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Abstract:

Investigation of Personal Comfort Systems: Experimental Evaluation of Desk and Wearable

Fans in Shared Office Environments
Tazia Rahman

Personal Comfort Systems (PCSs), such as desk fans, can reduce perceived warmth through
elevated air movement but their spillover effect on nearby occupants remains insufficiently
investigated. In addition, few studies have directly compared different fan mechanisms, such as
bladed, bladeless desk fans and wearable fans. This study aims to quantify the effects of personal
fan (three desk and two wearable fans) configurations and operating speeds on thermal comfort
under ASHRAE Standard 55. It further examines zonal cooling performance and cooling
efficiency of different fans while assessing vertical air distribution at multiple body levels of the
primary occupant and associated localized draught risk to adjacent co-workers. Experiments were
conducted in a controlled office space (25+1°C, 40+5% RH) with a 23-segment adaptive
thermal manikin. Results show that whole-body cooling is primarily governed by airflow intensity
and distribution. Conventional bladed desk fans produced the strongest cooling but exceeded
recommended airspeed limits, whereas USB-powered and bladeless fans maintained guideline
airspeeds providing controlled cooling with more uniform zonal Corrective Power (CP). Wearable
fans targeting the thermosensitive face—neck region achieved cooling comparable to broader
breathing-zone—torso airflow. Co-worker measurements revealed higher draught risk (categories
B-C) at rear positions. Although subjective responses in real offices were not assessed, the direct
comparison of PCS technologies using manikin-based physiological and airflow measurements
provide new insights into the spatial cooling and their influence on overall comfort. The findings
also offer guidance for improving PCS performance evaluation methods and optimizing fan-based

PCS design for practical implementation in shared environments.



ACKNOWLEDGEMENTS

First and foremost, I would like to express my sincere gratitude to my supervisor, Dr. Mohamed
Ouf, for his guidance, mentorship, and continuous support throughout this research. I am especially
grateful for the supportive and stimulating research environment he has fostered in the Intelligent
Buildings and Cities Lab (IBCL). His insightful feedback and encouragement have been invaluable

in shaping this work and my development as a researcher.

I would also like to sincerely thank my examiners for their valuable time and thoughtful comments,

which have greatly contributed to improving the quality of this thesis.

I would like to express my heartfelt appreciation to my husband and my son, Farabe Ibn Hossain
and Adyaan Bin Farabe, for their unconditional love, patience, and unwavering support. I deeply
value the sacrifices they have made that allowed me to pursue and complete this work. Their
encouragement and understanding have been a constant source of strength and motivation

throughout my academic journey.

Finally, I would like to acknowledge the collaborative and supportive environment provided by
my colleagues in IBCL at Concordia University. The engaging discussions, exchange of ideas, and
shared learning within the group have greatly enriched my research experience and made this

journey both meaningful and enjoyable.



Table of Contents

CHAPTER 1- INTRODUCTION L...ciuiiuiiiiiiiniiniieiieiiiieiiecieinciecieccensescescnns
1.1 L7 15 P
1.2 Objective of the Study......coviiiniii e
1.3 Scope of the Study......o.ovniii
1.4 Thesis OUtIINE. .....ouiei e
CHAPTER 2- LITERATURE REVIEW....ciitiiiiiiiiiiiiiiiiiiniiiiiiiiiinniesiesninanens
2.1 Thermal comfort theory and the need for localized control...........................
2.2 PCS application in buildings...........coiuiiiiiiiiiii e
2.3 Classification of PCS based on heat transfer system................c.ccevviiiinnnnn
2.3.1 Conduction-Based PCSS........cooiiiiiii
2.3.2  Convection-Based PCSs........coiiiiiiii
2.3.2  Radiation-Based PCSs.......c.cooiiiiiiii
2.4  PCS Classification by targeted body region and evaluation approach................
2.5  Standards and guidelines for PCS operation.................ccooiiiiiiiiiiiiiiiiinnnn.
2.6 Overview and classification of thermal manikin............................ol.
2.6.1 Basic Thermal Manikin...............ooooiiiiiiiiiiiii e
2.6.2  Adaptive Thermal Manikin..................ooiiiiiiiiii e
2.6.3  Numerical Thermal Manikin...............oooiiii
2.7 Overview of JOS-3 thermoregulation model..................oooiiiiiiiiiiiiiin,
2.8 Use of fans as PCS in office settings...........cocovuiiiiiiiiiiiiiiiiiiiiiine
2.8.1  Celling Fan........coooiiiiii
2.82 Stand Fan..... ..o
2.83  Desk Fan........ooooiiiiii i
2.8.4  Wearable fans...........oooiiiiiii i
2.9  Methods for evaluating desk fans for whole body comfort and Zonal Cooling.....
2.9.1  Human subject-based evaluation methods....................cooiiiiin...
2.9.2  Manikin-based evaluation methods....................oo
2.10  Metrics for quantifying PCS efficiency............cooooviiiiiiiiiiiiiiii,
2.10.1 Equivalent Homogeneous Temperature (EHT) ....................oooiii

10
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25
26
27
27



2.10.2  Corrective POWer (CP) .....oiiiiiiiii e 28

2.10.3 Coefficient of Performance (COP) .........ccovviiiiiiiiiiiiiiienee 29
2.11  Research gaps and positioning of the present study..............c.oooiiiiiiiiinn. 30
2.11.1 Limitations in comparison of airflow mechanisms (bladed, bladeless, and
wearable) of fans....... ... 30
2.11.2 Limited Understanding of Multi-Region vs. Breathing-Zone Cooling
B T 1P 31
2.11.3 Need for multi-height and zonal airflow analysis .......................e 31
2.11.4 Lack of co-worker exposure assesSmMent............cvveeeireernreenneennnennn. 32
2.11.5 Lack of Clarity in PCS standards................ooooiiiiiiiiiiiiii, 33
Chapter 3 — METHODOLOGY ...ccuiiuiiiiiiiiieiiiiiieiiiiiiiiietieciieatssseecacsssssceses 34
3.1 Thermal Manikin..........oooiiii e 34
3.2 Validation of manikin operating modes for the experiment........................... 34
3.3 CoOlNG DEVICES. ...ttt 38
3.4  Test conditions and protocol...........o.oiuiiiiiiiiiiii i 39
3.5  Air velocity measurement procedure. ...........c.vvuiiiiiiiiiiiiieiiiieieie e, 44
3.6  Determining cooling whole body thermal comfort..........................l. 46
3.7  Determining cooling efficiency of PCS devices.............cooeiiiiiiiiiiiiininne. 46
3.8  Analyzing draught risk at the co-worker’s location....................ccooviiiannn... 48
3.9  Overall representation of the methodology...................ccooiiiiiiiiiiiiiieiee. 49
CHAPTER 4- RESULT AND DISCUSSION....ccitttiiiiiiuiieriirnineccececsmmmmemmmsnmnees 1
4.1 Effect of PCS devices on whole body thermal comfort.........................oo 51
4110 PMV ANAlYSIS. .ottt e e 51
4.1.2  Equivalent Temperature (Teq) Profile.................oooiiiiiiiiiin, 54
4.2 Effect of zonal cooling on overall thermal comfort....................c.cooi. 58
4.2.1  Zonal Corrective Power (CP).........coooiiiiiiiiii e, 59
4.2.2  Skin temperature distribution across upper body..................ooiiinin 61
4.2.3  Effect of zonal cooling on whole body thermal comfort..................... 62
4.3  Cooling efficiency of the PCS configurations................cocoiiiiiiiiiiiiniiinnnn. 65
4.4  Airspeed Analysis at zonal level................ooiiiiiiiiiiiii e, 07

4.4.1  Multilevel air speed exposure at primary occupant (P1)..................... 67

Vi



4.4.2  Spillover effect at Co-worker at P2 and P3.....................oiiii 69

4.4.3  Draught Risk (DR) analysis..........ccoviuiiiiiiiiiiiiiiii e, 71
S I 11 13 ()3 72
CHAPTER 5 - CONCLUSION AND FUTURE WORKS......cccccciiiiiiiiiiniieinenen. 77
5.1 FINAings. ..o e 77
5.2 Implications of this StUdy..........ooiiiiiiii e 79
5.3 LIMIEATIONS . . ettt ettt ettt e e e 79
5.3 FUture dir€CtionsS. . ....ouintine ittt 80
RETETONCES. . ..ot 82
N 0] 0153 416 Lo N 94

List of Figures

Figure 1: Body-construction concept of JOS-3.. ... 20
Figure 2: The control concept of JOS-3.... .. o i, 20

Figure 3: (a) Thermal comfort vote with 24 human subjects], (b) Suitable air speeds at
different temperatures in different climate chamber experiments.............................. 32
Figure 4: Comparison of face skin temperature of manikin (comfort and JOS-3 mode)
and human (face-considering the average of chin and forehead).............................. 37

Figure 5: Comparison of neck skin temperature of manikin (comfort and JOS-3 mode)

and human (NECK) .......uiii e e 37
Figure 6: Appearance and designed configurations of the selected PCS devices............ 40
Figure 7: Logged air temperature at experimental office space..................cooviiiine. 41

Figure 8: Floor plan of controlled office space and the experimental setup showing
MaNTKIN PlACEIMENT. ... ettt e et e e e e eaaeans 41
Figure 9: Experimental setup showing manikin and adjacent coworker placement......... 42

Figure 10: Test protocol timeline for Personal Comfort System (PCS) devices including

stabilization periods and three fan speed intervals...............c.ooviiiiiiiiii i 43
Figure 11: Data Capture and selection procedure. ..............ccoeiiiiiiiiiiiiiiiiiiaan. 44
Figure 12: Selected levels for airspeed measurement and anemometer settings............. 45

Figure 13. Cooling scenario with Configuration C2 (Left), C3 (middle) and C6(Right)... 45

Vii



Figure 14: Framework of methodology and systematic evaluation............................ 50

Figure 15: Predicted Mean Vote (PMV) at Fan off and 10th minute of fan-on conditions.

The neutral zone represents the ASHRAE 55 -0.5 <PMV <+0.5.........ccciiiiiiinnn.. 52
Figure 16: PMV reduction with increased airspeed levels in desk fan configurations (C1-

L0 T 54
Figure 17(a): Equivalent Temperature (Teq) profile for C1 at three speed levels............ 55
Figure 17(b): Equivalent Temperature (Teq) profile for C2 at three speed levels........... 55
Figure 17(c): Equivalent Temperature (Teq) profile for C3 at three speed levels............ 56
Figure 17(d): Equivalent Temperature (Teq) profile for C4 at three speed levels........... 56
Figure 17(e): Equivalent Temperature (Teq) profile for C5 at three speed levels............ 57
Figure 17(f): Equivalent Temperature (Teq) profile for C6 at three speed levels............ 57
Figure 17(g): Equivalent Temperature (Teq) profile for C7 at three speed levels............ 58

Figure 18: Corrective Power (CP) values of different body parts in terms of local heat
loss (Watts) across three fan speed settings (low, medium, high)......................... ... 60
Figure 19: Thermal image of upper body segments at high speed for all 7 configurations 62

Figure 20(a): Whole body and zonal CP of desk fans directed toward chest................. 64
Figure 20(b): Whole body and zonal CP of desk fans angularly (45 degree) directed

EOWATA CHEST ...t e e e e e e 64
Figure 20(c): Whole body and zonal CP of wearable fans .....................ccceeiiiiiiii. 65
Figure 21: Power input and COP of bladed and bladeless fan configurations ............... 67
Figure 22: Airspeed at different level for the primary occupant (P1) ..........cccccceevvivenees. 68
Figure 23: Airspeed at different level for the adjacent coworker (P2) ..........cccccecvveeeeee. 70
Figure 24: Airspeed at different level for the adjacent coworker (P3) .........ccccceeeeeeeeee.. 70

List of Tables
Table 1: Body parts of the PT Teknik thermal Manikin with respective area (m?).......... 35

Table 2: Appearance, specifications and setup of the instruments used in the experiment. 36
Table 3: Deviation (%) in skin temperature of manikin (comfort and JOS-3 mode) and
RUMAN L. e et 38

Table 4: Technical specifications of the selected PCS devices. ..........cccocvevciieieiieenieenne. 39

viii



Table 5. Clothing insulation values and experimental parameters used for the thermal

MANTKIN. ..ottt e e e eveesneeneenees 43
Table 6. Comparison of whole-body corrective power in terms of EHT(CPgur) and

Q(CPq) from thermal manikin tests across all configurations. ..........cccccceevevcvevceeeene... 66
Table 7: Calculated draught levels (%) at position P2 and P3 for all configurations........ 72

General Terms

PCS

USB

CP

HVAC

ASHRAE

PMV

PPD

PCDs

PHDs

PCM

EHT

CP

ANSI

Personal Comfort Systems

Universal Serial Bus

Corrective Power

Heating, ventilation, and air-conditioning

American Society of Heating, Refrigerating and Air-Conditioning Engineers

Predicted Mean Vote

Predicted Percentage of Dissatisfied

Personal Cooling Devices

Personal Heating Devices

Phase Change Material

Equivalent Homogeneous Temperature

Corrective Power

American National Standards Institute



ISO

PI mode

ADAM

SAM

CFD

VTMs

JOS

AVA

CFIAC

CFE

TSV

TCV

PV

VTCE

SAE

CP

COP

International Organization for Standardization

Proportional Integral mode

Advanced Automotive Manikin

Sweating Agile Thermal Manikin

Computational Fluid Dynamics

Virtual thermal manikins

Joint System Thermoregulation Models JOS

Arteriovenous Anastomosis

Ceiling-Fan-Integrated Air Conditioning

Cooling Fan Efficiency

Thermal Sensation Vote

Thermal Comfort Vote

Personalised Ventilation

Virtual Thermal Comfort Engineering

Society of Automotive

Corrective Power

Coefficient of Performance



CFE Cooling Fan Efficiency

DR Draught Risk

SD Standard Deviation

Symbols

Tk Skin Temperature

Teq, Equivalent Temperature

P Heat Loss Aj Surface area of each body segment
Tekj Skin Temperature of each body segment
Qj Heat loss of each body segments

Leio Clothing Insulation

Ta Local air temperature

Va Local mean air velocity

Tu Local turbulence intensity

xi



CHAPTER 1- INTRODUCTION

1.1 Overview

Thermal comfort in office spaces has traditionally been maintained through Heating, ventilation,
and air-conditioning (HVAC) control strategies, with uniform temperature and humidity within a
narrow range throughout the entire space [1][2]. However thermal comfort is highly personalised
and decades of research show that it is mostly influenced by metabolism, clothing, posture, activity
pattern and sensitivity [3][4][5]. In an open plan office, these differences become particularly
evident and centralized control often fails to satisfy all occupants simultaneously [6][7]. Since the
occupants are with diverse comfort preferences and thermal neutralities, even an environment
optimised for the average occupant still result about 20% of occupants feeling either too warm or
too cool [8][9]. To address this limitation, personal comfort system (PCS) has emerged as an
occupant-centric technology that provides localised heating and cooling to individual users
[10][11]. PCS has been proven of delivering 100% occupant thermal comfort as it allows
occupants to fine tune their local thermal environment without conditioning the entire space
[12][13][14][15]. Numerous experiments and simulations have shown that acceptable comfort
could be achieved at higher setpoints through the incorporation of PCS and thereby HVAC energy
consumption could be reduced while improving occupant satisfaction [16][17][18]. In practice,
10-20% cooling energy can be saved through increasing the indoor setpoint temperature by 1-2° C
[19][20]. Consequently, PCS are increasingly viewed as a key strategy for achieving energy-

efficient and occupant-responsive indoor environments.

