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As global warming intensifies, extreme heat events are sweeping the globe with unprecedented 

frequency and intensity, threatening the lives of hundreds of millions. The demand for 

developing cool and sustainable cities has never been greater. Thermal comfort models serve 

as a vital tool for this effort, as they quantify the complex relationship between environmental 

parameters and thermal sensation, thereby providing the theoretical foundation for developing 

a reliable thermal environment evaluation system. However, the predictive performance of 

these models remains limited in the outdoor environment, likely due to the oversimplification 

of the dynamic conditions. Wind, affecting the heat balance by enhancing convective heat 

transfer over the human body, is among the most dynamic environmental parameters. However, 

the influence of wind on heat transfer is often oversimplified in conventional thermal comfort 

models, as the prevalent models typically employ correlations that depend solely on mean wind 

speed. Outdoor wind is turbulent and inherently non-stationary, exhibiting a time-varying mean 

speed due to synoptic trends. Although field measurements clearly chow this, the effects of 

these components on convective heat-transfer coefficients remain largely unknown. 



II 

 

This research comprehensively evaluated the effect of dynamic outdoor wind on convective 

heat transfer over the human body, aiming to improve the accuracy of the thermal comfort 

model. It is organised into three sub-studies that systematically employ an advanced thermal 

manikin as the primary measurement instrument: a) A field study to simultaneously monitor 

typical pedestrian-level wind and measure convective heat transfer over the human body. b) A 

wind tunnel study to quantify the effects of wind fluctuations at different frequencies on the 

convective heat transfer. c) A wind tunnel study to evaluate mixed convection over the human 

body under urban weak wind conditions. 

Previous studies on how turbulence affects convective heat transfer over the human body were 

conducted mainly in wind tunnels or climate chambers, where test-facility constraints led to 

relatively low turbulence intensity, small turbulence integral length scale, and fixed prevailing 

wind direction. To address this gap, a field study was conceived to monitor the pedestrian-level 

wind in actual outdoor settings and to measure the convective heat transfer coefficient (hc) of 

a thermal manikin at the same time. The results show that both longitudinal and lateral 

turbulence intensity significantly enhance whole body hc. The integral length scales found at 

the two sites were larger than a typical manikin dimension, and the whole body hc peaked when 

these two scales were comparable. As the first field study to quantify convection heat loss of a 

thermal manikin exposed to real-life urban boundary layer wind, it is demonstrated crucial to 

consider realistic turbulence characteristics in the field when evaluating hc over a human body 

for urban microclimate design. 

To further quantify the effect of non-stationary turbulent wind observed in the above field 

measurement on hc under a controlled setting, such flows were reproduced in a wind tunnel 

using an active shutter and a passive grid. Meanwhile, a thermal manikin was employed to 

determine the hc over the human body. The findings indicate that while high-frequency 
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turbulence intensity significantly increases hc, hc does not change notably with fluctuation 

amplitude in the low-frequency range. In outdoor settings, turbulence intensity can be 

overestimated by more than half if the synoptic trend is not removed. Therefore, detrending 

dynamic flow is critical for accurately calculating turbulence intensity; otherwise, the whole 

body's hc could be overestimated by up to 40%. Furthermore, a reduction in wavelength of low-

frequency fluctuation component in dynamic flow contributes to enhancing hc, while no more 

than 4% in typical outdoor pedestrian-level wind conditions. To improve the accuracy of the 

predicted hc in prototype pedestrian-level urban environment, an equivalent wind speed which 

accounts for the effects of turbulence and synoptic trend has been proposed to adjust the wind 

speed input in current thermal comfort models. 

The field measurements also reveal a frequently occurring yet understudied regime: low-speed 

but turbulent winds induced by high-density urban layouts. In such low wind speed 

environments, a high skin-to-ambient temperature difference (∆𝑇), often caused by strong 

radiation, can lead to mixed convection supplanting forced convection as the dominant heat 

transfer mechanism. Nevertheless, the mixed convective heat transfer over the human body 

remains poorly understood. To investigate this, an experiment was conducted in a multi-fan 

wind tunnel, equipped with a passive grid and a perforated plate to generate low wind speed 

across multiple turbulence intensity levels. A thermal manikin was used to measure the hc 

across different ∆𝑇. The findings show that under the combined conditions of low wind speed 

(< 1 m/s) and low turbulence intensity (< 8%), increasing  ∆𝑇 significantly enhances the hc of 

the lower body, by over 10% at ∆𝑇 = 12 ℃, whereas the upper body’s hc exhibits negligible 

change. Conversely, hc does not vary with ∆𝑇 when TI exceeds 14%, likely because the thermal 

boundary layer is more easily disrupted by the highly turbulent flow.  Among the prevailing 

thermal comfort models, the Fiala model is the only one that explicitly accounts for mixed 

convection conditions when predicting the convection and evaporation heat loss. Yet it 
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substantially overestimates the whole body hc by more than 37%. Therefore, this study 

proposes a new set of hc prediction formulas for local body segments to improve the prediction 

accuracy in outdoor mixed convection conditions. 

This research systematically investigates convective heat transfer over the human body under 

pedestrian-level wind conditions, spanning commonly observed skin-to-ambient temperature 

differences, mean wind speeds, low-frequency fluctuations, and high-frequency turbulence (in 

a high-density subtropical city). The proposed binned hc prediction formulas provide a more 

accurate representation of heat transfer in realistic urban wind environments, thereby 

improving the predictive accuracy of existing thermal comfort models. These advancements 

support the optimisation of pedestrian thermal comfort, contributing to the design of cooler, 

more resilient urban spaces in a warming world. 
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Chapter 1  Introduction 

1.1 Background 

As global warming intensifies, extreme heat events are sweeping the globe with unprecedented 

frequency and intensity. Temperatures across the world are consistently breaking historical 

records, threatening the lives of hundreds of millions. The heat island effect renders cities 

particularly vulnerable to heatwaves.  The development of cool and sustainable new cities is a 

critical priority. In this context, wind plays a central role as a vital natural resource for 

mitigating heat stress through enhancing convective heat transfer from the human body and 

facilitating sweat evaporation. 

Understanding how building structures alter the pedestrian-level wind field is the physical 

foundation for optimising urban design to enhance thermal comfort. Extensive field 

measurements and computational simulations have been conducted to characterise pedestrian-

level wind environments, revealing a concerning long-term trend:  progressive reduction of 

wind speeds in urban areas. Urbanisation significantly increases surface roughness and reduces 

wind speed. According to the Hong Kong Observatory, while annual mean wind speeds have 

remained relatively stable in suburban areas over the long term, a pronounced decline of 

approximately 0.4 m/s per decade has been observed in urban areas (Hong Kong Observatory, 

n.d.). In some highly populated districts of Hong Kong, nearly the entire district experiences 

an annual pedestrian-level mean wind speed below 1.25 m/s (Peng et al., 2018). Low wind 

speeds act in concert with the hot-humid climate to exacerbate pedestrian thermal discomfort 

to a severe degree. 
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To create liveable neighbourhoods amid this challenging environment, a range of passive and 

active cooling strategies are adopted, including the introduction of green spaces and the cooling 

building materials, modified designs to improve ventilation (Ebi et al., 2021; T. Huang et al., 

2017; Jay et al., 2021; Kyogoku & Takebayashi, 2023). For example, semi-closed elevated 

walkways have been shown to slightly improve the pedestrian-level mean and gust wind speeds 

(L. Chen et al., 2023). The lift-up design can more effectively amplify the wind speed in the 

downstream near-field low wind velocity zones (L. Chen & Mak, 2021; Du et al., 2017; Liu et 

al., 2019; Tse et al., 2017; Q. Xia et al., 2017; X. Zhang et al., 2017).     

Incorporating predictive climate modelling and these heat mitigation strategies into the initial 

planning phase would enable more efficient and proactive development of cooler cities. 

Coupling thermal environment simulation with a thermal comfort model represents a useful 

tool in this endeavour (Nazarian et al., 2017). Drawing upon the computational simulation can 

assess the impact of urban geometry, building design and various building technologies on 

thermal environmental parameters (Liu et al., 2017). Thermal comfort models predict 

pedestrians’ thermal perceptions, typically articulated on a 7-point thermal sensation scale, 

considering a combination of environmental parameters and individual factors, such as clothing 

insulation and metabolic rate. The prevailing thermal comfort models usually consist of two 

sub-models: a thermo-physiological and a thermal sensation model. The thermo-physiological 

model provides a mathematical representation of heat exchanges occurring at the body’s 

surface (including respiration, radiation, convection and evaporation), within the body (passive 

system), and the thermal regulation process (active system) to predict the physiological 

parameters, such as skin temperature (Tsk), core temperature (Tcore), and sweat rate for a given 

environment. The thermal sensation model employs empirical correlations to predict human 

thermal perception by taking these physiological parameters as input (Lai et al., 2017b; H. 

