt, outdoor — Qr,human + Qr,atm + Qc,mi + Qr,sol [22]
Where,

Qc,mi = Qcond,m = Qc,me [23]

26



Where, Q, is total heat transfer, Q. is the radiative heat transfer, Q. is the convective heat
transfer and Q.4 IS the conductive heat transfer, and the subscripts hs is the heat sources, surr
is the surrounding indoor surfaces, mi is the membrane internal surface, me is the membrane
exterior surface, sol is the solar radiation and atm is the atmospheric radiation. The atmosphere
radiation (Q,, .m) heat transfer involves radiation from the ground surface and surrounding

buildings.

In an aerogel-assisted RCS, the conduction occurs across the aerogel layer, instead of natural
convection in membrane-assisted RCS. Thus, in the heat transfer components for aerogel-
assisted RCS, the conduction (Qcond_Aemgel) component replaces internal natural convection
(Q¢mi)- The heat transfer components of aerogel radiant cooling components are shown in
Figure 2.5b. The heat balance equations at the steady state condition for the indoor and outdoor

applications of aerogel radiant cooling systems (Y. Liang et al., 2021) can be expressed as,

Qt, indoor = Qr, human T Qcond-Aerogel + Qc,cse [2.4]
Qt, outdoor — Qr,hs + Qr,atm + Qcond-Aerogel + Qr, sol [25]
Qcond-Aerogel = Qc,cse [2.6]

Where the Q. se represents the convective heat transfer on the cover shield surface.

Denon et al. (Sheppard, 2020) proposed the heat transfer model to determine the equilibrium
membrane temperature. The model involves the heat balancing of individual convective and
radiative terms (Eq. 2.1) which affects the membrane temperature. The membrane temperature
obtained from the heat transfer model is validated against the data collected in cold tube
experiments. The heat transfer model is integrated with TRNSYS, and it is used to analyze the
CS-RCS coupled with natural ventilation. Various heat transfer models were developed for

CS-RCS using different methods. The list of the heat transfer models developed, and the
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corresponding cover shield configurations are shown in Table 2.5. Notable heat transfer models

for the CS-RCS are discussed in this section.
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Q1: Radiation emitted by the chilled surface and absorbed by the membrane/aerogel

Q2: Radiation emitted by the surrounding surfaces and absorbed by the membrane/aerogel
Q3: Radiation emitted by the membrane

Q4: External convection

Q5: Membrane - Internal natural convection /Aerogel - Conduction

Q6: Solar radiation (direct or diffused)

Figure 2.5 Heat transfer components of (a) membrane and (b) aerogel-assisted radiant cooling

system (Sheppard, 2020)

Table 2.5 Details of heat transfer studies of CS-RCS

Author Cover Shield Model Type Study Type Environment

Single Membrane Layer

Sheppard, 2020 membrane - LDPE | Energy modelling - Energy saving Semi outdoor
TRNSYS
Xing et al., 2020 membrane Thermal radiation Model Indoor space
model development and

parametric study
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Author Cover Shield Model Type Study Type Environment
Teitelbaum et al., membrane -PE Grasshopper+ Model for cover Semi outdoor
2021 Rhino 3D shield MRT
modelling

environment

Aviv et al., 2021

membrane

Energy Plus

Global analysis,
energy saving, and

thermal comfort

Indoor space

N. Zhang et al., membrane -PE Thermal radiation Model Indoor space
2021 model - Two heat development and
flux model parametric study
K. W. Chenetal., membrane -LDPE Simple thermal Thermal comfort Indoor space
2020 model analysis
Mokhtari et al., membrane -PE Grasshopper+ Energy saving, and Semi outdoor
2022 Rhino 3D feasibility of
modelling outdoor application

environment

globally

Albuja et al., 2022

membrane

Energy Plus

Thermal comfort

Indoor space-

assessment school building
Double Membrane Layer
Du et al., 2021 membrane -LLDPE | Theoretical model - Model Indoor space
Double skin development and
Membrane parametric study
Du et al., 2022 membrane Theoretical model - | Improving cooling Indoor space
Double skin capacity and
membrane feasibility analysis
for indoors
Multiple Membrane Layer
Gu etal., 2023 membrane CFD-Ansys Improving cooling Indoor space
FLUENT capacity and
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Author Cover Shield Model Type Study Type Environment

reducing

condensation risk

Aerogel-Assisted RCS

He etal., 2021 PE Aerogel Heat transfer Energy Saving and | Indoor and outdoor
model feasibility analysis space

for indoor and

outdoors
Y. Liang et al., PE Aerogel CFD-Ansys Cooling load Indoor space
2022 FLUENT characteristics
Y. Liang et al., PE Foam and PE CFD-Ansys CFD model Indoor space
2021 Aerogel FLUENT development and

thermal comfort

analysis

Thermal radiation model

Xing et al., (Xing & Li, 2021; Xing et al., 2020) developed a thermal radiation model of
membrane-assisted radiant cooling and extended the model for indoor space equipped with the
membrane-assisted RCS (Figure 2.6). A thermal radiation model of an enclosed opaque space
containing a transparent surface was developed (Dai, Xing, Fang, & Zhao, 2017). This model
is extended for indoor space, containing one cooling opaque surface and other opaque indoor
wall surfaces. The model is validated against the experimental data obtained by Wang (J.
Wang, 2005). In Wang’s experiment, the gap between the cooling/heating panels and the
membrane is 8 mm. The heat transfer in the air gap region, for both the heating panel-membrane
and radiant panel-membrane, is dominated by the conduction component. The validated model
is used to analyze the anti-condensation performance of the membrane in an office building.

To simplify the model, the indoor space is modelled with no door, window, and heat sources.
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Also, the mean radiation temperature (MRT) method is proposed to simplify the model further

(Xing & Li, 2021), as it is less than a 10% deviation from the current model.

Surface radiative resistance of opaque surface
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Space resistance of semi-transparent surfaces

Cooling panel [e—

b, ¢

Membrane

Space resistance between semi-transparent
and opaque surfaces
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Surface radiative resistance of

Jwx semi-transparent surface
% Epwn

Figure 2.6 Thermal radiation heat transfer model of membrane-assisted RCS (Xing et al.,

2021)

At steady state conditions,
Qr,c-m + Qmi + Qme + Qr, m-i — 0 [27]
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Pa— L(E—EJ+ZBAM%—ﬂM“%n—EJ+—7f—=OB&

The total cooling capacity (q;) of the radiant cooling system can be calculated by,

oT¢=Jc _ Qmi
RcAm Am

q: = [2.9]

Where, Q. ., is the radiative heat transfer between the cooling panel and membrane, Q; is
the convective or conductive heat transfer inside the air gap, Q.. is the convective heat transfer
between the membrane and the external environment, Q, ., ; is the radiative heat transfer
between the membrane and indoor heat sources. R, T, and A represent the resistance,

temperature, and surface area respectively. The subscripts ¢, m, and a represent the radiant
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cooling surface, membrane, and indoor air respectively. J. and J,, . are the radiosity of the
cooling surface and the radiosity between the membrane and external environment
respectively. Nu is the Nusselt number, k is the thermal conductivity of air, L is the air gap

thickness and o is the Stephen Boltzmann constant.

In the thermal radiation model, the thickness of the membrane is not considered, assuming that
the surface temperature on both sides is equal. However, in the Teitelbaum et al., (Teitelbaum,
Rysanek, et al., 2019) experiment, there was a difference in membrane surface temperature
between the interior and exterior. The assumptions made for the thermal radiation model are
only suitable for thin membranes. However, a new membrane may arise to address the
mechanical strength issue with the larger thickness and improved IRT properties. In such cases,
the proposed thermal radiation model needs to be modified. Depending upon the radiant panel

orientation, the internal and external convection equations have to be modified.

Two-heat flux heat transfer model

Zhang et al. (N. Zhang et al., 2021) developed a two-heat flux model (Siegel, 1996; Siegel &
Spuckler, 1996) for the membrane-assisted RCS which considered the conduction heat transfer
across the membrane. The radiation heat transfer model which is coupled with the heat
conduction inside the membrane is solved to get the temperature distribution of a membrane.
In the two heat flux methods, the radiant heat flux is defined as q,* (positive direction) and g,

(negative direction) with respect to the heat flow direction (Figure 2.7).
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Figure 2.7 Heat transfer process considered for the two-heat flux model (N. Zhang et al.,

2021)

The energy equation at the steady state condition is defined by Eq. 2.10, which considers the
conduction and radiation of the membrane. The energy equations are reformulated in terms of

the radiation heat flux (qr) and quantity (G), which are defined with the two heat fluxes, i.e.,

q-Fand g

qe = —k dz;x) +q-(x) [2.10]
M — k(1 - Q)[4n?0T* () - G(x)] [2.11]
%ix) = —3Kq,(x) [2.12]

Where, g is total cooling capacity, g, is the radiant heat flux, K is the extinction coefficient,

Q is the scattering albedo and n is the refractive index of the membrane layer.

The two-heat flux method transforms the energy equation into a single integration form.

Applying the boundary conditions, the energy equations transform into Eq. 2.13.
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k de") = K(1 — Q)[4n?0T*(x) + 3KkT (x) + 3Kq,x — 3KC] [2.13]

> =

_ {3KK[T(0)=T(D)]+C1—C2+2D1 hne [T =T (0)]+2D; Ry [T (D) -T,]}
3KD

. + 2D, + 2D, [2.14]

Where, C, C1, C2, D1, and D2 are constants in terms of reflectivity, emissivity, and panel
temperature, T(0) and T(D) represent the internal and external surface temperature of the
membrane, and D is the thickness of the membrane, h,,. and h,,; are the heat transfer
coefficients at membrane external and internal surfaces respectively. Egns. 2.13 and 2.14
represent the heat transfer model. They will be solved for the heat capacity and membrane
surface temperature using the Runge-Kutta Method. The numerical model is validated against
the experimental results obtained from a small-scale experiment. For the validation, the optical
properties, i.e., extinction coefficient and scattering albedo, are refereed from the literature.
However, the result of the experiment has a good match with the model. As the heat transfer

model considers the conduction within the membrane, it also can be used for thick membranes.

Double membrane-assisted RCS

Du et al., (Du et al., 2022; Du et al., 2021), establish a heat transfer model to evaluate the
cooling capacity of radiant cooling assisted with two membranes, and the results are validated
against a reduced-scale experimental setup. The membrane temperature is assumed to be the
same throughout the membrane, as the membrane thicknesses are smaller than 2 um. The heat
transfer components are divided into convective and radiative terms. The radiative heat flux is
calculated based on the thermal resistances and input parameters. The radiative heat transfer
process of the double skin membrane-assisted RCS is shown in Figure 2.8. The air contact
surface temperature of membrane-2 is predicted from the radiative heat flux calculation

directly. Then it is used to calculate the convective heat flux in the air gap region using a
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conventional way of heat flux calculation where the heat transfer coefficient is found by

Nusselt number calculation.
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Figure 2.8 Radiative heat transfer for double skin membrane-assisted RCS (Du et al., 2021)

The radiant heat flux on the lower surface of membrane-1 (g,,) and through the membrane-2

(g,4) are calculated using the Egns. 2.15 and 2.16 respectively.

ml -E C
r1 = ]R"T_” [2.15]
Gry =152 [2.16]

Net radiation between the cooling panel and heating panel (g,) is

qy = —2hbe [2.17]

Rs,m—c+Rt+Rs,h

Where, E}, is the blackbody emissive power, G is the incident radiant flux onto a surface, H is

the incident radiant flux across a membrane, J is the outgoing radiant heat flux, and R is the
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resistance. The subscripts h is the heating panel surface, c is the radiant cooling surface, m is

the membrane surface, and t is the total.

The membrane temperature (T;,,) can be calculated by the following equations.

Epm = Jyno + 22Bem*Rgeom) [2.18]

1-Tm

T, = /Elem —273.15 [2.19]

Where, t transmittance, the subscripts g is geometrical resistance based on the view factor
between the surfaces, s is the surface radiant resistance and re is the radiant energy resulting

from emissivity.

The radiative heat transfer is not a function of ambient air temperature and air properties. In
this case, the membrane temperature obtained only through radiative heat flux calculation may
lead to an inaccurate prediction of membrane temperature. Zhang et al. (N. Zhang et al., 2021)
reported that the external heat transfer coefficient has a significant impact on the membrane
temperature and cooling capacity of the system. Du et al., (Du et al., 2022; Du et al., 2021)
have not provided a clear explanation of the convective heat flux observed from the
surroundings which is also one of the vital parameters to predict the membrane surface

temperature.

2.2.5 CFD Simulations

Compared with general heat transfer models, CFD techniques can provide more details on the
air flow and heat transfer, such as detailed air flow in the air gap layer of the membrane-assisted
RCS (Teitelbaum et al., 2021). Liang et al., (Y. Liang et al., 2021; Y. Liang et al., 2022)

developed models for coupling CFD and radiation heat transfer simulation for indoor
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application of CS-RCS, indicating the detailed air flow and temperature distribution in indoor
spaces. Further, the manikin was sometimes included in the CFD model to simulate the thermal
comfort of indoor environments applied with CS-RCS (. Liang et al., 2021). As the radiation
across the semi-transparent medium is involved in the CS-RCS, the discrete ordinates (DO)

radiation model provides better accuracy in solving intricate optical problems.

Teitelbaum (Teitelbaum et al., 2021) simulated the air temperature stratification in the air layer.
The membrane-assisted radiant panel (1.2 x 0.25 x 2.5 m) in a vertical orientation was
simulated in the Rhino-CFD plugin into the Rhino 3D modelling software. The constant
temperature boundary condition is provided in all walls (membrane, radiant panel, and
surrounding frames). Radiative heat transfer is neglected in this study as it focuses only the air
stratification. The air in the enclosed air gap is considered with the atmospheric pressure. Chen-
Kim k-¢ turbulence model has been used, which is a sub-variant of the standard k-¢ model, and
the standard wall function is adopted for near-wall treatment. In this study, the CFD simulation
is supporting evidence to find the pattern of MRT based on the view factor, to predict the
condensation using simulation techniques. And the author concluded that the combined results
of MRT prediction and cold air stratification prediction helped to identify the condensation

pattern, however, the combined effect is yet to be analyzed.

Multiple membrane-assisted RCS

The heat transfer from the radiant panel to the surroundings through the multiple layers of the
air gap and membrane will be different from the single-layer membrane. Gu et al., (Gu et al.,
2023), developed a 2D steady-state CFD model of the CS-RCS with various layers of the
membrane using Ansys Fluent. The uniform surface temperature has been provided as the
boundary conditions for the radiant panel and heating panel surface, and the remaining surfaces

are considered to be adiabatic. The laminar flow and discrete ordinates model were used for
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the flow and radiation modelling. The Discrete Ordinates (DO) is the only radiation model used
to solve the radiation across the semi-transparent medium, i.e., membrane. The radiative
transfer equation (RTE) for solving the radiative heat transfer through the membrane layers is
shown in Eq. 2.20, The simulation results of single and double membrane layer CS-RCS are
validated with the experimental results. The validated model is extended for multilayer
membrane layer CS_RCS and is used to analyze the air gap thickness, cooling capacity, and

temperature distribution of air contact surface temperature.

an?

dI(_’,_)) - - T4 s 4 - _,’ =7 1]
2t (a+0)I#3) ="+ Z_nfo I(7,s")®(5-§)dQ [2.20]

ds T

Where 1 is the radiation intensity, a is the absorption coefficient, o is the scattering coefficient,

o is the Stephen Boltzmann constant and T is the temperature. The vectors 7, § and s’ are the
position, direction, and scattering direction vectors respectively. @ and 2’ represent phase

function and solid angle respectively.

Aerogel-assisted RCS

Liang et al., (Y. Liang et al., 2021; Y. Liang et al., 2022) developed a 3D steady-state model
of aerogel-assisted radiant cooling using a commercial CFD tool, i.e., ANSYS Fluent. The heat
transfer process in the aerogel-assisted radiant cooling system and the radiative heat transfer
across the aerogel layer are shown in Figure 2.9. The DO radiation model is used for the
analysis as it is suitable to solve the energy equation across the semitransparent aerogel layer.
Realizable k- with enhanced wall function treatment is considered for the turbulence model.
A simple enclosed CFD model (200 x 200 x 50 mm) consisting of a PE foam-covered cooling
panel and heating panel has been validated against the experimental results. The model was
extended to study the thermal comfort of indoor space with PE aerogel-assisted ceiling radiant

cooling. The computation domain of indoor space consists of the numerical thermal manikin
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in a sitting position, with the provision of a fresh air inlet and outlet. No doors and windows

were considered for the simplification of the model.
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Figure 2.9 Radiative heat transfer process in aerogel layer in the aerogel-assisted radiant

panel (Y. Liang et al., 2021; Y. Liang et al., 2022)

2.2.6 Thermal Comfort and Energy

Thermal comfort

The CS-RCS can provide a lower MRT compared with conventional radiant cooling systems
for indoor spaces, as the surface temperature can be controlled lower but without condensation
concern. In this way, an acceptable thermal comfort level can be achieved in environments with
higher air temperatures. It was indicated by a subject thermal comfort survey in Singapore
(Teitelbaum et al., 2020) that 80% of the 37 participants felt satisfied in an enclosed pavilion
with a mean radiant temperature between 22°C and 24°C, air temperature between 28°C and
32°C, and humidity between 60% and 80%. The pavilion was constructed by using several

membrane-assisted radiant cooling wall panels, and chilled water with a temperature between
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10°C and 15°C was supplied to the panels to maintain MRT. No condensation was observed

on the radiant panel surfaces.

This means more degrees of freedom for comfort design in buildings can be achieved by
applying CS-RCS to provide more flexible combinations of air temperature, MRT, and air
velocity (Teitelbaum, 2019). Teitelbaum et al., (Teitelbaum et al., 2019) developed a comfort
design tool by solving the objective function of human body heat losses and metabolic rates.
The thermal comfort zone was derived and plotted in a psychrometric chart by matching MRT,
air temperature, humidity, air speed, metabolic rate, and skin wettedness to achieve the heat
balance between body heat loss and metabolic rates. According to the study, even when the air
temperature went up to 35°C, thermal comfort could be achieved when MRT was kept close to
5°C. In another study (Y. Liang et al., 2021), it was found that when the area ratio of CS-RCS
was shrunk to 60% of the total ceiling area, the level of Predicted Mean Vote (PMV) and
Predicted Percentage Dissatisfied (PPD) needed to meet the requirement of the ASHRAE 55
standard (ANSI/ASHRAE, 2013) could still be maintained. The panel surface temperature was
controlled at 9.7°C, almost 8°C lower than the DPT of supply air. Another study (Mokhtari et
al., 2022) on the semi-enclosed bus shelters equipped with the CS-RCS was reported to have
the potential to reduce the Universal Thermal Comfort Index (UTCI) by 10°C, and MRT to
15°C. The system performed better in hot arid climates. Albuja et al., (Albuja et al., 2022)
modelled a school building with CS-RCS located in a hot and humid climate, using Energy
Plus software. It was found that the CS-RCS was capable of reducing the annual discomfort

hours by 3-6%, compared to that of conventional radiant cooling systems.

An increase in air velocity improves the convective heat transfer of occupants, thereby
improving thermal comfort. Mechanical fans can be combined with CS-RCS to increase air
velocity in a semi-open environment (Aviv et al., 2021). It was proposed to retrofit naturally

ventilated classrooms in Singapore with the decentralized membrane-assisted RCS and ceiling
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fans, as it was believed to be a viable option (K. W. Chen et al., 2020; Wong & Khoo, 2003).
It was reported that 80% comfort acceptability was achieved compared to conventional air
conditioning systems. However, the maximum indoor air velocity was limited to 0.9 m/s (Gong

et al., 2006).

The lack of thermal comfort data on the CS-RCS, despite the subject survey in Singapore
(Teitelbaum et al., 2020), has hindered an understanding of the potential of CS-RCS to achieve
thermally comfortable environments. The potential local discomfort can be caused by radiant
asymmetry. As per the ASHRAE handbook — fundamentals (2017), occupants are more
sensitive to the asymmetry caused by a cold wall, and higher radiant asymmetry leads to less
thermal comfort while a cold ceiling has less impact on comfort. Fanger et al., (P. O. Fanger et
al., 1985) reported that the radiant asymmetry has an insignificant impact on the operative
temperature experienced by the occupants and suggested allowable radiant asymmetry of 14
and 10°C for the cold ceiling and wall respectively. Hence, it is important while designing the
CS-RCS for the indoor space, as it has to deal with low temperatures. The potential application
of the CS-RCS in an open outdoor environment and for various climatic conditions is yet to be
analyzed. The thermal comfort in complex outdoor environments with unpredictable wind

conditions, and shortwave and longwave radiation has not been investigated so far.

Cooling capacity

The cooling capacity of the CS-RCS can be improved compared to the conventional radiant
cooling system. Since the air gap reduces the condensation risk on the radiant panel, the lowest
radiant panel temperature can be further reduced to enhance the radiation loss of occupants. In
typical ambient air conditions of 26°C, 60% RH, and DPT of 17.5°C, the maximum cooling

capacity achieved by the conventional radiant cooling system was 70.3 W/m? as the radiant
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panel temperature, i.e., 17.5°C, is limited to prevent condensation (Du et al., 2021). Similarly,

the membrane temperature of CS-RCS is limited to the DPT of the ambient air.

The lowest possible radiant panel temperature to maintain the membrane temperature above
DPT is 7°C and its corresponding cooling capacity of CS-RCS was reported to be 105.8 W/m?
(N. Zhang et al., 2021). Xing et al., (Xing et al., 2020) reported a cooling capacity of 103.2
W/m? for the same radiant cooling temperature, i.e., 7°C. The double membrane-assisted RCS
reported a maximum cooling capacity of 104 W/m? for the same radiant panel temperature(Du
et al., 2021). On the other hand, another experimental study on the same reported a cooling
capacity of 105.5 W/m? for the radiant surface temperature of 8°C (Guo et al., 2023). The
cooling capacity reported by different studies for the same membrane configurations and
radiant panel temperature will vary depending on the ambient conditions, membrane properties,
and radiant panel emissivity. The cooling capacity of the membrane-assisted RCS was noted
to be improved by 24.4 to 50.5% compared to the conventional radiant cooling system. It was
reported that the aerogel-assisted RCS (Y. Liang et al., 2021) had a maximum cooling capacity
of 162.3 W/m? at 4°C of panel temperature when PE aerogel was used. It improved
significantly by 130% when compared to the conventional radiant cooling system, without

visible condensation on the aerogel surface.