Among PCS options, personal desk fans are some of the most widely adopted devices because
they are inexpensive, easy to install and provide immediate relieve with increased convective and

evaporative heat loss. Desk fans can take advantage of both temporal and spatial alliesthesia, a



pleasant sensation resulting from the alleviation of physiological thermal stress. ‘Temporal
alliesthesia’ occurs during transient shifts in the body as it transitions from non-neutral to
equilibrium [21][22][23]. The rapid response from desk fans makes them capable of activating this
form of pleasantness in occupants with varied thermal conditions and activity level. ‘Spatial
alliesthesia’ involves simultaneous non-neutral thermal condition on different regions of the body
[10][24][25] and can be improved significantly with elevated airspeed on warm environments
[11][13][24]. Additionally, the control on local air movements influences the occupants to accept
warmer indoor temperatures, particularly when airflow is directed towards exposed regions of the
face and upper body [17]. However, despite all the advantages of desk fan, it can increase the risk
of local overcooling with excessive air movement and decrease comfort even when overall thermal
sensation improves [26]. Another drawback is the airflow coming from the PCS can noticeably
modify the micro-environment of nearby coworkers, often leading to the risk of draught
discomfort. This spillover effect to the coworker is one of the major limitations of implementing

desk fan based cooling strategies in open plan workspace, that remains relatively less studied.

In parallel with research on conventional desk fans, recent studies have increasingly focused
targeted cooling to specific segments of the human body with wearable cooling systems (e.g., neck
and face fans) as an alternative PCS approach that minimizes disturbances to surrounding
occupants. Waseem [27] shows that the portability and negligible energy use of wearable cooling
systems have increased research trends almost 20 times higher over the past two decades. These
wearable cooling solutions are generally divided into two categories — passive (e.g. radiative
cooling textiles) and active (e.g. fan assisted ventilation garments). While radiative cooling textiles
and ventilation garments are effective [28][29], they often restrict movement [30] or introduce

hygiene concerns due to the recirculated air contaminated by sweat and body odor [29]. On the



other hand, lightweight wearable fans targeting the face and neck regions have emerged as a
promising alternative. Although the face and neck account for only 5.5% of the body’s surface
area, physiological and thermoregulatory studies show that cooling these zones can expand the
acceptable indoor temperature boundaries [31]. Cotter and Taylor further demonstrated that the
hedonic thermal responses of face and neck are stronger than any other body parts and even small
cooling interventions can produce disproportionately large improvement in overall comfort [32].
Additionally, face and neck cooling via lightweight fans has shown reductions in local skin
temperature up to 2.1°C and moderated thermal sensation votes allowing the HVAC set-point

elevations up to 32 °C [29].

Despite this growing body of evidence, a systematic comparison between wearable face and neck
fans and conventional desk fans has not yet been thoroughly investigated in an office-like
environment. Conventional bladed and bladeless desk fans typically provide airflow to the
breathing zone, torso, and hands, while wearable devices primarily deliver targeted cooling to the
face and neck regions. While the thermo-sensitivity of the face and neck is well established, it
remains unclear whether low-energy, targeted cooling at breathing zone by wearable devices can
achieve whole-body thermal comfort comparable to that provided by conventional desk fans.
Furthermore, the relative thermal comfort performance of these different PCS technologies have

not been evaluated within a unified experimental framework.

In addition, to enable the use of air movement as a comfort strategy, ASHRAE standard 55 limits
the airspeed between 0.3-0.8 m/s when a desk fan is directed toward head, face or upper body [33].
This practical airspeed range allows to balance the cooling benefits of increased convection with
the potential risk of draught discomfort of the primary user and nearby occupants. However, in the

elevated airspeed section the same standard mentions that there is no upper speed limit if the



occupant has direct control, which introduce a degree of ambiguity in practical applications. When
occupants adjust the fan speed according to their preference specially beyond the threshold limit,
the resulting airflow may become highly non-uniform, with very high velocities directed toward
the upper body and head region while the lower body receives minimal airflow [6]. Such conditions
may introduce local discomfort and may also affect nearby co-workers who are exposed to

unintended air movement.

Despite the increasing adoption of desk fans as PCS, the impact of desk fan airflow on adjacent
occupants in an energy conscious open plan office settings remain poorly quantified. Previous
research highlights that individual environmental control in open plan office can conflict with
shared environmental quality [7]; however, no experimental studies explicitly link desk-fan
configurations with airflow spillover and coworker drought risk across multiple heights. This gap
is particularly important in practice, as PCS adoption in office is often limited by complaints from
nearby occupants who experience unwanted air movements without having personal control.
Therefore, A combined analysis of average and local airspeed distribution towards primary
occupant, together with potential exposure of the adjacent coworker, is essential for evaluating the

practical application of ASHRAE standard 55 guidelines in real-world shared office settings.

Against this background, the overarching goal of this thesis is to experimentally evaluate and
compare the thermal performance, airflow characteristics, and shared-environment impacts of non-
wearable and wearable PCS in an energy conscious open-plan office setting. This analysis aims to
inform evidence-based guidelines for efficient and socially acceptable occupant-centered thermal

control.



1.2 Objective of the study

The present study aims to provide an integrated experimental assessment of PCS performance in

an open-plan office context. The objectives of this study are:

1. Quantify the effects of personal fan configurations (air distribution mechanism and
placement of bladed, bladeless, and wearable fans) and operating speeds on occupant
thermal comfort.

2. Evaluate the zonal cooling performance of each fan configuration and examine how
localized cooling influences whole-body thermal comfort.

3. Quantify and compare the cooling efficiency of the different fan types across operating
conditions.

4. Assess vertical air distribution at multiple body levels to evaluate overcooling risk for the

primary occupant and the associated localized draught risk to adjacent co-workers.

1.3 Scope of the study

This research presents a comprehensive experimental evaluation of airflow mechanism and
thermal comfort PCS in open-plan office environments with a thermal manikin. It presents a
comparative evaluation of different airflow mechanisms, including direct airflow from
conventional desk fans, split airflow generated by dual small bladed fans, diffused airflow from
bladeless fans, and targeted airflow from wearable cooling devices. In addition, a multi-height
airflow measurement structure is developed to better understand zonal airflow exposure at
different body levels and its influence on localized and whole-body thermal comfort. The research
also quantifies airflow spillover and associated draught risk at adjacent location of coworkers,

providing insights into how PCS operation can affect nearby occupants in shared office settings.



The analysis is based on objective physiological measurements from a non-sweating thermal
manikin and airflow data measured at different locations in the office space. The scope therefore
includes assessment of zonal and whole body cooling effects, spatial airflow distribution and

spillover of the desk fans in shared office space.

1.4 Thesis outline

Chapter 1 highlights the significance of PCS, particularly desk fans and wearable cooling devices,
as energy-efficient solutions and outlines the challenges associated with non-uniform airflow and
potential draught exposure to nearby occupants in shared office spaces. The research objectives

and scope of the study are presented are presented based on the background.

Chapter 2 reviews the existing research related to thermal comfort theory, the application of PCS
in buildings and operating principles of thermal manikin. It summarizes commonly used human-
subject and thermal manikin based evaluation methods, along with key performance metrics and

concludes by identifying research gaps that motivate the present study.

Chapter 3 explains the experimental setup, environmental conditions of the controlled office space,
criteria for designing the fan configurations, and measurement procedures for airflow distribution.
In addition, the analytical methods used to calculate thermal comfort indices, cooling efficiency,

and draught risk are presented.

Chapter 4 presents the experimental results and analyzes the thermal comfort performance of the
tested PCS configurations. It evaluates both whole-body and zonal cooling effects and explores
airflow spillovers and draught risk at nearby co-worker locations to assess the practical

implications of PCS use in shared office environments.



Chapter 5 summarizes the key findings of the study and discusses their implications for the design
and application of PCS in office environments. The chapter also discusses the limitations of the
present experimental framework and suggests directions for future research. Finally,
recommendations are provided for improving PCS design and developing clearer guidelines for

their implementation in shared indoor spaces.



CHAPTER 2- LITERATURE REVIEW

This chapter reviews existing studies on the application and performance evaluation of PCS,
including both human subject and thermal manikin—based investigations. It summarizes the key
methods and metrics used to assess PCS effectiveness, along with the guidelines provided in
standard. The chapter also discusses the limitations of current PCS research and the gaps in existing

thermal comfort standards and establish the need for a comprehensive assessment framework.

2.1 Thermal comfort theory and the need for localized control

In literature, thermal comfort is defined as ‘condition of mind that expresses satisfaction with the
thermal environment’ [33][34]. In practice, it refers to how comfortable the occupant is feeling
with the surrounding thermal condition. Acceptable indoor environment is defined by ASHRAE
standard 55 by integrating environmental parameters such as air temperature, airspeed and radiant
temperature with physical variables like clothing insulation and metabolic rate. Two primary
frameworks are widely used to understand and predict human thermal comfort. First one is the
heat balance approach which considers the human body as physical system and assess comfort
based on the balance between metabolic heat production and heat loss between surrounding
environment through conduction, convection, radiation and evaporation. PMV-PPD model [26]
and multi-node thermoregulation model [35] focusing mainly of physiological and environmental
aspects, is the prominent example of this approach. The second framework is the adaptive thermal
comfort approach, where comfort is viewed as a dynamic and context-dependant process. This
approach explains that the users actively adapt their environment through behavioral changes, such
as opening windows, modifying clothing level or operating PCSs, as well as physiological
adjustments [4][36]. Humphreys and Nicol [37] described this adaptive process clearly stating, “If

a change occurs such as to produce discomfort, people react in ways which tend to restore their



comfort”. De Dear and Brager [4] established that adaptive thermal comfort model is mostly
applicable in naturally ventilated buildings, where indoor condition is greatly depended to the

outdoor environment and occupant control.

When the adaptive model was introduced into ASHRAE standard 55, Brager and Olsen [38]
explored an important limitation of uniform thermal control, mentioning even when the indoor
condition satisfies the 80% acceptability criterion, a significant fraction remains dissatisfied.
Individual control was found to be the most effective way to address the personal differences in
comfort preferences. Based on this concept, Zhang [39] introduced a thermal comfort model for
non-uniform and transient environment. Her work demonstrated that the thermal sensation and
overall thermal perception is highly dependent on local thermal sensation, with the head and hands
being most sensitive in warm conditions and the hands, arms, and feet in cool conditions. The
study identified that targeted cooling or heating at these thermally sensitive zones can notably
enhance thermal comfort, even when the ambient temperature falls outside the conventional
comfort zone. These insights contributed to the development of energy efficient PCSs to provide
direct heating cooling to the occupants [40][41]. The users can modify their thermal conditions
according to their individual preferences with these approaches and reduce the overall HVAC
energy demand. In this context, PCSs can be considered as practical devices that support adaptive
behavior in modern buildings, bridging the gap between conventional heat-balance models and

real-world comfort needs in energy efficient manner.

2.2 PCS application in buildings

Arens [42] defined PCSs as technologies that deliver localised heating, cooling or ventilation

directly to the occupant without relying on the central HVAC system. PCSs can be divided into



two main categories, Personal Cooling Devices (PCDs) and Personal Heating Devices (PHDs),
and these categories they were further classified based on their characteristics and targeted area.
PCSs can also be distinguished by systematic classification considering three key aspects: primary
heat transfer mechanism, targeted body segment and evaluation approach and subject response. A
wide range of PCS technologies for both heating and cooling applications has been reported in
extensive literature studies. Rawal [42] conducted a comprehensive review of more than 150 PCS

studies and classified systems based on operating mode, control strategy, and targeted body region.

2.3 Classification of PCS based on heat transfer system

Categorising the PCSs in terms of heat transfer mechanism, conduction, convection and radiations
is the most used approach in the literature. This outline provides a physical basis for evaluating
and comparing the efficiency of different heating and cooling devices providing a clear
understanding how various PCS technologies influence human thermoregulatory system and zonal

thermal sensation.

2.3.1 Conduction-Based PCSs

Conduction based PCSs moderate thermal comfort through direct contact between device and
human skin, allowing heat to be transferred through contact surface. In cooling PCS category
covers cooling vests with phase change material (PCM) [43][44][45], cooling pads and chairs [1],
and thermally conductive textiles, that absorb sensible or latent heat from the skin [46][47]. Among
these examples, PCM based systems are particularly effective because they are able to absorb and
release thermal energy during phase transition that stabilizes local skin temperature and enhances
perceived comfort in warm environment. A number of studies have reported enhanced thermal

sensation and overall comfort with the use of conduction base PCSs, especially under transient

10



condition and high heat exposure [43][44][45][46][47][48]. However, the cooling performance of
conduction based PCS depends largely on factors like contact area, duration of thermal capacity,
material properties. The cooling effect gradually weakens as the PCM completes the phase
transition [47]. As a result, these systems are generally suitable for temporary task specific cooling,
and their real world applicability is also challenged by added weight, bulkiness, regeneration time,

and non-uniform cooling distribution.

For heating applications, conduction-based PCSs include heated chairs [49][50][41][51] heated
cushions [1][52], backrests [53], heated desk surfaces and shoe insoles [17][54], which provide
direct warmth to body segments that are highly sensitive to cold [55][56][59, 60]. These systems
were found highly effective in improving the overall thermal comfort as warming body segments
such as lower back, thigh and feet can substantially improve comfort even in cool indoor
environment. In addition to their comfort benefits, they offer a major energy advantage requiring

significantly less energy compared to increasing the temperature of the entire room.

2.3.2 Convection-Based PCSs

Convection-based PCSs improve comfort sensations by increasing local air movement, which
enhances convective and evaporative heat loss from the body and the surrounding environment.
This approach is the most widely used and practically implemented PCS type, especially for
cooling applications. Common examples include ceiling fans, pedestal fans, desk fans, wearable
fans, and localized air terminals [42]. Convective cooling PCSs are markedly efficient in warm
environments, especially for occupants engaged in sedentary activities. The increased air velocity
near the skin significantly enhances heat dissipation and sweat evaporation in this case [19]. Both

simulation and experimental studies have demonstrated that personal fans extend cooling setpoints
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substantially, often by approximately 1-3 K, without compromising acceptable comfort level

[81[19].