Zhang et al., 2010). 
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Substantive improvements have been made by updating the empirical correlation between the 

physiological parameters and thermal perception based on field surveys and by refining the 

passive and active system to incorporate an intricate system of body tissues, arteries and veins 

(Huizenga et al., 2001; Kingma, 2012; Y. Xie, Huang, et al., 2018). However, outdoor thermal 

comfort models have shown unsatisfactory prediction accuracy. Field studies reveal notable 

disparities between onsite surveys and model predictions, even when employing identical 

meteorological parameters, suggesting that the models underestimate the cooling effect of wind 

in warm to hot environments (Y. Xie, Huang, et al., 2018). This deviation points to a 

fundamental flaw in the conceptualisation and mathematical description of convective heat 

transfer within prevailing models. The conventional models rely on an oversimplified 

assumption that convection is determined by mean wind speed alone, neglecting the complex 

and dynamic characteristics of real urban wind environment.  

1.2 Research gaps 

The problem of model inaccuracy in the outdoor environment can be attributed to three 

interconnected core knowledge gaps, which this thesis aims to address. 

• The overlooked role of turbulence characteristics in convective heat transfer  

First, there is a deficiency in the characterisation of the urban wind environment. Most previous 

studies of pedestrian-level wind around buildings have focused primarily on the mean wind 

speed (Asfour, 2010; Tsang et al., 2012; Uematsu et al., 1992; A. Zhang et al., 2005), with 

limited assessment of the turbulence characteristics such as turbulence intensity (TI) and 

turbulence integral length scale (TL). A case study using computational simulation shows that 

the turbulence intensity around the lift-up design can be up to 120% (Liu et al., 2019), while 

field measurement indicates lower turbulence intensity levels (less than 50%) in urban open 
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spaces (Zou, Yu, et al., 2021). The difference may stem from the different analysis methods 

adopted in computational simulation and field experiments, or it may imply that wind is more 

turbulent near building structures. Longer-term field measurements are needed to fully 

understand the turbulence characteristics in built-up areas and examine the impact of building 

structures on local turbulence characteristics. 

Although the influence of TI on convective heat loss has been preliminarily established in the 

last decade (C. Li & Ito, 2014; Mayer, 1992; Ono et al., 2008; Yu et al., 2020; Zou, Liu, et al., 

2021), the effect of TL –  representing the average size of the energy-containing eddies in the 

flow – on hc over a human body has not been experimentally investigated, partially due to the 

lack of proper test facilities.  The prevailing thermal manikins used to measure heat transfer 

between the human body and environment are full-scale models of average adults. This would 

require a full-scale reproduction of TL. However, the TL in the wind tunnel experiments is 

limited by tunnel size, usually less than 3m (Zou, Liu, et al., 2021). This value is much smaller 

than the outdoor TL, and a recent measurement has reported a range of 1.2 to 12 m for typical 

urban pedestrian-level wind (Zou, Yu, et al., 2021). Furthermore, in real outdoor environments, 

wind direction may be subject to frequent changes that can lead to relatively high lateral 

turbulence intensity. Despite this common occurrence, the combined effects of longitudinal 

and lateral turbulence on convective heat transfer have not been thoroughly examined. 

• The complexity of non-stationary turbulent wind 

Second, the non-stationary characteristic of outdoor wind adds another layer of complexity. 

Non-stationary flow, driven primarily by pressure gradient forces corresponding to the pressure 

patterns seen on a weather map, is a pervasive natural phenomenon characterised by a time-

varying mean wind speed  (Oke et al., 2017). In the urban canopy layer, where pedestrians 

conduct most of their daily activities, the non-stationary flow is modified by the roughness and 
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thermal effects of the city itself, resulting in turbulence. The impact of non-stationary airflow 

on thermal perception has long been a focus in indoor comfort research to optimise 

mechanically controlled airflow to provide better comfort (L. Huang et al., 2012; ichi Tanabe 

& ichi Kimura, 1994; Parkinson & de Dear, 2017; Y. Xie, Fu, et al., 2018; X. Zhou et al., 2006). 

However, its effect on human convective heat transfer remains unclear from a fundamental 

physical perspective. Previous wind tunnel tests have typically relied on passive grids to 

generate high-frequency turbulence. While the wind spectrum still differs from that 

encountered by pedestrians in a real urban setting, primarily due to the lack of low-frequency 

fluctuation components present in natural wind. 

• The neglected regime of mixed convection under prevalent low-speed pedestrian-level 

winds 

Third, under weak wind conditions, convective heat transfer between the human body and the 

surroundings is likely to transition from forced convection to mixed convection. Richardson 

number (Ri) serves to evaluate the extent of natural convection relative to forced convection, 

defined as the ratio of Grashof number (Gr) to the square of the Reynolds number (Re): Gr / 

Re2. Its value is governed by two primary environmental parameters: skin-to-air temperature 

gradient (∆𝑇) and wind speed (V). When Ri falls between 0.1 and 10, the combined effects of 

natural and forced convection should be considered (Alali & Eckels, 2024). If the human body 

is approximated as a cylinder with a diameter of 0.5 m, then under the condition of V = 1 m/s, 

mixed convection may occur when ∆𝑇 exceeds 6 ℃. Such significant temperature gradients 

are not uncommon. A field study reported that when subjects were moved from a neutral indoor 

environment to an outdoor environment with the average air temperature of 27 ℃, their skin 

temperature increased rapidly, reaching a ∆𝑇 of over 8 ℃ after 30 minutes (Lai et al., 2017a). 

The high temperature gradient may be attributed to solar radiation. Skin temperature can be 5 ℃ 
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to 6 ℃ higher under sunny conditions than under cloudy weather (Blazejczyk, 1998). 

Additionally, high humidity contributes to a slight increase in skin temperature, elevating it by 

0.36 ℃ observed when relative humidity increases from 70% to 90% at an air temperature of 

32 ℃ (Jin et al., 2017). Therefore, urban areas with hot-humid climates are more conducive to 

the occurrence of mixed convection. 

While mixed convection for simple geometries such as cylinders and spheres has been 

extensively studied (Armaly et al., 1987; Badr, 1984; Gandikota et al., 2010; Kumar & Dhiman, 

2016; Laskowski et al., 2007; Osborne & Incropera, 1985; Ozalp et al., 2023; Rasool et al., 

2015; Yuge, 1960), this mechanism has not yet been fully elucidated for the human body, 

which has complex shapes. The convective heat transfer formulations in most prevailing 

models consider only pure natural and forced convection (Gagge, 1971; Huizenga et al., 2001; 

Kobayashi & Tanabe, 2013; Stolwijk, 1971; Takahashi et al., 2021; Tanabe et al., 2002), failing 

to account for the mixed convection regime. The lack of comprehensive experimental data 

under varying ∆𝑇 , V, and TI levels thus represents an obvious limitation in accurately 

predicting convective heat transfer in the weak wind conditions of many urban environments. 

1.3 Aims and objectives 

This thesis presents a comprehensive investigation to bridge these knowledge gaps through 

three interrelated studies, which progress from field measurement to controlled wind tunnel 

test, ultimately refining the physical basis for predicting human convective heat transfer. 

Study 1: This study serves as the foundational field investigation. In this study, on-site 

measurements of pedestrian-level wind in a built-up area were carried out to obtain the most 

realistic information on the possible turbulence characteristics in terms of TI and TL. At the 

same time, a thermal mannikin with a constant heat flux control was used to quantify the body 



7 

 

surface hc. These measurements aim to determine the effect of TI and TL on the body surface 

convection heat transfer, so that further experiments can be designed to facilitate the 

development of a mathematical expression. 

Study 2: Building on the findings of Study 1, this research explores the effects of non-

stationary turbulent wind on human convective heat transfer. We simulated the non-stationary 

turbulence wind patterns in a wind tunnel using a combination of an active shutter and passive 

grids and measured the convective heat loss of a thermal manikin. We aim to address two key 

questions: (1) What are the effects of low and high fluctuation components of wind on the local 

and whole-body convective transfer coefficient?  (2) How can the thermal comfort model be 

modified to predict outdoor convective cooling more accurately? A better understanding of the 

human body’s convective heat loss under dynamic flow could increase the accuracy of thermal 

regulation models and their corresponding thermal comfort predictions.   