Figure 2.10 shows the comparison of cooling capacity between the various cover shield
configurations of CS-RCS found in the literature (Du et al., 2021; Gu et al., 2023; Guo et al.,
2023; Y. Liang et al., 2021; N. Zhang et al., 2021). The heating load configurations for the
studies carried out by Liang et al. (Y. Liang et al., 2021), Zhang et al. (N. Zhang et al., 2021)
and Gu et al. (Gu et al., 2023) were the same, i.e., the heating panel was maintained at 32°C.
Hence, the comparison between these three studies will provide valid findings. Due to the
insufficient data availability, the cooling capacity of the PE aerogel configuration was plotted
only for the radiant panel temperature of 4°C, where the PE aerogel maintained the air contact
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surface temperature of 17°C. The PE aerogel cover shield configuration provided the maximum
cooling capacity, i.e., 162.3 W/m? compared to the single and double membrane
configurations, without any condensation issues. For the double membrane configurations
studies carried out by Du et al. (Du et al., 2021) and Guo et al. (Guo et al., 2023), different heat
load configurations were adopted. An increase in the number of membrane layers with an air
gap between them helps to reduce the radiant panel temperature, for the constant outer
membrane temperature, i.e., above DPT. An increase in membrane layers from single to four
increases the cooling capacity from 134.72 W/m? to 200.19 W/m?, for the corresponding
reduction of cooling temperature from 5 to -21°C (Gu et al., 2023). It was concluded that an
increase in the membrane layers beyond two layers had less impact on the cooling capacity.
Hence, a maximum of two layers of the membrane was recommended to obtain an optimal

cooling capacity of 169.42 W/m? for the radiant panel temperature of -5°C.
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Figure 2.10 Comparison of cooling capacity between the various cover shield configurations
of CS-RCS (Du et al., 2021; Gu et al., 2023; Guo et al., 2023; Y. Liang et al., 2021; N. Zhang
etal., 2021)
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In the experiment performed in a semi-outdoor environment (Teitelbaum et al., 2020), the heat
flux between the human body and the ambient environment and CS-RCS was measured by heat
flux sensors installed on the occupant’s wrist. The occupant was standing at a distance of 0.8
m from the panel. The heat flux was 89.8, 131, and 156.8 W/m? for the supply water
temperatures of 26, 17, and 13°C, respectively. The ratio of radiative to the net heat exchange

increases as the decrease in cooling water temperature.

Other than the impact of the cover shield and air gap design, there are several ambient
parameters, such as air temperature, velocity, solar radiation, and humidity, that have a
significant influence on the cooling capacity. The airflow affects the convective heat transfer
coefficient of air contact membrane surfaces. Airflow can be induced either by fans or by
natural ventilation. An increase in external heat transfer coefficient from 1 to 9 W/m?K had the
potential to reduce the radiant cooling panel temperature from 9.8 to -6°C, assuming constant
external surface temperature. Consequently, it could improve the cooling capacity from 61.49
to 135.14 W/m?as the panel surface temperature was lower (N. Zhang et al., 2021). The relative
humidity of the ambient air greatly impacts the cooling capacity, as it is responsible for
condensation. The cooling capacity was reduced from 104 to 38 W/m? when the ambient RH

increased from 65 to 90% (Xing et al., 2020).

Energy saving

Compared to the conventional radiant cooling system, the cooling water temperature can be
reduced further in the CS-RCS with less condensation concern. The heat transfer through
thermal radiation can be improved by radiant surfaces with lower temperatures. Although
reducing the cooling water temperature will reduce the coefficient of performance of the chiller
plant, CS-RCS provides a possibility to couple with natural ventilation. This reduces the

requirement of low-temperature air supply in the ventilation system and hence energy saving
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can be potentially achieved. CS-RCS can be coupled with passive energy sources, such as

radiative sky cooling, solar photovoltaic (PV), and geothermal cooling.

Passive cooling sources such as earth tunnel cooling, nocturnal cooling, evaporative cooling,
and geothermal cooling, can be integrated along with the conventional radiant cooling system.
In addition to the cooling sources, cooling energy storage methods such as phase change
material (PCM)-assisted radiant cooling panels, and PCM storage tanks are also gaining the
attention of the research community (L. Liu, Zhang, Liang, Niu, & Wu, 2022). Recent studies
have quantified the thermal performance of CS-RCS which is integrated with passive energy
sources, such as solar PV panels and sky radiative cooling, and passive energy storage concepts

using PCM.

Riffat et al. (Riffat et al., 2022) proposed the incorporation of the PCM with the membrane-
assisted radiant cooling panel to store the excessive cooling energy, to be utilized during the
needy time. The power required to run the water chiller was harvested from the solar PV panel.
A small-scale experiment was performed to analyze the performance of the RCS with or
without PCM. The results revealed that the PCM-based membrane-assisted RCS could sustain
the panel at a temperature of 2-2.5°C lower than that without a PCM, for up to 4.5 hours after
switching off the system. The study reported that the panel temperature was maintained at 11°C

without any visible condensation on panel surfaces.

Mokhtari et al.(Mokhtari et al., 2022) studied the membrane-assisted RCS for cooling bus stops
in Tehran, Iran; the cooling water required for the radiant panel was produced from sky
radiative cooling application. A simulation-based study analyzed the feasibility of the proposed
passive cooling structure to provide thermal comfort in an outdoor environment. The shape of
the bus stop was optimized by analyzing its maximum view factor between the occupants and

the radiant surfaces and outdoor surfaces. The bus stop orientation was also optimized to reduce
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the solar heat gain. The obtained results showed that the UTCI by 10%. The proposed design
maintained the MRT at 15°C during the end of July, whereas it was 40°C at a typical bus stop.
The study location was extended to analyze its feasibility for various climatic zones during
summertime. It revealed that the proposed system had significant potential to perform in hot
and arid climates, with significant energy saving. Mokhtari et al. (Mokhtari & Ghasempour,
2023) also examined the feasibility of the proposed integration for single-family households
using numerical modelling. The results revealed that the proposed integration could provide

comfortable conditions for 99% of the hours in summer.

2.2.7 Discussions

System design

In general, the RCS is mostly used for indoor applications. However, the impact on the cover
shield in indoor applications needs to be taken care of, as it is vulnerable to physical damage
and tears easily. Hence, ceiling installation is a practical and viable option, as it is not accessible
by the occupants. It cannot be used for floor cooling applications as the membrane or aerogel
on the radiant surface gets damaged when people walk over it. For indoor applications, the

membrane-assisted RCS performs better regardless of climatic conditions.

In outdoor applications, the parameters impacting the CS-RCS are quite high, particularly the
membranes. Membrane-assisted radiant panel predominantly provides transfer of the cooling
energy to the occupants through radiative heat transfer. It is always beneficial for the radiant
panels to have high view factors for the occupants and radiant and non-radiant surfaces
(Houchois, Teitelbaum, Chen, Rucewicz, & Meggers, 2019; Teitelbaum et al., 2021). In the
outdoor application, the radiation from the human, ground, adjacent buildings, and direct solar
radiation needs to be handled by the RCS if the structures are not properly designed. Hence,

the structure of the outdoor system should be designed such that the view factor of the radiant

46


https://www.sciencedirect.com/science/article/pii/S1359431122004471?via%3Dihub#!

panel should focus dominate the occupants rather than the outside, i.e., ground, buildings, etc.
(Mokhtari et al., 2022). Some studies proposed maintaining a vacuum in the air gap layer (Z.
Chen, Zhu, Raman, & Fan, 2016). However, it involves several practical issues and may require

a rigid membrane.

As of now, selective membranes and aerogels are fabricated mostly only for lab-scale studies.
There are certain issues in fabricating the selective cover shield in large sizes and it is
expensive. The thin membranes tend to damage easily. Hence, a material with improved

mechanical strength and without compromising IR transparency is the need of the hour.

2.3 Condensation Issues

Condensation is one of the major limitations of the conventional radiant cooling system,
especially in hot and humid climates. Several methods and control strategies have been
proposed to control the condensation risk on panel surfaces (Xing et al., 2021). Integrating
dehumidification systems and dedicated outdoor air systems (DOAS) are commonly used
technologies to avoid condensation problems. There are several strategies proposed in the
literature such as ventilation management, cooling water temperature adjustment, and humidity
control techniques, to avoid condensation issues (Xing et al., 2021). Recent studies suggested
coating the radiant panel surface with a hydrophobic or superhydrophobic material (Su et al.,
2019; Tang, Liu, Li, Zhou, & Jiang, 2016; Zhong, Ma, Yao, Xu, & Niu, 2022). Another concept
is to cover the radiant cooling panel with another metal panel as a radiant shield (Ning et al.,
2016; Xing & Li, 2021). There are certain drawbacks to each method such as high initial cost,
energy cost, inefficient cooling, etc. Furthermore, these proposed methods are inefficient for

outdoor cooling applications.
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The CS-RCS is one of the feasible options to eliminate condensation risk with enhanced
cooling capacity. The air contact surface temperature of the cover shield is the indicator for
condensation, and it should be maintained above DPT. The heat transfer equilibrium between
the radiant panel and the ambient air will result in the cover shield surface temperature. The
external heat transfer coefficient and internal thermal conductance are important influencing
parameters for the cover shield surface temperature. A higher external heat transfer coefficient
and internal thermal resistance will be favorable for the cooling system to keep the cover shield
temperature higher. Designing the air gap thickness by considering the critical thickness (Xing
et al., 2020; N. Zhang et al., 2021) and highly insulative aerogel helps to enhance the internal
thermal resistance. The heat transfer coefficient on the air contact surface of the cover shield
can be improved by enhancing the contact air velocity in indoor applications. The wind velocity
serves this purpose in outdoor applications; however, a part of the cooling energy from the

cooling source will be carried away by the wind.

In practical systems, the lowest applicable panel surface temperature of CS-RCS should be
carefully selected to prevent condensation on both the panel surface and the air contact surface
of the cover shield. This would be affected by many factors, like the moisture content in the air
layer and the thermal resistance of the transparent layer covering the panel. The moisture
content of the air layer is highly dependent on the sealing between the cover shield and panel
frame, the water vapour transmission rate of the cover shield, and the quantity of desiccant in
the air layer. The relation between the temperatures of the water, ambient air, and dew point
was investigated in an experimental study (Teitelbaum et al., 2019). In the experiment, chilled
water, ambient air, membrane, and dew point temperatures were recorded when signs of
condensation were observed. A correlation was proposed to identify the appropriate supply

water temperature to eliminate condensation. This correlation was application-specific.
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Topr — Twater = 2.0 (Tair — Tppr) [2.21]

Teitelbaum et al., (Teitelbaum et al., 2021) reported that membrane condensation was a
function of heat transfer equilibrium between the cold air stratification in the air gap region and
the view factor to the hot external environment. The view factor changed across the membrane
surface due to the difference in heat transfer and the cold air present in the air gap accumulated
at the bottom side of the cooling unit. Consequently, the condensation formed only on certain
portions of the bottom side of the membrane surface. Combining the CFD simulation of cold
air stratification in the air gap region and the MRT prediction could help to forecast the

condensation pattern.

The DPT of the ambient air has a significant impact on the radiant panel temperature and its
cooling capacity. An increase in relative humidity increases the DPT of the ambient air. Hence,
the cooling capacity of the radiant panel is limited to the humidity level of atmospheric air, to
avoid condensation on the membrane surface. The cover shield-assisted radiant panel
temperature can be reduced up to 7°C, 14.4°C, and 19.3°C without condensation, for the
atmospheric humidity conditions of 65%, 80%, and 90%, respectively (N. Zhang et al., 2021).
An experimental study on the double-layer CS-RCS recommended the maintenance of the
cooling water temperature at 8°C and above for safe operation without condensation problems

(Guo et al., 2023).

2.4 Outdoor Applications

The outdoor environmental conditions have an adverse impact on the cover shield and the
overall cooling performance of the system. For outdoor applications where the radiant panels
expose to solar radiation, non-selective membranes are not recommendable, as the panel starts

to absorb the solar heat instead of transferring cooling energy to the occupants. The plastic film
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allows the water vapour to transmit through it at a certain temperature (Coles, McDowell, &
Kirwan, 2003). High ambient humidity speeds up the water vapour transmission towards the
dry air in the air gap region. Hence, it is recommended that solid desiccants, i.e., silica gel, be
used in the air gap region, to maintain the dry air. Some silica gels change colour when they
get saturated by adsorbing water vapour (Du et al., 2021; Teitelbaum et al., 2020). This is a

visible indicator to replace or regenerate the silica gel by heating (Du et al., 2021).

The stiffness, durability, lifetime, and degradation of optical properties of the cover shield need
to be considered especially when it is exposed to sunlight. Mostly, the optical properties of
polymers tend to deteriorate when they are exposed to solar radiation (Balocco, Mercatelli,
Azzali, Meucci, & Grazzini, 2018; Coles et al., 2003). The ageing of PE film was reported to
downgrade the transmissivity, i.e., 72% (0" day) to 42% (100" day) (Ali, Saito, Taha,
Kishinami, & Ismail, 1998). The membrane exposed to the outdoor ambience tends to be
affected by dust in the air. The deposition of dust particles on the membrane surface impacts
the transmissivity of the membrane (Pieters & Deltour, 1997). Dew formation on the membrane
surface also affects the transmissivity of the membrane. Condensation was observed to
deteriorate the transmissivity of the PE membrane by 9-19% (Pieters & Deltour, 1997; Pollet
& Pieters, 2000). This issue could be addressed by designing the air gap thickness beyond the
critical thickness. Studies on the impact of exposure to sea breeze on the cover shield materials
are not found in the literature, this aspect should be duly considered when the study location is

located in proximity to the sea.

2.5 Urban Outdoor Environment Modelling
CFD is the most recognized tool for urban environment modelling and is used for a wide range
of studies related to thermal comfort analysis. The computational model of the outdoor

environment involves different scales such as meso, local, and micro scales for urban modelling
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(Potsis, Tominaga, & Stathopoulos, 2023). The mesoscale encompasses the entirety of the
metropolitan city, whereas the local scale pertains to the neighbourhood, and the microscale
encompasses individual elements such as buildings, roads, and trees. Microscale modelling is
suitable to analyse the pedestrian level thermal comfort. Several environmental factors need to
be considered for the modelling, such as solar radiation, longwave radiation from surroundings,
wind velocity and ambient temperature. The parameters needed to be considered for the
modelling are shown in Figure 2.11. The influencing factors affecting the prediction accuracy
can be identified by comparing the wind tunnel experiments, and field measurements with the
CFD simulation results. For the wind environment modelling, Reynolds Averaged Navier
Stokes (RANS) equations models, and Large Eddy Simulation (LES) are widely used. The
turbulence model plays an important role in outdoor wind flow modelling as it has a significant
influence on the numerical results. For instance, Liu et al., (J. Liu & Niu, 2016), reported that
LES and Detached Eddy Simulation (DES) models predict the wind flow around an isolated
building with a better match with the experiment results, compared to Steady Reynolds
Averaged Navier-Stokes (SRANS) and RNG k-g models. However, LES and DES provide

more accurate results, but their computational cost is higher.

| Urban outdoor Modelling |
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Figure 2.11 Parameters considered for the urban modelling
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There are some guidelines for the CFD techniques to assess the wind environment at the
pedestrian level. They are proposed by the European Cooperation in the Field of Scientific and
Technical Research (COST) and the Architectural Institute of Japan (AlJ) (Tominaga et al.,
2008). AlJ guidelines are based on the CFD simulation performed for seven different cases,
i.e., square building, rectangular building, simple city blocks, high-rise buildings in a city,
simple building shapes in actual urban areas, complex building shapes in actual urban areas
and 2D pine trees. To assess thermal sensation in a specific zone, it is essential to capture the
environmental conditions at the pedestrian level. A microscale approach is adequate for

simulating these conditions effectively.

2.6 Heat Loss from Human Body in Outdoors

The Computational Thermal Manikin (CTM) is utilized primarily to calculate the convective
(hc) and radiative (hr) heat transfer coefficients for localised body segments. To determine
these coefficients accurately, one should consider the micro-environmental conditions, as
previously described, as well as the human body's geometry. While traditional thermal manikin
studies have provided empirical data for local hc and hr values (de Dear, Arens, Hui, & Oguro,
1997; Ichihara, Saitou, Nishimura, & Tanabe, 1997), these experiments are often prohibitively
expensive and time-consuming. Moreover, it is impractical to conduct such experiments for
every possible scenario. Therefore, the CTM emerges as a valuable tool, offering a more

efficient alternative for assessing thermal exchanges in various contexts.

The numerical modelling based on human physiological responses and thermal sensation
assessment will reduce the cost and time associated with the human trial studies considering
several ambient and human factors. Considering the complexity of the human body shape, there
were several simplified shapes to represent the human subject as a heat source reported in

previous studies (Joshi, Wang, Kang, Yang, & Zhao, 2022). However, the shapes of each local
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body part to evaluate the local heat transfer are important as it has a significant impact on
human physiological responses (Kilic & Sevilgen, 2008; Xu, Psikuta, Li, Annaheim, & Rossi,
2019). Hence, CTM to represent the human subject needs to be included in the numerical

model.

There were several wind tunnel experiments reported in the literature to analyse the convective
heat flux from each local body part of thermal manikin for different wind conditions (S. Gao,
Ooka, & Oh, 2019; Ichihara et al., 1997). The factors that affect the convective heat transfer
coefficient (CHTC) of humans in the outdoor environment are wind parameters, i.e., wind
velocity, temperature, wind turbulence, human parameters orientation of the human body
relative to wind directions, surface area, clothing, gender, physical activity and posture, and
surrounding parameters, buildings or other structure affecting the flow. In the outdoor
environment, the dynamic wind parameters are the dominant factors influencing the CHTC,
and they are more complex in both time and space. The wind parameters, i.e. mean wind
velocity, turbulence intensity, and turbulent length scale, are extensively used to assess the
convective heat loss from humans through experimental and CFD techniques (de Dear et al.,
1997; S. Gao et al., 2019; Yu, Liu, Chauhan, de Dear, & Niu, 2020). The studies related to
local CHTCs considering all the outdoor wind environments are rarely found in the literature.
Yu et al.’s correlation (Yu et al., 2020) (eq.2.22), developed using experimental techniques, is
limited to front-facing direction cases in outdoor environments. Zou et al., (Zou, Liu, Niu, Yu,
& Lei, 2021) developed the correlation (eq.2.23) for all the human orientations relative to wind
direction using CFD techniques. These studies are limited to standing posture and immediate
surrounding disturbance has not been considered. For special cases such as humans standing at
a bus stop or under a tree, correlation cannot be used, as the immediate surrounding disturbs

the wind flow parameters.

h, = Au™(1 + B.T1.u%%) [2.22]
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h, = Au™(1 + B.TLu%5).(L/D)F. [2.23]

Where, hc represents the heat transfer coefficients, A, B, n and S are the constants. D is the
diameter of the human body. u, L, and TI represent wind velocity, turbulence length scale and

turbulent intensity respectively.

The challenges of turbulence modelling for the outdoor environment include the inability to
fully reproduce wind flow, which leads to substantial discrepancies in local convective heat
flux when comparing simulation results and experimental data. Ito et al., (Kazuhide et al., 2015)
compared the various turbulence models including SST k-, realizable k—¢, low-Re k—e, and
v2-f models for the human body convective heat loss prediction. In their works, the SST k-®
model predicted a comparatively accurate value than other models. Li et al. (C. Li & Ito, 2014),
compared the different turbulence models for extreme wind velocities and reported SST k-®
has best agreement with the experimental results. Liang et al., (H. Liang, Yu, & Niu, 2023)
reported that the LES has better agreement with experiment results in human convective heat
loss prediction, reducing the error from 22 to 8% compared to the RANS model. However, the
RANS model is widely used for outdoor environment studies as the meshing and computational

cost is comparatively lesser than LES.

The local radiative heat transfer coefficient (RHTC) for each body segment was reported
mostly for the indoor environment (de Dear et al., 1997; S. Gao et al., 2019) and seldom found
for the outdoor environment. In the outdoor environment, the radiative heat loss from the
human body is influenced by human factors (skin temperature, posture, sex and surface area),
and ambient factors (solar radiation, long wave radiation from the surroundings, emissivity of

the surface).
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2.7 Outdoor Thermal Comfort Models

Thermal comfort is a critical aspect of human comfort and well-being, particularly in outdoor
environments. In the urban outdoor environment, thermal comfort is influenced by a variety of
ambient factors such as wind velocity, solar radiation, longwave radiation from surroundings,
air temperature and humidity. As these factors are constantly changing in outdoor
environments, the assessment of thermal comfort in outdoor environments is a complex and
challenging task. Thermal comfort indices were developed to assess indoor thermal comfort.
Later stage, some of the indices were modified for the outdoor environment. There are several
outdoor thermal comfort indices have been developed namely Standard Effective Temperature
(SET) (Gagge, Fobelets, & Berglund, 1986), Heat Index (HI), Wet Bulb Globe Temperature
(WBGT) (Yaglou & Minaed, 1957), Universal Thermal Climate Index (UTCI) (Blazejczyk,
Epstein, Jendritzky, Staiger, & Tinz, 2012), Predicted Mean Vote (PMV) (Cheng, Ng, Chan,
& Givoni, 2012) and Predicted Percentage of Dissatisfied (PPD), Discomfort Index (DlI)
(Thom, 1959), Physiologically Equivalent Temperature (PET) (HOppe, 1999), modified
Physiologically Equivalent Temperature (m-PET) (Chen & Matzarakis, 2018), Outdoor
Standard Effective Temperature (OUT_SET?*) (Pickup & de Dear, 2000), Thermal Work Limit
(TWL) (Brake & Bates, 2002), Humidex (Masterton & Richardson, 1979), Thermal Sensation
Vote (TSV), Apparent Temperature (AT) (Steadman, 1984) to represent the thermal comfort
in outdoor environment. Despite the importance of thermal comfort assessment in outdoor
environments, there are still several limitations and gaps in the existing methods. Traditional
methods for assessing thermal comfort, such as the PMV and the PPD (Poul O. Fanger, 1970),
were developed primarily for indoor environments and have limitations when applied to
outdoor spaces. Even later developed outdoor targeted indices, such as UTCI, PET, and OUT

SET were not able to provide accurate quantification of asymmetric solar radiation and
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dynamic wind outdoors (Huang, Li, Xie, Niu, & Mak, 2017). As a result, there is a need for

more accurate and comprehensive methods for assessing thermal comfort in outdoor spaces.

The traditional outdoor thermal comfort evaluations are field measurements, subject surveys
and thermo-physiological modelling. The ambient parameters for the outdoor thermal comfort
assessment can be obtained by microclimate simulation and field measurements. In field
measurements, the environmental parameters are directly measured by the different kinds of
measuring instruments, such as air temperature and humidity sensors, globe thermometers,
radiometer, and anemometers, etc. In a comfort survey, along with the field measurement of
ambient conditions, a set of questionnaires related to thermal sensation and thermal perception
was asked to the subject after spending 10 to 20 minutes in the corresponding study location
(Huang et al., 2017). In recent studies, physiological parameters such as skin and body core
temperatures can be measured using i-button thermocouples (Jiang, Xie, & Niu, 2024), and
ingestible core temperature capsules (Hui Zhang, 2003) respectively. However, the outdoor
thermal comfort survey is subjective, and its reliability greatly depends on the sample size,
contextual factors, thermal history, thermal comfort index chosen, and practical constraints
such as limited environmental parameters etc. In the simulation method, ambient factors such
as wind, air temperature, solar radiation, and longwave radiation can be obtained based on the
input urban geometries and boundary conditions. Simplified geometries, incorrect boundary
conditions and physical processes increase the uncertainties of the required output parameters.
Though this limits the application of simulation results to practical cases, the simulation

methods are cost- and time-effective compared to the field measurements.