Despite these advantages, convection-based PCSs are likely to introduce important challenges
related to uneven airflow distribution and local draught risk. Elevated air jet directed to sensitive
body segments such as the face, neck, or hands may cause unwanted discomfort, specifically under
energy conscious ambient conditions [3]. In addition, airflow jets from desk or pedestal fans can
extend beyond the primary user, leading to airflow spillover and unwanted exposure of nearby
coworkers [42]. In heating mode, convection-based PCSs typically include small desktop heaters
and localized warm-air units, that create a small thermal microclimate around the occupant. While
these systems effectively provide local warmth, their efficiency depends strongly on airflow
direction, temperature, and distance from the users. It may also lead to localized dryness or

overheating if not properly controlled [56].

2.3.3 Radiation-Based PCSs

Radiation-based PCSs operate by influencing the exchange of radiant heat between the human
body and surrounding surfaces. Examples of cooling technologies are radiant cooling panels
[57][58] and radiative cooling textiles [59], which promote greater long-wave heat loss from the
body. Recent development in this field focuses on advanced materials designed to improve infrared
emission while limiting solar heat gain. This allows passive or low-energy cooling without the
need for increased air movement. Radiative cooling is suitable in environments where air
movement is undesirable, such as quiet workplaces or healthcare spaces. However, the
performance of radiative PCSs is highly dependent on specific factors such as surface temperatures

and clothing insulation [42].
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For heating, radiation-based PCSs include infrared radiant panels [58], radiant foot warmers
[18][60], and localized radiant heaters [61], which directly warm exposed body surfaces through
radiant heat transfer. These systems are especially effective in warming exposed body regions,
especially to feet and lower extremities, and can achieve high acceptance levels with minimal

impact on overall air temperature [62].

2.4 PCS Classification by targeted body region and evaluation approach

Another way to effectively classify the PCSs is based on the body zones they target. As different
body regions do not contribute to the overall thermal perception equally, the abovementioned PCS
technologies are sometimes classified as how they provide cooling and heating to localized areas.
This classification aligns well with the segmented evaluation conducted on local body parts
through human subjects or manikin. However, in practice, many modern PCS concepts are hybrid
systems that combine multiple heat-transfer mechanisms and target several body regions
simultaneously. Examples include systems combining convective and radiative heating/ cooling,
or integrated solutions such as heated chairs with leg or foot warmers, which reduce sensitivity to

individual variability [56][63].

Beyond physical classification and PCSs are sometimes categorized based on how their
performance is evaluated. Human-subject studies typically assess thermal sensation votes, comfort
votes, and preference responses. Sometimes physiological indicators such as skin temperature or
heart rate are also considered [31]. In contrast, manikin-based studies use segmental heat loss,
equivalent homogeneous temperature (EHT), and corrected power (CP) to quantify localized

thermal effects under controlled conditions [14][17][40]. Current studies increasingly advocates
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for multi-metric classification and evaluation frameworks that integrate subjective comfort,

physiological response, and energy performance [64]

2.5 Standards and guidelines for PCS operation

ASHRAE Standard 55 [33] is a widely accepted international standard for thermal comfort which
is sponsored and controlled by the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) and co-sponsored by the American National Standards
Institute (ANSI). The standard is similar to ISO 7730 [34] and is based on PMV [3]. Nevertheless,
the ASHRAE standard was the first international standard to include an adaptive approach. Under
extensive work by de Dear and Brager, and using data from ASHRAE project RP884, adaptive
criteria for free-running buildings were developed [47]. ASHRAE standard employs the relation
between indoor comfort temperature and outdoor temperature to describe acceptable ranges for

indoor temperature in naturally ventilated buildings.

The 2023 edition of ASHRAE Standard 55, guidelines and provisions for the application of PCS
are included. ASHRAE standard 55 defines PCS as localized heating or cooling systems that
occupants can directly control and that can produce a meaningful modification in thermal
sensation. For cooling applications, the standard specifies that a PCS must be capable of achieving
at least a —0.5 change in PMV at design cooling conditions. This requirement also includes several
equivalent mechanisms, including a reduction in average air temperature by 3 °C, a reduction in
mean radiant temperature by 3 °C, or an increase in average air speed by at least 0.3 m/s. In the
case of air-movement-based PCS such as desk fans aimed at the head, face, or upper body,
ASHRAE standard 55 prescriptively limits the acceptable operational range at 0.36—0.8 m/s. For

other cooling PCS, such as cooled chairs, the standard specifies a minimum heat extraction

14



capacity of 20 W from the body, thereby translating thermal comfort impact into an equivalent

power-based metric.

For heating purpose, ASHRAE standard 55 specifies that PCS must provide at least a +0.5
modification in PMV under designed heating conditions. Other criteria are an increase in air
temperature or mean radiant temperature by 3 °C, or by using devices with defined heating output
such as 6 W for footwarmers and 14 W for heated chairs. The standard also emphasizes that PCS
must either be evaluated by the criteria listed in guideline table [Table 6-2] or demonstrate an
equivalent minimum corrective power of £2 °C. This recommendations provide a baseline for
evaluation of PCS effectiveness on the human body and provide a quantitative framework for

incorporating PCS into thermal comfort compliance.

2.6 Overview and classification of thermal manikin

Thermal manikins are specifically developed as anthropomorphic instruments to simulate thermal
interaction between human body and the surrounding environment under controlled conditions
[65][66][67][68][69]. They provide objective and repeatable data that complement subjective
human studies and are particularly valuable for evaluating thermal comfort in buildings, vehicles,
and clothing systems [66][67][68][69]. Modern thermal manikins are designed to replicate human
body geometry, heat production, and heat loss mechanisms. They are typically segmented,
allowing independent control of individual body parts to represent non-uniform heat transfer
across the body [66][70][71][72][73]. Advanced manikins may also incorporate human
thermoregulation models, enabling more realistic assessment of thermal comfort in complex and

non-uniform environments [65][67].
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Manikins were originally developed to measure clothing thermal insulation and have long been
used to measure heat transfer between human body and its environment [74][75]. Early
developments, like the standing manikin by Winslow and Herrington [76] and Toda’s copper
manikin, laid the foundation for modern applications. Today, the evaluation of clothing insulation
and moisture vapor resistance remains a key application of thermal manikins [65][69][77][78]. In
addition, thermal manikins are extensively used to assess HVAC performance and indoor thermal
environments, allowing detailed investigation of factors that strongly affect thermal comfort such
as vertical temperature gradients, radiant asymmetry, and local airflow [70][79][80][81]. Recent
literature identifies three primary types of manikins used in thermal comfort and heat transfer

research: basic thermal manikin, adaptive thermal manikin, and numerical thermal manikin.

2.6.1 Basic Thermal Manikin

Basic thermal manikins are physical devices designed to simulate the human body's shape and heat
production and could be divided as non sweating and sweating thermal manikin. Non-sweating
thermal manikins are designed to simulate human sensible heat exchange by maintaining a
controlled surface temperature. It allows to quantify the dry heat transmission parameters such as
thermal insulation (clo), convective and radiative heat loss, and Equivalent Homogeneous
Temperature (EHT) under steady environmental conditions [34][82]. These manikins are widely
used in building science and PCS research because they provide highly repeatable and stable
measurements. On the other hand, sweating thermal manikins are incorporated with controlled
water supply through a permeable skin to simulate human sweat. It enables direct measurement of
both sensible and latent heat loss as well as clothing evaporative resistance (Ret) [77][83].
Sweating thermal manikins are commonly used to measure clothing evaporative resistance

[84][85][86] as they provide a more physiologically realistic representation of human
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thermoregulation, particularly in hot conditions where evaporation dominates total heat dissipation
[87][88]. However, sweating manikins are more complex to operate and require careful control of
sweat rate, uniform wetting, and environmental conditions to ensure measurement accuracy and
repeatability [87]. Therefore, non-sweating manikins are preferred for controlled evaluation of
sensible heat transfer and PCS performance, while sweating manikins are more suitable for
comprehensive assessment of comfort and evaporative cooling under realistic thermal stress

conditions.

Traditionally, thermal manikins are used with three different control modes: constant skin surface
temperature (PI) mode; constant heat flux mode; and the comfort mode. In PI mode, each body
segment of the thermal manikin is controlled to maintain a target skin temperature. The controller
continuously compares the measured skin temperature with the setpoint and adjusts the heating
power accordingly [89][90]. In locked power mode, the heating input for each segment is kept
constant and does not respond to environmental changes. As a result, skin temperatures are free to
vary depending on local thermal influence. In comfort mode, the manikin operates using a
physiologically based control strategy instead of maintaining fixed skin temperatures. Segmental
heat loss is governed by a comfort equation producing heat flux and skin temperature values

representing a comfort driven human [89].

2.6.2 Adaptive Thermal Manikin

Adaptive thermal manikins enhance the capabilities of conventional manikins by integrating
human thermoregulation models and enabling their application under transient thermal conditions
[65][67]. These systems dynamically regulate segmental heat output and skin temperature to

simulate physiological responses such as vasoregulation, sweating, and shivering in response to
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changing environmental conditions. Adaptive manikins provide a more realistic representation of
human thermal response in non-uniform and transient environments than basic control modes by
coupling it with a multi segmental thermoregulation control. Adaptive manikins have been
developed and evaluated in several studies, including those by Psikuta [91], Rugh [92], and Yang
[93]. The coupled thermoregulatory models applied in these studies include the model developed
by Huizenga [94], the Fiala model [95] and its revised UTCI-Fiala model [35], as well as the 65
multi-node (65MN) model [96]. The manikins used include ADAM (Advanced Automotive
Manikin) [92], Newton [97], and SAM (Sweating Agile Thermal Manikin) [98]. In addition, Foda
and Sirén [99][100] employed the MSP model developed based on the original Pierce model [101]
with the thermal manikin ‘Therminator’, while Shinoda [102] applied the JOS-3 model developed
by Takahashi [103] with a PT Teknik thermal manikin to assess individual thermal responses under

transient environmental conditions.

2.6.3 Numerical Thermal Manikin

Numerical thermal manikins are computational models that leverage techniques such as
Computational Fluid Dynamics (CFD) to simulate the thermal exchange between a virtual human
body and its environment [65][104]. Numerical manikins exist entirely within a software
environment, allowing simulations of complex scenarios that are difficult or impossible to replicate
physically [65]. These virtual manikins can be coupled with human thermal models to visualize
thermal comfort, investigate indoor air quality, and analyze pollutant exposure reduction in
personalized ventilation systems [105]. Advanced virtual thermal manikins (VTMs) are equipped
with breathing functionality, that can simulate the flow interaction in the breathing zone and

provide valuable insights into indoor air quality and occupant thermal comfort [104].
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2.7 Overview of JOS-3 thermoregulation model

JOS-3, developed by Takahashi [103], is a human thermoregulation model based on the lumped-
parameter model of Stolwijk [106]. It was derived from earlier versions including the 65MN model
[104] and the Joint System Thermoregulation Models JOS [107] and JOS-2 [108]. Compared to
previous JOS models, JOS-3 incorporates additional features such as basal metabolic rate
estimation, aging effects on thermoregulation, and shivering and non-shivering thermogenesis.
The model can be personalized with respect to sex, age, body composition, and cardiac activity,
allowing evaluation of a wide range of populations. Figure 1 shows the concept of JOS-3, a multi-
node human thermoregulation model derived from Stolwijk’s framework and its predecessor JOS-
2. The model represents the human body using 85 nodes distributed across 17 anatomical
segments, including the head, torso, arms, and legs. Each segment is composed of layered nodes
representing blood, core, muscle, fat, and skin, with varying composition by body region. Blood
flow is modeled through arterial, venous, and superficial venous pools, with arteriovenous
anastomosis (AVA) included in the hands and feet to capture peripheral thermoregulation. To
improve prediction accuracy the head and pelvic are modeled with additional layers. This detailed
multi-layer; multi-segment structure enables realistic simulation of heat transfer and physiological

responses under non-uniform thermal conditions.

The JOS-3 model is implemented in Python-3 [109] to enable real-time coupling with the thermal
manikin control software. In the adapted framework, the internally calculated sensible heat loss
terms are suppressed, and the segmental heat loss measured by the thermal manikin is inputted
directly to the JOS-3 model as skin heat loss. The model then computes the corresponding skin

temperatures, which are returned as dynamic setpoints for the manikin surface temperature control
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using an existing PI controller [102]. A conceptual illustration of the control framework is given

in Figure 2.
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2.8 Use of fans as PCS in office settings

The integration of ceiling, desk, and stand fans with mechanically air-conditioned spaces has been
widely documented to enhance occupants’ thermal comfort and reduce overall cooling energy

demand. By increasing air movement and promoting convective and evaporative heat loss from
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the body, these fan-assisted strategies allow for higher thermostat setpoints without compromising
perceived comfort. However, despite their proven benefits, each fan type exhibits distinct
performance characteristics, operational advantages, and potential limitations related to airflow
distribution, noise, draught risk, and shared-space impacts. The effectiveness and associated

drawbacks of these fans are therefore summarized in the following sections.

2.8.1 Ceiling Fan

Both laboratory and field studies demonstrate that ceiling fans can maintain acceptable comfort at
elevated indoor temperatures (2631 °C) by increasing local air movement and enhancing
convective heat loss. Studies reported that occupants remained thermally comfortable at 28 °C and
31 °C when using personal ceiling fans, and that personal control over fan speed significantly
improved comfort perception, highlighting the importance of user control and expectations
[110][111]. Lipczynska [112] found that the most comfortable office condition occurred at 26 °C
with operating ceiling fans, compared to a conventional setpoint of 23 °C, increasing thermal
acceptability from 59% to 91% and significant energy savings (~44 kWh/m?-year). From an
airflow perspective, CFD and experimental studies show that ceiling fan performance is highly
influenced by rotation speed, which controls airflow circulation and convective heat transfer
around the body [113]. Zhai [114] further established that, with occupant control, increased air
speed from ceiling fans significantly improves thermal comfort and perceived air quality in warm-
humid environments, enabling acceptable comfort at temperatures up to 30 °C. Advanced concepts
such as Ceiling-Fan-Integrated Air Conditioning (CFIAC) also confirm that fan-assisted airflow
can provide thermal comfort at higher setpoints compared to conventional systems at lower
temperatures, despite non-uniform airspeed distributions [115][116][117]. Although ceiling fans

are effective at improving overall comfort, they typically generate room-scale air movement,
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which can increase the risk of unwanted draft or cross-exposure for nearby occupants in shared
spaces [118]. In this context, ASHRAE Standard 55 emphasizes the importance of occupant
control for elevated air speed and more localized solutions, such as desk fans, which could offer

better individual control and acceptability in open-plan office environments.