Study 3: In response to the low-speed but turbulent wind observed in high-density urban 

layouts in Study 1, this study assessed the human mixed convection under such conditions. A 

passive grid and perforated plates were utilised to create low-speed wind environments with 

different turbulence intensity levels in a wind tunnel. By measuring the heat transfer of a 20-

segment thermal manikin across multiple temperature gradients, the investigation aimed to 

provide a comprehensive dataset to enhance the predictive reliability for human mixed 

convective heat transfer. 

Collectively, this thesis provides a comprehensive evaluation of human body convective heat 

transfer, specifically tailored to the typical non-stationary turbulent wind in urban areas. The 

research progresses from empirical observation to mechanistic understanding and finally to 

prediction model refinement. This work delivers a refined framework for convective heat 

transfer prediction, thereby enhancing the predictive accuracy of thermal comfort models. 
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These results provide a theoretical foundation for designing effective heat mitigation strategies, 

ultimately contributing to more sustainable and resilient urban environments. 

1.4 Research Flowchart 

 

Fig. 1.1 Research flowchart 
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1.5 Thesis outline 

The structure of this thesis is as follows: 

Chapter 2: Literature review. Provides a comprehensive review of relative studies on 

convective heat transfer over human body, structured around three key areas: a) wind 

characteristics and thermal comfort.; b) mixed convection in the low-speed wind environment; 

c) hc calculation in prevailing thermophysiological models. 

Chapter 3: Onsite measurements of pedestrian-level wind and preliminary assessment of 

effects of turbulence characteristics on human body convective heat transfer. Presents the 

first study, based on field measurement. 

Chapter 4: Human body convective heat transfer coefficient under non-stationary 

turbulent wind. Presents the second study, investigating non-stationary wind effects in a wind 

tunnel. 

Chapter 5: Experimental study of mixed convective heat transfer over human body under 

low-speed turbulent wind. Presents the third study, examining the combined effects of 

buoyancy and forced convection at low wind speeds. 

Chapter 6: Conclusions and recommendations for future work. Summarises the present 

work and provides suggestions for future studies. 
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Chapter 2  Literature review 

2.1 Introduction 

Accurately predicting convective heat transfer over the human body is a cornerstone of outdoor 

thermal comfort research. For decades, this challenge has been predominantly simplified 

through empirical correlations that rely on a single variable: mean wind speed. While this 

approach has been widely used in relatively stable indoor environments, it is mismatched with 

the dynamic nature of outdoor wind. Consequently, existing thermophysiological models that 

embed these simplified correlations are susceptible to inaccuracies when applied to outdoor 

settings. 

This chapter systematically traces the development of the understanding of human convective 

heat transfer. The review begins with the established models based on mean wind speed and 

outlines their limitations, thereby setting the stage for a deeper investigation. It then progresses 

to a detailed analysis of turbulence characteristics as critical yet underexplored parameters 

governing convective heat transfer. The review further extends to the unique property of non-

stationary outdoor wind, examining how the fluctuating nature influences both thermal 

perception and physical heat exchange mechanisms. Subsequently, targeting the weak wind 

environments prevalent in urban areas, the discussion addresses the regime of mixed 

convection, where the coupled effects of wind and thermal buoyancy complicate the heat 

transfer process. Finally, the chapter assesses current thermophysiological models, evaluating 

their capacity to integrate these complex characteristics and highlighting the pervasive gaps 

between model capabilities and the realities of dynamic outdoor environments. 
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The primary aim of this review is to identify the existing knowledge gaps in accurately 

assessing human body convective heat transfer in the outdoor environment, thereby 

establishing clear objectives that the subsequent phases of this thesis will pursue.  

2.2 Wind and thermal comfort 

The understanding of how wind influences thermal comfort has evolved substantially. The field 

has progressed from foundational correlations reliant on mean wind speed to a deepened 

exploration of wind’s dynamic characteristics. The intensity, frequency, and directionality of 

the dynamic wind modulate convective and evaporative heat loss from the human body, while 

also triggering complex physiological and psychological responses that influence thermal 

sensation. This section reviews this progression to establish a multi-dimensional framework 

for understanding the role of wind in thermal comfort studies. 

2.2.1 The foundational role of mean wind speed 

As one of the four most important environmental parameters affecting thermal sensation (air 

temperature, mean radiant temperature, relative humidity and wind speed) (Goldman, 1999), 

wind speed plays a critical role. Under negligible ambient wind conditions (< 0.2 m/s), the 

convective heat transfer process is governed by natural convection, which arises from the 

formation of a buoyancy-driven thermal plume generated by heated air around the human body. 

As wind speed increases, it thins and eventually strips away the thermal boundary layer 

adhering to the human body, thereby gradually shifting the dominant flow pattern from natural 

to forced convection. The disruption of this boundary layer exposes the skin directly to the 

cooler ambient air, resulting in a dramatic increase in body heat loss. For forced convection, 

the relationship between V and the whole-body hc can be described by the following form: 
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 ℎ𝑐 = 𝑎𝑉𝑏 (2.1) 

where, a and b are coefficients, and the exponent b is generally accepted to fall within the range 

of 0.5 to 0.6. In contrast, no consensus exists on the value of coefficient a (Buttner, 1934; de 

Dear et al., 1997; Gagge et al., 1967; Ichihara et al., 1995; C. Li & Ito, 2014; N. Luo et al., 

2014; Nishi & Gagge, 1970b; Oguro, Arens, ZHANG, et al., 2002; Oliveira et al., 2014, 2012; 

J. Wang et al., 2025). The seminal Predicted mean vote (PMV) thermal comfort model employs 

the following semi-empirical correlation for the human body hc (Fanger, 1970b): 

 ℎ𝑐 = 12.1𝑉0.5 (2.2) 

However, the value of a is much lower in Gagge’s two-node model (Gagge et al., 1986): 

 ℎ𝑐 = 8.6𝑉0.5 (2.3) 

The whole-body level resolution soon revealed the limitation as research progressed. In 

response to the development of multi-node models for more accurate prediction of local 

thermal sensation, de Dear et al. (de Dear et al., 1997) employed a thermal manikin in a wind 

tunnel to measure the hc of 16 individual body segments across wind speeds from 0 to 5 m/s 

and formulated regression formulas. Li and Ito (C. Li & Ito, 2014) extended the measurement 

range of hc to 12.67 m/s to address strong wind conditions. In addition to investigations on 

static human body, some researchers also developed regression formulas to predict the hc for 

walking occupants. Chang and Gonzalez (Chang & Gonzalez, 1989) performed the first 

investigation using the naphthalene sublimation method to measure hc of a hinged manikin at 

four walking speeds. However, their results are limited to local measurements and cannot 

accurately represent the average segment coefficients. Subsequently, Oliveira et al. (Oliveira 

et al., 2012, 2014) used a thermal manikin with articulated limbs to quantify the hc across wind 

speeds from 0 to 10 m/s, thereby overcoming the prior limitation.  Contending that limb 

movement alone inadequately represents actual gait, Luo et al. (N. Luo et al., 2014) measured 
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the hc using a thermal manikin on a moving track to simulate uniform motion. The coefficients 

they obtained were lower than those measured for a static manikin in a wind tunnel. Wang et 

al. (J. Wang et al., 2025) systematically compared the hc from different walking simulation 

methods and developed correlations for free walking individuals. 

The hc values predicted by Eq. (2.1) can vary by a factor of two to three across different studies. 

While differences in body shape and experimental methodologies are contributing factors, this 

substantial scatter suggests that key physical factors may be missing from these analyses. A 

critical question thus arises: could influential wind characteristics, beyond mean wind speed, 

be responsible for this large variation?  

2.2.2 Effects of turbulence characteristics 

The substantial scatter in reported values strongly suggests that convectional models, which 

rely solely on mean wind speed, may be missing essential parameters. This uncertainty compels 

a deeper investigation into the dynamic nature of wind itself. Which specific wind 

characteristics could account for such variability? This section focuses on the role of turbulence 

as a critical yet underexplored factor governing convective heat transfer.  