The existing methods for assessing thermal comfort in outdoor environments have several
limitations that need to be addressed. One of the main limitations of these methods is their
inability to precisely account for the effects of complex thermal environmental factors such as
solar radiation and wind. Solar radiation, for example, creates highly asymmetric radiation
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conditions for humans. The input of a simple MRT to existing models introduces an assumption
of using a uniform index to represent complex radiation conditions, therefore resulting in
inaccurate predictions. Turbulent and gusty winds outdoors result in a much higher rate of
convective heat transfer between the human body and the outer environment than indoors (Yu
et al., 2020). Besides, the complex thermal environment exposed to different segments of the
body may also be aggravated by thermal stratification. Thus, each body segment experiences
different local thermal conditions and thus different local thermal sensations. In the traditional
methods, localised environment parameters for each body segment were not considered. Single
or mean input parameters used in the traditional outdoor thermal comfort models may lead to
incorrect prediction. Due to different exposures to solar radiation or other ambient factors in
the outdoors, humans can experience different local thermal sensations. Traditional methods

failed to capture the local thermal sensation of body parts.

Furthermore, the majority of traditional comfort models overlook the human thermoregulation
system and the adaptation of skin temperature to ambient conditions. Manikins equipped with
thermoregulation systems for outdoor thermal comfort assessments possess the advantage of
accounting for both the impacts of the thermal environment and human thermoregulation. The
interface between the human thermoregulation system and the ambient environment can be
established by coupling CFD simulation and the human thermoregulation system, where the
CFD captures the local ambient conditions and heat exchange to the ambient. There were
several studies reported on the coupling method for indoor applications, which are discussed
in the subsequent sections. However, the comprehensive performance of these integrated

systems has yet to be evaluated for the complex outdoor urban environment.
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2.8 Human Thermoregulation Model

The human body continuously produces heat and to maintain the body core temperature, the
skin will respond to the ambient conditions through active and passive systems. There were
several thermoregulation models to simulate the heat transfer within the body and to the
surroundings. Among the various human thermoregulation models developed over the last six
decades, Stolwijik’s multimodal model (Stolwijk, 1971) is one of the most recognized models
developed in 1971. This model considered 6 body segments with core, muscle, fat and skin
layers. It becomes a fundamental origin of the algorithm for many multimodal models.
Continuing this model, there were many models have been developed such as those of the
Gagge 2 nodes model, 65 multinodal models, Gordon model, Fiala model, and CBE model
(Fiala, Lomas, & Stohrer, 1999; Gagge et al., 1986; Gordon, Roemer, & Horvath, 1976;
Huizenga, Hui, & Arens, 2001; Tanabe, Kobayashi, Nakano, Ozeki, & Konishi, 2002). The
thermoregulation models were widely used for non-uniform and unsteady environments. These
models consider the heat conduction in the body tissue, heat exchanges between the skin and
environment, sweating, vasodilation, vasoconstriction, and shivering. In Fiala’s model (Fiala
et al., 1999; Fiala, Lomas, & Stohrer, 2001), the improvement of the vasomotion model
enhances the accuracy of core temperature prediction. The CBE comfort model (Hui Zhang,
Arens, Huizenga, & Han, 2010) which is based on Stolwijk’s and Tanabe’s model (Tanabe et
al., 2002), is improved over Stolwijik’s in terms of increased body segments, improved blood
flow model, addition of clothing node, and conduction heat transfer with the skin contact
surfaces. The model considered 16 body segments with four layers from core to skin tissues
and a clothing layer. The model improved the precision of skin and core temperature
predictions. Smith’s (Smith & Twizell, 1984) developed a distributed parameter model
considering the vascular system, and the heat exchange of the human body was simulated using

the finite element method. Following by Smiths model, Fu et al., (Fu et al., 2014) improved the
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Smiths model by considering the transient heat transfer of clothing. Joshi et al. (Joshi et al.,
2022), Park et al. (Park et al., 2024) and Yang et al. (Yang et al., 2017) integrated the clothing
model considering air layers and thermos-physical properties of clothing into the
thermoregulation model. THERMODE-2023 model (Alfano et al., 2024) considered a more
refined partition with 193 nodes and accounts for the spatial distribution of microclimate
parameters, effects of body movements and air action on the thermo-physical properties of
clothing, and sweating efficiency. Takemori (Takemori, Nakajima, & Shoji, 1996) developed
the model based on the Smiths model considering the arteriovenous anastomoses (AVA) blood
flow control. Takemori’s AVA model has greater accuracy in local skin temperature prediction
than Smith’s model. The THERMOSEM model (Boris R. M. Kingma, 2012; B. R. M. Kingma,
Schellen, Frijns, & van Marken Lichtenbelt, 2012) adopted the neurophysiological skin blood
flow model to regulate the skin blood flow by the autonomous nervous system. Further, the
passive system in the thermoregulation models improved through the consideration of
anatomically and geometrically better human thermoregulation models based on medical
images (M. P. Castellani et al., 2023; Michael P. Castellani, Rioux, Castellani, Potter, & Xu,

2021; Unnikrishnan et al., 2021).

Tanabe’s research group has developed a 65-modal thermoregulation system (Tanabe et al.,
2002) also known as Jointed Circulations System (JOS) with 16 body segments and 4 layers.
This model can be used for women and the elderly. To improve the accuracy of the JOS model,
JOS-2 (Kobayashi & Tanabe, 2013) has been developed with 17 body segments, considering
a detailed vascular system with veins and AVA, and all thermoregulatory mechanisms. The
recently developed JOS-3 model (Takahashi et al., 2021a) has included the age factors on
thermoregulation, shivering and non-shivering thermogenesis (NST), and an estimation
method for heat production. The prediction accuracy of the mean skin temperature in the JOS-

3 model is improved over the JOS-2 model.
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2.9 Coupling Numerical Modelling and Human Thermoregulation Systems
To comprehensively evaluate the human physiological response across various environmental
conditions, an interface between the human thermoregulation model and the environmental
model is essential. In the coupling method, the environmental parameters such as heat transfer
coefficients, and air temperatures, simulated in the CFD are used as inputs for the
thermoregulation system, and the resulting physiological response is fed back to the ss
simulation until convergence criteria are met. Numerous attempts have been made to couple
CFD with thermoregulation models for different applications, such as automobile cabins
(Kornev, 2016), flight cabins, and indoor environments. The coupling methods reported in the
literature are listed briefly in Table 2.6. Most of these coupling methods focused on indoor
environments, taking into account updated thermoregulation models, human shapes, clothing,
activity, pose, and steady or transient conditions in the CFD and radiation modelling. They
were primarily applied to indoor scenarios such as personal ventilation, natural ventilation,
radiant cooling/heating systems, and cabin comfort. The studies related to outdoor applications
are limited. Liang et al. (H. Liang, Tanabe, & Niu, 2023), explored the coupling method for
the outdoor application using the JOS-3 thermoregulation model but did not account for short-

wave and long-wave radiation effects important in outdoor environments.

Table 2.6 Details of coupling methods reported in the literature

Thermoregul-
Reference Manikin Details Application details
-ation Model
Vase-shaped human
Murakami,
Gagge’s 2-node figure — Standing, h: Indoor environment, t,:
Kato, & Zeng,
model 1.65 m, BSA: 1.688 m?, 26°C, RH:40-50%
2000
1.7 met
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Thermoregul-

Reference Manikin Details Application details
-ation Model
Indoor with solar radiation
Realistic human shape —
through the window and
Unclothed male -
65-node Radiant ceiling cooling,
Tanabe et al., Standing-17 body )
thermoregulation panel capacity: 220 W/m?,
2002 segments, h: 1.75 m,
model RH:50%, t,: 29 — 30°C,
BSA: 1.72 m? 0.6 clo, 1
solar radiation: 302 - 406
met
W/m?
Al-Mogbel & 6 cylinders in human Indoor environment,
Gagge’s 2-node
Chaturvedi, shape — Standing — Supply air temp.: 10-30°C,
model
2003 Unclothed, 1.7 met RH: 20-80%
Omori, Yang, -
Kato, & Realistic Unclothed
Fanger model Indoor environment
Murakami, female body
2004
Scanned manikin - Indoor- Personalized Air
N. Gao, Niu,
CBE comfort Unclothed Female — ( (PA) ventilation , t,:
& Zhang, }l_‘}
model Sitting, - 23°C, PA temperature: 20-
2006
BSA: 1.568 m? 25°C
Jie Yang, Ni, | Yang’s multi- Manikin Newton — Indoor environment,
& Weng, node thermal Unclothed - Standing - m t;:19-45°C, RH: 40%
2017 model — 81 nodes | 20 body segments
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Thermoregul-

Reference Manikin Details Application details
-ation Model
Scanned manikin — )
Clothed male — \
Y. Zhang & IESD-Fiala Indoor environment, Ta:
Standing, h:1.75 m,
Yang, 2008 model 28°C, RH: 60%
BSA: 1.83m?,1.2 met,
1.7 clo
Streblow, aircraft cabin (complex
65 MN Tanabe
Miuller, Gores, indoor environment),
Model — 16 body - -
& Bendfeldt, thermal sensation assessed
segments
2008 by CBE comfort model
Scanned manikin - Indoor — non-uniform
Zhu, Kato,
unclothed female — thermal environment, with
Ooka, Sakoi, ) )
Sakoi’s model Sitting, 16 body radiant wall cooling
& Tsuzuki,
segments, t,: 28°C, RH:40-45°C,
2008
BSA: 1.837 m? Vg 0.05 m/s
Cook, Yang, b
Scanned standing , \
& Cropper, g g
manikin -Standing - both Al Cross-ventilated
2011; Jx |
IESD-Fiala clothed and unclothed 4 classrooms, and naturally-
Cropper,
model male, 19 body segments, ventilated room, t,: 25-
Yang, Cook,
,h: 1.73 m, BSA: 2.019 / \ 34°C, RH: 50%
Fiala, & [

Yousaf, 2010

m2
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Thermoregul-

Ramesh Babu,
Sebben,
Chronéer, &

Etemad, 2024

Liang et al.,

2023

thermoregulation
model - 85 nodes,

17 segments

Scanned manikin — Male
- Sitting — clothed -
physical activity

ratio:1.6

Reference Manikin Details Application details
-ation Model
Indoor environment, t,:
Schellen et al., | ThermoSEM ‘:b
Humonoid — Sitting - o 22.2-24.2°C, RH: 32.7-
2013 model e
.LL 47.7%
Simplified 3D Geometry '
Turnow J., «
Fiala’s Model — Sitting, h:1.75 m, Vehicle cabin, t,: 22.6°C
2016
BSA: 1.85 m?
Virtual scanned manikin,
Choudhary & : Air ventilation clothing,
Clothed, Met: 1.2 -3.2 K
Udayraj, 2022 B‘ tg: 27-38°C, RH: 30-65%
met
Le.
JOS-3

Vehicle cabin, t,: -20°C —

0°C, RH: 50-90%

Scanned manikin —
Unclothed female, h: 1.6

m, BSA: 1.317 m?

Wind tunnel simulation,

t;:30°C, v, 1 m/s

2.10 Summary

The membrane-assisted radiant cooling system is a potential choice for future outdoor cooling
technology for thermal comfort applications. LDPE membrane is the commonly used low-cost
material that has excellent IR transparency for radiant cooling applications. However, thin

membranes have poor mechanical properties, and they tend to tear and wrinkle easily. Hence,
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IRT membranes with good mechanical properties need to be developed to make the cooling
system for real-world use. The provision of thin wire mesh over the membrane can be a viable
option to protect the membrane from the ambient condition, for a short while. As the
membrane-assisted RCS has more resemblance to the daytime radiative sky cooling, the
membrane or aerogel material used for that application can be utilized for the radiant cooling
application. However, these materials are still developed for laboratory models and hope to be

available commercially in the future.

Several heat transfer models were developed and they are sufficient to prove their cooling
capacity improvement over conventional radiant cooling systems. Meanwhile, an in-depth
energy model is yet to be developed. The whole system energy analysis of the membrane-

assisted RCS needs to be explored.

The application of membrane-assisted RCS is not limited to indoor and semi-outdoor
applications. However, outdoor applications such as bus shelters, and shelters in community
parks need to be explored more, as outdoor thermal comfort is getting more attention in recent
days. The operative temperature of cooling water for the membrane-assisted RCS is
comparatively lower than the conventional radiant cooling system. The possibility of
integrating the membrane cooling system with passive cooling options is limited and it is to be

explored in the future.

In outdoor modelling, the microscale approach is adequate for capturing the environmental
conditions at the pedestrian level to assess thermal sensation. The literature indicate that
developed correlations for the human convective heat loss in the outdoor environment is not
only the function of velocity but also the turbulence intensity and the turbulent length scale.
The literature reported that the SST k- turbulence model provides high accuracy in convective

heat loss prediction from the human body surfaces.
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There were numerous thermoregulation models reported in the literature. Among them, the
recently developed JOS-3 model is gaining popularity as it is available in open source as well
and it provides greater accuracy compared to its previous versions. It helps to predict the
physiological responses, including skin and core temperature for each body part. Coupling with
environment modelling helps to evaluate the ambient factors in the vicinity of the local body
parts, which aids in accurately predicting the skin temperature. The coupling of CFD and
human thermoregulation systems has been attempted for various indoor applications. However,
very limited attempts reported on the outdoor application, as well as they have not adequately

considered all outdoor ambient factors.
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CHAPTER 3

Thermal Modelling of Membrane-Assisted Radiant

Cooling System

This chapter presents a numerical investigation of the Localised Outdoor Cooling Hub (LOCH)
utilising a membrane-assisted RCS, designed to provide relief from heat stress. The thermal
performance of the LOCH is investigated under typical summer conditions in subtropical Hong
Kong using CFD techniques. The objectives of this chapter include (i) simulating the heat
extraction rates of the cooling hub prototype over a summer day, (ii) analysing and comparing
the impact of different membrane materials on thermal performance, and (iii) evaluating the
influence of solar radiation on heat extraction at various times of the day. By assessing heat
extraction rates, effects of membrane selection, and solar impacts throughout the day, this
present chapter aims to provide insights into optimizing the design and operation of membrane-

assisted radiant cooling for outdoor applications in terms of energy consumption.

3.1 Membrane-Assisted RCS in the Outdoor Environment

The schematic of the LOCH prototype shown in Figure 3.1 is inspired by the design of bus stop
structures in Hong Kong. The cooling hub consists of ceiling and wall radiant cooling panels
assisted with IR transparent membranes. As the prototype is designed for a single person
standing in it and considering the standard height of the man (1.6 m), the structure was designed
for 2 m height and 1.2 m width. The proposed cooling panel consists of copper pipes arranged
in a serpentine pattern attached to the aluminium sheet. The back side of the panel will be
thermally insulated using nitrile rubber insulation. The front side of the panel is covered by an

IR transparent membrane with a certain air gap thickness between them. The cooling water
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needs to be circulated through the panel to maintain the cooling panel at the required
temperature. Desiccant accommaodation in the air gap assists in adsorbing the water vapour in

that layer and ensures low humidity.

The thermal load components of the membrane-assisted RCS in outdoor environments are
significantly different than those indoors. Typical thermal load components of the membrane-
assisted RCS in the outdoor ambient environment are shown in Figure 3.1b. In the outdoor
environment, the radiative heat load components include, solar load, i.e., both direct and diffuse
components, reflected solar radiation, long wave radiation from the human, ground surface,
and adjacent building surfaces. The wind velocity and air temperature are responsible for the
convective heat transfer at the exterior surface of the membrane. The design of an appropriate
air gap thickness helps to reduce convective heat loss from the panel to the ambient
environment. Additionally, the use of a suitable membrane assists in controlling the radiation
incident on the panel. Hence, it is important to understand the air gap thickness design and

spectral transmissivity of the membranes.

(a) Ceiling Panel

desiceant - m

Wall Pancl

(b)

Panel I'rame -

Thermal _ Ef
nsulation
’ Direct and Diffused solar radiation .

/
/ a
¢
! atire
jemperature Relative humidity
I

," Localwind  Cooling hub
! speed Long wave radiation

'al —) m (Gréundl s

Radiant Panel ¥
Cooling pipes

Air gap

Long wave radiation

Membrane Buildings)

- > i
ol - k v\

desiceant -

Reflected solar

(Ground)

Figure 3.1 (a) Schematic of localised outdoor cooling hub prototype (b) Heat transfer
components of the membrane-assisted RCS in the outdoor environment (Roshan, Moghbel, &

Attia, 2020)
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The air gap thickness between the panel and membrane plays a crucial role in minimizing the
convective heat transfer. It should be highly insulative to reduce the convective heat loss from
the panel. The critical air gap thickness at which the impact of conductive or conductive heat
transfer between the panel and membrane is negligible. Therefore, it is advisable to design the
air gap thickness beyond the critical air gap thickness. The details of the critical air gap
thickness analysis reported in the literature are listed in Table 3.1. The perceptions and factors
to determine the critical air gap thickness reported in each study are different, such as
equilibrium membrane temperature (Teitelbaum, Rysanek, et al., 2019), thermal performance
change (Xing & Li, 2021), the transition from conduction to natural convection (Xing et al., 2020),
heat transfer coefficient (Du et al., 2021), and condensation resistance (Gu et al., 2023). The
critical air gap thickness reported in the literature deviated from one another, i.e., ranging from
6 to 99 mm, as the assumptions, perceptions, calculation methods, and temperature
considerations are different. However, to accommodate the desiccant in the air gap to adsorb
the water vapour penetrating to the air gap, and also considering the maximum critical air gap
thickness reported in the literature, the air gap thickness is designed to be 100 mm. It ensures

a relatively lower CHTC and higher membrane surface temperature for safe operation.

Table 3.1 Details of the critical air gap thickness analysis reported in the literature

Ref. /Membrane | Critical airgap | Criteria for critical air gap | Method
config. thickness/Analysed | thickness
range
Teitelbaum, Rysanek, | 99 mm/40-120 mm | Equilibrium membrane | Experiment
et al., 2019/ Single temperature for different
orientations

68



Ref. /Membrane | Critical airgap | Criteria for critical air gap | Method
config. thickness/Analysed | thickness

range
Xing & Li, 2021/ 11 mm/0-50 mm Minimum change in thermal | Numerical
Single performance
Xing et al., 2020/ 14 mm/0-50 mm Transition from conduction to | Numerical
Single natural convection
N. Zhang et al., 2021/ | 55 mm/0-70 mm Minimum heat transfer coefficient, | Numerical
Single (Raleigh number >3.5 x 10°)
N. Zhang et al., 2023 6 mm/0-100 mm Minimal heat transfer in the air gap | Experiment
/Single for all orientations
Du et al., 2021/ Double | 10 mm/0-30 mm High thermal resistance Numerical
Gu et al., 2023) 10 mm/0-45 mm Optimum  thickness for best | CFD
Multilayer condensation resistance

As per the transparency of the membrane, the radiation falling on the radiant cooling panel is
controlled. The membrane material can be categorized as non-selective, mid-infrared (MIR)
selective, and sky-window selective, each with different transparency characteristics. The
transparency of these membranes for different wavelength regimes is shown in Table 3.2. In
the present study, the thermal performance of the membranes-assisted RCS is analysed for the
abovementioned membrane configurations. The spectral transmissivity of the available
membrane materials is shown in Figure 3.2. The non-selective membranes, i.e., LDPE, are
transparent for all wavelength regions. Hence, it allows solar radiation to the panel surface. The
MIR selective membrane blocks the solar radiation but allows IR radiation in MIR (2.5-50um)
(International Organization for, 2007). The sky window selective membrane, i.e., Polyethylene
Aerogel (PEA) (He et al., 2021) and Spectrally Tuned All-Polymer Technology for Induced
Cooling (STATIC) (Torgerson & Hellhake, 2020), selectively allows IR radiation in the 8-15
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pum range (J. Zhang et al., 2021). The human emits heat mainly in the wavelength of 8-14 um

(Hsu et al., 2016; Ignatov et al., 2014). Hence, undesirable heat loads can be eliminated by

using this membrane.

Table 3.2 Transmissivity of the cover shield through the thermal radiation channel (J. Zhang

etal., 2021)
Cover Shield Thermal Radiation Channels
Solar Atmosphere Sky Window Atmosphere
(0.25 - 2.5 pm) (2.5-8 pm) (8 - 15 pm) (>13 pm)
Non-Selective v (0:0.1,7:0.8) | v (a:0.1,7:0.8) | v (a:0.1,7:0.8) | v (a:0.1,7:0.8)
MIR Selective % (0:0.1,7:0.1) | v (:0.1,7:0.8) | v (:0.1,7:0.8) | v (a:0.1, 7:0.8)
Sky Window Selective | x (¢:0.1,7:0.1) | % (a:0.1,7:0.1) | v (a:0.1,7:0.8) | % (a:0.1, :0.1)
Note: v and %X symbols in the column indicate the transparent and opague on the specific channel,
*poundary condition value for CFD modelling

Transmittance (%)

100 | T T T T T T T ]
Ky .\ N5
60 - R y i
40 4 ' :
—LDPE
—POF
0 —— PEA (6 mm) _
‘ — PEA (4 mm)
) —STATIC
0 - = -
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Wavelength (um)
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Figure 3.2 Spectral transmittance of LDPE, Polyolefin (POF), PEA, and STATIC (He et al.,

2021; A. Leroy et al., 2019; Torgerson & Hellhake, 2020; N. Zhang et al., 2023)
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3.2 Model Set-Up and Framework

Numerical modelling is employed to analyse the thermal performance of the proposed LOCH
in terms of heat extraction rate. The numerical model should consider the effects of wind, solar
radiation, and long-wave radiation from humans and the surrounding environment. It is
important to accurately define the boundary conditions for the numerical modelling to replicate
the real ambient environment. Most previous numerical studies reported for outdoor urban
environments often made assumptions regarding boundary conditions such as an isothermal
ground surface with the same ambient air temperature (Allegrini & Carmeliet, 2017; G. Chen,
Rong, & Zhang, 2020; H. Chen, Ooka, Huang, & Tsuchiya, 2009), and convection with
predefined heat transfer coefficients (Zhengtong Li, Zhang, Wen, Yang, & Juan, 2020; A.-S.
Yang, Juan, Wen, & Chang, 2017). To effectively assess the thermal performance of the
proposed cooling system in a real-world condition, the developed framework (Figure 3.3)
intended to define the boundary conditions that replicate the actual outdoor environment of the
study location. In the present study, the ambient data extracted from the corresponding
location’s weather file and the ground surface temperature were obtained from the energy and
radiation modelling using Rhino-Grasshopper software (Step 1). The obtained data from Step
1 ensures the real ambient condition and they are used as the boundary conditions for the

numerical modelling (Step2).