2.8.2 Stand Fan

The performance of stand and pedestal fans as personal cooling systems have been evaluated by
several studies, that highlighted their effectiveness and energy-saving potential. Sun [119] to
assesses thermal comfort under different indoor temperatures (22-30 °C) and fan speed settings
with combined human subject and manikin tests. Results demonstrated that stand fans significantly
enhance convective heat transfer and provide noticeable cooling effects, enabling comparison with
conventional air-conditioning in terms of energy performance. Relatable results were found by
Muhammad [120] with a Peltier-based bladeless pedestal fan, showing that integrating
thermoelectric modules can further improve cooling efficiency, achieving up to 22% temperature
decrease and significant energy savings compared to traditional pedestal fans and air conditioners.
Yang [121] introduced the Cooling Fan Efficiency (CFE) index based on thermal manikin
experiments, which relates whole-body cooling effect to power consumption. He found that
although stand fans consume electrical energy, brushless DC stand fans can achieve up to three
times higher efficiency than conventional AC fans. However, user preference and comfort
perception under the resulting non-uniform airflow fields at elevated temperatures were not
explicitly addressed. Kim [122] identified thermally comfortable operating conditions for stand
fans in warm environments, showing that elevated air movement can extend the acceptable
comfort range beyond that defined by ASHRAE Standard 55 for uniform airflow conditions.

Nevertheless, some studies have also reported that high-velocity air jets may increase the risk of
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draught discomfort and eye irritation, indicating potential limitations of pedestal fans as personal

cooling devices [123].

2.8.3 Desk Fan

Desk fans increase the acceptable thermal comfort range, consistent with the Adaptive Comfort
Model and local thermal comfort principles [124]. For instance, a field study in a zero-energy
office building in Singapore reported a 36% reduction in cooling energy consumption following
the installation of ceiling and desk fans, while maintaining high levels of occupant comfort and
satisfaction [125]. Desk fans also facilitate individualized thermal control in shared office
environments, enhancing overall comfort and satisfaction [126]. Air velocities between 0.2 and
0.8 m/s at the occupant level are generally effective for enhancing thermal comfort [127], although
draught and discomfort could occur depending on individual sensitivity and fan placement [127]
[128]. To identify the upper acceptable indoor temperature limits with PCSs, various studies have
implemented desk fans while gradually increasing thermostat setpoints. Shetty [129] and
Lipczynska [112] increased the temperature from 23 °C and found that 27 °C was not acceptable
in office environments. Based on this result, Kent [118] evaluated a setpoint of 26.5 °C with desk
fans for over three weeks and reported high occupant satisfaction. Other evaluations have shown
that desk fans provide cooling performance comparable to other personal comfort systems (PCS)
[130]. Udayraj [131] reported similar overall comfort and skin temperature responses between
desk fans and ventilation clothing, while Yingdong [132] demonstrated that desk fans are highly
energy-efficient, although hybrid systems combining radiant cooling and desk fans can further
extend the comfort range at the expense of higher energy consumption. Meiling [133] found that
low-power desk fans (maximum 3 W) meaningfully improved thermal comfort, thermal sensation,

and observed air quality in warm-humid conditions (26-30 °C), with user-controlled airflow
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providing superior comfort. Although barriers such as noise, perceived unintended draught, and
lack of integration guidelines remain, ongoing research continues to optimize their application,
including investigations into distribution to maximize comfort while minimizing adverse

physiological effects [124][125].

2.8.4 Wearable fans

Wearable face and neck fans enhance thermal comfort primarily by increasing local convective
and evaporative heat loss at thermally sensitive regions, particularly the face and neck, which play
a critical role in thermal perception. Researches have demonstrated that, in warm condition, these
devices can reduce local skin temperatures at the forehead, face, and neck by up to approximately
2.1 °C, accompanied by significant improvements in both local and whole-body thermal sensation
and comfort votes [134]. Similarly, occupational and chamber-based studies have shown that
wearable neck fans improve whole-body thermal comfort by providing targeted cooling to exposed
upper-body regions, although excessive or uneven airflow may lead to localized overcooling or
thermal asymmetry depending on airflow intensity and distribution [135][136]. Physiological
investigations further established that localized facial and neck cooling can substantially reduce
perceived heat stress and discomfort even without significant reductions in core body temperature.
This highlights the strong effect of upper-body thermal receptors on whole-body comfort
perception [29]. Despite these established benefits, studies directly comparing the effectiveness of
localized head-neck cooling with combined head-neck—torso cooling strategies in office
environments remain limited, indicating the need for further research to quantify their relative

contributions to whole-body and zonal thermal comfort.
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2.9 Methods for evaluating desk fans for whole body comfort and Zonal Cooling

The principal methodological approaches used to evaluate desk fans for whole-body thermal
comfort and zonal cooling varies significantly. The human subject and manikin based methods,

are discussed in the following sections.

2.9.1 Human subject-based evaluation methods

Human-subject studies evaluating desk fans as PCSs commonly combine physiological
measurements and subjective questionnaires to assess both whole-body thermal comfort and zonal
cooling performance. Udayraj [131] measured heart rate (HR) and local skin temperatures to
calculate mean skin and torso temperatures. Questionnaire-based perceptual responses were used
to assess whole body thermal comfort, including thermal sensation vote (TSV), thermal comfort
vote (TCV), and air movement acceptance. Local skin temperature measurements revealed that
desk fans provided greater cooling at exposed regions (forehead, forearms, and hands), while
ventilation clothing reduced torso temperatures more effectively. Similarly, Yingdong [132] used
questionnaire-based thermal sensation and acceptance votes to assess whole-body comfort and

showed that desk fans provided energy-efficient cooling at temperatures up to 30 °C.

Similar approaches have also been adopted in several studies. Tang [1], [Imiawan [128] and Wang
[137] primarily depend on subjective questionnaires to evaluate thermal sensation, comfort, and
acceptance under desk fan operation, while physiological indicators such as skin temperature were
used to quantify localized cooling effects. Norouziasl [127] integrated physiological monitoring,
including skin temperature and biometric responses, with subjective feedback to assess comfort
and airflow effectiveness. Field studies by Kent [125] Wegertseder-Martinez [138], and André

[126] evaluated whole-body thermal comfort and satisfaction using occupant surveys with desk
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fan. In addition, Lu and Hameen [139] and Yu [140] incorporated subjective feedback with non-
intrusive sensing and comfort modeling to assess personalized thermal comfort in office
environments. Overall, these studies demonstrate that with human subjects, whole-body thermal
comfort is primarily addressed using subjective questionnaire-based metrics, such as TSV, TCV,
and comfort acceptance. Zonal cooling performance is evaluated using physiological
measurements, specifically local skin temperature, mean skin temperature, and torso temperature,

with heart rate occasionally used as a supplementary indicator.

2.9.2 Manikin-based evaluation methods

Thermal-manikin studies on desk fans/personal fans typically estimate whole-body thermal
comfort by converting measured manikin dry-heat exchange into manikin-based equivalent
temperature (Teq) and, PMV-from-manikin [75]. Cooling effect of the fan is then reported as a
whole-body Teq reduction or an efficiency metric [141]. For zonal cooling, studies principally rely
on segmental heat loss (W or W/m?) and local EHT derived from segment dry-heat loss under non-
uniform airflow [142]. Desk-fan performance has also been evaluated in workstation microclimate
systems, where a breathing thermal manikin is used to quantify body cooling and the asymmetry
created by airflow sources such as desk-mounted fans and desktop PV terminals [143] as well as
ductless PV used with desk fans [144]. Several chamber and modeling studies further quantify fan-
driven cooling through manikin heat-loss differences and convective heat-transfer coefficients by
body segment [145]. In the broader manikin based PCS studies EHT and CP is frequently applied
to desk-fan benchmarking. This parameters are used to express local and whole-body
cooling/heating as the difference in segment/whole-body heat loss relative to a reference case (CP).
This supports device-to-device comparisons under identical ambient conditions. Practical

evaluations also report “cooling power” as the increment in sensible heat loss attributable to the
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fan, which can be summarized at whole-body and segment levels [146]. Finally, desk-fan
configurations are commonly included in PCS development and validation work using controlled
chambers where the primary outputs remain segmental and whole-body heat loss, optionally paired

with derived EHT/Teq to express comfort-equivalent temperature shifts [147], [148].

2.10 Metrics for quantifying PCS efficiency

2.10.1 Equivalent Homogeneous Temperature (EHT)

Virtual Thermal Comfort Engineering (VTCE) was developed to predict occupant thermal comfort
in highly non-uniform environments by integrating a human thermophysiological model with the
concept of EHT [149]. The VTCE model considers the human body as 16 anatomical segments,
each divided into core, muscle, fat, skin, and clothing layers, allowing prediction of local and
whole-body thermal comfort based on segmental heat exchange. According to SAE Standard
J2234, EHT is defined as “the uniform temperature of an imaginary still-air enclosure in which a
person would exchange the same dry heat by radiation and convection as in the actual non-uniform
environment,” assuming identical posture, activity, and clothing insulation [150]. This definition
provides a tangibly significant basis for comparing thermal environments with spatially varying
airflow, radiation, and temperature distributions. Based on this framework, segmental EHT
profiles were introduced by Wyon [151] derived from thermal manikin measurements to quantify
sectional heat loss to diagnose thermal asymmetry in vehicle cabins. Similarly, Nielsen [152]
identified zonal distribution of segmental EHT values and the difference between maximum and
minimum segmental EHT (AEHT) as reliable indicators of local discomfort and whole-body
thermal imbalance in non-uniform environments. Hepokoski [153] further confirmed the

application of EHT in transient and asymmetric conditions. He emphasized its usefulness as a
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simplified parameter for predicting human thermal perception when coupled with thermal manikin
measurements, also explaining the Ilimitations in representing active physiological

thermoregulation.

Later studies extended the application of EHT to building PCS evaluations. Barna and Banhidi
[154] used thermal manikin-derived EHT to investigate the combined effects of radiant asymmetry
and warm floor exposure on local and whole-body discomfort. Luo [17] incorporated both
localized and whole-body EHT to calculate CP, demonstrating that PCS devices such as cooled
chairs could offset ambient temperature increases of up to 2 K individually and up to 4.2 K when
combined with other PCS technologies. More recently, Li [90] applied EHT-based CP analysis to
quantify segmental heat loss and evaluate the performance of personal heating systems using a
thermal manikin, validating the applicabolity of EHT as a comprehensive metric for assessing
zonal and whole-body thermal responses. These studies establish EHT as physically grounded and
widely adopted metric for evaluating local and whole-body thermal comfort under non-uniform
thermal conditions, especially when combined with thermal manikin measurements and

thermophysiological models.

2.10.2 Corrective Power (CP)

Zhang [10] introduced the concept of CP to understand the level to which a PCS can “correct” a
warm or cool ambient environment toward thermal neutrality. CP is defined as the difference
between two ambient temperatures at which the same thermal sensation is achieved: one under a
reference condition without PCS and the other with PCS in operation. CP can be obtained from
subjective survey responses and expressed in terms of comfort votes (CP-C) or thermal sensation

votes (CP-S), using the respective voting scale units. These metrics quantify the comfort and
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sensation differences between occupants exposed to PCS and no-PCS condition. She analyzed CP
values from 42 PCS studies, encompassing air-jet systems directed at the upper body, ceiling fans,
large fans or window-based airflow, and various heating and cooling PCS evaluated using both
human subjects and thermal manikins. Their findings demonstrated that CP improvement through
PCS and enhanced air movement enables substantial energy savings by allowing relaxed zone
temperature setpoints and reduced HVAC intensity. With potential savings exceeding 30% of total
building HVAC energy, these strategies simultaneously increasing the fraction of satisfied
occupants toward nearly 100%. Building on this framework, Li [90] calculated whole-body EHT
and CP to compare the corrective performance of four personal heating strategies under different
environmental conditions. Luo [17] further extended the concept by expressing CP in watt units,
representing the difference in body heat loss between PCS-assisted and reference conditions, and
introduced a device-level Coefficient of Performance (COP) to evaluate the energy efficiency of
PCS devices. Based on Zhang’s CP concept, Vesely [155] et al. proposed Corrective Power
Efficiency (CPE), defined as the power required to compensate for one unit of thermal sensation,
and applied it to compare the cooling efficiency of chair, desk, and floor-based heating systems,
both individually and in combination. Similarly, He [156] introduced the Corrective Energy and
Power (CEP) index, defined as the ratio between the energy consumption required to correct
thermal sensation from a non-neutral to a neutral state to assess the cooling efficiency of retrofitted

houtong systems widely used in China as personal heating devices.

2.10.3 Coefficient of Performance (COP)

In PCS research, COP is used to express how much personal heating/cooling a device delivers per
unit of electrical input. This performance is often quantified using CP which represents the PCSs

ability to shift the thermal condition towards comfort zone. [33]. Building on this framework,
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Zhang [10] synthesized CP results across several PCS types and highlighted CP as a practical
bridge between comfort effectiveness and energy metrics such as COP. Using controlled
evaluations of multiple low-power PCS devices (e.g., heated/cooled chair surfaces and local air
movement), Luo [17] explicitly paired CP with COP and reported combined heating and cooling
cooling illustrating that PCS can provide substantial comfort correction with very small device
power when compared on an output-per-input basis. In fan-based PCS, “cooling output” is better
represented as an equivalent temperature/comfort shift rather than refrigeration heat removal.
Considering that, Schiavon and Melikov [141] proposed the Cooling Fan Efficiency (CFE) index
(cooling effect measured with a thermal manikin divided by fan power). CFE is often used as an
efficiency analogue to COP for air-movement devices. The literature treats COP as a device-level

efficiency measure that complements CP by linking comfort benefit to power demand.

2.11 Research gaps and positioning of the present study

Desk fans have been broadly researched as an energy-efficient PCS, demonstrating their ability to
improve comfort metrics and extend acceptable indoor temperature setpoints while consuming

minimal energy. However, several important limitations remain in the existing literature.

2.11.1 Limitations in comparison of airflow mechanisms (bladed, bladeless, and wearable) of

fans

The effectiveness of desk fans is widely accepted in literature studies but most of them focused on
conventional bladed desk fans. The effect of bladeless fan on thermal comfort improvement
remains under investigated. Similarly, wearable face and neck fans have been shown to provide
effective localized cooling with significant improvements in thermal comfort. However, most

existing studies have evaluated these technologies independently, and direct comparisons between
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bladed desk fans, bladeless desk fans, and wearable fans remain limited. In particular, the influence
of differing airflow structures, such as concentrated jet flow by bladed fan versus diffused or
targeted local airflow provided by bladeless and wearable fans respectively, on cooling efficiency

and physiological response has not been systematically quantified.

2.11.2 Limited Understanding of Multi-Region vs. Breathing-Zone Cooling Effects

Since thermal comfort is strongly influenced by local heat exchange at different anatomical
regions, particularly the head, torso, and extremities, accurate assessment of PCS performance
requires analysis of zonal heat under different airflow mechanisms. Furthermore, there is a lack of
comprehensive analysis comparing multi-region cooling (e.g., breathing zone—torso—hand) with
breathing-zone-dominant cooling in terms of whole-body thermal comfort improvement.
Addressing these gaps is essential for developing evidence-based guidelines for selecting and

optimizing PCS in shared office environments.