2.2.2.1 Turbulence intensity 

Early research efforts were predominantly directed towards the discomfort caused by TI in 

neutral-to-cool environments. In 1985, Fanger and Christensen (FANGER & Christensen, 

1986) conducted experiments with 100 subjects to assess their thermal sensation in a chamber 

where the TI ranging from 30% to 60%. They found that turbulent flow induced greater 

discomfort than laminar flow. This discomfort, known as draught sensation, is defined as “an 

unwanted local cooling effect caused by air movement”. To quantify the effect of TI, Fanger 

et al. (Fanger et al., 1988) subsequently evaluated draught sensation of 50 subjects at low (TI 
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< 12%), medium (20% < TI < 35%), and high TI levels (TI > 55%). They presented a draught 

risk model to predict the percentage of dissatisfied (PD) due to draught:  

PD = 3.143(34 − 𝑡𝑎)(𝑉̅ − 0.05)0.6223 + 0.3696𝑉̅ × 𝑇𝐼(34 − 𝑡𝑎)(𝑉̅ − 0.05)0.6223 (2.4) 

where, 𝑡𝑎 is air temperature (℃), 𝑉̅ is mean wind speed (m/s). 

Fanger et al. (Fanger et al., 1988) argued that the complaints of draught under high TI are due 

to skin temperature fluctuations, which trigger strong cutaneous thermoreceptor activity, rather 

than to the significant change in mean skin temperature. For instance, Griefahn et al. (Griefahn 

et al., 2000) measured the skin temperature of 17 subjects under three TI levels (TI < 30, ≈

50, >70%) and reported that the skin temperature reduction was solely dependent on wind 

speed, not on TI. However, it is noteworthy that their study was conducted at low wind speeds 

below 0.5 m/s. 

Another perspective holds that increased TI enhances convective heat loss from the skin surface 

(Mayer, 1987). Mayer (Mayer, 1989, 1992) measured the hc of a heated artificial head under 

varying TI levels. For TI below 40%, the hc was predominantly determined by the mean wind 

speed, with turbulence exhibiting a negligible influence. Once the TI exceeds 40%, however, 

the product of wind speed and TI emerges as the decisive determinant for hc. Mayer’s findings 

provide a physical explanation for the draught sensation caused by TI.  

In light of the seemingly contradictory findings between Griefahn et al. (Griefahn et al., 2000) 

and Mayer (Mayer, 1989, 1992), Wang et al. (Y. Wang et al., 2011) conducted a further 

investigation to verify the hypotheses. They directly measured subjects’ skin temperature 

changes and recorded their draught sensation with TI of 15% and 30%. The results confirmed 

Mayer’s proposition, demonstrating that elevated TI induces a significant drop in local skin 

temperature. Furthermore, a clear positive correlation was observed between the local skin drop 
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and the PD. They attributed the insensitivity of skin temperature to TI variations observed in 

Griefahn’s experiment to the low wind speeds employed, speculating that the minute 

temperature decreases were likely masked by measurement error. 

In the context of rising global temperatures, there is a growing recognition of the beneficial 

role of turbulence in warm environments, which may serve as a potential adaptive strategy to 

mitigate heat discomfort. Xia et al. (Y. Z. Xia et al., 2000) investigated the effects of turbulence 

on human thermal sensation in warm conditions. They reported that while turbulence promotes 

draught in cool conditions, it mitigates draught risk in neutral-to-warm environments. However, 

their conclusions were primarily derived from subjective thermal sensation votes, leaving the 

underlying physiological mechanisms unexplored. To quantitatively elucidate the cooling 

mechanism of turbulence in warm environments, Yu et al. (Yu et al., 2021) conducted a human 

subject test in a wind tunnel that integrated physiological measurements with perceptual 

responses. Their findings confirm that turbulent airflow augments body cooling not only by 

accelerating convective heat loss but also by promoting sweat evaporation. Moreover, the 

differences in thermal sensation induced by varying TI levels were perceived almost 

instantaneously. 

While these studies confirmed the enhanced cooling effect of turbulence on physiological and 

thermal sensation, translating this understanding into predictive models requires a quantitative 

framework for its impact on convective heat transfer. A foundational approach to this problem 

begins with simplified geometry studies. If the human body is approximated as a cylinder, the 

extensive research on hc for cylinders in turbulent flow offers valuable insights. 

A number of studies have investigated the average convective heat transfer around circular 

cylinders (Ghisalberti & Kondjoyan, 1999; GM, 1973; C. K. Huang et al., 2007; Kondjoyan & 

Daudin, 1995; Kwok, 1986; Sak et al., 2007; van der Hegge Zijnen, 1958; Zukauskas et al., 
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1998; Žukauskas et al., 1993). Early studies were typically conducted at TI below 20%, yet the 

reported enhancement effect of TI on heat transfer coefficient varies considerably, ranging from 

6% to 37% (Comings et al., 1948; Dyban et al., 1974; Endoh et al., 1972; Morgan, 1975). The 

relationship between TI, V and the coefficient was often employed the forms  𝑇𝐼 × 𝑅𝑒 or 

𝑇𝐼 × √𝑅𝑒, although no consensus on the optimal form had been reached. Kondjoyan and 

Daudin (Kondjoyan & Daudin, 1995) systematically examined a wider range of TI (1.5% - 

40%) at wind speeds from 0.5 m/s to 5 m/s. They indicated that TI is a comparable contributor 

to convective heat transfer to the mean wind speed. Furthermore, they demonstrated that the 

form 𝑇𝐼 × √𝑅𝑒  provides a better correlation for the convective heat transfer coefficient, 

leading to the following predicted formula: 

 𝑁𝑢 = (1.07 + 0.015√𝑅𝑒)0.63𝑅𝑒0.5 (2.5) 

where, 𝑁𝑢 is Nusselt number, 𝑅𝑒 is Reynolds number. 

Although the cylindrical model provides fundamental insights, the translation of these 

principles to the human body necessitates direct empirical validation. The early work by Ono 

et al. (Ono et al., 2008) laid the groundwork for this field. By integrating wind tunnel test with 

numerical simulations, they were the first to explicitly propose an empirical correlation for the 

whole-body hc that simultaneously accounts for both V and TI: 

 ℎ𝑐 = 4.0𝑉 + 0.35𝑉 × 𝑇𝐼 − 0.0008(𝑉 × 𝑇𝐼)2 + 3.4 (2.6) 

They cautioned that in outdoor environments with high turbulence, traditional models based 

solely on wind speed may introduce severe deviations in traditional comfort indices such as the 

new standard effective temperature (SET*). However, their model was derived for the whole-

body average and requires further analysis for the local segment. To overcome this limitation, 

Yu et al. (Yu et al., 2020) comprehensively evaluated the convective heat loss of a thermal 
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manikin in a typical outdoor wind environments (0.7 m/s < V < 6.7 m/s, 13% < TI < 36%). 

Based on Eq. (2.5), they proposed individual hc regression formulas for 22 body segments and 

introduced an equivalent velocity to facilitate the integration of their findings into existing 

thermophysiological models. Their results demonstrated that the failure of existing models to 

account for turbulence could lead to an underestimation of the wind’s cooling effect by as much 

as 50%. 

Subsequently, Xu et al. (Xu et al., 2021) employed computational fluid dynamics (CFD) 

simulations to further include wind direction. Their work reaffirmed the combined influence 

of wind speed and TI, while also analysing the asymmetric distribution of hc caused by wind 

direction. They developed two sets of regression formulas (for wind speed – TI and wind speed 

– direction) to address different application needs. 

In parallel with the development of these refined correlations, it is necessary to validate the 

performance of existing thermophysiological models under turbulent conditions. Huang et al. 

(L. Huang et al., 2014) assessed the applicability of the Gagge 2-Node model under fan-

generated turbulent flow. They conducted human subject experiments to evaluate their thermal 

sensation and developed a predictive formula for the head’s hc in turbulent flow. By replicating 

the experiment of Nishi and Gagge (Nishi & Gagge, 1970b), they inferred an implicit TI level 

of 19% and 24% in the hc formula for the head and the whole body in 2-Node model, 

respectively – values close to the 30% TI of fan-driven flow. The small difference in TI 

produced a negligible variation in thermal sensation vote (TSV) of less than 0.1 scale units, 

validating the model’s practical utility for the typical indoor environment. 