Step 1 — Ladybug and Honeybee plugins of Solar radiation and air Step 2 - CFD Simulation

Grasshopper (Energy and radiation modelling) temperature data
Inputs (from same weather file)

Weather file — “EPW” format (Source: Clima) 2. Sun path — Latitude and longitude
*  HKKowloon 3. Ground surface temperature
* Latitude and longitude 4. Other boundary conditions

Date and time Outputs

Ground geometry and material properties Ground surface 1. Radiant cooling system
Output temperature 1

Inputs
1. Solar Radiation — Direct and diffuse

Heat extraction rate
Membrane temperature

Ground surface temperature 2

Figure 3.3 Framework for the LOCH modelling in the outdoor environment
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The study location considered for the modelling is Hung Hom bus station, Hong Kong (latitude:
22.3056° N, Longitude: 114.1887° E, humid subtropical climate (Peel, Finlayson, &
McMahon, 2007)), which represents an unshaded open space environment. The weather file is
based on the weather station in Kowloon, Hong Kong considered for the study (Betti, Tartarini,
Nguyen, & Schiavon, 2022). The weather file consists of an hourly average of 50 years of data,
i.e., solar radiation and air temperature. The plugins of Rhino-Grasshopper, i.e., Honeybee and
Ladybug, extract the required input data from the weather file and process it for the ground
surface temperature (Crawley, Lawrie, Pedersen, & Winkelmann, 2000). The thermal
properties and albedo of the ground surface material have a significant influence on the ground
surface and mean radiant temperature. Hence, the thermal properties of the concrete were
considered for the ground surface. Hourly-based ground surface temperature is obtained from
the modelling results for the typical summer day in Hong Kong, i.e., July 21. The solar radiation
and air temperature data needed for the CFD simulation are extracted from the same weather
file. Steady-state CFD simulation aims to be performed for 4 different time points on July 21,
i.e.,9:00, 11:00, 13:00, and 15:00 hrs, on July 21. The ambient and solar parameters inputs for

the CFD modelling of investigated times of the typical summer day are listed in Table 3.3.

Table 3.3 Ambient and solar parameters inputs for the CFD modelling for various times of

the day
Time |Ground surface Solar Radiation (W/m’) Air temp.
(hr) temp. (°C) Direct Diffused °O)
9:00 43.2 402 350 293
11:00 523 613 326 30.8
13:00 54.9 591 266 31.6
15:00 50.5 388 200 31.9
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A CFD model of a bus stop structured cooling hub equipped with the membrane-assisted RCS
in an open space environment has been developed using Ansys Fluent. The geometry and
hexahedral meshing were created using ICEM software. The computation domain size is
modelled based on the COST Action 732 (Franke, Hellsten, Schliinzen, & Carissimo) and the
AlJ guidelines (Potsis et al., 2023; Tominaga et al., 2008), considering the height of the radiant
cooling structure as the base height. The computational domain and geometry of the
membrane-based radiant cooling structure are shown in Figure 3.4. Mesh independence test
results revealed that the minimum number of mesh elements to achieve grid independence is
4M. Since the objective of this chapter focuses solely on the cooling system, the human thermal
manikin has not been included in the simulation, due to the complex mesh generation process.
A cylindrical heat source is included to approximate the standard female height, i.e., 1.6 m, and
surface area, i.e., 1.588 m? (Arens & Zhang, 2006). Considering the heat load received from
the surrounding surfaces by the panels, the difference in heat load between the manikin and the
cylindrical heat source is negligible. The difference Constant heat flux boundary conditions are
assigned for the heat source, considering the heat flux emitted by a human body, i.e., 58.15
W/m? (Y. Wang, Huang, Lu, Zhao, & Li, 2013). The radiant panel temperature is considered
to be at a constant uniform temperature, i.e., 10°C. The ground surface temperature extracted
from Step 1 is specified as an isothermal boundary condition. The uniform wind speed at the
inlet has been assumed to be 1.5 m/s. The air temperature at the inlet and direct and diffused
solar radiation for the investigating date and time are extracted from the Hong Kong weather
file. The sun position vector is calculated by the solar calculator in the Ansys Fluent. The solar
ray tracing approach is employed for solar incident radiation. The solar radiation load of the
exposed surface will be added to the energy equation as a source term. The boundary conditions

of the modelling are listed in Table 3.4.
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Figure 3.4 Schematic of the computational domain and radiant cooling structure

Table 3.4 Boundary conditions for the CFD modelling

Boundaries Boundary Condition [Description
\: 1.5 m/s, Turbulent Intensity(TI): 29 %,
Turbulent Length Scale (TLS): 6.6 (Zou et al., 2021)
Inlet Velocity inlet (Zou et al., 2021), Tair: BES”, £: 0.95
T: BES", & 0.9 (Jinxin Yang, Wong, Menenti, &
Ground Isothermal Nichol, 2015)
Radiant panel  |Isothermal T:10°C, e: 0.95
Membrane Coupled semi-transparent, e: 0.124
Heat source
(cylinder) Isoflux q: 58.15 W/m?, ¢: 0.95 (Y. Wang et al., 2013)
Tsky: 258 K (Gliah, Kruczek, Etemad, & Thibault,
Top surface Isothermal 2011). &: 0.7 (Pandey, Lee lii, & Paden, 1995)
Lateral surfaces [Symmetry -
Outlet Outflow -

* BES- Input from building energy simulation (from Rhino-Grasshopper (Step 1))
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3.2.1 Mathematical Model

Governing equations

Numerical analysis is based on the conservation of mass, momentum, and energy equations. A
3D steady-state numerical model has been developed using Ansys Fluent 19.0. The most
commonly used Reynolds-Averaged Navier-Stokes (RANS) modelling approach is used for

flow analysis. The governing equations of the CFD simulation are shown in egns. 3.1 - 3.3.

Continuity Equation: % =0 [3.1]

. Opuju; 0 bi] ou; , ouj
Momentum Equation: Ti] =—24 o, [(# + 1) (—u + a_xi)] + prer giB (T — Trep) [3.2]

6xi ij

Energy Equation: a;T"iT + 2 (aT :—;) = Qr [3.3]

axi

Where, u; and w;is the air velocity component along the i and j axes respectively, P is pressure,
p is density, u is dynamic viscosity, u, is turbulent viscosity, p,. is reference density, g; is
gravity, f is thermal expansion coefficient, T is temperature, and T, is the reference

temperature. a and Q represents the thermal diffusivity and solar heat flux.

Boussinesq approximation is adopted for the air density in the buoyancy term within the
momentum equation for the buoyancy-driven flow analysis. The Raleigh number in the air gap
thickness is in the range of 10%, where the critical Raleigh number is 3 x 10°. The computational
domain consists of two air zones, i.e., ambient air and dry air in the air gap layer. As the
turbulence flow is predicted for both air domains, a realizable k- e model with an enhanced
wall treatment method is used for the turbulence modelling. The transport equations of the
turbulent kinetic energy (k) and dissipation rate (¢) are shown in eqns. 3.4 and 3.5 (FLUENT,

2009).
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2(00) + = (pey) = o | (1 + ) 22| + pCiSe = pCy i + Cre s CacGp + Se [35]

0x; O¢
€ = max [0.43,-1] 1 = S5, S = /25,5,

Where, G, and G, represent turbulent kinetic energy due to velocity gradient and buoyancy
respectively. Y), denotes the contribution of the fluctuating dilatation compressible turbulence
to the overall dissipation rate, C;, C, and C5 are constants, and o, and o, represent the Prandtl

numbers for k&e respectively. S, and Se denote the user-defined source terms.

The DO radiation model is employed for solving the Radiative Transfer Equation (RTE) (Eqns.
3.6 & 3.7). DO model has better accuracy in solving complex optical problems and is suitable
for radiation through semi-transparent medium problems (Moghimi, Craig, & Meyer, 2015;
Qu, Milliez, Musson-Genon, & Carissimo, 2012). It can make a close coupling between wall
temperature and radiative heat transfer, which is effective for solving energy equations
(Dugaria, Bortolato, & Del Col, 2018). As the membrane thickness is in the range of microns,

the thickness of the membrane has not been considered in the study.

In the simulation, the membrane is defined as a semi-transparent boundary type, and the
transmissivity and absorptivity for the solar radiation regime are defined. The transparency of
non-selective and MIR-selective, only differ in the solar radiation regime. As both membranes
are transparent for longwave radiation, they are considered to be grey surfaces. For the sky
window selective regime simulations, the non-grey model is used. The wavelength for three
bands, i.e., band 0 (2.5-7 pum), band 1 (8 - 15 um), and band 2 (16 - 100 um) is defined and the

radiative heat transfer in band 2 (8-15 um) is considered for the post-processing. The RTE
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equation for the radiation intensity of the grey surface radiation and spectral intensity of the

non-grey surface radiation is shown in eqns. 3.6 and 3.7 respectively.
V(G + (@ + oI E) = an? 2 + 2 (47 (7,5 0(5.5") d [3.6]
V.(LF D) + (g + 0)L(F,5) = agnPlyy + 2 [} (7 5) (5 §)de [3.7]

Where | is radiation intensity, 7 is the position vector, § is direction vector, s is path length, «

is absorption coefficient, o is scattering coefficient, n is refractive index, o is Stephen

Boltzmann constant, T is temperature, s'is scattering direction vector, @ is phase function and
' is the solid angle. The net radiative heat flux (g,..) of the grey and non-grey surface models

is calculated by Eqns. [3.8&3.9] respectively.
Gnet = (1 — €4)qin + nZEwO'TAa}J - f§ﬁ>0 I;nS.7dQ [3.8]
qneta = (1 — €02)qina + €02[F(0 > nA,T,) — F(0 - n/llTw)]nzo-Ti) —AA f§ﬁ>0 I;5.1dQ [3.9]

Where A denotes the wavelength, a; is the spectral absorption coefficient, I, is the spectral
intensity, I, is the black body intensity, q;, is the incident radiative heat flux, €, and
€2 represent the wall emissivity, F(0 — nAT,,) represents the fraction of radiant energy
emitted by a blackbody from 0 to A wavelength interval. 4, and A, denotes the wavelength

boundaries for a band.

Solver settings

The governing equations are discretized by the finite volume scheme. The coupled algorithm
was adopted for the pressure-velocity coupling. Second-order discretization was used for the
convective and diffusion terms of the governing equations and DO radiation. The PRESTO
discretization was adopted for the pressure terms. A double-precision solver was selected for

the simulation. The convergence criteria of the normalized residual errors were set to be 108
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for the energy and 107 for other equations. Additionally, the key parameters of the simulation,

i.e., heat extraction rate was monitored for stable values to ensure convergence.

3.3 Results and Discussion

3.3.1 Validation of Modelling Method

The experimental result reported by Gu et al. (Gu et al., 2023; N. Zhang et al., 2021) is used to
validate the developed CFD model. The experiment setup (Figure 3.5) size of 200 x 200 x 50
mm, has the cooling and heating panel on the top and bottom sides respectively. The cooling
and heating panel has an emissivity of 0.95 and other surfaces are coated with thin nickel film
to have high reflectivity, i.e., 0.95. An LDPE film is used as a membrane with an air gap
thickness of 10 mm. The whole experiment setup was insulated from the ambient heat transfer
using polyurethane foam. In the experiment, the heating panel was maintained at 32°C, and the

cooling panel temperature varied from 6 to 16°C.

The computational domain (Figure 3.5) consists of an aluminium cooling panel on the top
surface and an aluminium heating panel on the bottom surface. The emissivity of the cooling
and heating panels is assumed to be 0.95. The membrane used to cover the cooling panel is
assumed to be transparent for the IR radiation in the MIR wavelength (2.5-50 pum) region. In
the simulation study, the membrane thickness has been neglected as the available membrane
thicknesses are in the range of microns. The vertical surfaces of the computational domain are

assumed to be adiabatic surfaces with an emissivity of 0.05.
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Figure 3.5 (a) Computation domain and boundary conditions of CFD model (b) schematic of

experiment setup

The model has two zones, i.e., a dry air zone between the membrane and radiant panel, and an
air zone between the membrane and heating panel. The dry air zone is considered as the pure
conduction region, i.e., Nu=1, and there is no convection. The Raleigh number for the air zone
falls below 1.2x10° indicating the laminar flow, whereas turbulent flow occurs when
Ra>3x10°. Hence, the laminar model is employed for the simulation. The velocity vector and
the temperature contour of the cross-section of the domain are shown in Figure 3.6 a and b.
The buoyancy effect in the air region between the membrane and heating panel induces the
airflow and forms the Bernard cells. The corresponding temperature contour explains the
temperature variation in the air domains. The heat extraction rates obtained from the CFD heat
transfer model were compared with experiment results (Figure 3.6¢). An increase in the radiant
panel temperature from 6 to 16°C decreases the heat extraction rate from 140.27 to 89.0 W/m?,

and the results have good agreement with the experimental results, i.e., within 5% error limits.
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Figure 3.6 (a) velocity vector, (b) temperature contour of air domain, and (c) CFD Model

validation of membrane-assisted RCS for heat extraction rate

3.3.2 Heat Transfer Performance Analysis of Membrane-Assisted RCS in

the Outdoor Environment

The heat transfer characteristics of the membrane-based RCS are analysed for the various panel
surface temperatures at the time of 13:00 hr and the MIR selective membrane is considered for
the cover shield material. The panel surface temperature is varied between 2 to 10°C at the
interval of 2°C. Figure 3.8 and Figure 3.9 illustrate the variations in convective, radiative, and
total heat extraction rates of the ceiling and wall panels as a function of panel surface
temperature. As the convective shield, i.e., membrane, reduces the convective heat transfer to
the surroundings, radiative heat transfer dominates the total heat transfer. The total heat
extraction rate of wall panels considering heat loads from humans, surroundings, and solar
radiation is 382.1 W/m? for panel temperature 2°C. While the wall panel absorbs 346 W/m?2.
The total heat extraction of the ceiling panel is 10 to 14% higher than the wall panel for the
investigated panel temperature range. The reason is that the view factor of the ceiling panel

shares 70% with the ground surface while the wall panel shares 40% (Figure 3.7). The long
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wave radiation from the ground surface which has a relatively higher surface temperature
causes a higher heat load on the ceiling panels. A decrease in the panel temperature from 10°C
to 2°C increases the radiative heat transfer by 15% and 20% and convective heat transfer by
23% and 31% for the ceiling panel and wall panel respectively. As the study is analysed for the
time of 13:00 hr, both panel surfaces are self-shaded. Therefore, the direct solar radiation
component is eliminated, and the diffused solar radiation component contributes to the solar
heat flux. The diffused solar heat flux falling on the ceiling and wall panels is constant, i.e.,
88.18 W/m?2. In the solar heat load model used, the total diffused load calculated by the model
will be distributed to all the surfaces participating in the solar radiation. Therefore, the diffused

load on the ceiling and wall panels are same if the panel is not exposed to direct solar radiation.

Several studies explored the convective and RHTC for the conventional RCS for indoor
applications (Shinoda, Kazanci, Tanabe, & Olesen, 2019). In the conventional RCS, the
reference temperatures used for the convective and radiative heat transfer calculations are the
air temperature and Average Unheated/cooled Surface Temperature (AUST) respectively.
With a membrane in between, the CHTC as calculated by Eq. 3.10 is an equivalent one, having
taken into account the increased resistance of the air gap. The MRT is considered for the
reference temperature in the RHTC calculation (Eq.3.11) (Kéantor & Unger, 2011; Rakha &
Zhandand Christoph Reinhart). The MRT is calculated using the absorbed radiation heat flux
and solar heat flux obtained from CFD simulation. The first term in Eq. 3.12 represents the
heat absorbed by the surface and the second and third terms represent the diffused and direct
solar components. In the current simulation, the radiation from the inlet and outlet boundaries,
ground surface, and sky are considered. The view factor percentages of the ceiling and wall

panels are shown in Figure 3.7.
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Figure 3.7 View factors of ceiling and wall panels to the surroundings
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Where, Q and h represent the heat flux and heat transfer coefficient respectively, and the
subscripts r and c¢ represent radiative and convective heat transfer respectively. T, mean
radiant temperature, F; is the view factor, and E; is long-wave emission. a; and a; are the
absorption coefficients due to long-wave and short-wave radiation respectively. D; and [* are

the diffused radiation and direct solar intensity respectively.

The variation of the CHTC and RHTC of the ceiling and wall panels for the investigated panel
surface temperatures is shown in Figure 3.8 and Figure 3.9 respectively. The CHTC for the
panel surface is the function of the surface temperatures of the radiant panel surface and
membrane, and air gap thickness. The natural convection in the air gap layer caused by

buoyancy force is different for ceiling and wall panels due to their orientations, i.e., horizontal
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and vertical respectively. The CHTC of the cooling panels The CHTC for the investigated
panel surface temperature range is 2.6 W/m?2K for the ceiling panel and 2.2 W/m?K for the wall
panel. Variation in the panel surface temperature has an insignificant impact on the CHTC. The
RHTC for both ceiling and wall panels are almost the same, i.e., RHTC for the ceiling panel
increases from 5.7 to 6.2 W/m?K while for the wall panel increases from 5.6 to 6.1 W/m?K.
The RHTC is always higher than the CHTC for both ceiling and wall panels. It indicates that

radiative heat transfer dominates over convective heat transfer.
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Figure 3.8 Heat extraction rates and heat transfer coefficients of ceiling panel at different

cooling panel temperatures (Tair = 31.6°C at 13:00 hr, MIR-selective membrane)
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Figure 3.9 Heat extraction rates and heat transfer coefficients of wall panel at different

cooling panel temperatures ((Tair = 31.6°C at 13:00 hr, MIR-selective membrane)

3.3.3 Impact of Membrane Material

In the present study, the different cover shield materials, i.e., non-selective, MIR-selective, and
sky-selective cover shields, are analysed for the thermal performance of the cooling system.
The direct and diffused solar radiation, and ground surface temperature, are the major
influencing parameters of the thermal performance of the cooling system. As these parameters
vary from morning to evening, it is important to evaluate the thermal performance of the system
over the day. Hence, the impact of ambient and solar parameters on the heat load components
of panels during different times of the day, i.e., 9:00, 11:00, 13:00, and 15:00 hr, is analysed.
The solar path and associated shading on the cooling hub of the investigating timings of July

21% are shown in Figure 3.10, for a better understanding of direct solar radiation exposure.
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Figure 3.10 Sun position and shading on the cooling panels at different times on 21st July

Figure 3.11 shows the convective, radiative, solar, and total heat flux of the cooling panels for
the different membrane configurations at different times of the day. The total heat extraction
rate of the cooling panel depends on the radiative heat transfer from the surroundings, solar
heat flux, and convective heat transfer from the ambient. Solar heat flux is one of the significant
contributors to total heat extraction and varies depending on the transmittance of the membrane
and, direct and diffused solar radiation components. As the cooling hub structure is oriented
east-facing, there is direct solar radiation falling on the wall panel during morning hours, i.e.,
9:00 hr. The non-selective covers allow 80% IR and visible parts of solar heat flux, while MIR
and sky-window selective allow only 10%. Hence, the wall panel with a non-selective cover
shield has comparatively higher solar heat flux at 9:00 hr, i.e., 100.4 W/m? and it is 1.27 times
higher than other membranes. Consequently, the total heat extraction of the wall panel is 30%
and 97% higher than the MIR and Sky-window selective panels respectively. The ceiling panel
is not affected by direct solar radiation always, as it is facing downwards. It can be concluded

that the wall panel with the non-selective membrane is not recommended where direct solar
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radiation falls on the panel. For the remaining studied hours, i.e., 11:00 to 15:00 hrs, panel

surfaces provide self-shading, thus diffused and reflected solar radiation loads participating.
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Figure 3.11 Heat flux comparison of the radiant cooling panel with various cover shield

configurations at (a) 9:00 (b) 11:00 (c) 13:00 and (d)15:00 hrs.

The radiative heat transfer from the panel varies with the membrane's optical properties. As the
MIR and non-selective allow around 80% of longwave radiation, the radiative heat flux of both
configurations is the same all the time. Hence, non-selective membranes can be preferred over
MIR-selective, wherever the direct solar radiation is not directly falling on the radiant panel,
as it is economical. For instance, the MIR selective membrane serves no benefits over non-

selective membranes for the ceiling panels. However, the sky-window selective membrane
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outperforms other membranes by selectively allowing the IR radiation within the 8-15um
wavelength range, which covers the radiation emitted by the human body. It serves the purpose
of absorbing the heat from selective sources, i.e., humans, while minimising the heat absorption
from undesired thermal loads. The peak and nadir of the total heat extraction rate over the day
are observed at 13:00 and 9:00 hr respectively, for all the configurations. Compared to the MIR
and non-selective membranes, sky-window selective membrane configuration reduces the
radiative heat flux of ceiling panels by 96.2 and 126.4 W/m? at 9:00 hr and 13;00 hr
respectively. The ceiling panel assisted with sky-window selective membrane absorbs 152 and
210.5 W/m? of total heat extraction rate at 9:00 and 13:00 hr respectively, which is 31 and 38%
lower than that of MIR-selective membrane assisted ceiling panels. While the wall panel with
sky-window selective membrane absorbs the total heat extraction rate of 184.5 W/m? at 13:00

hr.

The large radiative heat transfer potential between the ground surface and the radiant cooling
panel has a significant impact on the heat extraction rate. As shown in Figure 3.7, the view
factor shared by the ceiling panel to the ground surface is 0.7, while the wall panel to the ground
surface is 0.4. The variation of radiative heat flux of panels follows the same trend as ground
surface temperature variation over the day. However, the impact of the ground surface
temperature observed on the radiative heat flux is minimal for the sky-window selective
configuration as the incident radiation is controlled. The highest radiative heat flux of the
ceiling and wall panels observed is 180 and 151.5 W/m? at 13:00 hr, in the MIR and non-
selective membrane configurations. Due to the higher view factor to the ground surface, the
radiative heat flux of the ceiling panel is always higher than that of wall panels. The view factor
of the ceiling and wall panels shared with the manikin is 7 and 13%. Typically, the human core
temperature will be 36.1 to 37.2°C, which is lower than the ground surface temperature during

the daytime (Table 3.3). Hence, the heat absorbed by the MIR and non-selective membrane-
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assisted panels from the human will be much less than the ground surface which is undesired
cooling and costs a huge energy. It can be controlled by structure design and membrane
configurations. Improving the cooling structure design to improve the view factors between
the humans and panels, while reducing between the ground surface and panel will be more

effective for the cooling.

The convective heat flux of the ceiling panel is consistently higher than the wall panels, due to
their orientations and the buoyancy effect. For the MIR-selective membrane configuration, the
difference in convective heat flux between the ceiling and wall cooling panel is 9.5 W/m? at
9:00 hr and increased to 14.7, 14.5, and 10.8 for the time of 11:00, 13:00, and 15:00 hr
respectively. The convective heat flux of the panel is greatly influenced by the natural
convection and membrane temperature. The observed difference in convective heat flux
between the investigated membrane configurations for a given time is found to be insignificant.
The reason is that the membrane temperature is almost the same for all the membrane
configurations (Figure 3.12) for a corresponding panel and time. For the MIR-selective
configuration, the convective heat transfer of the ceiling panel is 55.5 W/m?at the time of 9:00
hr, and it reaches the peak at 13:00 hr, i.e., 71.5 W/m2. It follows a similar trend as the
corresponding membrane temperature variation. It can be concluded that the membrane
materials have an insignificant influence on the convective heat flux irrespective of the time.
Overall, the radiative heat transfer contributes more to the total heat extraction rate, i.e., varies
from 50 to 60%. While the convective and solar heat flux contribute 19 to 24 and 17 to 30%

respectively.