2.11.3 Need for multi-height and zonal airflow analysis

Most desk-fan research has concentrated on enabling higher cooling setpoints—often above 28
°C, but incorporation of desk fans with zonal airflow distribution in energy conscious open plan
office space remains limited. He [133] showed that at 26°C, when the airspeed was 1.5 m/s, 70%
of occupants found it acceptable though 50% of occupants mentioned slightly cool’ in thermal
comfort vote (Figure 3a). Huang [157] highlighted that within the 24—26 °C range, most occupants
prefer airspeed below 1 m/s (Figure 3b). However, these single-point or average air velocity
measurements, which do not adequately capture the vertical and spatial distribution of airflow

experienced by the occupant. Detailed multi-height airflow and zonal cooling analysis in energy
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conscious shared office is therefore essential to understand the spatial cooling characteristics of

PCS devices and their influence on both local and whole-body thermal comfort.
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Figure 3: (a) Thermal comfort vote with 24 human subjects [133], (b) Suitable air speeds at

different temperatures in different climate chamber experiments [157]

2.11.4 Lack of co-worker exposure assessment

Although desk fans are considered to provide localized cooling to the users, the generated airflow
can extend beyond the primary occupant and create unintended air movement and draught
discomfort for the adjacent occupants. Despite this practical relevance, most desk fan studies have
focused exclusively on the primary occupant and overlooked the systematical evaluation of airflow
distribution or draught risk at nearby workstations, especially when the primary occupant is
elevating the airspeed beyond recommended limit. This drawback restricts the applicability of desk
fan in shared environments. Quantifying multilevel airflow exposure at co-worker locations is
therefore required to ensure that PCS devices provide localized comfort without negatively

affecting surrounding occupants.
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2.11.5 Lack of Clarity in PCS standards

Existing thermal comfort standards, such as ASHRAE Standard 55, incorporates the use of PCSs
and provide guidelines for PCS application. However, these standards primarily specify acceptable
ranges of average air velocity and overall thermal comfort conditions and do not provide detailed
guidance on airflow measurement framework, vertical air speed variation, or zonal effects.
Furthermore, the standards do not explicitly address emerging PCS technologies such as wearable
fans or differentiation between different types of desk fans. This lack of detailed performance
evaluation criteria limits the ability to objectively compare PCS technologies and optimize their

design and application.

To address these research gaps, the present study provides a comprehensive evaluation of desk
fans representing different airflow mechanisms: direct airflow generated by conventional bladed
desk fans, diffused airflow produced by bladeless fans, and targeted airflow delivered by wearable

face and neck fans. using a thermal manikin under controlled environmental conditions.
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CHAPTER 3- METHODOLOGY

This chapter presents the experimental framework designed to evaluate the performance of the
selected PCS devices. It summarizes the technical specifications of each device, defines the
environmental conditions of the controlled office space, and outlines the structured experimental
protocols employed consistently across all test scenarios. In addition, this section details the
analytical methodology used to quantify cooling effectiveness and draught discomfort, including

the derivation of EHT, CP and DR metrics for comparative performance assessment.
3.1 Thermal Manikin

A non-sweating thermal manikin developed by PT Teknik [89] designed to replicate human body
heat and respond to environmental conditions, mimicking real-life thermal behavior was used for
our experiment. The manikin represents an average Scandinavian male with a height of 1.75m.
The body is divided into 23 individually controllable segments that are presented in Table 1 with
respective area (m?). Each body segment can be controlled to maintain the same surface
temperature or to be equivalent to the skin temperature of a person at a state of thermal neutrality
[75]. The manikin’s accuracy level is 0.2k for temperature and 1% for the heat flux and has a
resolution of 0.1 K and 0.1 W/m2 respectively. The manikin was calibrated prior to the

measurements.
3.2 Validation of manikin operating modes for the experiment

Several studies have demonstrated that although thermal manikins can be operated in constant
temperature, constant heating power, or comfort modes, accurately replicating human thermo-
physiological behaviour requires coupling the manikin with an advanced thermoregulation model

[30][31][32]. In the present study, the objective was to quantify changes in PMV, T, and P
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following the activation of PCS devices, so either the Comfort mode or the JOS-3 thermoregulation

mode had to be selected.

Table 1: Body parts of the PT Teknik thermal Manikin with respective area (m?)

Zone Split of the Thermal Manikin Manikin Area (m?)
Segments
1. L. Foot 0.053
2. R. Foot 0.053
3. L. Foreleg 0.115
4. R. Foreleg 0.115
5. L. Front Thigh  0.0957
6. R. Front Thigh  0.0957
7. Pelvis 0.038
8. Face 0.04
9. L. Hand 0.0432
10. R. Hand 0.0432

11. L. Forearm 0.043
12. R. Forearm 0.04

13. L. Upperarm  0.083
14. R. Upper arm  0.083

15. Chest 0.0894
16. Upper Back 0.0894
17. Neck 0.04

18. Stomach 0.0894

19. Lower Back 0.0894
20. L. Back Thigh 0.0957

Back 21.R. Back Thigh 0.0957
22. Back side 0.078
23. Scull 0.0544

Although previous research has shown that thermoregulation-coupled manikins closely
approximate human thermal responses, a preliminary validation experiment was conducted with
manikin and human skin temperature to verify this assumption under the present experimental
conditions. Human skin temperature measurements were obtained using iButton data loggers
which function as an integrated temperature and humidity logging system. The instruments used

in different segments of this experiment are presented in Table 2.
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Table 2: Appearance, specifications and setup of the instruments used in the experiment

Device Appearance Features Setup

Instrument: Ibutton

Model: DS1923-F5# Hygrochrons

Measured Parameters: Temperature
Humidity

Range: -20°C to +85°C

Accuracy +0.5°C

Resolution 0.5°C

Instrument: Omnidirectional hotwire
Probe

Model: NESA

\ {7 Measured Parameters: Airspeed
1 Range: 0.1-5m/s
‘ Accuracy +0.1m/s

Resolution 0.01 m/s

Instrument: Data Logger

Model: Onset HOBO MX1105

Measured Parameters: -

Range: 0to 20.1 mA

Accuracy +2% of reading

Resolution 0.3uA

Instrument: Plug load logger

Model: Hobo UX120-018

Measured Parameters: Energy input

Range: - - ;.

Accuracy 0.5% B :‘;‘ﬁ\' S ¢

Resolution Volts: 10mV “ 9
Amps: 0.1mA

The iButtons were attached to the skin using Leukotape at three locations: forehead, chin, and

neck. Skin temperature at each site was recorded at one-minute intervals. The average of the

forehead and chin temperatures was used to represent facial skin temperature. The experiment was

conducted under identical environmental conditions using a bladed desk fan operating at medium

speed. Measurements were performed for a human subject as well as for the thermal manikin
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operating in both Comfort mode and JOS-3 mode. The comparative skin temperature responses of
the human subject and the two manikin modes are presented in Figures 4 and 5 and the percentage

of error in steady and transient state is shown in Table 3.
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Figure 4: Comparison of face skin temperature of manikin (comfort and JOS-3 mode) and
human (face-considering the average of chin and forehead)
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Figure 5: Comparison of neck skin temperature of manikin (comfort and JOS-3 mode) and
human (neck)
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Table 3: Deviation (%) in skin temperature of manikin (comfort and JOS-3 mode) and human

State Steady State Transient
Manikin-mode JOS-3 Comfort JOS-3 Comfort

Face 0.41 23 0.59 2.89

Chin 0.64 1.6 0.38 2.41

The results indicate that the JOS-3 mode exhibits substantially lower deviation from human skin
temperature compared to the Comfort mode. Specifically, the deviation between manikin and
human skin temperature for JOS-3 was 0.18% under steady-state conditions and 0.91% during
transient conditions (fan activation and transition toward thermal neutrality). In contrast, the
Comfort mode showed deviations of 2.12% and 2.06% for steady-state and transient conditions,
respectively. Based on these findings, all subsequent experiments were conducted using the JOS-
3 mode.

3.3 Cooling Devices

Three types of desk fans were selected to represent a range of airflow delivery strategies commonly
used in PCS: a conventional bladed desk fan, two small USB bladed desk fans, and a bladeless
desk fan. The conventional bladed fan delivers a high-coverage, direct airflow, with a maximum
airflow rate of approximately 1,589 ft*/min, allowing concentrated air delivery toward the
occupant [158]. Each USB desk fan uses a seven-blade design and provides a maximum outlet
airspeed of approximately 15.4 ft/s [159]. Two USB fans were intentionally selected to examine
the effect of dividing a single high-momentum airflow jet into multiple smaller jets, thereby
assessing potential reductions in airflow intensity and spillover. The bladeless desk fan produces
a diffused and more uniform airflow through an enclosed air-amplification mechanism, resulting

in gentler air delivery with reduced turbulence [160]. The face fan incorporates dual 360° rotating
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axial brushless DC motor-fans, while the neck fan uses two 5cm centrifugal brushless DC fans that
circulate air through 76 micro-vents. Both devices operate using built-in rechargeable lithium
batteries [160][161]. Specifications of all devices are summarized in Tabe 4 and designed

configurations are presented in Figure 6.

Table 4: Technical specifications of the selected PCS devices

Type: Air Weight Dimension Control  Oscillation Noise Power
velocity: (in): mode: : Level: Source:
Bladed Level 6.531b 11.02x 11.81  Manual up to 120° 38dB AC
1-4 x 9.06 Knob (max)
USB Level 0.51b 1.5Dx5Wx  Push No 35dB AC
powered 1-3 6.1H Button (max)
Bladeless Level 6.611b  254Dx 25.4W Remote/ Yes 32dB  AC
1-9 x 59.7H Touch
Face Fan Level 0.3751b 6.35Dx 19W  Button No (manual 25dB  2500mAh
1-3 x 12.7H. rotation) batteries
Neck fan Level 0.1191b 19.7Dx Button No 25dB  4000mAh
1-5 19.8W x 6H batteries

3.4 Test conditions and protocol

Experiments were conducted in a controlled office space located at Concordia University,
Montreal, Canada, designed to replicate realistic office thermal conditions while ensuring precise
control of environmental variables. The internal dimensions of the chamber are 3.6 m x 2.9 m x
2.7 m (length x width % height), representing a typical small office space. The air temperature was
maintained at 25 + 1 °C throughout each test using a wall-mounted thermostat with continuous
monitoring to ensure stability. The temperature profile during one trial is presented in Figure 7.
The background air velocity in the chamber was maintained at approximately 0.1 m/s, which falls
within the range defined as still air conditions according to established thermal comfort standards

and previous PCS research. The relative humidity was at 40 + 5%.
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Figure 6: Appearance and designed configurations of the selected PCS devices
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Air Temperature at experimental office space during one trial
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Figure 7: Logged air temperature at experimental office space
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Figure 8: Floor plan of controlled office space and the experimental setup showing manikin

placement

The thermal manikin was seated at an office desk designed for two occupants, reflecting a realistic
shared-workspace scenario commonly found in open-plan offices. This configuration was selected
to enable investigation of localized cooling effects and potential airflow spillover toward adjacent
workstations. To eliminate the influence of solar radiation and external heat gains, all experiments
were conducted during late evening hours. In addition, the chamber windows were fully covered

with opaque black curtains, effectively blocking external radiation. This measure was taken to
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reduce radiant temperature asymmetry and keeping interior surface temperatures remained close
to the ambient air temperature. The floor plan of the environmental chamber and the detailed
experimental setup, including manikin placement and fan configurations, are shown in Figure 8

and 9.

[ P1 (Primary Occupant) ] [ P2 (Adjacent Co worker) ]

i

Figure 9: Experimental setup showing manikin and adjacent coworker placement

The thermal manikin was dressed in standard office clothing corresponding to an overall insulation
level of approximately 0.5 clo, representing typical summer office attire. Clothing insulation
values for individual garments and their combinations were determined using established clo
estimation procedures based on ASHRAE standards, and the detailed segmental insulation values
are summarized in Table 5. During all experiments, the manikin operated in JOS-3 control mode,
which simulates human thermoregulatory responses and enables calculation of equivalent
temperature, predicted thermal sensation, skin temperature, and heat loss based on segmental heat

balance.
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Table 5. Clothing insulation values and experimental parameters used for the thermal manikin

Summer Clo (0.5)

Short Sleeve Tshirt (0.17)
Men’s brief (0.04)
Trouser-thin (0.15)

Ankle length socks (0.02)
Thin sole shoe (0.02)
Office chair (0.1)

Experimental Parameters
Age: 35 years

Weight: 70 kg

Body Fat: 18%

Cardiac Index: 2.643 1/min/m?
MET: 1.2

21 cooling cases of seven above mentioned configurations in three speed levels were
experimented. Each test scenario lasted for 210 min and consisted of one PCS configuration in
three speed levels along with two intervals for stabilisation. All the test scenarios were repeated
four times. PMV, Teq, Tsk and P were recorded at 1 min interval. Test protocol is presented in
Figure 10. After each 10-minute cooling period, the changes in Tsk, P, Teqand PMV were recorded.
Trials exhibiting a standard deviation greater than 10% were considered unstable and were
therefore discarded and repeated. The data capture and trial selection process is illustrated in Figure

11.

Medium Speed
(10 min)

Figure 10: Test protocol timeline for Personal Comfort System (PCS) devices including
stabilization periods and three fan speed intervals
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Figure 11: Data Capture and selection procedure

3.5 Air velocity measurement procedure

The mean air velocity generated by each fan configuration was determined by averaging airspeed
measurements collected at three representative vertical levels corresponding to key occupant body
regions: 1.1 m (head), 0.6 m (seated), and 0.1 m (ankle) level. An omnidirectional airspeed logger
was used to measure local air velocity, and data were logged using a data logger (presented in
Table 12). To ensure consistent sensor positioning and measurement repeatability, the
omnidirectional airspeed probe was mounted on a height-adjustable tripod, allowing precise
alignment of the sensor at each measurement height without disturbing the surrounding airflow
field. At each measurement location and height, airspeed data were recorded for a duration of 10
minutes at one-minute intervals, yielding sufficient temporal resolution to account for short-term
airflow fluctuations and fan-induced turbulence. The arithmetic mean of the three height-specific
measurements was used to represent the mean air velocity at each location for a given fan
configuration and speed setting. The selected levels and setup of airspeed measurement is shown

in Figure 12. Three cooling configurations are presented in Figure 13.
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The primary occupant measurement position was designated as P1 and located at the seated
position of the thermal manikin. This position represents the direct exposure zone where the PCS
was intended to provide localized cooling. To assess airflow spillover toward adjacent occupants
in a shared office environment, a second measurement position, P2, was defined at a lateral
distance of 2.1 m from P1, to evaluate unintended air movement and potential draught risk

experienced by a coworker seated beside the primary user.