2.2.2.2 Turbulence integral length scale 

A complete characterisation of turbulent wind requires consideration of not only velocity 

fluctuation intensity but also spatial structure, quantified by the TL. This parameter represents 
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the average size of the energy-containing eddies in the flow. The ratio of TL to the characteristic 

length of a body governs the interaction between eddies and the thermal boundary layer, 

directly affecting convective heat transfer efficiency.  

The mechanism of how the TL affects convective heat transfer around circular cylinders has 

been widely investigated (Lowery & Vachon, 1975; Morenko & Fedyaev, 2017; Peyrin & 

Kondjoyan, 2002; Sak et al., 2007; Sundén, 1979; Torii & Yang, 1993; van der Hegge Zijnen, 

1958; Yardi & Sukhatme, 1978). It is generally accepted that the influence of TL on the mean 

heat transfer coefficient is less pronounced than that of TI (Sak et al., 2007). The seminal work 

by van der Hegge Zijnen (van der Hegge Zijnen, 1958) was the first to systematically reveal 

the combined influence of TI and TL. He employed various grids in a wind tunnel to generate 

a wide spectrum of wind conditions, encompassing Re from 2000 to 25800, TI from 2% to 13%, 

and TL from 0.31 to 240. The results demonstrated that, within the experimental conditions, 

the mean Nu increased monotonically with TI. Interestingly, however, Nu exhibited a distinct 

non-monotonic trend with TL, reaching its peak at a TL/D ratio of approximately 1.5 – 1.6 after 

an initial increase, where D is the diameter (in this case, the cylinder diameter) (Fig. 2.1). The 

observed peak is speculated to result from resonance, which occurs when the ratio TL/D is 

proportional to some “effective” frequency that aligns with the vortex shedding frequency of 

the cylinder, thereby amplifying heat transfer. This research established a foundational 

framework for subsequent research. 
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Fig. 2.1 Computed values of Nu* as a function of u’/U and of Lx/d for Re = 10000. where, Nu* 

is the ratio between Nu for turbulent flow and Nu for laminar flow; u’/U is TI, and Lx is 

turbulence integral length scale. 

Lowery and Vachon (Lowery & Vachon, 1975) extended the work to higher Re (109000 – 

302000), confirming the significant enhancement of heat transfer by TI at the stagnation point 

and through the laminar boundary layer. However, no observed TL influence was reported due 

to the very small TL/D ratios (0.015 – 0.095) in their study. 

The construction of theoretical models, progressing alongside experimental efforts, provided 

new tools for understanding the physical phenomenon. Sundén (Sundén, 1979) applied 

Saffman’s (Saffman, 1970) two-equation model to this problem, performing a theoretical 

calculation of the flow and the convective heat transfer around a circular cylinder. Their 
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numerical results qualitatively supported van de Hegge Zijnen’s (van der Hegge Zijnen, 1958) 

finding that an increase in TL/D below 1.6 enhances convective heat transfer in the forward 

stagnation region, especially at high TI and Re. However, possibly owing to the limited range 

of their study (TL/D < 1.54), they did not observe the peak value reported in the earlier work. 

Meanwhile, Torii and Yang (Torii & Yang, 1993) shifted their research focus to the separated 

shear layer behind a cylinder, particularly the heat transfer at the rear stagnation point. They 

found that small TL/D ratios promote the transition from laminar to turbulent flow in the 

boundary layer. Consequently, heat transfer enhancement at the rear stagnation point was 

significantly greater for a TL/D of 0.8 – 0.9 than a TL/D of 1.6 – 1.8. From an integrated 

perspective, a key hypothesis arises: does the peak value observed by van de Hegge Zijnen’s 

(van der Hegge Zijnen, 1958) represent an optimal ratio that simultaneously enhances the 

forward boundary layer (as quantified by Sundén (Sundén, 1979)) and most effectively triggers 

transition in the rear shear layer (as demonstrated by Torii and Yang (Torii & Yang, 1993)). 

Yet, it is worth noting that in Torii and Yang’s experiment, decreasing TL/D was associated 

with increasing TI. Consequently, these coupled parameters prevent a rigorous isolation of the 

independent quantitative influence of TL. 

To this end, the study by Sak et al. (Sak et al., 2007) aimed to decouple the individual 

contributions of TI and TL. At a fixed Re of 27700, they employed different perforated plates 

to achieve independent control over TI (2.9% - 8.3%) and TL/D (0.5 – 1.47). The results 

indicated that when TI = 6.7%, Nu showed a monotonically decreasing trend with increasing 

TL/D. This finding appears to contradict the phenomena reported by both van de Hegge 

Zijnen’s (van der Hegge Zijnen, 1958) and Sundén (Sundén, 1979). Sak et al. propose a 

resolution to this discrepancy, suggesting the heat transfer peak might lie in a smaller scale 

range beyond their experimental range. One view holds that the peak value may correlate with 
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the combined parameter (TL/D)Re1/2 = 10 (Žukauskas et al., 1993), rather than with TL/D alone. 

It follows that the peak reported in the earlier study may represent a specific outcome of the 

coupled variation of TI and TL/D at specific Re, not a universal phenomenon. 

While the mechanism of TL’s influence has been preliminarily elucidated using circular 

cylinder models, a fundamental question remains unresolved: how do these principles apply to 

the real human body? This understanding is, in stark contrast to the systematic cylinder studies, 

remarkably scarce. In fact, the work by Zou et al. (Zou, Liu, et al., 2021) constitutes perhaps 

the only dedicated exploration. By combining on-site wind measurement data with CFD 

numerical simulation, they assessed the integrated impact of V, TI, and TL on the hc of human 

body. The results demonstrated that convective heat loss increases with both V and TI but 

decreases slightly with increasing TL/D. This correlation is consistent with findings from the 

aforementioned cylinder studies. Zou et al. also developed a set of empirical formulas that 

incorporates three wind parameters (V, TI, and TL) for predicting human convective heat loss: 

 ℎ𝑐 = 𝐴𝑉𝛼(1 + 𝐵𝑇𝐼 × 𝑉0.5) × (𝐿/𝐷)𝛽 (2.7) 

where, A, B, 𝛼, and 𝛽 are coefficients. L/D should be greater than 0.06. Nevertheless, the use 

of the Reynolds-averaged Navier-Stokes (RANS) model, rather than the more accurate Large 

Eddy Simulation (LES) approach in critical simulations, represents a potential limitation for 

accurately predicting the complex turbulent flow around the human body. Furthermore, the 

wind data used in the simulations were sourced exclusively from a specific green space. The 

generalizability of their findings to a typical outdoor wind environment remains unverified. 

Numerous studies have established that turbulence characteristics are crucial for accurately 

predicting the convective heat loss. While classical research on simple geometries such as 

circular cylinders has clearly elucidated these underlying principles, extending these findings 

to the complex geometry of the human body requires further investigation. Existing wind 
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tunnel experiments cannot replicate the large TL observed in the real outdoor environment. 

Furthermore, the simplifications in numerical simulation models, adopted to conserve 

computational resources, may introduce uncertainty when simulating highly complex turbulent 

wind. Therefore, a comprehensive investigation into the effect of TL on human body convective 

heat transfer is imperative. 

2.2.3 Effects of non-stationary turbulent wind 

The preceding section has established the significant role of turbulence characteristics. 

However, most studies are based on the constant mean wind speed, which is different from the 

non-stationary turbulent wind found in real outdoor environments. This non-stationarity not 

only impacts thermal sensation but also alters the convective heat transfer mechanisms around 

bluff bodies. This section reviews the relevant literature and establishes a conceptual 

framework. 

2.2.3.1 Non-stationary outdoor wind 

Previous studies on the influence of turbulence on human convective heat transfer have often 

been based on a potential assumption: that wind speed can be modelled as a stationary random 

process, i.e., a constant mean wind speed component (𝑉̅) superimposed with a turbulence wind 

speed component (𝑣(𝑡)): 

 𝑉(𝑡) = 𝑉̅ + 𝑣(𝑡) (2.8) 

However, the monsoon wind over complex terrains inherently exhibit marked non-stationary 

characteristics (J. Chen et al., 2007; Qin et al., 2022). Non-stationarity refers to time-dependent 

variations in the mean wind speed, variance, and frequency components, or their combinations 

(McCullough & Kareem, 2013). More field measurements provide evidence that stationarity 

assumption has significant limitations in describing real urban wind fields. From field 
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measurements of pedestrian-level wind in urban green spaces, Zou et al. (Zou, Yu, et al., 2021) 

found that the pedestrian wind also shows non-stationary characteristics, as shown in Fig. 2.2. 