The membrane temperature is an indicator of condensation, and it should be maintained above
the dew point temperature of the ambient to reduce condensation risk. The variation of ceiling
and wall panels’ membrane temperature, and their corresponding ambient air and dew point -

temperatures are shown in Figure 3.12. The membrane surface temperature is influenced by
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interior and exterior surface convective heat transfer and absorptivity of membrane material.
For all the membrane configurations, the absorptivity of the membrane is 0.1, while
transmissivity and reflectivity vary. Hence, absorption of incident solar radiation is the same
for all the membrane configurations, resulting in minimal variation in the respective panel
membrane’s temperature at a given time. The membrane temperature varies in the range of
31.8 to 37.4°C, over the day, and they are higher than the respective ambient air temperature,
as the absorption of solar radiation significantly impacts the membrane temperature. However,
due to its optical properties, i.e., high transmissivity and low emissivity, the effect of heat
emission from the membrane is not significant. The wall panel’s membrane temperature is
slightly higher than that of the ceiling panel membrane, and the difference is noticeably higher

at 9:00 hr, due to direct solar radiation exposure on the wall panel membrane.
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Figure 3.12 Variation of ceiling and wall panels’ membrane temperature, and their

corresponding ambient air and dew point temperatures at different times of the day
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3.3.4 Practical Implications of the Prototype Design

The LOCH prototype is intended to provide comfort for a single occupant. The heat extraction
of the prototype for the investigated membrane configurations over the day is shown in Figure
3.13. Due to the selective transparency of the sky-widow selective membrane demonstrating
superior cooling performance, it has the lowest heat extraction compared to other membrane
configurations, irrespective of the time of the day. Their heat extraction is 33 to 44.6% and 38
to 44% lower than MIR and non-selective membranes respectively. The difference in the total
heat extraction between MIR and non-selective membrane is noticeable at 9:00 hr, due to
higher solar heat load on non-selective membrane configuration, i.e., 0.93 kW of heat absorbed
by non-selective, where 0.79 kW absorbed by MIR selective membrane. For the rest of the
studied hours, the total heat extraction rate of MIR-selective is the same as the non-selective
membrane case. Considering the cooling system operation from 9:00 to 15:00, the approximate
energy consumption of the sky-window selective membrane-assisted prototype is 3.94 kWh,

whereas MIR and non-selective configured prototypes are 6.4 and 6.54 kWh respectively.

The present findings confirm that sky-selective membranes are effective in terms of thermal
performance for outdoor radiant cooling applications. The sky window selective membranes
such as PEA and STATIC (Torgerson & Hellhake, 2020) are under the development stage, and
currently, it is being manufactured only in laboratory size. As this sky-window selective
membrane is getting more attention in the field of daytime radiative sky cooling, large-scale
production can be expected in the future. Compared to nonselective, MIR selective membranes
are effective only when the cooling panel is exposed to direct solar radiation. Additional
shading is enough to avoid direct solar radiation exposure, and non-selective membranes such
as LDPE membranes can be utilized effectively. In terms of cost and availability, non-selective

membranes are cheap and perform the same as MIR-selective membranes, under the shaded
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condition. With the advancement of technology, the cooling system operation would be

effectively under control for the effective control in terms of energy and thermal comfort.
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Figure 3.13 Comparison of panel heat extraction rate of the three membrane types at different

times of the day

3.4 Summary

This study numerically investigated the thermal performance of a LOCH prototype equipped
with membrane-assisted RCS. This chapter attempted to address the second key question
related to energy consumption, and the third question associated with the design consideration

for energy efficiency.

The sky window selective membrane performs best and avoids undesired heat loads, while the
MIR-selective membrane-configured panels exhibit a higher heat absorption rate of 37 to 58%
for the wall panel and 45 to 78% for the ceiling panel, compared with the sky-window-selective
membrane-assisted panel. Non-selective membrane-configured panels allowed 1.2 times
higher solar heat flux absorption than MIR-selective membrane under direct solar radiation.
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The MIR-selective and non-selective membranes perform the same when the panel is not
exposed to direct solar radiation. Hence, compared to MIR-selective membranes, non-selective
membranes are preferred for shaded outdoor areas, as they are comparatively cheap and

effective.

Sky-window membranes demonstrated superior cooling performance, offering up to 44%
energy savings compared to non-selective membranes. Energy consumption estimates for a
single occupant were 3.94 kWh with sky-window membranes and 6.4-6.54 kwWh with MIR and

non-selective membranes.

Although the sky window membranes are in the development stage, they are expected to be
commercially available in the near future. Long-wave radiation from ground surfaces
potentially affects the thermal performance of the panel, which can be controlled through
suitable membranes and cooling structure design blocking undesirable short- and long-wave

radiation to enable effective, low-energy cooling.
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CHAPTER 4

Thermal Sensation Assessment - Coupling CFD and
Radiation Modelling with Human Body Thermoregulation

Model

The present chapter provides a novel method to assess the thermal sensation in the outdoor
environment by coupling CFD and radiation modelling with the human body thermoregulation
model and using the updated CBE comfort model. The objectives of the present chapter include
(i) developing the CFD and radiation modelling of LOCH with the presence of CTM in an
outdoor environment, (ii) establishing the coupling method between the outdoor environment
modelling with human thermoregulation model, i.e., JOS-3 model (iii) analysing and
comparing CFD-CTM-JOS3 coupling method with CTM-free simplified approach. The
present chapter provides insights into the novel thermal sensation assessment and the effect of
the proposed cooling system on human thermal sensation under the summer conditions of Hong

Kong.

4.1 Research Background

In the urban outdoor environment, thermal comfort is influenced by a variety of ambient factors
such as wind velocity, solar radiation, long-wave radiation from surroundings, air temperature
and humidity. As these factors are constantly changing in outdoor environments, the
assessment of outdoor thermal comfort is a complex and challenging task. The mainstream
thermal comfort indices were originally developed to assess indoor thermal comfort, while,
some of the indices were modified for the outdoor environment. There are 165 thermal comfort

indices that have been developed for both indoors and outdoors (de Freitas & Grigorieva,
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2017). Among them, PET, UTCI, PMV, and SET are the widely used outdoor thermal comfort

indices.

Despite the variability of existing thermal comfort indices, there are still several limitations
and gaps in the existing methods, UTCI, PET, and OUT_SET* were not able to provide
accurate quantification of asymmetric solar radiation and dynamic wind outdoors (Huang et
al., 2017). One of the main limitations of the existing outdoor comfort models is their inability
to precisely account for the effects of complex thermal environmental factors such as solar
radiation and wind. Solar radiation, for example, creates highly asymmetric radiation
conditions for humans. Turbulent and gusty winds outdoors result in a much higher rate of
convective heat transfer between the human body and the environment than indoors (Yu et al.,
2020). Additionally, different body segments experience different local thermal conditions due
to thermal stratification and varying exposure to solar radiation and other ambient factors.
Although some of the traditional comfort models such as PET, UTCI, SET, and ET* consider
the human thermoregulation system, there is a lack of accuracy due to inaccurate consideration
of ambient factors (Huang et al., 2017; K. Li, Liu, & Bao, 2022). As a result, there is a need

for more accurate and comprehensive methods for assessing thermal comfort outdoors.

The interface between the human thermoregulation system and the ambient environment can
be established by coupling CFD simulation and the human thermoregulation model potentially,
where the CFD captures the local ambient conditions and the heat exchange between a human
body and the ambient. There were several studies reported on the coupling method for indoor
applications early in the century (Choudhary & Udayraj, 2022; Murakami et al., 2000). One of
the shortcomings of this method is that the computation cost is too high. However, the
comprehensive performance of this integrated method has yet to be evaluated for the complex

outdoor urban environment.
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Building upon existing literature and addressing a research gap, the present study aims to
enhance the interface between outdoor environment modelling and thermoregulation models
and proposes a methodology to assess outdoor thermal sensation. The methodology couples
CFD and radiation modelling of the outdoor environment, along with a detailed geometry of a
CTM, with the JOS-3 thermoregulation model (Takahashi et al., 2021b) to assess the human
physiological response. The simulated physiological response is then utilized to assess thermal
sensation using the CBE comfort model (Xie et al., 2018; Hui Zhang et al., 2010). The proposed
methodology considers the effects of various outdoor environmental factors including solar
radiation, long-wave radiation, wind and ambient air temperature to assess thermal sensation.
The proposed methodology will be applied to investigate the thermal sensation of the LOCH
which is made of membrane-assisted radiant cooling panels. The objectives of the present study
involve developing the urban environment modelling along with a detailed geometry of
unclothed standing female CTM, establishing the coupling with the JOS-3 model and assessing
the local and overall thermal sensation. The assessed thermal sensation vote (TSV) will be
compared to the thermal comfort survey conducted in the experiment facility. Different ways
of coupling methods within the CFD-CTM-JOS-3 coupling, based on the speed of
convergence, will be analysed for various wind velocity conditions. A CTM-free simplified
approach of utilizing the existing CHTC correlation to reduce the computational cost and
complexity of CTM meshing will be analysed and compared with the CFD-CTM-JOS-3

coupling.
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4.2 Methodology

4.2.1 Coupling of Environment Modelling and Human Thermoregulation

Model

The generalized methodology to assess the thermal sensation by coupling environment
modelling with a human thermoregulation model along with the CBE thermal comfort model
is proposed. The environmental parameters and convective and radiative heat exchange
between the human body and surroundings are modelled using CFD and radiation modelling
techniques. A 3D CTM is considered in the computational domain, to estimate the heat
exchanges for each local part. The JOS-3 thermoregulation model, the most updated model as
of now, is employed and coupled with the CFD simulation. The converged skin temperature
obtained from the coupling method is fed to the CBE thermal comfort model to predict the

local and overall thermal sensation of the human body.

The coupling process between the environment modelling and the JOS-3 thermoregulation
model involved various steps. The flow chart of coupling between CFD and radiation
modelling and the JOS-3 thermoregulation system is shown in Figure 4.1. Based on the
convective heat loss prediction of CTM, two coupling approaches are proposed, i.e., CFD-

CTM-JOS-3 coupling and a CTM-free simplified approach.

(i) CFD-CTM-JOS-3 coupling method

In the first step, the outdoor environment modelling considering the CTM in the computational
domain is modelled using CFD and radiation modelling. The simulation will be initiated with
the assumed skin temperatures, i.e., 33.7°C, for all body segments of CTM. Considering the
outdoor ambient parameters such as long-wave and solar radiations, wind velocity and air
temperature, the CFD model helps to accurately capture the local heat transfer coefficients and

MRT for the complex body surfaces.
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The convective heat transfer coefficient (h.) is calculated using eq. 4.1, where the convective
heat loss (Q.) is obtained from the CFD simulation. The local air temperature (T,;,) can be
assessed at different heights adjacent to the local body parts, due to the vertical temperature
gradient. The higher ground surface temperature has a significant temperature gradient in
proximity.

_ Qc
hc N (Tsk_Tair) [4.1]

The MRT is influenced by long-wave radiation from the surrounding building surfaces, ground
surfaces, and direct and diffused solar radiation. Hence, the MRT is calculated using radiation
fluxes, i.e., both long-wave and short-wave components obtained from radiation modelling.
The radiative heat transfer coefficient (h,) for each body segment is calculated using eq.4.2,

where the radiative heat flux (Qw+soiar)) @ahd MRT (T,,,) are obtained from the simulation.

Qr(lw+Solar)
h. = 4.2
r (Tsk=Tmrt) [ ]

In the next step, the convective and radiative heat transfer coefficients, environmental factors
such as MRT, air velocity and air temperatures from the CFD simulation are provided as the
input to the JOS-3 thermoregulation model to simulate the physiological responses, i.e., local
skin temperature. The constant relative humidity is defined in the JOS-3 model to determine
the latent heat loss from the skin. For the remaining parameters, the default values from the
JOS-3 model are considered. Further, the local skin temperature obtained from the JOS-3
model will be feedback to the CFD model as boundary conditions, and this iteration will be
continued until the mean skin temperature difference between the consecutive iterations is less

than 0.1°C.

In this study, two hypotheses, namely one-way coupling (without feedback) and two-way

coupling (with feedback until convergence), have been explored and compared, based on the
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faster convergence reported by Liang et al. (H. Liang, Tanabe, & Niu, 2023) for the coupling
method in the outdoor environment. In the final step, the local and overall thermal sensations
are assessed using the advanced CBE thermal comfort model, which has been updated for the
outdoor environment (Xie et al., 2020). The obtained skin temperature is processed to predict

the thermal sensation using the CBE thermal comfort model.
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Figure 4.1 Flow chart of coupling methods (i) CFD-CTM-JOS-3 method (Both one-way and

two-way coupling) (ii) CTM-free simplified approach (one-way coupling only)

(it) CTM-free simplified approach

To eliminate the complexity involved in the mesh generation around the CTM and reduce the
computation cost of CFD simulation, a CTM-free simplified approach is proposed (Figure 4.1).
In the CFD-CTM-JOS-3 coupling method, the effect of wind parameters is simulated using
CFD, while in the CTM-free simplified approach, the CHTC is calculated from the developed

correlations reported in the literature. In both methods, the effect of solar and long wave
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radiation is simulated by radiation modelling using Ansys Fluent. The CTM-free simplified
approach needs the turbulence parameters, i.e., turbulence intensity (TI) and the turbulent
length scale (TLS), at the CTM position, to determine the local CHTC of CTM. The turbulence
parameter defined at the velocity inlet will not be the same at the CTM position due to physical
and numerical dissipations. Therefore, an LES model is employed to simulate the wind
condition in a computation domain without CTM. The correlations reported in the literature
(egns. 4.3 and 4.4) accounting for turbulent parameters can be used for the local CHTC

calculation, considering the limitations of the study.

h, = Au™(1 + B.TI.u%%) [4.3]

h, = Au™(1 + B.TL.u%5).(L/D)F. [4.4]

Where, hc represents the heat transfer coefficients, A, B, n and B are the constants. D is the
diameter of the human body. u, Z, and 77represent wind velocity, turbulence length scale and

turbulent intensity respectively.

4.2.2 JOS-3 Thermoregulation Model

The JOS-3 model divides the human body into 17 segments and consists of 85 nodes in total,
including the blood compartment. The schematic of the human thermoregulation model is
shown in Figure 4.2. The head and pelvis are composed of core, muscle, fat, skin, artery, and
vein nodes. The chest, neck, and back regions consist of the core, skin, artery, and vein nodes,
while the remaining parts additionally include a superficial vein. Equation 4.5 shows the

generalized heat balance equation for the nodes.
d
Cap;iy 7; (Tiw) = Qjw + Bjy — Dj-jo — (Ciy + Riw) — Ejy — RESjy  [4.5]

Where, Cap, T and t are the heat capacity, temperature, and time respectively. The subscripts

I, j, and j represent the segment number, tissues, and adjacent body tissues, respectively. Q is
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the heat production, and B, D, C, R, E and RES are the heat exchange by blood flow,
conduction, convection, radiation, evaporation, and respiration respectively. The sensible and

the latent heat loss at the skin surface are expressed by eqns.4.6 and 4.8.

(Coy+ Rw) = hey- (Tsky — Towy)-BSAg [4.6]
h:m = 0.155. 10 + m(nk@ — Tow)-BSAg [4.7]
Eqy = W) hertiy- (Pssky = Paty)- BSAw [4.8]

1 _ 01551ag 1 [4.9]

het() LR-ci(i) feu@)-Lrhc)

Where h is the heat transfer coefficient (W/m?K), and its subscripts t, c, r, et represent total,
convective, radiative and total evaporative respectively. The subscripts sk and o represent the
skin and operative temperatures respectively. I.; and f,; are the clothing insulation and the
clothing area factor. BSA is body surface area (m?), w is skin wittedness, Ly is Lewis ratio,
and i, is clothing vapour permeation efficiency. P, and P, are the saturated water vapour

pressure at skin temperature and water vapour pressure in the ambient air.

As the JOS-3 model is suitable for the human physiological responses in non-uniform and
transient environments, and the consideration of solar radiation, this model attempted to be
used for outdoor applications. The environmental parameters such as local air temperature,
mean radiant temperature and the convective and radiative heat transfer coefficients are
obtained from the outdoor CFD modelling considering CTM in the computational domain. The
relative humidity is assumed to be uniform throughout the body, i.e., RH: 60%. The person-
related parameters are metabolic rate: 1.25 met, height: 1.584 m, sex: female, basal metabolic
rate equation: Japanese, weight: 60 kg, age: 30 years old, and other input values are set as
default values of the JOS-3 model. As the simulation is performed for a steady state, the

simulation time is chosen to be 120 min.
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Despite being an updated thermoregulation model, the JOS-3 model exhibits several
limitations. These include a lack of sufficient experimental data to fully validate the model, the
absence of ethnic considerations, the omission of conduction heat exchange between body
segments, and the neglect of clothing material factors such as heat capacity, moisture
absorption and release. The model has not yet been validated for outdoor environments. The
convective and radiative asymmetries in a single element have not been accounted for in this
model, which limits the consideration of actual fluid filed around the segments. The effect of
wind and body movements in the conductive and evaporative heat transfer in the clothing-
covered body surface needed to be integrated into the model, for better accuracy in sweat loss
prediction (Parsons, et al., 1999; Hui Zhang et al., 2010). Nevertheless, it is anticipated that

future updates of the JOS model series will address and overcome these limitations.
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Figure 4.2 Schematic of human thermoregulation model (Takahashi et al., 2021b)

4.2.3 Thermal Sensation Assessment
To correlate subjective perceptions with physiological parameters obtained from the human

thermoregulation model, a thermal sensation model is needed. In this study, the CBE model
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(Hui Zhang et al., 2010) which is one of these advanced multi-nodal thermal sensation models

with broad application was used.

For the determination of human thermal sensation responses, thermoreceptors located in the
skin play a crucial role. These thermoreceptors detect the temperatures of the surrounding
tissues and transmit signals to the brain, enabling the interpretation of the environment as a
thermal sensation. Accordingly, the CBE model developed a local thermal sensation model by
using the logistic regression function to link local skin temperatures and thermal sensations
from experimental data from human subjects (Hui Zhang et al., 2010). In this model, the
thermal sensation results are mainly determined by the bias between the local skin temperature
and its corresponding set point. The set point for a specific body part is treated as the local skin
temperature at which the sensation for that body part is thermally neutral (TSV = 0). The
influence of whole-body level sensation on local sensations is also considered in the CBE
model by using mean skin temperature and mean set point. The equation for local sensation

calculation is shown as follows:

2

_ 1)
1+e [_(C1+K1)(Tskin,i_Tskin,i,set)+K1 (Tskin,m_Tskin,m,set)]

Local Sensation = 4(

[4.10]

where Ty, ; 1S the skin temperature for a body part i, and Tk, ,, IS the mean skin temperature
calculated by the seven-site method. Ty, with the subscript, set illustrates the skin

temperature as a set point. C1 and K1 are coefficients of slope controls in the logistic function.

Due to the retention effect of thermal sensation and the inevitable slight fluctuation of local
skin temperature in outdoor conditions, the concept of a null zone, a range of local skin

temperatures, was used instead of a specific set point. The updated local thermal sensation
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equation for the outdoor environment and the conditions of the local skin temperature deviation

from the null zone are shown in egns. 4.11 and 4.12.

2

_ 1)
1+e [_(Cl+K1)(Tskin,i_Tskin,i,null zone)+K1(Tskin,m_Tskin,m,null zone)]

Local Sensation = 4(

[4.11]

Tskin - Tskin,nullzone,upper Tskin = Tskin,null zone,upper

Tskin - Tskin,null zone — {Tskin - Tskin,nullzone,lower Tskin < Tskin,nullzone,lower
0 otherwise

[4.12]

The null zone temperature range for females and the coefficients for each body part are
provided in Table 4.1 To obtain the overall sensations from local sensations, in the CBE model,
local sensation groups are categorized into seven models including the high-level warm (cold)
model, low-level warm (cold) model, opposite warm (cold) model and opposite-dominated
cold model. The calculation methods will differ according to which model a sensation group

belongs.

Table 4.1 Null zone skin temperature range and coefficients of body parts for the updated

CBE comfort model (Xie et al., 2020; Y. Zhao, Zhang, Arens, & Zhao, 2014)

Female Tskin,
Null zone
Lower Upper
Body Segments limit limit Cl warm K1 warm
Head 33.41 34.57 1.3 0.2
Face 3341 34.57 0.7 0.1
Neck 33.41 34.57 0.6 0.2
Abdomen 33.88 35.08 1.25 0.15
Chest 33.18 34.25 1 0.1
Back 34.60 35.71 1 0.1
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Female_ Tskin,

Null zone
Lower Upper
Body Segments limit limit C1l warm K1 warm

Pelvis 32.74 34.84 0.4 0.15
L_UpperArm 29.76 31.11 0.4 0.1
L _LowerArm 31.06 32.79 0.7 0.1
L_Hand 29.45 33.18 0.45 0.15
R_UpperArm 29.76 31.11 0.29 0.11
R_LowerArm 31.06 32.79 0.4 0.1
R_Hand 29.45 33.18 0.26 0.15
L_Thigh 30.85 32.51 0.4 0.1

L Leg 30.41 31.14 0.7 0.1
L_Foot 29.48 33.84 0.45 0.15
R_Thigh 30.85 32.51 0.29 0.1
R_Leg 30.41 31.14 0.4 0.1
R_Foot 29.48 33.84 0.26 0.15
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The pieced overall thermal sensation calculation model exhibits discontinuity, leading to
noticeable jumps when local sensations undergo smooth transitions across different calculation
models. To mitigate these sudden jumps in the overall sensation results, the sigmoid function
is employed. This smoothing function ensures the continuity of result values when a sensation

group is in the critical state between two distinct pieced calculation models.

4.3 Thermal Sensation Assessment in Localised Outdoor Cooling Hub

4.3.1 CFD Modelling of Localised Outdoor Cooling Hub

The influence of ambient parameters and the LOCH on the CTM is modelled using CFD

techniques. In numerical modelling, the effect of solar radiation, long-wave radiation and




outdoor wind parameters need to be considered. As the study was performed in an open space,
the boundary conditions should be close enough to represent the real ambient condition of the
study location. Therefore, the solar radiation and ambient conditions are obtained from the
weather file of Hong Kong (Betti et al., 2022) and the corresponding ground surface
temperature is obtained by energy and radiation modelling using the Ladybug and Honeybee

plug-in of Grasshopper, following a methodology similar to that used in Chapter 3.

Ansys Fluent was utilized for the CFD model, simulating a CTM subjected to a localised
radiant cooling station in an outdoor setting. The comfort performance of the proposed cooling
station is being analysed at the worst-case scenario, i.e., 13:00 hr on a typical summer day (July

21) in Hong Kong.