1.1m --

Figure 13. Cooling scenario with Configuration C2 (Left), C3 (middle) and C6(Right)

Although the experimental office space was designed for two occupants, an additional

measurement location, P3, was introduced to capture rearward airflow propagation. P3 was
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positioned 1.9 m downstream of the primary occupant, representing a coworker seated behind the
primary workstation, a common arrangement in open-plan offices. This third position enabled
quantification of airflow spillover in the downstream direction and provided insight into how
different fan configurations influence air distribution beyond the immediate user zone. The

Location of P1 and P2 is shown in Figure 8.

3.6 Determining cooling whole body thermal comfort

The thermal manikin is equipped with an integrated thermophysiological and heat-balance model
that enables the calculation of Teqand PMV directly from the measured heat exchange data. These
parameters are computed automatically by the manikin software based on the fundamental heat
balance between the manikin surface and the surrounding environment, including convective and
radiative heat transfer. The embedded model uses segmental heat loss measurements,
environmental conditions, and predefined physiological assumptions to determine the equivalent
uniform temperature that would produce the same dry heat loss as the actual non-uniform
environment. Similarly, PMV is estimated using established thermal comfort equations that relate
heat balance to predicted human thermal sensation. The governing equations and theoretical

framework underlying these calculations are described below.

3.7 Determining cooling efficiency of PCS devices

The localized thermal effects produced by PCS is quantitatively described using the concept of
EHT [42][43][44]. A higher EHT corresponds to a warmer perceived thermal environment,
whereas a lower EHT indicates a cooling effect. Thermal manikins are commonly employed to
measure EHT under controlled laboratory conditions. For PCS evaluation, in order to capture the

spatial variability of localized heating and cooling, segmented thermal manikins are essential. In
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this experiment, the thermal manikin with independently controlled 23 body segments (j), each
associated with a known surface area Aj (m?) is being used. During experiments, the skin surface
temperature of each segment and whole body, (Tskj and Tsk) and the corresponding heat loss rate
(Qjand Q) (W) is continuously recorded. Based on these measurements, the whole-body EHT is
calculated using Equation 1, where I¢o denotes the clothing insulation of the respective body
segment under reference conditions, and the factor 0.155 is used to convert clothing insulation
from clo units to thermal resistance units (K-m?-W™).

Whole-body EHT is subsequently determined using Equation (1), in which the total body heat loss
(Q), total body surface area (A), and overall clothing insulation (Iclo) are used. This aggregated
metric provides a single value representing the global thermal sensation of the occupant under non-

uniform PCS exposure.

EHTwhote-body= Tsi- % X leto x 0.155 (1

EHT data have often been converted into CP to quantify the effectiveness of PCS devices. CP
reflects the capacity of a PCS to shift the local or overall thermal environment toward an
occupant’s thermal neutrality. As defined in Equation (2), CP is calculated as the difference
between EHT values measured with PCS operation and those obtained under reference conditions
without PCS.

CPeur= EHT — EHT, reference 2)

CP can also be expressed in watt units, representing the direct change in human body heat loss
induced by PCS exposure. CPqj is calculated from the difference in measured heat loss rates
between PCS and no-PCS conditions, multiplied by the corresponding body segment area
(Equation 4). At the whole-body level, CPQ is obtained by substituting segment-level heat loss

with total body heat loss. A device-level COP may be defined to evaluate the energy efficiency of
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PCS devices. COP is calculated as the ratio between the thermal corrective power achieved (in
watts) and the electrical power input required to operate the device (Equation 4). This indicator
provides a direct measure of how effectively a PCS converts electrical energy into perceived

thermal benefit for the occupant.
CPgj=Aj * (O = Oy reference) (W) 3)

cop=—= @)

Power input

3.8 Analyzing draught risk at the co-worker’s location

Draught is widely recognized as the most common cause of local thermal discomfort in indoor
environments and is defined as an undesired local cooling of the human body resulting from air
movement. Unlike general thermal sensation, which reflects whole-body comfort, draught
represents a highly localized phenomenon that primarily affects thermo-sensitive body regions
such as the neck, head, ankles, and upper torso. Even under thermally neutral or slightly warm
conditions, excessive air movement across these regions can induce sensations of overcooling and

lead to occupant dissatisfaction.

To quantitatively describe draught-related discomfort, Fanger and Christensen, followed by
Fanger et al. [3][45], developed a predictive model that has since been adopted by international
standardization bodies, including ASHRAE Standard 55 and ISO 7730, as the most appropriate
framework for estimating zonal discomfort caused by air movement. In this model, draught
discomfort is expressed as the Draught Rate (DR), defined as the predicted percentage of occupants
likely to feel dissatisfied due to unwanted air movement. DR is calculated using Equation (6),
which incorporates the combined effects of local air temperature, mean air velocity, and turbulence
intensity:
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DR = (34 — to) (va — 0.05)0.62 (0.37 X vy x Ty + 3.14) ©

where DR is the draught rate (%); ta is the local air temperature (°C), va is the local mean air
velocity (m/s) and Tu is the local turbulence intensity (%). This formulation reflects the fact that
draught discomfort increases not only with higher air velocities but also with lower air

temperatures and greater flow fluctuations.

According to ASHRAE 55 and ISO 7730, the applicability of this model is subject to several
constraints. It is valid only for indoor environments where the local air temperature lies between
20 and 26 °C and the mean air velocity ranges from 0.05 to 0.5 m/s. Furthermore, the model is
intended for occupants engaged in predominantly sedentary activities and experiencing an overall
thermal sensation close to neutrality [26][43]. These assumptions are consistent with typical office
conditions, making the draught model particularly relevant for assessing comfort risks associated

with air movement generated by personal comfort systems.

ISO 7730 further classifies indoor environments into three comfort categories based on acceptable
DR levels. Category A, representing the highest comfort standard, requires a draught rate below
10%; Category B permits DR values below 20%; and Category C, the lowest acceptable category,
allows DR values up to 30% [47]. These thresholds provide a practical framework for evaluating
and comparing localized draft risk in different indoor scenarios and are widely used in both

experimental studies and building performance assessments.

3.9 Overall representation of the methodology

The overall methodology and systematic evaluation process of different personal fan
configurations based on airflow structure (targeted, direct, and diffused) and orientation are
summarised in Figure 14.
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whole-body CP
CPy= A * (Q— Q_reference)

Analysis of zonal cooling on overall
thermal comfort

Analysis of efficiency in terms

{ cop

=1 i
Power Input [

Vertical airflow and draught

Airspeed at P1
Level: 1.Im, 0.6m and 0.1m

Analysis of Zonal airspeed at
different level with ASHRAE 55

Airspeed and DR at P2 and P3
Level: 1.1m, 0.6m and 0.1m

Analysis of Zonal airspeed and
potential drift risk

I

Analysis and recommendation for Enhance Thermal Comfort and Reduced Co-Worker Spillover

Figure 14: Framework of methodology and systematic evaluation

Seven configurations—including conventional desk fans, bladeless fans, USB fans, and wearable
face and neck fans—are tested under multiple speed settings (low, medium, and high). The
assessment framework integrates three main components: occupant thermal comfort, cooling
efficiency, and energy efficiency. This structured approach enables a comprehensive comparison
of configurations to identify solutions that maximize zonal and whole-body comfort while

minimizing energy use and airflow spillover in energy conscious shared office environments.
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CHAPTER 4- RESULT AND DISCUSSION

This chapter presents the experimental results and analysis of thermal comfort performance
associated with seven PCS configurations. It examines both whole-body and localized thermal
effects of the primary user and unwanted airflow spillover experienced by adjacent co-workers.
The findings are further interpreted in zonal cooling effect, cooling efficiency and draught risk,

providing a combined assessment of desk fan effectiveness and shared-environment impacts.

4.1 Effect of PCS devices on whole body thermal comfort

After each 10-minute cooling period, the changes in T, P, Teq and PMV were recorded and
averaged. Trials exhibiting a standard deviation greater than 10% were considered unstable and
were therefore discarded and repeated. The complete dataset for whole-body Tsk, P, Teq, and PMV

for all trials and their mean + standard deviation (SD) is presented in Appendix A.

4.1.1: PMV Analysis

The changes in average PMV for each configuration with different fan speed are shown in Figure
15, where the shaded band represents the thermal neutral zone defines by ASHRAE 55 (—0.5 <
PMV < +0.5). The graph demonstrate that all seven cooling configurations reduced the warm
discomfort with substantial gradation with the increment of air speed level. Under fan-off
condition, PMV was around +1.1 reflecting the warm baseline. Activation of the cooling devices
allowed an immediate shift of PMV towards neutrality indicating enhanced convective heat loss

aligned with established models of non-uniform cooling.

For C1, a pronounced improvement in whole-body thermal comfort across all operating speeds

was introduced with the activation of the PCS. At low speed, PMV decreased from the warm
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baseline to approximately +0.3, continuing to approach zero at medium speed, placing thermal
sensation within the near-neutral comfort range. At high speed, PMV shifted slightly into negative
values, suggesting the onset of mild cooling. A similar trend was observed for C2, although the
angular placement made the magnitude of cooling slightly lower than that achieved with direct

airflow in C1. PMV reduced to approximately +0.35 to -0.23 from low to high speed.

The two USB fans angled toward the chest (C3) produced moderate and more gradual cooling
compared to the bladed fan configurations. At low speed, PMV remained near the upper boundary
of the neutral comfort band, indicating acceptable thermal relief. Medium and high speeds
progressively reduced PMV to around +0.35 and +0.1, respectively, approaching thermal

neutrality without inducing overcooling.
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Figure 15: Predicted Mean Vote (PMV) at Fan off and 10th minute of fan-on conditions. The
neutral zone represents the ASHRAE 55 -0.5 <PMV <+0.5
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The C4 and C5 configurations exhibited lower cooling performance among all tested desk fans,
with consistently smaller reductions in PMV compared to bladed fan configurations. For C4, PMV
decreased modestly from the warm baseline to approximately +0.65 to +0.33 from low to high
airspeed. Though the cooling effect was softer, all the speed levels satistied the PMV reduction
guideline provided by ASHRAE standard 55. C5 demonstrated an even weaker cooling response,
with PMV remaining around +0.6 at low speed that couldn’t meet the recommended standard

reduction but improving to approximately +0.45 at high speed.

The wearable fan configurations show effective improvements in thermal comfort, particularly
through localized cooling of thermally sensitive head and neck regions. They showed significant
drop when the fan was turned on, but then the improvement in PMV is significantly mild. For the
C6, PMV decreased progressively from the warm baseline to approximately +0.6 and decreased

to further 0.1 vote with the increment of each speed level.

As thermal comfort improvement from PCS is strongly influenced by the magnitude of air
movement, the relationship between PMV reduction (APMV) and the average airspeed measured
at the primary occupant location was examined and is presented in Figure 16. This analysis
includes only the bladed and bladeless desk fan configurations, as the localized and body-mounted
airflow generated by wearable devices could not be reliably represented by a single-point average
airspeed measurement. Most configurations achieved PMV reductions exceeding the minimum
threshold of 0.5 recommended by ASHRAE Standard 55 for effective PCS operation. The only
exception was configuration C5 operating at low speed, which produced a PMV reduction slightly
below this criterion. The reason why the PMV reduction was more pronounced in blade fans can
be explained through this figure. The initial low speed and increment to medium and high airspeed

in bladed fan configurations are much higher than the bladeless one. This big increase in airspeed

53



also results on greater reduction of PMV. To further understand these effects, the following
sections examine the vertical distribution of airspeed and its influence on localized thermal

comfort.

1.4

1.2

0.8

APMV

Minimum PMV reduction
Recommendation by
ASHRAE 55

0.6

0.4 a

0.2

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00
Air Speed [m/s]

Figure 16: PMV reduction with increased airspeed levels in desk fan configurations (C1-C5)

4.1.2 Equivalent Temperature (Teq) Profile

The temporal variation of Teq for the first trial of each configuration is shown in Figure 17 (a-g).
These PMV trends were closely reflected in Teq responses. Under fan-off conditions, Teq was
approximately 28.4 °C before the activation of PCS devices produced immediate reductions in
Teq, indicating enhanced convective heat removal. Under low-speed operation, Teq decreased from
approximately 28.4 °C to about 25.8 °C, corresponding to a reduction of nearly 2.6 °C. Medium-
speed operation further reduced Teq to approximately 24.8 °C, and the largest cooling effect was
observed at high speed, with Teq approaching 24.0 °C. During fan off period, Teq gradually returned
to baseline levels within approximately 15-20 minutes, indicating a transient but reversible cooling
effect. For C2, the highest cooling was again observed at high speed, with Teq decreasing 26-24.2

°C from low to high respectively. This slightly lower Teq values relative to C1 indicate that angling
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the airflow away from direct chest exposure slightly reduces convective heat loss at the breathing
zone, although the overall cooling performance of bladed fans remains significant and effective in

shifting thermal sensation toward neutrality.
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Figure 17(a): Equivalent Temperature (Teq) profile for C1 at three speed levels
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Figure 17(b): Equivalent Temperature (Teq) profile for C2 at three speed levels
Teq responses shows aligned result in C3, decreasing to approximately 26.5 °C under low speed,
representing a smaller reduction relative to C1 and C2. Medium and high speeds further lowered
Teq to around 25.8 °C and 25.3 °C, respectively. Notably, C3 exhibited smoother temperature

transitions across all bladed fan conditions, suggesting that distributing airflow through multiple
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low-power jets provides a more stable and controlled cooling effect, with reduced risk of excessive

localized convective heat loss.
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Figure 17(c): Equivalent Temperature (Teq) profile for C3 at three speed levels

The C4 and CS5 configurations exhibited lower cooling performance in terms of Teq compared to
bladed fan configurations. For C4, Teq decreased from 28.4 °C to approximately 27.0 °C, 26.6 °C,
and 26.4 °C at low, medium, and high speeds, respectively. For C5, Teq reductions were limited to

approximately 27.2 °C, 26.8 °C, and 26.6 °C across increasing speeds.
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Figure 17(d): Equivalent Temperature (Teq) profile for C4 at three speed levels
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Teq Profile of T1
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Figure 17(e): Equivalent Temperature (Teq) profile for C5 at three speed levels
For the face fan configuration (C6) Teq decreased 1.7°C from 28.4 °C to 26.7 °C for low speed, for
medium and high speed the reduction reached to 26.2 °C, and 26.0 °C respectively. C7 exhibited
similar cooling effectiveness, with PMV decreasing to approximately +0.7, +0.6, +0.5 at low,
medium, and high speeds, respectively. These Teq profiles support the PMV results that the

effectiveness of wearable fans at high speed is close to the effect of low speed bladed desk fan.
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Figure 17(f): Equivalent Temperature (Teq) profile for C6 at three speed levels
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Figure 17(g): Equivalent Temperature (Teq) profile for C7 at three speed levels

Overall, the results demonstrate that the whole body cooling effectiveness of desk and wearable

fans is strongly governed by both airflow intensity and distribution. In contrast, adjusting the

placement of desk fans from 0° to 45° toward the chest results in only minor differences in whole-

body cooling performance, suggesting that airflow structure and magnitude have a more

pronounced effect than placement angle. These findings indicate that concentrated high-

momentum airflow maximizes cooling effectiveness, whereas diffused or distributed airflow

provides more stable but less intense cooling. This trade-off underscores the importance of

balancing airflow magnitude and delivery pattern when designing desk fan or air jet integrated

workstations specially in energy conscious environment.