They indicated that using a stationary model with a constant mean wind speed for analysis 

would lead to an overestimation of the 10-min average TI by 30% to 60%. 

 

Fig. 2.2 Time series of instantaneous wind speed measured by Zou et al. (Zou, Yu, et al., 2021). 

The dashed line indicates constant mean wind speed, and the black line indicates time-varying 

mean wind speed. 

The non-stationary model is characterised by a time-varying mean wind speed component 

(〈𝑉(𝑡)〉), also referred to as the synoptic trend, and high-frequency fluctuation component 

(𝑣𝑠(𝑡)), as given in Eq. (2.9). It has been shown that adopting a non-stationary model results 

not only in a remarkable reduction in the estimated TI (J. Chen et al., 2007; Tao et al., 2017) 

but also in generally smaller calculated TL compared to stationary models (Zou, Yu, et al., 

2021). These findings demonstrate that model selection directly impacts the assessment of the 

outdoor turbulence environment. 

 𝑉(𝑡) = 〈𝑉(𝑡)〉 + 𝑣𝑠(𝑡) (2.9) 

Some research on the built environment has revealed that the natural wind exhibits 1/f 

fluctuation characteristics, where f is the frequency (Hz) (Hara et al., 1997; H. Li et al., 2007; 

Shimizu & Hara, 1996; X. Zhou et al., 2006). Specifically, the power spectrum of natural wind 
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adheres to 𝐸(𝑓) = 1/𝑓𝛽 , with a power spectral exponent β close to 5/3. This value is 

significantly higher than that of typical mechanical wind, whereas the latter’s β often 

approaches 0 (Ouyang et al., 2004; X. Zhou et al., 2006), as shown in Fig. 2.3. This difference 

confirms that the fluctuating energy of natural wind is concentrated in the low-frequency region, 

whereas mechanical wind retains more energy in high-frequency region. 

 

Fig. 2.3 Typical logarithmic power spectrum curves. (a) natural wind, β = 1.6; (b) mechanical 

wind, β = 0.5 (H. Li et al., 2007). 

2.2.3.2 Thermal perception response to non-stationary wind 

Many studies have shown that natural wind is generally perceived as more comfortable than 

mechanical wind (Hua et al., 2012;  Maohui Luo et al., 2017; Ouyang et al., 2006; Z. Xie et al., 

2024; X. Zhou et al., 2006). This perception prompts a fundamental question: is this enhanced 

comfort linked to its unique dynamic characteristics, specifically its non-stationary and 

distinctive fluctuation frequencies? 
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As early as half a century ago, studies on draught sensation in neutral-to-cool environments 

found that wind fluctuations between 0.3 and 0.5 Hz were perceived as the most uncomfortable 

(Fanger, 1977). Zhou and Melikov (G. Zhou et al., 2002; G. Zhou & Melikov, 2002) also 

reported a similar phenomenon in a closely matching frequency band of 0.2 – 0.6 Hz. 

The perspective shifts to neutral-to-warm environments, where the goal becomes achieving 

cooling rather than avoiding draught. Tanabe and Kimura (Tanabe & Kimura, 1989) pioneered 

the investigation into the impact of dynamic wind with different fluctuation patterns on thermal 

sensation in hot and humid environments. They compared six airflow patterns with comparable 

mean wind speeds, including constant wind, random wind, impulsive wind, and sinusoidal 

waves with 10s, 30s, and 60s periods. The results showed that sinusoidally fluctuating wind 

produced a superior cooling sensation compared to constant, impulsive and randomly 

fluctuating wind. Uğursal and Culp (Uğursal & Culp, 2013) found that a 30-s pulsed airflow 

provided a stronger cooling sensation than both constant airflow and a 60-s pulsed airflow, and 

could achieve a comparable thermal sensation level even when subjects’ metabolic rates were 

higher than under constant airflow conditions.  

The consistent influence of fluctuation airflow on thermal perception has prompted research to 

seek deeper explanations. 

Zhou et al. (X. Zhou et al., 2006) compared human thermal response under constant airflow, 

sinusoidal airflow and simulated natural airflow with 1/f fluctuating characteristic. The results 

showed that dynamic airflow generated a stronger cooling sensation than constant airflow. 

Notably, even though the simulated natural airflow and the sinusoidal airflow had the same 

mean wind speed and TI, a marked divergence in thermal perception was observed: the 

simulated natural wind reduced the discomfort of draught. However, it should be noted that the 

claimed identical TI was derived from a stationary model (with constant mean wind speed), 
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which fails to differentiate between high-frequency turbulence and low-frequency fluctuations. 

Whether both airflow types possessed a comparable spectral energy distribution remains 

unclear. 

Arens et al. (Arens et al., 1998) argued that the power spectrum peak of the airflow is the 

decisive factor, regardless of whether the airflow is fluctuating or steady. They attributed the 

variation in cooling perception across different airflow patterns to the distinct peak sensitivities 

of cold and warm receptors in the skin. Their experiment found that, at the same mean wind 

speed, the constant airflow pattern produced a better cooling effect compared to the fluctuating 

pattern. The power spectrum analysis revealed a key distinction: the constant airflow exhibited 

a dominant power spectrum peak between 0.7 – 1 Hz, notably higher than the 0.2 – 0.4 Hz peak 

of the fluctuating airflow (Fig. 2.4). Given that cold receptors in the skin are located shallower 

than warm receptors and are predicted to have peak sensitivity in the 1 – 2 Hz range (Ring et 

al., 1993), the closer peak spectrum of the constant airflow likely explains its better cooling 

perception. 

 

Fig. 2.4 Power spectrum of (a) constant airflow and (b) fluctuating flow. 
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Synthesizing these insights, Huang et al. (L. Huang et al., 2012) conducted a widely 

investigation to translate spectral principles into practical design parameters. They employed a 

dynamic air supply terminal to generate sinusoidal airflow across a frequency range of 0.005 

Hz to 2.5 Hz. The study was structured around a two-phase investigation. First, they identified 

a perceptually relevant frequency band of 0.2 – 1.5 Hz through subjects’ fluctuation sensation 

votes. This enabled a targeted evaluation of selected representative frequencies via thermal 

sensation and thermal comfort votes, which pinpointed 0.5 Hz and 1.0 Hz as the strongest 

cooling effect frequencies. They further proposed that modulating airflow fluctuation at these 

specific frequencies could offset a 2 ℃ temperature increase in the 28 ℃ to 30 ℃ range, a 

finding that provides a novel strategy for improving thermal comfort. 

Seemingly contradicting the findings above, Parkinson and de Dear (Parkinson & de Dear, 

2017) reported that no significant difference was observed in thermal perception among 

constant, sinusoidal, square, and saw-tooth airflow waveforms. A possible reason they 

proposed for this discrepancy lies in the difference in fluctuation amplitude. In their experiment, 

the peak amplitude was 0.25 m/s with a mean wind speed of 0.65 m/s, which is much smaller 

than those generated in the studies by Tanabe and Kimura (Tanabe & Kimura, 1989) (𝑉̅: 1.0 – 

1.6 m/s; amplitude: ~0.5 m/s) and Zhou et al. (X. Zhou et al., 2006) (𝑉̅: 0.8 m/s, amplitude: ~ 

0.7 m/s). Therefore, the relatively gentle wind stimuli in their study may have been insufficient 

for subjects to distinguish the thermal preference among the different airflow patterns. 

Existing studies have systematically illustrated the impact of the fluctuation of non-stationary 

wind on thermal perception, establishing its physiological and psychological effects. However, 

a fundamental physical question remains unresolved: does non-stationary wind also alter the 

convective heat transfer around the human body, and if so, through what mechanism? 
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2.2.3.3 Convective heat transfer response to non-stationary wind 

Owing to a severe scarcity of literature on the effects of non-stationary wind on human body 

convective heat transfer, this section reviews foundational studies of cylinders. This simplified 

geometric representation provides valuable insights for further studies on the human body. 

The dynamic characteristics of non-stationary wind, when its varying mean wind speed 

component is regularised, can be conceptually analogous to the classical problem of convective 

heat transfer around a cylinder in pulsating flow (see Fig. 2.5). The following discussion 

reviews the literature by focusing on the two primary characteristics of pulsating flow: 

amplitude (A) and frequency (1/T). 

 

Fig. 2.5 Amplitude (A) and period (T) of pulsating flow. 