The computational domain size of the model representing the outdoor environment is designed
based on AlJ guidelines (Tominaga et al., 2008) (Figure 4.3). The domain size independent
study has been carried out to ensure the accuracy of radiation modelling. To analyse the local
thermal sensation parameters of the human, a CTM is included in the computational domain.
A standing unclothed woman’s CTM model has been obtained from the open access source

from Kyushu University (Ito) (http://www.phe-kyudai.jp/research_01.html, accessed on

November 2023). The CTM consists of 17 body segments, i.e., indicated by different colours
in Table 4.2, with a height of 1.584 m. The CTM has been validated against Ito et al.’s wind
tunnel experiment (Kazuhide et al., 2015) and a detailed explanation of the model validation is

provided in Appendix B.

As the CFD model has been modelled for the outdoor environment, the wind parameters and
short-wave and long-wave parameters need to be taken care of. The combined geometry and
meshing are generated using ICEM software. Steady Reynolds-Averaged Navier Stokes

(RANS) approach used for solving the governing equation. For the turbulence modelling, the
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SST k-w model is used for the current study, as it has better prediction accuracy in predicting
convective heat transfer from CTM (Kazuhide et al., 2015). The y+ value of the entire CTM

surface is maintained below 1.

Table 4.2 Description of local body parts of CTM

Body Part Area (m?) ace
Neck
Foot (left and right) 0.035 e
Back
Leg (left and right) 0.088 Shoulder___
Thigh (left and right) 0.124
Pelvis
Hand (left and right) 0.024
Arm (left and right) 0.040
Thigh
Shoulder (left and right) | 0.058
Pelvis 0.212
e Leg
Chest 0.139
Back 0.084
Face 0.046
Neck 0.076
— Top (Sky Temp.) Top (Sky Temp.)
: G

% 4: g Lateral Lateral

£l -

2l

:: Ground Ground i
\ 10H . s | |
(a) Side View (b) Front View

Figure 4.3 Schematic of the computational domain and radiant cooling structure
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The DO radiation model has been considered for radiation modelling. The boundary conditions
of the CFD model are tabulated in Table 4.3. For the solar radiation model, the solar ray tracing
approach is utilized.

Table 4.3 Boundary conditions of the CFD model

Boundaries Boundary Condition [Description

v: 1.5 m/s, Tl: 29 %, TLS: 6.6 (Zou et al., 2021),

Inlet Velocity inlet Tair.:31.6°C”

Ground Isothermal T:54.96°C ", £: 0.8

Panel Isothermal T:10°C, €:0.95

Membrane Coupled semi-transparent, €:0.124
CTM Isothermal Initial temp..: 33.7°C, €: 0.95

Tsky:258 K (Gliah et al., 2011), e: 0.7 (Pandey et al.,

Top surface Isothermal 1995)

Side surfaces  |[Symmetry -

Outlet Outflow -

* Obtained from weather file and energy and radiation modelling (from Rhino Grasshopper)

The finite volume scheme was employed to discretize the governing equations. The pressure-
velocity coupling utilized the coupled algorithm. Second-order discretization was applied to
the convective and diffusion terms, as well as the DO radiation. A double-precision solver was
chosen for the simulation. The convergence criteria for the normalized residual errors were set

at 10°° for the energy equation and 10 for other equations.

4.4 Result and Discussion

The proposed methodology to evaluate the outdoor thermal sensation of humans under the

LOCH is analysed. The simulation was performed for the time of 13:00 hr on 21% July in Hong
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Kong. This case study has been simulated and compared for the hypotheses, one-way coupling
(without feedback) and two-way coupling (with feedback until convergence) process (Figure.
4.1). The thermal sensation assessed by the coupling method is compared with the thermal
comfort survey results from the experiment facility of the outdoor cooling hub. The thermal
sensation assessed by the CTM-free simplified approach is compared with the CFD-CTM-

JOS3 coupling method, and their limitations are also discussed.

4.4.1 Convective and Radiative Heat Transfer

The outdoor environment modelling accounting for CTM and outdoor ambient parameters is
modelled for outdoor radiant cooling applications. The parameters influencing the heat transfer
from skin to the ambient, i.e., MRT and convective and radiative heat transfer, for each body
segment for the one-way coupling (O™ iteration) and two-way coupling (n™" iterations) are
shown in Figure 4.4. For each iteration, the local skin temperature obtained from the JOS-3
model will be transferred to environment simulation as the local boundary condition. The local
MRT and air temperatures represent the outdoor ambient environment. In this study, the
ambient air temperatures are measured at intervals of 0.05 m vertically (ranging from 0 to 1.6
m) and at a distance of 0.5 m horizontally in the upstream direction from the CTM centre
position. The averaged air temperature from adjacent points is mapped to each local body part
for further processing. There is a moderate deviation in the local MRTs between one-way and
two-way coupling, due to the influence of adjacent segments’ skin temperature update. The
heat transfer coefficients calculated from the simulation results are the function of skin
temperature, hence they keep updated for each iteration. The local CHTC of the right-side
segments of CTM, i.e., windward side, have higher coefficients than left-hand side segments,
i.e., leeward side. The higher incident wind velocity helps to increase the convective heat loss

on the windward side. The deviation in the CHTC between one-way and two-way coupling is
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less than 5%. It reveals the faster convergence and dominant influence of wind velocity on the

convective heat transfer.
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Figure 4.4 Local heat transfer coefficients, MRT and air temperature variation for the one-

way and two-way coupling method

4.4.2 Thermal Sensation Assessment using the CFD-CTM-JOS-3 Coupling

Method

The local and overall skin temperatures for the one-way and two-way coupling of the CFD-
CTM-JOS-3 coupling method are shown in Figure 4.5. The local and overall skin temperatures
are captured once the steady state is achieved in the JOS-3 model for the specified outdoor
environment. The feet have the highest skin temperature due to the low wind velocity and high
thermal stratification proximity to the ground surface resulting in lower convective heat loss.
The lowest skin temperature was observed at the back surface due to the impact of radiant
cooling. As the back-surface temperature shares a high view factor with the wall panel, the

radiative heat transfer between the panel and back surface due to long-wave radiation is higher.
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The deviation between one-way coupling (0" iteration) and two-way coupling (n™" iterations)
for the local and overall skin temperature is insignificant., i.e., < 0.1°C Consequently, the
thermal sensation prediction based on the skin temperature also reveals the insignificant
deviation between the local thermal sensation (Figure 4.5b). The CBE model predicts the
overall thermal sensation from the local thermal sensation, represented in the 9-point thermal
sensation scale. As the thermal sensations experienced by each body segment are different, and
the coefficients derived from the experiments for the local thermal sensation assessment, the
pattern of TSV could be different than that of skin temperature. The overall thermal sensation
is dominated by the local thermal sensation of dominant body parts whenever their local TSV
value is less than -1 according to the original logic framework in the CBE comfort model. In
the present case, the local TSV of the back surface has a significant influence on the overall
TSV. Therefore, the small deviation of local TSV of back between the one-way and two-way
coupling has a moderate influence on the overall TSV, i.e., increases from -0.06 to 0.3.
However, this observation is based on the proposed cooling hub and its structure and may not

be applicable to other outdoor applications.

In the proposed coupling method, the convergence speed is quick, i.e., one-way coupling, to
predict the local and overall skin temperature and thermal sensation. The quick convergence is
due to the dominant influence of outdoor ambient conditions on the skin temperature over the
human thermoregulation system. Hence, it can be concluded that the one-way coupling is
adequate to predict the skin temperature and human thermal sensation in the outdoor
environment with a wind velocity higher than 1.5 m/s. Further, the influence of wind velocity

on the coupling method is discussed in the upcoming section.
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Figure 4.5 (a) Local and overall skin temperature and (b) predicted thermal sensation from

one-way and two-way coupling methods (CFD-CTM-JOS-3 coupling)

4.5 Comparison of Thermal Sensation Vote between CFD-CTM-JOS-3

Coupling Method and Thermal Comfort Survey

The local and overall thermal sensation vote assessed by the coupling method is compared with
the thermal comfort survey conducted from the outdoor radiant cooling hub experiment facility
for similar environmental conditions (Yang et al., 2024). It is important to note that the present
section is about the comparison of prediction for similar ambient conditions and average radiant
panel temperature. Due to the difficulty in replicating the exact wind field around the human
in the transient and non-uniform environment and limited computational sources, a single case
with mean ambient conditions has been compared with the comfort survey. On the other hand,
due to the lack of skin temperature measurement during the comfort survey, the prediction of

human physiological responses is not compared in this study.

The experiment facility is located on the terrace of one of the buildings, i.e., Z-block, on the
premises of The Hong Kong Polytechnic University, Hong Kong. The experiment facility

consists of three membrane-assisted radiant cooling panels, i.e., one is on the ceiling and the
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other two are installed for the wall, as shown in Figure 4.6. The average radiant cooling panel
temperature of around 14°C and the survey conducted from 11:30 to 14:30 hr are considered
for comparison. The thermal comfort survey was conducted from May to September, which is
categorised as hot season as per the measured weather data, where the air temperature ranges
from 29.4 to 35.9°C. The details of the human subject and outdoor ambient condition range of
the comfort survey are shown in Table 4.4. The local skin temperatures were not measured on
the subjects during the thermal comfort survey. The survey was conducted after 10 minutes of
stay in the outdoor radiant cooling hub. The clothing insulation considered for the chest, back,
pelvis, shoulder, thigh, leg, and feet are 0.57, 0.355, 0.93, 0.42, 0.52, 0.23, and 1.369 clo

respectively, and O clo was considered for the rest of the body parts.

The survey results were compared with the TSV predicted from the CFD-CTM-JOS3 Coupling
method and default JOS-3 model for mean outdoor ambient parameters during the survey
(Figure 4.6). The most local parts’ thermal sensation was assessed by the coupling method
within the standard deviation of the thermal comfort survey data. The local TSV predicted by
default- JOS-3 is also within the standard deviation, however, the overall TSV prediction is
overpredicted compared to the mean survey results. The local TSV values predicted by the
coupling method are closer to the mean value of the comfort survey for several local body
parts, compared to the TSV predicted from default JOS-3. While the overall thermal sensation
predicted by the coupling method has a close match with the mean of the comfort survey data.
The CBE comfort model focuses on detecting the dominant thermal effects and assigns
comparatively less weight to the other body parts based on the logical flow of evaluation (Hui
Zhang et al., 2010). As a result, the overall thermal sensation predicted by the coupling method
is comparatively closer to the mean survey results, irrespective of TSV deviations in the local

parts.
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Table 4.4 Details of participants and ambient conditions of the comfort survey

Human Subjects Details
Sample size 17
Ethnic group Chinese
Age 18-29
Clothing 0.37 clo (with STD:0.09)
Female/male ratio 1.05
BMI 18.5-24.9
Range of outdoor weather conditions (May — September)
Ambient temperature 32.3+2.13°C
Globe Temperature 38.05 + 3.66°C
RH 60.7 +6.03 %
Wind velocity 0.7+£0.32m/s
Solar Radiation 509.8 + 292.43 W/m?
14.3 £ 2.4°C (Ceiling panel)
Panel Temperature 13.8 £ 2.3°C (Wall panel)
(a) (b)
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Figure 4.6 (a) Comparison of local and overall TSV between predicted by the CFD-CTM-
JOS-3 coupling method and default JOS-model with thermal comfort survey (b) onsite survey

of the human subject (Yang et al., 2024)
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4.6 Impact of Wind Velocity on the CFD-CTM-JOS-3 Coupling Method

Wind parameters play a crucial role in convective heat transfer from the human body outdoors.
The literature suggests that the coupling method in outdoor applications converges faster
compared to indoor applications (H. Liang, Tanabe, & Niu, 2023), where only one iteration is
sufficient for prediction, whereas indoor applications typically require four to five iterations
(Voelker & Alsaad, 2018). One of the reasons for this difference is that convective heat loss
due to induced forced convection in the outdoor environment is significantly higher than
natural convection in the indoor environment. Therefore, understanding the influence of wind
parameters on the coupling process is essential. There were developed correlations to estimate
CHTCs using ambient wind parameters such as velocity and turbulent intensity (Yu et al.,
2020; Zou et al., 2021). However, the present case study has limitations in implementing these
correlations due to potential disturbances caused by the cooling panel to the wind flow. It is
crucial to determine the influence of wind parameters on the coupling method in such cases. In
the study location of Hong Kong, the frequency of annual wind velocity less than 0.5 m/s is
less than 1% (Figure 4.7). Hence, the wind velocity cases of 0.5 m/s, 1 m/s and 1.5 m/s are
analysed, considering the faster convergence for the outdoor environment reported (H. Liang,
Tanabe, & Niu, 2023). The wind parameters for the investigated cases are listed in Table 4.5

(Zou et al., 2021).

The local CHTC of each body part for the wind velocities of 0.5, 1 and 1.5 m/s are shown in
Figure 4.8. One-way and two-way coupling methods are compared to evaluate the necessity of
two-way coupling for outdoor environment simulations. For the air velocity cases of 0.5, 1.0
and 1.5 m/s, the deviation between one-way and two-way coupling is insignificant, except for
the feet part. Due to the higher ground surface temperature and thermal stratification near the
ground, the CHTC of the ground could not be captured accurately. In previous studies, the

assumption made for the ground surface temperature is the same as the air temperature to avoid
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heat transfer from the ground surface (Zou et al., 2021). In the present study, the ground surface
temperature, i.e., 54.9°C, is obtained using the energy and radiation modelling, for the
corresponding ambient and solar conditions. Therefore, the estimation of the local heat transfer
coefficient of the feet is not reliable due to the presence of a large air temperature gradient near
the feet, which makes it difficult to measure the air temperature accurately. To avoid ambiguity
for further steps, the heat transfer coefficients for the feet are calculated from the correlation

reported in the literature (Zou et al., 2021) for side-facing cases.

Table 4.5 Wind parameters of the different cases (Zou et al., 2021)

Cases | Wind velocity | Turbulence Turbulent Length
(m/s) Intensity (%) Scale (m)
Case-1 |15 29 6.6
Case-2 |1 30 5.0
Case-3 | 0.5 31 3.4
N
T calm
3150 450 0.5-1.5mis
1.5-33mis
B B 33-55mis
D>\ M 55-7.9mis
W 270° I X é’:i ‘_‘ 9° E B “o-107 =
‘oz4~5s-. fE-1Sm
Zg‘"/".[ W 107-138mis
B 138-17.0m/s
B 171-207m/s
225° 135° 20,7 H_I.I.'S

180°

Figure 4.7 Annual Wind Rose Diagram for Hong Kong (Betti et al., 2022) (weather file:

Kowloon weather station)
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Exposing parts facing the wind direction, i.e., the right portion of the body parts, i.e., right
hand, right thigh, right arm, right shoulder, have higher heat transfer coefficients, i.e., range
from 8.4 to 25.7 W/m?K. While the local CHTCs of left body parts range from 6 to 19 W/m?K.
For the investigated range of wind velocities, the local heat transfer coefficients determined
from the one-way and two-way coupling methods have no significant difference, as the
buoyancy effects are negligible for the studied outdoor ambient conditions. Hence, it can be
concluded that in wind velocities above 0.5 m/s, the one-way coupling is adequate to determine

the CHTCs for the outdoor environment.

Larm

Lhand

Rarm Rshoulder

—MB—One way coupling-0.5 m/s —A— One way coupling-1.0 m/s One way coupling-1.5 m/s
—@—Two way coupling-0.5 m/s Two way coupling-1.0 m/s Two way coupling-1.5 m/s

Figure 4.8 Local CHTCs (W/m?K) for the wind velocities of 0.5, 1.0 and 1.5 m/s

Further, the local and overall skin temperature and TSV of CTM for the wind velocities of 0.5,
0.5, 1 and 1.5 m/s are determined and their deviation between one-way and two-way coupling
is shown in Figure 4.9. Variation in the wind velocity has a significant impact on the skin

temperature and consequently thermal sensation vote. In the outdoor environment for the wind
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velocity higher than 0.5 m/s, the proposed coupling method converged in the one coupling
itself. Therefore, one-way coupling is sufficiently accurate for predicting the skin temperature,

offering additional benefits of reduced computation time and cost.
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Figure 4.9 Local and mean skin temperatures assessed for the wind velocities of 0.5, 1.0 and

1.5m/s

4.7 Comparison of the CTM-Free Simplified Approach and the CFD-

CTM-JOS-3 Coupling Method

The CHTCs for the local body parts and their relation to the wind parameters have been
reported in the literature (de Dear et al., 1997; Yu et al., 2020; Zou et al., 2021). However, the
local RHTCs in outdoor environments have not been reported yet. Therefore, the feasibility of
the combination of radiation modelling and the heat transfer coefficients from the literature
(CTM-free Simplified Approach) for the thermal sensation assessment is analysed and

compared with the CFD and radiation modelling (CFD-CTM-JOS-3 coupling). In this section,
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convective and radiative heat transfer parameters, skin temperature and thermal sensation votes

have been compared for the time of 13:00 hr in Hong Kong.

In the CTM-free simplified approach, radiation modelling was performed in the ANSYS
Fluent, and the convection coefficients were derived from the correlation reported in the
literature. In the present study, the correlation developed by Zou et al. (Zou et al., 2021) using
CFD techniques has been considered for the side-facing scenario. Considering that the CHTC
correlation developed from CFD techniques may not be accurate enough compared with that
obtained from real wind environments. On the one hand, the heat transfer coefficients for the
side-facing scenario are seldom reported in experimental studies, but, on the other hand, it is
suggested that the correlation developed from the outdoor experiments could be considered in

the future.

It is obvious that the deviations in the local and overall skin temperature between these two
methods are insignificant (Figure 4.10a). The proposed cooling system has a strong cooling
sensation on the back surface (Figure 4.10b). As per the CBE comfort model, the strong cooling
sensation, i.e., TSV< -1, of dominant body parts has a significant influence on overall thermal
sensation. Even though the deviation of local TSV of the back surface between these two
methods is insignificant, i.e.,0.07, it influences the overall TSV, and the deviation is 0.97. The
smoothing function introduced in the CBE comfort model to ensure the continuity of overall
TSV might cause this deviation. It is one of the limitations of the CBE comfort model,
specifically in the critical sensation group between two distinct pieced calculation models.
However, considering the insignificant difference in local TSV of body parts between these
methods, i.e., <0.5, it can be concluded that the CTM-free simplified approach could be used
for the thermal sensation assessment in the outdoor wind environment. Compared to the CFD-

CTM-JOS-3 coupling method, computational cost, and complex mesh generation around the
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human could be relaxed. However, the limitations of the studies associated with the literature

considered for hc, are also valid for the CTM-free simplified approach.

Pelvis
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Rhand Rshoulder Rhand Rshoulder
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—#l— CFD-NTM-JOS-3 Coupling —e— Simplified Approach —#— CFD-NTM-JOS-3 Coupling —e— Simplified Approach
Figure 4.10  Local and overall (a) skin temperature and (b) thermal sensation vote

predicted by CFD-CTM-JOS-3 coupling method and CTM-free simplified approach

The literature reported the hc as the function of wind velocity, turbulent length scale, turbulent
intensity, and human orientation with respect to the wind directions. As the outdoor wind
environment factors have a dominant heat transfer effect over the thermoregulation system, the
CTM-free simplified approach could be suitable for outdoor wind environments at which the
predominant wind velocity is more than 0.5 m/s. In other words, the CTM-free simplified
approach is only suitable for one-way coupling, and not for two-way coupling where the natural
convection is dominating such as indoor applications. In the present case of the radiant cooling
panel with CTM, various combinations of CTM with respect to the wind direction are shown
in Figure 4.11. The wind environment study reported for the CHTC has not considered the
local obstacles in the surroundings. Unless the local obstacles such as the radiant panel disturb
the flow approaching the CTM, the CTM-free simplified approach can be utilised for the
thermal sensation assessment. For instance, in cases 2 and 3, radiant cooling panels are less

likely to affect the flow near CTM. This CTM-free simplified approach could be useful for
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pedestrian-level thermal comfort assessment and aids in urban design and development. For
the remaining cases, the cooling panel influence the wind flow around the CTM. Hence, the

CFD-CTM-JOS-3 coupling method needs to be adopted for these kinds of special cases.
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Figure 4.11 Different wind direction and manikin orientation configurations of the outdoor

radiant cooling hub

4.8 Summary

The study proposes a coupling method that integrates CFD and radiation modelling with the
human thermoregulation system and CBE comfort model. This integrated approach aims to
assess the physiological responses and thermal sensations in outdoor environments while

considering the effects of solar radiation, long-wave radiation, and wind.

The outdoor radiant cooling hub has been investigated for the coupling method. The CTM is
included in the environment modelling, and the boundary conditions representing real outdoor
environments are specified. It is found that the coupling method converges quickly, i.e., the
skin temperature in the first iteration itself. It indicates that the influence of the outdoor
environment has the dominant effect on the heat transfer over the human thermoregulation
system. The effects of outdoor wind conditions on the coupling method reveal that one-way
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coupling is adequate for a wind velocity of 0.5 m/s and above. As the CTM-free simplified
approach is valid only for one-way coupling, it can be concluded that the simplified approach
can be used for wind environments with velocities greater than 0.5 m/s. This approach also
shows good agreement with the CFD-CTM-JOS3 coupling method. The CTM-free simplified
approach reduces the computational cost and complicated mesh generation process, making it
a practical tool for the evaluation of thermal comfort at the pedestrian level in the outdoor
environment. The proposed coupling and simplified method to assess the thermal sensation has

the potential to be used for many outdoor applications and urban design and development.

The CTM-free simplified approach employs heat transfer coefficients derived from the
correlation developed by CFD techniques. However, this method is not suitable for indoor
applications where the natural convection is dominating, nor it is suitable for scenarios
involving local obstacles that disrupt the flow approaching CTM. In future studies, the CHTCs
based on field measurements should also be considered. There are certain limitations associated
with the JOS-3 model and CBE model and they are expected to be addressed and updated in
the near future. These updates will allow for further refinement of the coupling method,

resulting in a closer reflection of reality.
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CHAPTER 35

Thermal and Comfort Performance Analysis of

Outdoor Radiant Cooling System

This chapter evaluates the thermal and comfort performance of a LOCH prototype in street
canyon environments typical of dense urban areas like Hong Kong. As LOCHs are intended
primarily for bus stop applications situated along major city streets, it is important to analyze
their performance within a street canyon context. The objectives of the present chapter include
(1) assessing the heat extraction rate and thermal sensation experienced by the occupants for
different street canyon orientations and times of day using CFD techniques and CFD-CTM-
JOS3 coupling method (ii) assessing and comparing the effect of the cooling system versus a
convention bus stop shelter on the thermal sensation experienced by the occupants. The present
chapter aims to provide insights into the comfort offered by the proposed cooling system, as
well as opportunities for optimization and enhancement in terms of both energy use and
comfort levels. The findings could guide standards for effective LOCH design and placement

within street networks.