4.2 Effect of zonal cooling on overall thermal comfort

This section presents the zonal cooling characteristics based on segmental CP and thermal image

of the upper body. The zonal CP values are further grouped to better understand their combined

effect on whole-body thermal response.
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4.2.1 Zonal CP

Figure 18 gives each configurations wattage CP values, for the individual body parts. The
magnitude and spatial distribution of CP varied substantially depending on the airflow delivery
mechanism and device type. In general, the highest CP values were concentrated in the breathing
zone (face, skull and neck), followed by the upper torso and arms, while the lower body regions
exhibited minimal heat loss due to reduced airflow exposure. The graph clearly presents that the
bladed fans have a significant cooling effect on torso and hands along with the breathing zone. The
bladeless desk fans affect the chest with a mild cooling at torso level. The wearable fan focusses
mostly on the zone they target, leaving the other body regions almost unaffected. The thermal
image at high speed of each configuration also confirms this fact of zonal cooling in different fan

configurations.

C1 and C2 demonstrated the highest corrective power among all tested devices. At high speed, CP
values exceeded 67 W in the face and 3—4 W in the skull and chest, indicating strong localized
convective cooling at exposed upper-body regions. However, the noticeable difference in these
two configurations from other configurations is the effect on forearms, hands and stomach. The
upper forearms and stomach exhibited CP values of about 4W and 3W at high speed reflecting
effective airflow penetration across the frontal torso. In contrast, CP values rapidly decreased
toward the lower body, with negligible heat loss observed in the thighs, legs, and feet. This highly
non-uniform distribution confirms that bladed desk fans produce strong, directional airflow
primarily affecting the upper body and breathing zone, which plays a dominant role in overall

thermal sensation.
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Figure 18: Corrective Power (CP) values of different body parts in terms of local heat loss

(Watts) across three fan speed settings (low, medium, high).

C4 and C5 exhibited the highest CP values at face and skull and substantially lower values across
all body regions compared to bladed fans. CP values in the Face were around 4-6W from low to
high speed and torso and arm regions were generally below 1W, and the lower body remained

largely unaffected. The angular bladeless configuration (C5) showed the lowest CP values overall,
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supporting the previous finding that angling the airflow further reduces effective convective heat

transfer.

The wearable fan configuration C6 and C7 demonstrated highly localized CP distributions
concentrated almost exclusively in the breathing zone. Both configurations produced high CP
values in the face and skull regions with negligible impact on torso and lower body. C6 showed
largest CP values of 6-8W at face from low to high speed and 3-4 W at neck and skull. Compared
to C6, configuration C7 exhibited slightly higher CP values across the skull and neck, indicating
expanded airflow coverage through the breathing zone. Despite producing lower whole-body CP
compared to desk-mounted fans, wearable devices effectively target thermally sensitive regions,

which significantly influence thermal perception comparable to desk fans.

Overall, these CP results demonstrate that airflow structure and magnitude have a more
pronounced effect than orientation. Bladed desk fans produced the highest overall CP due to strong
directional airflow, while bladeless fans provided weaker and more diffuse cooling. Wearable fans,
although generating lower whole-body heat loss, delivered highly efficient localized cooling at

thermally sensitive regions.

4.2.2 Skin temperature distribution across upper body

Figure 19 represents the thermal image of the manikin after the 10 min fan on period (high speed)
to further confirm the zonal cooling characteristics and CP distributions. Compared to the
reference (no fan) condition, C1 and C2 show pronounced cooling in the breathing zone, chest,
and upper extremities, evidenced by the visibly lower skin temperature distribution across the face,
torso, and arms. These visual patterns are consistent with the high corrective power values

observed in the torso and hand regions, confirming the ability of bladed fans to deliver extended
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cooling towards hands. In contrast, C4 and C5 exhibit more moderate and localized cooling,
primarily concentrated in the chest and upper torso, while the arms and lower torso remain largely

unaffected.

Reference

28.5

Cc4 Cs5 Cc6 C7

Figure 19: Thermal image of upper body segments at high speed for all 7 configurations

The smaller extent of lighter color regions indicates reduced convective heat transfer compared to
bladed fans, validating the milder cooling effect observed in the corrective power analysis. C6 and
C7 demonstrate highly localized cooling restricted mainly to the head and neck regions, with
minimal changes observed across the torso and extremities. Overall, the thermal images visually
validate the zonal CP results, clearly demonstrating that bladed fans provide extensive upper-body
cooling, bladeless fans provide moderate chest-focused cooling, and wearable fans deliver highly

localized cooling confined to their targeted regions.

4.2.3 Effect of zonal cooling on whole body thermal comfort

To understand the impact of regional cooling on whole body thermal comfort from different

airflow pattern more clearly, the most affected zones are grouped together and presented with
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whole-body CP in Figure 20. Breathing zone consist of face, skull and neck. Though neck is a
separate anatomical section, for better control on the groups, it was considered in the group of
breathing zones. Torso contains chest, upper back, lower back, stomach, pelvis and back side. Both
upper hands, fore hands and hands fall into the ‘hands’ group. Figure 20(a) shows the
configurations that are directed towards the chest, 20(b) presents those configurations where the
fans are angularly (45 degree) directed towards the chest and the zonal and whole body CP for
wearables are grouped in figure 20 (¢). The figures illustrate how different fan configurations
influence CP at the whole-body level and across specific body regions, including the breathing
zone, torso, and hand. The configurations where whole-body CP values are comparable despite
distinctly different regional cooling patterns are marked in red boxes, demonstrating that similar

overall cooling effectiveness can be achieved through different airflow distribution strategies.

In configuration C1, maximum corrective power is shown in hands, while breathing zone and torso
shows moderate cooling. At low speed, the overall CP is 28.90 W which is close to the whole body
CP achieved by the bladeless fan configuration directed towards chest (C4) at high speed. The
trend doesn’t change when the fans are directed angularly. C2 exhibits a similar trend, with whole-
body CP increasing from 27.12 W to 45.73 W from low to high speed. In configuration C3 the
combined effect of two small direct jets resulted the whole body CP of 18.87W to 34.09W with
the airspeed increment. Though in this configuration the breathing zone receives substantially
higher CP of 10.98 W, while torso and hand CP remains relatively moderate (6.27 W and 6.60 W
respectively), the whole body CP value achieved at medium speed (27.29 W) is comparable to the

low-speed whole-body CP observed in C1 and C2.
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Whole body and zonal CP of wearable fans

Figure 20(c)
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Similarly, configuration C5 demonstrates comparable whole-body CP values at high speed (27.07
W, red- boxed), closely matching the whole-body CP observed in C3 medium speed, C4 high
speed and C1-C2 at low speed. However, regional cooling distribution differs, with moderate
breathing zone cooling (7.48 W), lower torso cooling (4.77 W), and moderate hand cooling (6.21
W). This indicates that localized cooling provided by diffused airflow can achieve similar whole-

body heat loss while targeting specific regions, but at a higher airflow intensity.

4.3 Cooling efficiency of the PCS configurations

The cooling efficiency of the PCS configurations are described as CP and COP. The whole body
CP in terms of EHT and wattage is presented in Table 6. The C1 and C2 configurations have had
a great effect on torso, upper and lower arms and hand resulting in a notably higher whole-body
CP ranging from 0.93-1.88 for CPgur and 27.12-48.86 for CPq. In contrast, C3 demonstrated
moderate cooling performance, with CPgnr increasing from 0.68 to 1.21 as speed increased. C4
and C5 exhibited lower overall corrective power, with CPgnr ranging from 0.61 to 0.89 for C4 and
0.68 to 0.95 for C5, and CPq ranging from 18.11 W to 26.48 W and 19.72 W to 27.07 W,
respectively. These reduced values reflect the lower airflow momentum and more diffuse air
distribution of bladeless fans, which limits their ability to generate strong whole-body convective
cooling despite providing localized thermal relief. C6 and C7 produced the lowest whole-body
corrective power among all PCS configurations, with CPgnr ranging from 0.61 to 0.85 for C6 and
0.51 to 0.76 for C7. These lower whole-body CP values reflect the highly localized nature of
wearable cooling, which primarily targets the face and neck regions and has limited influence on
total body heat loss. Nevertheless, both wearable configurations demonstrated consistent increases
in CP with fan speed, confirming their ability to provide effective localized cooling with relatively
modest whole-body heat removal.
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Table 6. Comparison of whole-body corrective power in terms of EHT(CPgut) and Q(CPq) from
thermal manikin tests across all configurations.

Speed C1 C2 C3 C4 Cs
CPgnr Low 1.05 0.93 0.68 0.61 0.68
Medium 1.42 1.30 0.96 0.69 0.89
High 1.88 1.73 1.21 0.89 0.95
CPq Low 28.90 27.12 18.87 18.11 19.72
Medium 37.19 36.21 27.29 21.12 24.82
High 47.86 45.73 34.09 26.48 27.07

Figure 21 represents the energy consumption of each configuration of the 10 minute fan on period
in the experiment and the calculated COP from that. COP was only calculated for the deskfans as
the face and neck fans have rechargable batteries and consume negligible energy. Since COP
represents the ratio of useful cooling output to electrical input, its value depends strongly on both
the achieved heat loss and the power required to generate airflow. From the graph, it is clearly
shown that although a device can generate huge CP, the COP could be very low because of its high
energy consumption. Here C1 and C2 have high CPq of 28.90-47.86W and 27.12 to 45.73W
respectively. However, the conventional bladed fan consumes comperatively higher energy during
operation that eventually lowers the COP to less than 1.5. This indicates that although bladed fans

provide strong convective cooling, their higher power demand reduces overall energy efficiency.

In contrast, in C3, the total power consumption for both USB powered fans demonstrated
substantially lower energy consumption while still providing moderate cooling output, with CPq
ranging from 18.87-34.09 W. As a result, C3 achieved comparatively higher COP values at every
speed level than the conventional bladed fans. C4 and C5 consumed relatively low electrical power
but also produced lower cooling output, with CPQ values ranging from 18.11-26.48 W and 19.72—
27.07 W, respectively. Despite their reduced cooling capacity, the lower energy consumption

allowed these configurations to maintain moderate COP values, reflecting a balance between
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cooling effectiveness and energy efficiency. The configurations that were resulting in similar
whole body CP despite different airflow mechanism, orientation and targeted zone are marked in
red boxes. Among those configurations C3 has the maximum COP, indicating that spitting one
large jet into two small jets can provide acceptable thermal comfort with better COP. C4 and C5

at high speed consumes more energy than both usb-powered fan resulting into a lower COP.
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Figure 21: Power input and COP of bladed and bladeless fan configurations

4.4 Air speed Analysis at zonal level

4.4.1 Multilevel air speed exposure at primary occupant (P1)

The measured air velocity distribution indicates a pronounced vertical non-uniformity of airflow
generated by the desk fan across the three measurement heights. At the head level (1.1 m), the
airspeed increases substantially with fan speed in every configuration. The maximum non-
uniformity is shown in Bladed fan configurations where the head level exposure is several times
higher than the sitting and ankle level. Whereas the split jet or diffused jet produces moderately
low head level airspeed. For C1 and C2, the head level airspeed ranged from 1.66-4.5 m/s from
low to high speed. At C3, splitting the large jet into two segments reduced the zonal level non-

uniformity and head level exposure came to a range of 0.81 to 2.18 m/s. For C4 and C5, as the
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bladeless fan produces diffused airflow, the 1.1m level airspeed is even lower ranging from 0.87-
1.39m/s from low to high speeds. These head-level values are significantly higher than the PCS
airspeed limits recommended by ASHRAE Standard 55, which suggests a range of approximately
0.3-0.8 m/s when airflow is directed toward the head/ face/ upper body. The results indicate and
therefore support the zonal CP results that the tested desk fans produce a concentrated airflow
toward the breathing zone and upper body, resulting in strong localized convective cooling at the

face, neck, and upper torso regions.
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Figure 22: Airspeed at different level for the primary occupant (P1)

In contrast, the airspeed measured at the sitting level (0.6 m) and ankle level (0.1 m) remains

substantially lower across all configurations. At the sitting level, velocities are slightly raised (0.35
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m/s) by the bladed desk fans, while ankle-level velocities are typically below 0.25 m/s. For C1, C2
and C3 the change in sitting and ankle level airspeed remains almost negligible. The lower body
receives minimal airflow exposure, producing a clear vertical gradient in local convective cooling.
Such non-uniform airflow distribution can lead to significant differences in local thermal sensation
across body region as dominance of airflow at the head level has important implications for

perceived thermal comfort.

4.4.2 Spillover effect at Co-worker at P2 and P3

The velocity profiles at P2 (Figure 23) and P3 (Figure 24) represent that the airflow spillover varies
substantially in two locations. At P2, averaged airspeed generally remains within 0.2 m/s across
all configurations and fan speeds, while at P3 the average exceeds that value in all three speeds for
C1 and medium and high speed for C4. Local measurements at adjacent coworker’s location (P2)
reveal that the maximum spillover consistently occurred at 0.1m level. The direct bladed
configurations (C1-C2) and in C4, where airflow is laterally directed maximised the ankle level
draught risk for the adjacent occupant. These localized effects are not captured by the averaged

value.

At P3, the limitation of average airspeed is more pronounced. Even when the average airspeed
suggests moderate exposure, head and torso level airspeed exceeds 0.5m/s for high speed in C1
and 0.3 m/s in high-speed settings in C4 and C5. This indicates that, when the primary occupant
is using the desk fan beyond the recommended range of ASHRAE standard 55, the co-worker
sitting behind the primary occupant may experience unwanted airflow near sitting and head level

particularly for direct, forward-oriented fan configurations.
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Figure 23: Airspeed at different level for the adjacent coworker (P2)
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Figure 24: Airspeed at different level for the adjacent coworker (P3)
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In both locations, C3 exhibited the minimum spillover at all measured heights. One possible
explanation for this is that the two airstreams merged and dissipated before reaching P3, with a
combined momentum from both streams, resulting in reduced localised velocities and lower

spillover intensity at coworker position.

4.4.3 Draught risk (DR) analysis

The draught risk for the co-worker positions presented in Table 7 further reflects this localized
exposure pattern. At position P2, most configurations remain within acceptable limits, with DR
values typically below 10—15% across the three measurement heights. These values fall within
Category A and B, indicating a relatively low probability of draught discomfort for the
neighbouring occupant under most operating conditions. However, some configurations show
slightly elevated DR values at ankle level or head level under higher fan speeds, specially for the

bladed fans.

Table 7: Calculated draught risk (%) at position P2 and P3 for all configurations.