The relative amplitude or pulsation amplitude (Ap), defined as the ratio of the amplitude to the 

mean wind speed, is used to quantify the oscillation intensity of the pulsating flow in previous 

studies. 

 𝐴𝑝 = 𝐴/𝑉̅ (2.10) 
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Andraka and Diller (Andraka & Diller, 1985) were the first to evaluate the effect of a single 

isolated frequency on cylinder heat transfer, independent of turbulence (TI ≤ 0.55%). Their 

experiments were conducted at Re = 50000 with Ap ranging from 0.04 to 0.25 and f from 0.67 

to 26 Hz, revealing that the time-average convective heat transfer did not show an obvious 

change. However, the local heat transfer coefficient near the separation points significantly 

increased by up to approximately 30% when the pulsation frequency and vortex shedding 

frequencies are matched (the lock-on phenomenon). This enhancement is attributable to a slight 

upstream shift of the separation point. 

If the effect of 1-D uniform pulsating flow on overall cylinder heat transfer is negligible, then 

what about turbulent pulsating flow? Are the two effects coupled? To address this question, 

Gundappa and Diller (Gundappa & Diller, 1991) extended Andraka and Diller’s (Andraka & 

Diller, 1985) experiment by conducting tests under similar baseline conditions (Re = 50000, Ap 

= 0.04 – 0.155, f = 1.7 – 23 Hz) but superimposing turbulence with TI of 2.3% - 7.5% upon the 

pulsating flow. The results confirmed that turbulence substantially enhanced convective heat 

transfer on the cylinder’s front side. However, the superimposed pulsation provided no 

synergistic enhancement. A marginal enhancement of 7.6% was observed in the average heat 

transfer from the backside of the cylinder, under just a single specific parameter combination 

(f = 7 Hz, TI = 3.3%). 

Badr (Badr, 1997) investigated the situation at low Re and high Ap. A numerical analysis was 

conducted under a confined laminar flow condition at Re = 50 – 500, with Strouhal number (St) 

ranging from π/4  to π  and Ap from 0.2 to 0.5, where St is a function of f and Lc is the 

characteristic length 

 𝑆𝑡 = 𝑓𝐿𝑐/𝑉̅ (2.11) 
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The results demonstrated that while the pulsation’s effect on the mean Nu was minimal at Re 

= 50, it grew significantly with Re. At Re = 500, the enhancement can be up to 21%, showing 

a positive correlation with Ap but a slight negative correlation with f. It is noteworthy that the 

pulsating flow can enhance vortex intensity and scale in the wake region during the pulsation 

low-velocity phase, thereby augmenting local convective heat transfer.  

However, the effect of pulsation on heat transfer is far more complex than a simple monotonic 

relationship. In the experiments conducted by Perwaiz and Base (Perwaiz & Base, 1992) at Re 

= 2000 – 14000 with a fixed Ap = 0.35, they found that for a smooth cylinder, the average heat 

transfer coefficient initially decreased, even lower than the steady flow at low St conditions. 

As St increased, Nu passed through a minimum, then gradually rose to the peak before declining 

again, as shown in Fig. 2.6. This non-monotonic trend in Nu was pronounced with high Re. At 

Re = 13500, the pulsation enhanced Nu by up to 15%. 
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Fig. 2.6 Effects of dimensionless frequency (St) on Nu from circular cylinders (Perwaiz & Base, 

1992). 

Perwaiz and Base (Perwaiz & Base, 1992) also noted that the explanation for this phenomenon 

was not readily available and that numerical modelling would be required to clarify its 

mechanism. To answer this mechanistic question, Papadakis and Bergeles (Papadakis & 

Bergeles, 2001) conducted a numerical simulation at Re = 100, providing the first clear 

visualisation of the underlying principles. Their results demonstrated that flow pulsation 

periodically restructures the near-wall flow, significantly increasing the strength and scale of 

the shed vortices. These intensified vortices enhanced local convective heat transfer by up to 

30% by efficiently engulfing hot fluid and returning it to the downstream part. Furthermore, 

their simulation confirmed the existence of an optimal frequency range for heat transfer 

enhancement.  
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A recent study by Mikheev et al. (Mikheev et al., 2017) has established Ap as key parameter, 

possessing comparable importance relative to frequency. The experiment was conducted in the 

range of Re = 3400 – 9100, St = 0 – 1.76, and Ap = 0 – 0.85. Through flow visualisation, they 

clearly identified four typical flow regimes: I. quasi-steady (Fig. 2.7 a), II. the shedding of 

large-scale asymmetric vortex pairs (Fig. 2.7 b), III. the alternating separation-free flow on 

opposite sides of the cylinder (Fig. 2.7 c), and IV. the full synchronization of vortex shedding 

with the forced pulsations (Fig. 2.7 d). 

 

Fig. 2.7 Four flow regimes at Re = 6800. a. Regime I, b. Regime II, c. Regime III, and d. 

Regime IV. 
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The figure suggests that the pulsating flow exerts minimal effect on the windward side of the 

cylinder, primarily influencing heat transfer by altering the leeward side flow. In terms of 

average heat transfer performance, Regime IV > Regime II > Regime III > Regime I. In 

Regimes II and IV, the shed vortex structures directly scour the cylinder’s leeward side, 

efficiently disrupting the thermal boundary layer. Regime IV, characterised by highly 

organised and periodic symmetric vortex shedding, represents the most efficient heat transfer 

mechanism, which can be up to 14.7% enhancement compared to baseline (Regime I). From a 

mechanistic perspective, the ‘large-scale vortex engulfment and reattachment’ process 

simulated by Papadakis and Bergeles (Papadakis & Bergeles, 2001) likely corresponds to the 

Regime II. 

The results demonstrated that increasing the Ap can not only trigger transitions between flow 

regimes but also modulate heat transfer efficiency within a given regime. For instance, a rise 

in Ap from 0.35 to 0.45 at St = 0.48 shifted the flow from Regime III to IV. Furthermore, with 

Regime III, heat transfer was suppressed by 1.3% relative to steady flow at a low fluctuation 

amplitude (Ap = 0.23) but exhibited an 11.7% enhancement at Ap = 0.65. 

The complex, non-monotonic dependence of heat transfer on pulsation characteristics poses a 

challenge for predicting human body convective cooling. While classical studies on cylinders 

in pulsating flow have provided a vital theoretical framework, extending these insights to 

human body convective heat transfer necessitates a quantitative assessment based on the 

dynamic characteristics of real outdoor wind, which is essential to bridge the critical gap 

between fundamental physical models and practical application.  
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2.3 Mixed convection in the low-speed wind environment 

The preceding discussions have focused exclusively on forced convection, yet within many 

urban environments characterised by low wind speeds, convective heat transfer is not solely 

attributable to wind. In these scenarios, the effects of wind-driven forced convection and 

buoyancy-driven natural convection become comparable in magnitude, giving rise to a mixed 

convection regime where the two mechanisms interact. 

This section is structured into two parts to review the current understanding of mixed 

convection: a) establishing a theoretical foundation through key findings from simple 

geometries (e.g. spheres and cylinders), and b) reviewing the state of the art in research on 

human body mixed convection. This section aims to pinpoint the knowledge gaps in predicting 

human heat loss in realistic weak wind environments. 

2.3.1 Mixed convection of simple geometries 

The interplay between buoyancy and forced convection can be categorised into three regimes 

based on their relative direction: assisting flow (same direction), opposing flow (opposite 

direction), and transverse flow (perpendicular direction).  Relative to pure forced convection, 

heat transfer is typically augmented in both assisting and transverse flows, whereas it is 

diminished in opposing flows (Incropera, 2007). Since transverse flow is the dominant mode 

of human body convection in outdoor environments, the subsequent review primarily focuses 

on literature relevant to this condition. 

Yuge (Yuge, 1960) conducted a foundational experimental study of mixed convection around 

a cylinder with a broad parameter range (3.5 < Re < 1.44×10⁵; 1 < Gr < 10⁵). The results showed 

that buoyancy can augment the cooling effect of a transverse flow in mixed convection. To 

quantify this coupled effect, the author proposed a physical model wherein the total heat flux 
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is not a simple sum of the forced and natural convection. Instead, the heat transfer is primarily 

governed by the dominant mechanism, supplemented by an exponentially decaying 

enhancement term from the subordinate one. Specifically, under a strong transverse flow, 

forced convection dominates with a decaying addition as buoyancy weakens; conversely, under 

strong buoyancy, natural convection dominates with a diminishing contribution from the 

transverse flow. This work provided the first predictive model for mixed convection, clearly 

demonstrating that neglecting natural convection at low wind speeds leads to an 

underestimation of heat loss.  