5.1 Methodology

The methodology used in this study builds upon the framework developed in Chapter 4, with
specific modifications to the geometry and computational domain for the street canyon
configuration (Figure 5.1). Initially, energy and radiation modelling using the Rhino-
Grasshopper is used to simulate the building and ground surface temperatures for the street
canyon configurations. Key inputs to this modelling included the local weather data, street

canyon geometry, and material properties. The resulting ground and building surface
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temperatures were then used as boundary conditions for the subsequent CFD simulations. As
the one-way coupling method is suitable for the outdoor environment, the ambient parameters
and heat transfer coefficients acquired in the CFD simulation were directly input to the JOS-3
model to simulate the skin temperature. Finally, the obtained skin temperature data will be

post-processed for the thermal sensation assessment using the CBE comfort tool.
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Figure 5.1 Framework of the methodology to assess the heat extraction rate and thermal

sensation

The geometry of the street canyon used in the energy and radiation modelling using Rhino-
grasshopper and the sun path associated with the street canyon orientations are shown in Figure
5.2. The weather file associated with the Kowloon weather station, in Hong Kong, is accessed
from the open-source tool called Clima tool developed by UC Berkeley (Betti et al., 2022). The
North-South and East-West orientations of the street canyon were analyzed for various times
of the day, i.e., 9:00, 11:00, 13:00 and 15:00 hr. The building and ground surface temperature
from the Rhino-grasshopper along with the ambient factors extracted from the weather file for
the investigated date and times of the day are listed in Table 5.1. These data serve as the

boundary conditions for the computational modelling.
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Figure 5.2 Street orientation and respective solar path diagram of Hong Kong

Table 5.1 Ambient factors and ground and building surface temperatures of the investigated

times of the day

Hong Kong, 21% July (Kowloon weather file)
Time | Ta(°C) Solar radiation Orientation Surface temperature (°C)
(hr) (W/m?)
Direct | Diffused Building 1 | Building 2 | Ground
NS 33.09 37.80 35.45
9:00 29.3 402 350
WE 40.52 41.75 40.88
NS 41.64 50.24 45.81
11:00 | 30.8 613 326
WE 51.31 51.08 50.42
NS 51.23 46.02 49.57
13:00 | 316 591 266
WE 54.42 53.56 531
NS 44.87 41.09 43.16
15:00 | 319 388 200
WE 49.37 49.83 48.75

A steady-state 3D CFD model of the LOCH with the unclothed standing female CTM in the

outdoor environment is modelled. The schematic of the computational domain considered for
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the street canyon and the boundary conditions are shown in Figure 5.3. The wind direction is
assumed to be along the street orientation. The average ground and building surface
temperature obtained from energy and radiation modelling (Table 5.1) is provided as the
boundary conditions of the domain. The boundary condition details are provided in Table 5.2.
The LOCH is considered to be located on the sidewalk of the street canyon, with its structure
design remaining consistent with the previous studies. The dimensions of the computational
domain are shown in Figure 5.3. An unclothed female CTM is included in the computational
domain to capture the heat loss components and local ambient factors of each body part. The

details of the CTM have been already discussed in Chapter 4.

Table 5.2 Boundary conditions of the computational domain

Boundaries Boundary Condition Description

Inlet Velocity Inlet V: 15 m/s, Tl: 29 %, TLS:6.6, T:BES*,
€:0.95

Ground Isothermal T: BES*, £:0.8

Radiant Panel Isothermal T:10°C, €:0.95

Membrane Coupled semi-transparent, non-selective, e: 0.124

CT™M Isothermal Tinitial: 33.7°C , €; 0.95

Top surface Isothermal Tsky: 258 K, €: 0.7

Lateral surfaces | Building Surfaces T: BES*

Outlet Outflow -

*BES — Building energy simulation and radiation modelling from Rhino Grasshopper (Table 5.1)
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Figure 5.3 Schematic of the computational domain and boundary condition of Street Canyon

The numerical analysis is based on the conservation of mass, momentum, and energy
equations, as shown in Equations 3.1, 3.2, and 3.3 (Chapter 3). A three-dimensional, steady-
state numerical model was developed using the ANSYS Fluent 19.0 software. The RANS
modelling approach was employed for the flow analysis, which is commonly used. The
Boussinesq approximation was applied to account for variable air density in the buoyancy term
of the momentum equation. This allows for analysis of buoyancy-driven airflow patterns

resulting from temperature differences.

For turbulence modelling, the SST k- model was used. Previous studies have found this model

provides better predictions of convective heat loss from CTM compared to other options. The
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discrete Ordinates (DO) radiation model is utilized for the radiation modelling, as it
demonstrated higher accuracy in solving complex optical problems, and the solar ray tracing
approach used for the solar load. The coupled algorithm is employed for the pressure-velocity
coupling. The second-order discretization is applied for the pressure, convective and diffusion
terms of the governing equations, and DO radiation terms. A double-precision solver was
selected. The convergence criteria for the normalized residual errors are set to 10 for the

energy equation and 107 for the other equations.

In the thermoregulation model, i.e., the JOS-3 model, the relative humidity is considered to be
60% which is uniform throughout the body. As mentioned in the coupling method reported in
Chapter 4, the heat transfer coefficients and ambient air temperature, MRT obtained from the
CFD are provided as input to the JOS-3 model, and the person-related parameters used in the
analysis are Metabolic rate: 1.25 met, Height: 1.584 m, Sex: Female, Basal metabolic rate
equation: Japanese, Weight: 60 kg, and Age: 30 years. The other input values are set to the
default values of the JOS-3 model. Since the simulation is performed for a steady-state

condition, the simulation time is chosen to be 120 minutes.

5.2 Model Validation with Chamber Test

Due to the uncontrolled and transient environment outdoors, a chamber test was utilized for
the model validation in a steady state condition. The schematic of the chamber test environment
and the pictorial view of the experiment setup are shown in Figure 5.4. The climatic chamber,
with specifications of 4 m (L) x 2.7 m (W) x 2.9 m (H), is equipped with a primary air unit
(PAU). The airflow rate and temperature can be controlled via the PAU’s controller. The
prototype of the LOCH is erected in the chamber and the unclothed female thermal manikin is
employed. As shown in Figure 5.4, the cooling hub consists of three panels, i.e., two walls and

one ceiling panel, and the panel size of 1.2 m (L) x 0.6 m (B) x 0.1 m (t). The membrane-
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assisted radiant cooling panel is comprised of a 20-micron LDPE membrane cover, a
lightweight metal frame, and copper coil lines embedded in a white aluminium baseplate. The
design of the panels ensures good thermal conductivity and uniform emissivity, aiming to
achieve a consistent panel surface temperature. All the panels are connected to the chiller
section in parallel arrangement to the chiller unit located outside the climate chamber. The
chiller has an inbuilt thermostat to control the supply water temperature. Additionally, the
system includes a 40-litre water tank and two water pumps to facilitate the circulation of the
chilled water. Each pipeline is thermally insulated and connected through a control valve with
a flow meter for the flow adjustment. The supply water temperature and flow rate are set to
10°C and 80 LPH. The supply air temperature and airflow rate of the chamber are adjusted to
24°C and 124.3 L/s. The thermal manikin’s surface heat flux is set to be 50 W/m? at each body

segment to avoid overheating, with the maximum surface temperature limited to 38°C.

5.2.1 Monitoring Facility

The monitoring facility includes environmental, radiant cooling systems, and thermal manikin
monitoring. The climatic chamber environment is monitored using a wet-bulb globe
temperature (WBGT-2010SD) meter and a portable mini-weather station at a height of 1.6 m.
The WBGT meter measures the globe temperature near the thermal manikin, while the mini-
weather station records various environmental parameters, including air temperature, relative
humidity, and wind speed. In addition, the interior surface temperatures of all six walls were
measured using T-type thermocouples. Furthermore, air temperatures at various heights within
the chamber are recorded specifically at 0.6 m, 1.1 m, 1.6 m, and 2.4 m to enhance
understanding of the temperature distribution inside the chamber. For the membrane-assisted
radiant cooling panels system, each panel's surface temperature is measured with nine
uniformly distributed T-type thermocouples, and the membrane temperature is measured with

three ultra-fine K-type thermocouples. The PT100 sensors are used for measuring the inlet and
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outlet water temperature of each panel. The thermal manikin, standing and consisting of 20
segments with the heating element is uniformly embedded beneath the skin surface allowing
for individual control of temperature and heat input. Data collection for the thermal manikin is
facilitated by thermal manikin manufacturer PT Teknik-supported data logger software, which
monitors the temperature and heat flux of each segment. During the experiment, the whole
system was made to run for at least 4 to 6 hours to reach the steady state conditions.
Measurements from the thermal manikin are taken every minute, whereas other parameters are
recorded every second. Due to the set point temperature of the water chiller, a periodic

fluctuation in the supply water temperature can be observed, which in turn causes fluctuations

in the panel's cooling capacity.
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Figure 5.4 (a) Schematic of the chamber test environment and (b) Pictorial view of

experiment setup

5.2.2 Comparison of Model Results and Chamber Test Results

A computational model of the LOCH with CTM in a chamber has been developed. The average
panel temperature, once the system reaches a steady state within the chamber is used to define
the isothermal boundary conditions for the panels. The heat flux values obtained from the

thermal manikin are provided as constant heat flux boundary conditions to the CTM body parts.
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The boundary conditions for all remaining boundaries are set to match those used in the

experimental setup.

The model results for the total heat extraction rate of wall and ceiling cooling panels were
validated against the experimental values, as illustrated in Figure 5.5. Due to the fluctuation in
the supply water temperature, the cooling capacity of each panel exhibits periodic fluctuation.
For validation purposes, the cooling capacity after the steady state is achieved, i.e., after 5 hours
of chamber and cooling system started. The experimental values are shown in a box plot, while
the simulation results are indicated by red dots. It is observed that the heat extraction rate of
the wall cooling panel obtained from CFD simulation shows good agreement with the mean
experiment values, exhibiting a relative error within 5%. Although the simulation results for
the ceiling panel deviate from the mean experimental value, they fall within the standard

deviation of the experimental results.
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Figure 5.5 Comparison of total heat extraction rate between chamber test and CFD
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A comparison of local skin temperatures obtained from the simulation and chamber test is
shown in Figure 5.6. The skin temperatures of most body parts from simulation results are
within the 5% relative error compared to the experimental results, except for hands and feet.
The maximum relative error observed between the experimental and simulation at feet and
hands is 11%. The complicated shapes of the hands including fingers, and surface area

inconsistencies between CTM and thermal manikin might be the reason for this deviation.
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Figure 5.6 Comparison of skin temperatures of local body parts between simulation and

chamber test

5.3 Results and Discussion

The thermal and comfort performance is assessed in terms of heat extraction rate and thermal
sensation vote respectively. While the thermal performance of the LOCH has been explored

for open spaces in previous chapters, the heat loads within a street canyon context could differ
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due to the radiative effects and shading from surrounding buildings. This can impact the
cooling load of the system and the occupants' thermal sensation. Hence, the proposed LOCH

in a street canyon is investigated for a typical summer day in Hong Kong.

5.3.1 Thermal Performance of the System

The heat extraction rate of the radiant cooling system is analyzed at different times of the day
(9:00, 11:00, 13:00, and 15:00 hr) and for both North-South (NS) and West-East (WE) street
canyon orientations. For the NS orientation, the analysis focuses on East-facing LOCH, while
for the WE orientation, South-facing LOCH are considered. Figure 5.7 illustrates the solar path
and shading of the east and south-facing LOCH without any surrounding buildings. Figure 5.8
shows the total heat extraction rate (Qt), radiative heat flux (Qr), convective heat flux (Qc) and
solar heat flux (Qs) handled by the radiant cooling panels for different times of the day and NS
and WE orientation cases. For both scenarios, the ceiling panel is not exposed to solar radiation,
as it is facing the downside, while the wall panel is self-shaded by its structure all the time,

except at 9:00 hr in NS orientations.

NS orientation (East facing hub)

WE orientation (South facing hub)

Figure 5.7 Solar exposure of the LOCH for NS (East-facing hub) and WE (South-facing hub)

orientations for 9:00, 11:00, 13:00 and 15:00 hr
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Although the different orientations have different building surface and ground surface
temperatures, no significant difference in the total heat extraction rate was observed between
NS and WE orientation cases. The maximum heat extraction rate observed at the time of 13:00
hr, i.e., 277.9 and 280.50 W/m? of energy consumed by radiant panels for the NS and WE

orientation cases respectively.

In the present study, a MIR-selective membrane has been employed, which does not allow
direct solar radiation. It can be seen that during morning hours, i.e., 9:00 hr, there is not much
deviation in the heat extraction rate between NS and WE orientation cases, even the major
surface of the wall radiant panel exposed to direct solar radiation. Since the LDPE membrane
is widely used for radiant cooling applications, as well as economic solutions, it will allow
solar radiation, and overshoot the heat extraction rate at 9:00 hr in NS orientations. It can be
eliminated by designing the structure considering maximum shading on the given locations and
surroundings. On the other hand, the height of the buildings and the width of the streets play
an important role in providing shading on the side pavements during morning and evening
hours. However, it can reduce the solar heat load, and the radiative load from the buildings and
ground surfaces contributes a significant percentage to the total heat extraction rate. In the
present study, it was observed that the maximum solar heat flux observed is 21% of the total
heat extraction rate. The absorption of direct solar radiation by surrounding surfaces increases
the surface temperature and, consequently, increases the undesired radiative heat loads for the
panel. The radiative heat load contributes 56-63% to the total heat extraction rate for the
investigated times of the day. There is an energy-saving potential in the radiative heat load

parts, as the majority of heat loads are from surroundings, rather than occupants.
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Figure 5.8 Comparison of heat load components between WE and NS orientation cases

One of the limitations of the proposed cooling system is the current structure design. The
radiant cooling panels exchange the cooling energy with occupants only by radiation and no
convection. With the current design, radiant cooling panels share 7.5% of the view factor with
the occupant standing under LOCH. Consequently, only 8% of radiative heat exchanges with
occupants. In future studies, this limitation should be addressed through structure design, to
maximise the view factor shared with the occupants, while minimizing the surrounding

environment. It improves energy efficiency as well as improves the comfort.

5.3.2 Comfort Performance of the System
The comfort performance of the proposed cooling system is evaluated in terms of thermal
sensation vote assessed by the CFD-CTM-JOS-3 coupling method. The solar heat flux is one

of the primary influencing parameters on thermal sensation. The contour of solar heat flux on
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the CTM body parts for the different times of the day for the case of NS orientation is shown
in Figure 5.9a. During the afternoon hours, specifically at 13:00 and 15:00, the entire body of
the CTM is covered by shade. In contrast, in remaining cases, part of the body is exposed to
solar radiation, which influences the local skin temperature and, in turn, affects the local and

overall thermal sensation of the body.

9:00 hr 11:00 hr 13:00 hr 15:00 hr

atanialil

(a) NS Orientation (East facing hub)
9:00 hr 11:00 hr 13:00 hr 15:00 hr

(b) WE Orientation (South facing hub)
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Figure 5.9 Solar heat flux contour of CTM and radiant cooling panel (a) NS and (b) WE

orientation cases

Figure 5.10 shows the skin temperature and the thermal sensation of the human body under the
LOCH for the case of NS orientation. At the time of 9:00 hr, the front part of the body was
exposed to direct solar radiation (Figure 5.9a). It should be an undoubtfully thermally
discomfort situation, and it is visible from the predicted skin temperature and local thermal
sensation of the chest, i.e., 3.4 (hot sensation). However, the proposed cooling system cools
down the back surface which influences the overall thermal sensation. Even though the whole
front body is exposed to solar radiation, a strong cool thermal sensation felt by the back part,

i.e., TSVpack: -1.8, of the body dominates the overall thermal sensation, i.e., TSVoverail: -1.8.
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Figure 5.10 Local and overall (a) skin temperature and (b) thermal sensation vote in the

LOCH for the case of NS orientation

At the time of 11:00 hr, the lower part of the body, the front part of the legs, thighs and feet are

exposed to solar radiation. At 13:00, the entire body is completely shaded, and the local thermal
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sensation of all dominant body parts including the forehead, chest, abdomen, and pelvis, except
for the back, is comparatively warmer than the other cases. Consequently, the overall thermal
sensation experienced is comparatively warmer at the time of 13:00 hr, i.e., -0.99 (slightly cool
thermal sensation). In the peak time of a typical summer day, with an ambient air temperature
of 31.6°C and RH of 60%, the LOCH provides a comfortable cooling spot with a slightly cool
thermal sensation. At the time of 15:00 hr, the building at the back side of LOCH provides
shade for part of the street. It improves the local thermal sensation for most of the body parts
compared to the noon time cases, i.e., 11:00 and 13:00 hr cases. In the comfort performance
analysis of NS orientation of street and east-facing LOCH, the overall thermal sensation
observed for the investigated time, 9:00, 11:00, 13:00 and 15:00 hr are -1.8, -1.3, -0.99, and -

1.7 respectively.

The comfort performance of WE orientation of street canyon and south-facing LOCH has been
analysed, and corresponding skin temperature and thermal sensation for various times of the
investigated day are shown in Figure 5.11a & b respectively. As shown in Figure 5.9b, the left
side of the body is exposed to direct solar radiation during morning hours, i.e., 9:00 and 11:00
hr, while the right side of the body is exposed at evening hours, i.e., 15:00 hr, complete shade

on the human observed at the time of 13:00 hr.

At the time of 9:00 hr, the left side of the body has a higher skin temperature compared to the
right side. Chest and right shoulder exposed to direct solar exposure only for this time case.
Hence, the local thermal sensations experienced by them are warmer than other investigated
times of the day. The skin temperature for most of the body parts is lower than at other times
and lower than that of the NS orientation case, due to a comparatively lower amount of solar
radiation absorption. In turn, the overall thermal sensation experienced at the time of 9:00 is

lowest, i.e., -1.51, compared to all other times and orientation cases.
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Figure 5.11 Local and overall (a) skin temperature and (b) thermal sensation vote in the

LOCH for the case of WE orientation

For the case of 11:00 hr, the left arm, hand, thigh, and leg have higher skin temperature

compared to other cases, due to the direct solar exposure. Even though it is completely shaded
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at 13:00 hr, the skin temperature for most of the body parts is higher than the shaded body parts
in other cases, because of the higher diffused radiation component and long wave radiation
absorption. This observation is also noted in NS orientation cases. Head, neck, and back body
parts are always shaded. A higher amount of diffused solar radiation absorption on the head
and neck at the time of 13:00 hr caused warmer local sensation compared to other cases. In the
15:00 hr case, as the right side of the body was exposed to solar radiation, a comparatively

warmer thermal sensation was experienced in all right parts of the body.

The proposed structure of the cooling system could provide a cool thermal sensation for the
typical summer day in Hong Kong, independent of orientations of the street canyon. However,
the extreme local thermal sensation was observed in the parts exposed to solar radiation. The
proposed prototype design is made for a single person, but, in real cases, the structure should
accommodate a minimum of 3 to 5 persons. In that case, with WE orientations people standing
on the extreme side will be exposed to solar radiation during morning and evening hours, which
leads to local discomfort. While, remaining people standing in the cooling hub, should be
experienced comparatively improved thermal sensation. In the NS orientation, either morning
or evening hours depending on the LOCH facing direction, all the occupants may be exposed
to the sun if the building on the opposite is not tall enough. Hence, the primary modification
should be made to provide maximum shading throughout the day. During noon hours, even the
all the occupants are completely standing in the shaded hub, due to the higher diffused solar
radiation load, the occupant may feel a warm or hot thermal sensation. With the current
prototype design, the occupants share a large view factor with the surroundings, which causes
higher radiative transfer leading to discomfort. It can be addressed by modifying the prototype
design such that occupants share a higher view factor with the cooling panel, and vice versa,
rather than the surroundings. This strategy not only improves the comfort but also improves

the energy efficiency of the cooling system.
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5.3.3 Cooling Effect Comparison: LOCH Bus Stop and Conventional Bus
Stop

A comparatively warmer overall thermal sensation was experienced at the time of 13:00 hr for
both orientation cases. Hence, the comfort performance of the LOCH bus stop has been
compared and analyzed against that of a conventional bus stop, i.e., just shading, at 13:00 hr

for the NS orientation of street canyons and East-facing bus stop scenario.

Figure 5.12 shows the comparison of skin temperature and thermal sensation vote for the
investigated cases. A significant difference of 1.7°C is observed at the back surface of the body
between the LOCH and conventional bus stops, while the differences in the remaining body
parts are less than 0.5°C. The proposed cooling system has a dominant influence on the back,
head, and neck parts of the body. In the aspect of the local thermal sensation experienced at the
back-body surface, a marginal difference was observed between LOCH and the cooling spot.
The reason is that the predicted skin temperature at the back is within the acceptable skin
temperature range, i.e., within the null zone range (Xie et al., 2020). However, the local thermal
sensation of the back for the LOCH exhibits a strong negative thermal sensation, i.e., TSV<-1.
The local thermal sensation of the dominant body parts, i.e., forehead, chest, abdomen, back
and pelvis, with TSV value lesser than -1, have a strong influence on the overall thermal
sensation. With the strong contribution of the cooling sensation of the back, the overall thermal

sensation experienced in the LOCH is slightly cool, i.e., TSV: -0.99.

The small skin temperature deviation at the head and neck between the conventional bus stop
and LOCH, i.e., 0.4 and 0.5°C respectively, cause significant differences in local thermal
sensation vote, i.e., 0.7 and 1.0 respectively. In the conventional bus stop, the local discomfort
experienced at the head and neck, with TSV values of 2.8 and 2.7 respectively, has a dominant
influence. As a result, the overall TSV at the conventional bus stop is 3.57 (hot sensation),

while in the LOCH, it is -0.99 (slightly cool sensation).
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Figure 5.12 Comparison of (a) skin temperature and (b) thermal sensation vote between

LOCH and conventional bus stop for NS orientation case (East-facing bus stops) at 13:00 hr
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For a better understanding, the radiative heat flux and total heat flux contours of the CTM for
the NS orientation at the time of 13:00 hr are shown in Figure 5.13 and Figure 5.14. In the
aspect of radiative heat flux, the blue contours on the back parts of the CTM indicate that
cooling energy is provided by the radiant panels by radiative heat transfer. Compared to the
conventional bus stop, minimal heat is exchanged from the upper part of the chest to the panel.
For the remaining front side of the body parts, there is no notable difference between the LOCH

and conventional bus stop cases.
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Figure 5.13 Comparison of radiative heat flux contour for (a) conventional bus stop and (b)

LOCH for NS orientation case (East-facing bus stops) at 13:00 hr

Due to the orientation of the body’s right side towards the wind direction, the influence of
approaching wind from the right side, result in a pronounced combined effect of convective
and radiative heat flux on the right side of the body compared to the left side. It can be noticed
in both cases (Figure 5.14). From these contours, it can be concluded that the proposed cooling

system helps to cool down the back, head and neck body parts, in turn, improves the thermal
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comfort. This finding aligns with the conclusion of Yang et al. (Yang et al., 2024), which

suggests that cooling spots can effectively cool back trunk, thereby improving thermal comfort.
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Figure 5.14 Comparison of total heat flux contour for (a) conventional bus stop and (b)

LOCH for NS orientation case (East-facing bus stops) at 13:00 hr

5.4 Summary

The thermal and comfort performance of the LOCH is investigated for North-South (NS) and
West-East (WE) orientations of the street canyon, with East-facing and South-facing hubs,
respectively, at various times throughout a typical summer day in Hong Kong. The comfort
performance has been analysed in terms of skin temperature and thermal sensation vote,

assessed by the CFD-CTM-JOS-3 coupling method.