Configurations Location DR(%) at P2 DR (%) at P3
Speed 1.1m 0.6m 0.1m 1.1m 0.6m 0.1m
L 5.5 4.9 10.0 13.7 10.2 11.2
C1 M 6.5 54 10.8 25.5 23.1 12.0
H 8.2 7.5 15.9 29.8 13.4
L 10.3 5.6 8.2 8.8 8.6 10.6
C2 M 10.6 6.3 10.2 10.5 7.9 13.8
H 14.3 11.1 12.5 18.1 9.2 15.3
L 6.0 4.9 6.7 9.5 2.1 8.8
C3 M 7.3 4.9 7.1 143 2.4 12.9
H 6.5 4.9 6.8 19.1 7.6 14.4
L 6.6 5.7 9.9 8.4 12.0 9.5
C4 M 7.5 5.6 11.6 16.6 16.0 9.0
H 8.6 6.0 14.7 23.9 20.7 10.1
L 7.7 4.9 7.0 10.6 9.7 10.0
C5 M 8.6 5.9 8.0 12.9 13.6 12.0
H 9.1 6.9 7.6 15.8 19.4 12.0
[ |Category A (<10%) Category B (<20%) Category C (<30%) [l Beyond
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The draught risk becomes more significant at the second co-worker position (P3), where the
airflow spillover from the fan interacts differently with the surrounding space. For configuration
C1, the draught probability at head level reaches 25.5% at medium speed and increases to 32.3%
at high speed. Similarly, the sitting-level DR reaches 23.1% and 29.8% for medium and high
speeds, respectively. These values go beyond the typical comfort thresholds and fall within
Category C or beyond, indicating a higher risk of draught discomfort for occupants located directly
within the lateral spread of the direct airflow jet. Comparable trends are also observed for
configurations C2 and C4 at high speeds, where localized airflow leads to DR approaching or

exceeding 20% at certain heights.

4. Discussion

The overall analysis confirms that the magnitude and structure of airflow play a significant role in
determining the effectiveness of PCS. In every configuration, these findings are consistent with
the established principle of air-movement PCS, where increased convective heat transfer at
exposed skin reduces equivalent temperature and shifts thermal sensation toward the comfort zone
[33]. The conventional bladed desk fans generated large, high-momentum air jets that significantly
improved thermal comfort by producing substantial reductions in equivalent temperature and
PMV. But at every speed level the airflow exceeds the recommended threshold increasing the risk
of overcooling. This finding aligns with the study of He [133], where at 26°C, with 1.5 m/s average
airspeed, 50% occupants mentioned as ‘slightly cool’ in thermal comfort vote. At the same time,
configurations that split the airflow into multiple smaller direct jets (e.g. the dual USB powered
fan setup) demonstrated that comparable comfort improvements can be achieved through
distributed airflow while reducing the risk of excessive localized cooling. In contrast, bladeless

desk fans provide diffused airflow and wearable cooling devices provided more targeted cooling.
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Although these two provide airflow by two completely different physical mechanism, they result

in similar overall thermal comfort improvements with the increment of airspeeds.

The zonal CP analysis and thermal imaging further support the conclusion that whole-body
comfort improvement is strongly influenced by localized cooling of upper-body segments. Bladed
desk fans produced extended cooling across the breathing zone, chest, arms, and hands, resulting
in the highest whole-body CP. This direct, high-momentum airflow increases convective heat loss
in the exposed areas and produces strong whole-body comfort improvements. However, excessive
localized cooling at the head and extended region may reduce comfort stability and increase
draught risk. This behavior aligns with Fanger’s [3] heat balance principle, which emphasizes that
thermal comfort depends on the balance between heat production and heat loss, and that excessive
local convective heat transfer can lead to discomfort even when overall thermal sensation
improves. Conversely, distributing airflow across multiple outlets or diffusing the air moderates
convective heat transfer and produces a more balanced and stable thermal response. Related
observations have been reported in preceding PCS studies, where spatial distribution were
identified as more important than maximum air velocity for achieving sustainable thermal comfort
[10][42]. Despite affecting fewer body segments, wearable fans still produced meaningful whole-

body comfort.

Further zonal CP analysis by grouping close body segments together showed whole-body CP can
be achieved through fundamentally different airflow distribution patterns. Bladed fans induce heat
loss from breathing zone, torso and hand, whereas bladeless fans provide a diffused airflow with
less impact on hands and torso. Wearable fans provide targeted cooling of thermally sensitive
regions can achieve similar comfort benefits as broader torso-level cooling. This highlights that

with different airflow distribution pattern and targeting varied segments similar whole-body CP
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can be achieved. Regional airflow distribution plays a critical role here, rather than the fan

placement.

The relationship between CP and COP further highlights the balance between cooling
effectiveness and energy efficiency. While bladed desk fans produced the highest CP values, they
also consumed more electrical energy, which reduced their overall COP. Conversely,
configurations that provided moderate cooling with lower energy input, such as USB fans and
bladeless fans, achieved more balanced energy efficiency. Although COP was not explicitly
calculated for wearable devices due to their negligible plug-load energy consumption, their
localized cooling performance indicates that they can deliver perceptible comfort improvement

with minimal energy demand.

A clearer interpretation of the guidance provided in ASHRAE Standard 55 for PCS is necessary.
The standard recommends an airspeed range of 0.36—0.8 m/s for desk fans directed toward the
head, face, or upper body; however, it does not clearly specify the exact measurement location or
method used to evaluate this airspeed. As a result, the guideline creates a level of ambiguity as it
can be interpreted in different ways. One interpretation is that the recommended range applies
specifically to the head-level airspeed. Another interpretation could be that the guideline refers to
the average airspeed across the upper-body region, which could be the average of head and sitting
levels, as the desk fan have a significant effect on torso level. In figure 22, this recommended range
is presented in red band in both head level and upper body level airspeed to understand the

compliance.

The present research demonstrate that the interpretation of the standard significantly influences

the compliance assessment of desk fan configurations. When only the head-level airspeed is
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considered, all configurations, regardless their location or airspeed exceed the recommended 0.36—
0.8 m/s range. In contrast, when the average airspeed of the head and sitting levels is considered,
several configurations—particularly the two USB-powered producing split jets at low and medium
speeds and bladeless fan producing diffused jets across different intensity levels—fall within the
recommended range. Additionally, the PCS guideline in the ASHRAE standard 55 suggests that,
under cooling conditions, a PCS should increase the average airspeed by approximately +0.3 m/s.
However, the standard does not clearly define the reference location for this increase. It remains
unclear whether this criterion should be evaluated at a central room location or directly at the
primary occupant’s position. In this study, configurations that achieved a +0.3 m/s increase at the
occupant location consistently exceeded the recommended 0.36—0.8 m/s range at head level. These
ambiguities highlight the need for clearer guidance on measurement locations and evaluation

procedures to support the effective implementation of PCS in shared office environments.

The multilevel airspeed measurements show that head-level velocities frequently reach several
times higher magnitude from the lower body, indicating the potential for local overcooling or
draught discomfort during prolonged exposure. This indicates, level-wise airspeed analysis even
when the PCS is only targeted to the upper body is needed to understand the non uniform airflow
pattern provided by them. At the same time, elevated airspeed section, ASHRAE Standard 55
permits higher airspeeds without an upper limit when occupants have direct control over the
airflow, under the assumption that users can adjust the fan speed to maintain acceptable comfort
conditions. The findings suggest that the airflow structure and spatial distribution of air movement
should also be considered when evaluating compliance with the guideline, rather than relying

solely on a single measurement point.
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However, the results of this study indicate that when the primary occupant operates the fan at high
speeds, the resulting airflow can extend toward adjacent workstations and increase draught risk for
nearby co-workers. In several cases, the calculated draught probability at neighbouring positions
exceeds recommended categories. These findings suggest that additional guidance may be
necessary for PCS applications in shared office environments. Clearer limits or evaluation
procedures for elevated airspeed under user-controlled conditions could help reduce unintended
draught exposure for nearby occupants. Fan placement and zonal airflow distribution are critical
factors influencing co-worker comfort. Therefore, level-specific airspeed assessment and airflow
direction should be carefully considered when evaluating desk-fan PCS performance under

ASHRAE Standard 55 guidelines, especially in open-plan office environments.

Overall, the present study demonstrates that PCS effectiveness depends not only on airflow
magnitude but also on airflow structure, spatial distribution, and targeted body regions. Direct,
high-momentum airflow provides the strongest whole-body cooling but may increase local
discomfort, draught risk for coworkers and energy consumption. In contrast, distributed and
localized airflow strategies can provide stable and energy-efficient comfort improvements with
more energy efficiency and less spillover towards coworkers. These findings support the use of
optimized small multi jet direct airflow towards sensitive regions or diffused airflow towards upper
body when designing PCS for energy conscious shared office environment to improve practical

applications.
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Chapter S - Conclusion and Future Works

5.1 Findings

This study analysed the effect of airflow structure, device placement and airspeed level on the

thermal comfort of primary occupant and coworker spillover under ASHRAE standard 55

recommendations. The key findings can be summarized as follows:

Whole-body cooling effectiveness of desk and wearable fans is primarily governed by
airflow intensity and distribution pattern, whereas adjusting the desk fan position from 0°
to 45° toward the chest results in only minor changes in overall cooling performance.
High-momentum conventional bladed desk fans provide the strongest whole-body cooling.
Conventional bladed fans show the largest cooling with PMV reduction of 1-1.5. In energy
conscious office environment this might onset risk of overcooling. Splitting direct airflow
into multiple smaller jets or providing defused airflow improves comfort while reducing
the risk of overcooling and improving comfort stability in energy conscious office
environment.

Breathing zone-torso-hand cooling with a direct airflow in low speed was found equivalent
to breathing zone-torso cooling with a diffused airflow in high speed in terms of
moderating Teq and PMV. In addition, by targeting the highly thermosensitive face—neck
region, wearables achieved whole-body CPq improvements nearly equal to those produced
by broader torso -breathing-zone cooling by bladeless fan. Conventional bladed fan at low
speed, two USB powered fans at medium speed, bladeless and wearable fans at high speed

provides similar whole body CP despite targeting the thermosensitive regions differently.
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e (P and COP do not peak simultaneously; devices with high cooling output may have lower
energy efficiency due to higher power consumption. Conventional bladed fan consumes
comperatively higher energy during operation that eventually lowers the COP to less than
1.5. Whereas, USB fan (both) or bladeless fan can provide similar comfort with much lower
energy consumption. The dual USB fans showed maximum cooling efficiency with the
lowest energy consumption among all other configurations.

e Multilevel airspeed analysis revealed that, to evaluate PCS performance; zonal airflow
distribution and level-wise exposure analysis is important to understand more accurate
comfort assessment. Conventional bladed fan configurations generated extremely high
head level airspeed of 3-4.5 m/s, leading to large zonal CP peaks, whereas lower body
exposure remains almost negligible. Long term exposure to this situation may induce local
discomfort.

e The coworkers’ drought risk was more pronounced at P3 in this experimental setup where
head and torso level exceed 0.2 m/s with forward oriented configurations. For
configuration C1, the draught probability at head level reaches 25.5% at medium speed and
increases to 32.3% at high speed indicating significantly high DR for the coworker.

e Though fan placements and discharge angle has negligible influence on primary occupant’s
whole body comfort, it strongly influences airflow spillover. Splitting one large jet to two
small direct jets (C3) or diffusing the direct jet by bladeless fans (C4-C5) minimise

coworker discomfort

Overall, the results indicate that, targeted, diffused and splitting airflow strategies offer a
promising pathway for improving thermal comfort while minimizing energy use in shared office

operated under an energy conscious setpoints. Compared with highly directional airflow provided
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by conventional bladed desk fan, this strategies help cooling the thermally sensitive regions while
reducing the spillover effect to the adjacent occupants. Among all the tested configurations, the
dual USB fan demonstrated a significantly balanced performance, providing noticeable
improvement in occupant comfort consuming relatively low energy and causing minimal
unwanted airflow disturbance in the surrounding environment. These findings suggest that
appropriately designed and positioned low-power personal fans can support both occupant comfort

and energy-efficient operation in shared office spaces.

5.2 Implications of this study

This study can be implemented as baseline for understanding the effect of different airflow
mechanism generated by various fan configurations and their effect of zonal and whole body
thermal comfort in energy conscious set points. The findings provide evidence on localised cooling
highlighting their potential impacts on coworkers. These insights may help to select the PCS
suitable for providing comfort while minimising the draught discomfort towards the adjacent

coworker.

In addition, the result supports to highlight certain limitations of the existing standards related to
PCS application. The current guidelines do not clearly specify how the exact measurement
locations and procedure for setting the threshold. It also doesn’t consider spatial distribution of
airflow produced by the desk fans, which is necessary for understanding the non-uniformity at
occupants location as well as the coworkers place. Therefore, the findings of this study suggest
that these criteria should be more clearly defined and incorporated into the standards to support

the practical implementation of PCS in shared office environments.
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5.3 Limitations of the Study

Despite the comprehensive experimental framework, this study has several limitations that should
be acknowledged. First, the experiments were conducted in a controlled office space with
simplified office layout, which may not fully represent the diversity of real-world open-plan
offices where furniture arrangement, occupant movement, and background airflows from HVAC
systems can significantly alter airflow patterns. Second, the use of a thermal manikin with fixed
physical parameters does not capture subjective human factors such as individual thermal
preference, behavioural adaptation, or perceptual tolerance to local draught, as well as fan noise.
In addition, coworker exposure were measured at fixed discrete points, which may not reflect the
continuous spatial variability of airflow around the occupants. Finally, transient behaviours such
as intermittent fan use and occupant posture changes were not considered in this study. Future
studies should therefore extend the analysis to real occupied spaces, incorporate subjective comfort

assessments and spatial heterogeneity of airflow to further validate and generalise the findings.

5.4 Future Work

Two important extensions can further strengthen the applicability and impact of the findings. First,
validation through controlled human-subject experiments is recommended. Although Teq, CP,
PMV, and zonal airflow measurements provide robust objective indicators of thermal
performance, human perception of comfort involves physiological and psychological responses
that cannot be fully captured by manikin-based approaches alone. Future studies should therefore
examine thermal sensation and comfort votes, preference responses, and potential draught
perception under the most promising configurations identified in this work. Particular attention

should be given to comparing multi-region cooling (breathing zone—torso—hand) with breathing-
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zone-dominant cooling, as well as evaluating multilevel draught acceptability at coworkers’
location in shared settings. Such validation would strengthen the translation of zonal CP and

airflow-distribution findings into occupant-centered comfort guidelines.

Second, the incorporation of the experimentally derived performance metrics into building energy
simulation models would allow quantification of potential energy savings at the building scale. By
integrating fan-induced cooling effects as CP or equivalent temperature adjustments within
simulation platforms, it would be possible to evaluate thermostat setpoint extensions and
corresponding reductions in cooling loads. Together, these future research directions—human-
subject validation and energy simulation integration—would bridge the gap between controlled
experimental findings and real-world implementation, advancing the development of evidence-

based, occupant-centered, and energy-efficient Personal Comfort System strategies.
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