The radiant panel temperature is considered to be 10°C for all the cases. With this condition,
the orientation has a very minimal impact on the heat extraction rate of the system. The

maximum heat extraction rate of the proposed structure design of LOCH is 298.15 and 301.35
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W/m? for the NS orientation (East-facing hub) and WE orientation (South-facing) cases,

respectively.

The solar heat flux on the human is a primary influencing factor on the thermal sensation. The
proposed cooling system greatly cools down the back skin temperature, in turn improving the
local thermal sensation. Independent of the ambient conditions, the dominant cooling sensation
on the back influences the overall thermal sensation. The orientation affects the local thermal
sensation of the different body parts. During morning and evening hours, the exposure of parts
to solar radiation causes strong local discomfort. At the time of 13:00 hr, the current design of
LOCH provides shading for occupants, and still, the impact of diffused solar radiation, and
long wave radiation causes a comparatively warmer thermal sensation. However, overall, a
slightly cool thermal sensation (TSV: -0.99) was achieved even at the peak time of a typical

summer day in Hong Kong (Ta: 31.6°C, RH: 60%).

The comparison of comfort performance between LOCH and conventional bus stops reveals
the importance of LOCH for a hot summer day. It was found that the conventional bus stop
failed to provide comfort conditions where the occupant experienced a hot thermal sensation

at 13:00 hr. While LOCH provides a slightly cool thermal sensation in this condition.

The research findings from this study are limited to Hong Kong and geolocations near the
equator. Another limitation is that clothing insulation was not considered in the simulation due
to the complexities involved in CFD modelling. In future studies, the clothing can be
considered with the updated thermoregulation model. It is believed that the considerations of
clothing effect will not affect the findings of this study, but deviation in the skin temperature
and thermal sensation is unavoidable. The current structure design limits the radiative heat
transfer efficiency to only 8%, as it shares a very small view factor with the occupant, i.e., 7.5.

Therefore, the future design should consider maximising view factors between radiant panels
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and surroundings, which not only improves efficiency but also improves human comfort. On
the other hand, the proposed design should also consider the maximised shading effect,

especially during the summertime of a given location.

In light of the current trend of increasing heat wave events and extreme temperatures, it is
essential to investigate the performance of the membrane-assisted radiant cooling system in
locations with high temperatures. The current structure design may not provide comfort in this
condition, as well as the longwave radiation from the surroundings affects the efficiency of the
system. However, with the improved design and appropriate membrane material, the proposed
cooling system can perform well in all climatic conditions. In future studies, the proposed
cooling system will be integrated with low-grade energy sources, such as radiative cooling, and

solar cooling.
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CHAPTER 6

Conclusions and Recommendations for Future Study

Extreme heat is a global threat and there is a need to care for the vulnerable in outdoor
environments and protect workers. Last year 2023 was considered the hottest in the history of
many cities across the world, but 2024 is more scorching. Record-breaking temperatures, (52°C
in India and China) increased the rate of heat-related health complaints, and deaths all around
the world, and heat-related incidents such as 1301 deaths on the Hajj pilgrimage in Mecca due

to extreme temperature forced the researchers to address this issue with high priority.

The CS-RCS is believed to be the updated version of the radiant cooling system and would be
the better alternative for conventional air conditioning systems. It could be energy energy-
efficient and comfortable cooling solution for both indoor and outdoor spaces. This research
aimed to address the key questions about implementing membrane-assisted radiant cooling

systems for outdoor applications.

In this research, a comprehensive review of the membrane-assisted radiant cooling system has
been conducted, including membrane properties and their impacts on system performance,
advantages and limitations, heat transfer models, thermal comfort, and energy-saving potential.
The heat transfer characteristics and thermal performance of the proposed cooling system on
LOCH have been investigated for the outdoor urban space of Hong Kong. Additionally, the
impact of various kinds of membrane material, including non-selective, MIR-selective and sky

window selective on the thermal performance has been analysed.

To assess the thermal sensation in the outdoor environment, a novel methodology has been

adopted to overcome the limitations of existing outdoor thermal comfort models. A coupling
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method of CFD with human thermoregulation has been established to predict the physiological
parameters of the human body in the outdoor environment. It will be processed to assess the
local and overall thermal sensation of the body using the updated CBE comfort model. Based
on the literature, one-way and two-way coupling methods, and a CTM-free simplified approach

have been analysed on the application of a LOCH.

To analyse the performance of the proposed cooling system in the street canyons in Hong Kong,
the thermal and comfort performance has been investigated for various orientations of the street
canyon for various times of a typical summer day. Additionally, the thermal efficiency and
efficacy of the current design of the cooling system are discussed in Appendix A. The salient

discussions, findings and future studies are summarized in the following subsections.

6.1 Cover Shield-assisted Radiant Cooling System
A detailed literature review was conducted on cover shield-assisted radiant cooling systems to
better understand the state-of-the-art in this emerging technology, and the salient points are

summarized below.

e LDPE membrane is a commonly used low-cost material with excellent infrared
transparency for radiant cooling applications. However, thin LDPE membranes have
poor mechanical properties and tend to tear and wrinkle easily. There is a need to
develop IRT membranes with good mechanical properties to make the cooling system
suitable for real-world use. Providing a thin wire mesh over the membrane can

temporarily protect it from harsh ambient conditions.

e Membrane-assisted RCS has similarities to daytime radiative sky cooling, so materials
used for that application can potentially be utilized. However, these advanced
membrane and material solutions are still in the laboratory stage and not commercially

available.
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Several heat transfer models have been developed to demonstrate the cooling capacity
improvement over conventional radiant cooling systems. However, an in-depth energy

model for the whole membrane-assisted RCS is yet to be explored.

The membrane functions as a barrier, preventing moisture transfer from the ambient
environment to the air gap, as well as minimizing convective heat loss from the panel
to the surrounding atmosphere. Therefore, a membrane-assisted RCS has the potential
to be coupled with natural ventilation and ambient wind, which is much more energy
efficient to convectively cooling the human body, and also help to reduce the
transmission risks of air-borne diseases such as COVID-19, to improve thermal comfort
in open and semi-open built environments, such as bus stops, community parks.

Although the temperature of cooling water for the membrane-assisted RCS can be much
lower than the conventional radiant cooling system, the possibility of integrating the
membrane cooling system with passive cooling options, such as evaporative cooling,

earth tunnel cooling, and nocturnal cooling, is still worths to be explored in the future.

6.2 Thermal Performance Assessment in the Outdoor Urban Environment

This study numerically investigated the thermal performance of a LOCH equipped with

membrane-assisted RCS. The non-selective, MIR-selective, and sky-window selective

membranes have been analysed for their thermal performance of the cooling hub. The salient

findings from the investigation are as follows:

The implementation of membrane on the radiant cooling panel reduces the equivalent
CHTC down to 2.6 and 2.2 W/m?K for the ceiling and wall panels respectively, whereas
the RHTC ranges from 5.8 to 6.1 W/m?K for both ceiling and wall panels.

Among them, the sky window selective membrane performs best and avoids undesired

heat loads. The MIR-selective membrane-configured panels exhibit a higher heat
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absorption rate, i.e., ranging from 37 to 58% for the wall panel and 45 to 78% for the
ceiling panel, compared with the sky-window-selective membrane-assisted panel.

e Non-selective membrane-configured panels allow direct solar radiation to reach the
panel surface; resulting in 1.2 times higher solar heat flux absorption than MIR-
selective panels when exposed to direct solar radiation. The MIR-selective and non-
selective membranes perform the same when the panel is not exposed to direct solar
radiation. Hence, compared to MIR-selective membranes, non-selective membranes are
preferred for shaded outdoor areas, as they are comparatively cheap and effective.

e Sky-window-selective membrane configuration demonstrated superior cooling
performance throughout the daytime, i.e., 9:00, 11:00, 13:00, and 15:00 hrs. By
eliminating undesired ambient radiant load components, they offer significant energy
savings of up to 44% compared with non-selective membranes, Although, these
membranes are in the development stage, they are expected to be commercially
available in the near future.

e The energy consumption for the LOCH prototype for a single occupant is estimated for
the operation from 9:00 to 15:00 hrs. With the sky-window selective membrane
configurations, the prototype effectively consumes energy of 3.94 kwh. While MIR
and non-selective configured prototypes consume 6.4 and 6.54 kWh of energy

respectively.

It is worth noting that, the radiation emitted from the ground surface potentially affects the
performance of the cooling system, as the panel shares significant view factors with the ground
surface. It can be controlled by the usage of suitable membranes and designing a cooling
structure that blocks undesirable short and long-wave radiation from surroundings may result

in effective cooling with low energy consumption.
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6.3 Thermal Sensation Assessment (Coupling of CFD and Human

Thermoregulation)

The study compared different coupling methods that integrate outdoor environment modelling
with the human thermoregulation model and the CBE comfort model. The aim was to assess
the physiological responses and thermal sensations in outdoor environments by considering the
effects of solar radiation, long-wave radiation, and wind. The proposed coupling methods are
used to assess the thermal sensation experienced under LOCH at peak time of summer day in

Hong Kong. The notable findings from the study are given below.

e The coupling process inputs the local heat transfer coefficients, MRT, and air
temperatures from environment modelling to the JOS-3 model. The obtained skin
temperature feedback to the CFD as the boundary condition for CTM. The converged
skin temperature is further processed for thermal sensation prediction.

e A case study of an outdoor radiant cooling hub is used to demonstrate the coupling
methods. The two-way coupling method converges quickly with only one iteration
needed, as the convection coefficient at typical outdoor wind conditions is not much
influenced by the skin temperature.

e The thermal comfort survey has been performed for the outdoor radiant cooling
experiment facility. The predicted thermal sensation from the coupling method is
compared with the survey results, and it is found to be within the standard deviation of
the survey results.

e The use of the CHTC from the literature as a CTM-free simplified approach has good
agreement with the CFD-CTM-JOS-3 coupling method. The simplified approach
avoided the complicated CTM mesh generation process and reduces the computational
cost, making it a practical tool for the evaluation of thermal comfort at the pedestrian
level in the outdoor environment.
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e The CTM-free simplified approach employs heat transfer coefficient correlations
developed for outdoor wind conditions, and more reliable correlations are yet to be
developed. The CTM-free simplified approach is not suitable for indoor applications
where natural convection is dominating, or for scenarios involving local obstacles that
disrupt the flow approaching a human body.

e The CTM-free simplified approach helps urban designers and practitioners to consider
and predict the comfort level in a comparatively more accurate way.

e There are certain limitations associated with the JOS-3 model and CBE model, and they

are expected to be addressed and updated in the near future.

6.4 Thermal and Comfort Performance of the Cooling System

The study investigates the thermal and comfort performance of the LOCH system for different
street canyon orientations and times of the day for the tropical climate of Hong Kong. The
thermal sensation was assessed by the CFD-CTM-JOS3 coupling method. This study evaluates
the LOCH design’s real-world cooling performance to improve occupant experience. The
findings could guide standards for effective LOCH design and placement within street
networks to maximize occupant heat relief in urban transportation hubs like bus stops located

in canyons between buildings. The major outcomes of the present study are given below.

e The radiant panel temperature is set to 10°C, and the orientation has a minimal impact
on the heat extraction rate of the system. The maximum heat extraction rate of the
proposed LOCH structure is 277.9 and 280.50 W/m? for NS (East-facing hub) and WE
(South-facing hub) orientations, respectively.

e Solar heat flux on the human is a primary influencing factor on the thermal sensation.

The proposed cooling system significantly cools down the back skin temperature,
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improving the local thermal sensation. Dominant negative sensation on the back
influences the overall thermal sensation, independent of ambient conditions.

e The orientation affects the local thermal sensation of different body parts, with strong
local discomfort during morning and evening hours due to solar radiation exposure. At
13:00 hr, the LOCH design provides shading, but the impact of diffused solar radiation
and long-wave radiation causes a comparatively warmer thermal sensation. An overall
thermal sensation of slightly cool (TSV: -0.99) is achieved even at the peak time of a
typical summer day in Hong Kong (Ta: 31.6°C, RH: 60%).

e The comparison of comfort performance between LOCH and a conventional bus stop
reveals the importance of LOCH for hot summer days. The conventional bus stop fails
to provide comfort, with the occupant experiencing a hot thermal sensation at 13:00 hr,
while LOCH provides a slightly cool thermal sensation.

e The current study does not consider the effect of clothing, which can be addressed in
future studies. The current LOCH design limits the radiative heat transfer efficiency to
only 8%, due to a small view factor sharing with the occupant. Future designs should
consider maximizing the view factor between the radiant panel and the surroundings to
improve efficiency and comfort. The design should also consider maximizing the shading

effect, especially during the summer.

6.5 Scope of Future Research

The applications of the membrane-assisted radiant cooling system for outdoor shelters have
large space for future research for further improvements in energy efficiency and comfort in

high temperatures weather. The following research directions can be addressed in future.
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Cover shield material development

Advancing MIR-selective and sky-window selective membranes beyond the laboratory stage
aids in improving the cooling performance of the panel. In the interim, the robustness and
durability of the membrane used for the radiant cooling system need to be addressed for future
design improvements without compromising the required IR transparency. For the time being,
developing the protective structure or coating on the currently used membrane could be a viable

solution to shield them from the harsh outdoor ambient and human interaction.

Cooling shelter design

Optimising the view factor sharing between panel and occupants for better cooling distribution,
and panel energy efficiency needed to be analysed. While, the structure design ensures
visibility to the environment, maximum shading hours, and wind flow to the occupants for the

given geo-location.

Thermal comfort and energy efficiency

In addition to redesigning the cooling structure, integrating the other low-grade energy sources
such as sky-radiative cooling and solar energy cooling, will be the sustainable solution for the
liveable cities. Integration of daytime radiative sky cooling with phase change energy storage

for the cooling water requirement for radiant panels will be the next phase of this research.

The optimized cooling structure design with additional passive cooling such as fan cooling or
mist cooling to further improve the heat loss from the human body needed to be investigated,

particularly with the locations or climate regions exceeding 45°C of ambient air temperature.

Feasibility analyses

As the radiant cooling system is limited to treating sensible heat load, the thermal and comfort

performance will vary with the climate zones. In humid climates, the performance could be
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lower. Therefore, the quantification of its performance around the world could help urban

planners design outdoor cooling systems.

Coupling between CFD and thermoregulation model

In the current coupling method, there are some limitations associated with modelling, the JOS-
3 model, and the CBE comfort tool. Clothing has a significant impact on the convective and
radiative heat loss from humans, but incorporating clothing with CTM in the CFD modelling
will increase the computational cost. Additionally, the JOS-3 model has to make some

improvements in clothing modelling.

The null-zone range limits in the CBE comfort model associated with the present study are
based on the outdoor thermal comfort survey conducted in Hong Kong. It could be refined with

more subjects across the world, which makes wider use of the comfort model.

In the coupling method, the heat transfer coefficients, MRT and Ta have been fed from CFD
to the JOS-3 model. In future studies, the JOS-3 model will be updated to receive the convective

and radiative heat flux directly from the CFD modelling to improve the coupling method.
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Appendix A Thermal Efficiency and Efficacy Analysis

The sensitivity analysis of the panel temperature on the thermal and comfort performance of
the LOCH has been investigated. It is further extended to analyse the thermal efficacy and
efficiency of the system. A steady-state 3D CFD model of the LOCH with the standing female
CTM in the outdoor environment is modelled. The thermal sensation under the LOCH is
assessed by the CFD-CTM-JOS-3 coupling method and CBE comfort model. The thermal
efficiency and efficacy of the proposed cooling hub design are assessed at the peak time of a

typical summer day in Hong Kong, i.e., 13:00 hr on 21% July.

The methodology adopted in Chapter 5 to investigate the thermal sensation is utilized in this
investigation. The computational model of LOCH with CTM in an open space has been adopted
for the study. The heat extraction rate was assessed from the computational modelling and the
thermal sensation was assessed using the CFD-CTM-JOS-3 coupling method and CBE comfort
model. It is used to investigate the radiative heat transfer efficiency of the system and to analyse

the thermal efficacy of the system.

Radiative energy efficiency defines the quantity of the radiative heat observed by the human
(Qr(panei—crmy) cOMpared to the surroundings (Qy paner_totar) @nd is calculated by eq. A.1. The
reason to consider only the radiative heat is the cooling panel exchanges the cooling energy
with the occupants only by radiative heat transfer, which is considered to be useful energy

output.

Qr( 1-CTM)
T] — r(pane [A_l]

Qr,panel_total

Thermal efficacy defines the effective heat extraction needed for human thermal comfort. It is
represented by the energy efficacy index, ranging from 0 to 1, where 1 represents the adequate

cooling energy for the acceptable overall thermal sensation, i.e., -0.5 to 0.5, and values towards
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zero represent insufficient or excessive cooling energy. The energy efficacy index (EEI) is

calculated using the eq. A.2.

( 1— [alorsv=i—[dloTsv=0.5 (0.5<i<4)

[QloTsv=0s
EEI = { 1 (-05<i<0.5) [A.2]
k 1— [aloTsv=-0.5—[aloTsv=i (-4 < i< —05)
[aloTsv=-05

Where the g and OTSV represent the total heat extraction rate (W/m?) of radiant cooling panels
and overall thermal sensation vote respectively. The limitation of the index is that the
[q]orsv=05 (or)-05 1S the function of ambient factors. The thermal comfort survey conducted
in the experimental facility analysed the neutral range with respect to UTCI, which is a
combined index of the outdoor parameters. Due to the limited computation source of numerical
analysis, the energy efficacy was assessed for various panel temperatures at the peak time of a

typical summer day.

Results and Discussion

Sensitivity Analysis — Cooling Panel Temperature

The sensitivity analysis is performed for different panel surface temperatures, ranging from 4
to 24°C. The local and overall skin temperatures were assessed for various panel temperatures
shown in Figure A.la. For a better understanding, the comfort performance of the No-cooling
scenario to replicate the conventional bus stops was also compared with the LOCH. The
variations of the local skin temperature between various panel surface temperatures are
insignificant, except for the back surface. Compared to the No-Cooling scenario, with localised
cooling it reduces the back surface considerably. It reveals that the potential of the proposed

LOCH structure dominantly cools down the back surface compared to other body parts. This
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is due to the large view factor of the back surface shared with the radiant cooling panel. A
decrease in the panel surface temperature from 24 to 4°C reduces the back surface temperature
from 34.4 to 33.4°C. Other than the back body surface, the head and neck parts of the body
have been significantly influenced by the change in panel temperature. However, the panel
temperature has an insignificant influence on the skin temperature of the remaining body parts.
Compared to the cooling cases, the no-cooling case exhibits higher skin temperature for all the
body part surfaces, and the cooling cases exhibit a strong variation in the skin temperature of
the back, neck, and head body parts. From the sensitivity analysis, it can be concluded that the
proposed cooling system with its current structure design, predominantly cools down the back,

head and neck.

The variation of thermal sensation votes for various panel temperature cases and no cooling
cases, shown in Figure A.1b. Even in a No-Cooling scenario, the back body surface feels the
negative local thermal sensation, i.e., slightly cool thermal sensation. This is due to the higher
null zone upper limit, i.e., 35.71°C for the back surface in the outdoor environments (Xie et al.,
2020). However, it could not help with improving overall thermal sensation. The overall
thermal sensation experienced in the No-Cooling Scenario is 3.41, i.e., above hot. Reducing
the panel temperature below 14°C shows a favourable overall thermal sensation response, i.e.,
overall TSV< 1 (slightly warm). The panel temperature below 10°C provides a slightly cool

environment (TSV<-1) even at the investigated ambient conditions.
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Figure A.1 Variations of local and overall (a) skin temperature and (b) thermal sensation vote

for different cooling panel temperatures and no-cooling case
Thermal Efficiency and Efficacy

In the present study, the radiative energy efficiency does not change significantly with the panel
temperature. The radiative energy efficiency of the current structure design is only 8%. The
reason is that the view factor of the cooling panels shared with the human body is only 7.5. It
shows the inefficiency of the current structure design and also indicates the huge energy-saving
potential in the radiative heat transfer part. It could be improved by two strategies, i.e., adopting
a sky-window selective membrane, and redesigning the structure for the maximized view factor
with occupants. The proposed prototype is designed for a single occupant but in real cases, the
cooling hub will be designed for the occupancy of at least 3 to 5 persons. In that case, there is
a chance of blocking the panel view of the surrounding buildings by occupants, which may

improve the heat exchange between the wall panel to occupants.

The energy efficacy of the proposed LOCH structure is analysed for the open space at 13:00
hr, to analyse it for the worst-case scenario. Figure A.2, shows the heat extraction of the panel,

overall thermal sensation and energy efficacy index with the variation of panel surface
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temperature. Lowering the panel temperature from 24 to 4°C reduces the local skin temperature
of the back from 34.4 to 33.43°C, consequently, the overall thermal sensation vote (TSV) in
the 9-point scale reduces from 3.3 to -1.3. The analysis revealed that achieving a 0.1°C
reduction in the CTM’s back skin temperature required a minimum energy consumption of
50W by the cooling system. For the investigated ambient condition, the panel surface
temperature between 11 to 13°C provides the neutral overall thermal sensation, i.e., -0.5 t0 0.5,
where the efficacy index in this range is 1. The total energy consumption of the panel for the
neutral TSV condition is 1260 to 1320 W for the investigated ambient conditions. An Increase
and decrease in the panel temperature beyond or lower than this range result in undercooling
or overcooling respectively. The limitation of the present study is that the efficacy evaluation
in this study has been analysed for specific ambient conditions. It needed to be evaluated for
different ambient conditions for the summer conditions, and it will be beneficial to design an

efficient cooling system to meet the comfort with optimal energy consumption.
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Figure A.2 Variation of heat extraction rate, overall thermal sensation vote and energy

efficacy for different cooling panel temperature
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Appendix B - Computational Thermal Manikin (CTM) Validation

The CTM is validated with the wind tunnel experiments and the inlet wind conditions are
considered as per the experiment (Kazuhide et al., 2015). The simulation was performed for
the three different inlet wind conditions. The local convective and radiative heat fluxes have
been compared with the experiment results, as shown in Figure B.1. The radiative heat flux for
the three cases is in good agreement with the experiment results and the percentage error is less
than 5%. The simulation results of local convective heat flux for all the cases follow a similar
trend against the experimental results, however, the average deviation between them is around
25%. The CTM used for the simulation has a lesser surface area compared to the manikin used
in the wind tunnel. It is one of the reasons for this deviation. On the other hand, as per Gao et
al., (S. Gao et al., 2019) reproducing the experimental airflow field in CFD simulations has
proven to be challenging, despite extensive efforts to maintain numerical boundary conditions
consistent with the experimental conditions. Accordingly, the deviation between the CFD

simulation of CTM and the experiment is deemed acceptable.
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