To quantify the relative importance of buoyancy to inertial forces, subsequent research has 

widely adopted the Richardson number (Ri) as the key dimensionless parameter. 

 
𝑅𝑖 =

𝐺𝑟

𝑅𝑒2
=

𝑔𝛽∆𝑇𝐿

𝑉2
 

(2.12) 

where, 𝑔 is gravitational acceleration (≈ 9.8 m/s2); 𝛽 is the coefficient of volume expansion 

(K-1); ∆𝑇 is the skin-to-air temperature gradient (K); Gr is Grashof number, characterising the 

buoyancy effect, and Re represents the inertial force effect. Ri serves as an indicator for the 

heat transfer regime, with the flow transitioning from forced convection dominance at Ri ≪ 1, 

through a mixed convection where both forced and natural convection are comparable, to pure 

natural convection at Ri ≫ 1 (Incropera, 2007). 

Building on this, Bhattacharyya and Mahapatra (Bhattacharyya & Mahapatra, 2005), in their 

numerical investigation of a square cylinder, observed that the St exhibit a monotonically 

increasing trend with Ri. The consequent increase in vortex shedding frequency was identified 

as the mechanism for the enhanced leeward-side convective heat transfer. Chatterjee and 

Mondal (Chatterjee & Mondal, 2011) further investigated mixed convection around a square 

cylinder at low Re (5 – 40). They reported that the flow, which remains steady under pure 
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forced convection, becomes destabilised as Ri increases. Periodic vortex shedding was 

triggered beyond a critical Ri value, which itself decreases monotonically with increasing Re. 

These findings collectively suggest that buoyancy can enhance local convective heat transfer 

by altering the characteristics of vortex shedding. The study by Kumar and Dhiman (Kumar & 

Dhiman, 2016) also confirmed that the heat transfer can be significantly enhanced with an 

increasing Ri. At Re = 50, they observed up to a 33% increase in the average Nu as Ri rose 

from 0 to 2. 

However, the characteristics of mixed convection around a bluff body appear to be geometry-

dependent. Rasool et al. (Rasool et al., 2015) concluded from their study on a triangular 

cylinder that the critical Re for vortex shedding onset increases with the Ri. In contrast to the 

findings for a square cylinder, the average Nu exhibited a modest response to Ri, with a 

maximum enhancement of only about 4%. This study demonstrates that the effect of buoyancy 

is not direct or universal. The geometry should also be considered in mixed convection studies. 

These studies raise a fundamental question: under what conditions does the dominance 

transition between buoyancy and inertial forces occur? Ozalp et al. (Ozalp et al., 2023) 

systematically captured the flow form transformation around a circular cylinder by varying Re 

(500 – 5000), which drove Ri from 49.07 down to 0.26.  Their observations indicated that the 

flow at Ri = 49.07 was dictated by buoyancy, which completely suppressed flow separation 

and homogenised the circumferential heat transfer distribution. The influence of buoyancy 

diminished across the examined range (Ri = 11.28, 4.72, 1.52). Ultimately, at Ri = 0.26, inertial 

forces assumed complete dominance, resulting in flow characteristics typical of forced 

convection.  

Past fundamental research on simple geometries has verified the enhancing effect of buoyancy 

in mixed heat transfer. It is therefore essential to incorporate buoyancy effects for an accurate 
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assessment of human heat loss under weak wind conditions, specifically for the complicated 

geometry of the human body.  

2.3.2 Mixed convection of human body 

Despite extensive knowledge of pure natural and forced convection, research on mixed 

convection around the human body during transitional states remains limited. The study by 

Colin and Houdas (Colin & Houdas, 1967) laid the foundation for subsequent research. They 

measured the hc of 15 subjects across a wind speed range of 0 – 1.2 m/s and the maximum ∆𝑇 

of approximately 13 ℃. Their results confirmed the contribution of thermal buoyancy to 

convective heat loss at low wind speeds, prompting them to propose an empirical formula 

Eq.(2.13), that predicts the whole-body hc across natural, mixed and forced convection regimes. 

In the correlation, the constant ‘2.3’ represents the contribution from natural convection. 

Although this correlation is oversimplified, the study still laid the essential groundwork for 

subsequent research. 

 ℎ𝑐 = 2.3 + 7.5𝑉0.67 (2.13) 

where, the unit of this ℎ𝑐 is Kcal/m2/h/℃. 

The classical equation (2.14) is commonly employed in mixed convection studies to describe 

the coupling relationship between natural and forced convection. The positive sign is used for 

assisting and transverse flows, and the negative sign for opposing flow. The exponent m 

depended on geometry. For general cases, m = 3 is recommended, whereas for cylinders or 

spheres in transverse flow, m = 4 yields a better fit. 

 
ℎ𝑐 =  √ℎ𝑐𝑁

𝑚 ± ℎ𝑐𝐹
𝑚𝑚

  (2.14) 
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where, hcN and hcF are pure natural and forced convective heat transfer coefficients, 

respectively. (W/m2/℃). 

In a seminal study, Wang (X.-L. Wang, 1990b, 1990a) utilised a thermal manikin to 

systematically assess mixed convection over seven body segments at low wind speeds (< 1m/s). 

Building upon Eq. (2.14), they determined that the exponent m of 2 provided the optimal fit 

for all the human body segments. They consequently proposed a set of regression formulas to 

predict the mixed convective heat transfer coefficient, which were subsequently incorporated 

into the widely used Fiala thermophysiological model (Fiala et al., 1999). However, a notable 

limitation of this study is the absence of reported TI levels. Consequently, the applicability of 

their correlation to outdoor environments, which are typically characterised by high turbulence, 

remains an open question that needs further validation. Building on this work, the numerical 

simulation study by Xu et al. (Xu et al., 2021) aimed to improve regression accuracy for the 

convective heat transfer coefficient for both seated and standing postures. However, the 

experimental conditions of their work primarily concentrate on natural convection, with the 

analysis of mixed convection being limited to a single temperature difference (∆T = 12 ℃) at 

limited wind speeds of 0.5, 1, and 1.5 m/s. 

For the human body’s complex geometry, the optimal exponent m in Eq. (2.14) is not 

universally established. Alali and Eckels (Alali & Eckels, 2024) conducted a high-resolution 

numerical simulation focused on the head and reported the best-fit value for the exponent m to 

be 3. Therefore, future research efforts should prioritise the development of precise, segment-

specific correlations through systematic studies.  

Beyond the challenge of geometric complexity, the direction of airflow introduces another 

layer of intricacy to mixed convection. Gao et al. (Gao et al., 2019) combined experimental 

measurements with numerical simulations, revealing the complex characteristics of mixed 
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convection under different airflow directions. Their findings demonstrated that under assisting 

flow, the peak velocity of the thermal flume above the head could reach up to five times the 

inlet velocity. In contrast, the opposed flow obviously suppressed the development of the 

thermal plume. For transverse flow, distinct mixed convection characteristics were observed at 

0.25 m/s, while the flow regime at 0.75 m/s was dominated by forced convection. However, 

the study’s characterisation of the low wind speed regime was constrained by a single data 

point at 0.25 m/s below 0.75 m/s. The limited resolution prevented a systematic analysis of the 

natural convection decay process and consequently hindered the development of a 

comprehensive mixed convection model for crosswind conditions.  

The above studies all focus on static postures, while human motion reshapes the surrounding 

flow field and the resultant convective heat transfer. Luo et al. (N. Luo et al., 2014) extended 

their research from the static to the dynamic regime. By propelling a manikin on a track inside 

a climate chamber, they quantitatively evaluated the impact of movement speed, direction, and 

temperature difference on convective heat transfer. The results indicated that the hc for most 

segments increased with rising ∆T at wind speeds lower than 0.5 m/s. With increasing wind 

speed, forced convection dominated, which disturbed the thermal boundary layer. Under these 

conditions, the positive correlation between the hc and ∆T was diminished, showing irregular 

behaviour, or even a decline when V = 1.3 m/s. It should be noted that the experimental setup 

was limited by the 10 m track, which provided less than one minute of constant-velocity 

movement. This short duration likely prevented the manikin from reaching thermal equilibrium. 

Furthermore, the influence of the ∆𝑇  was confined to qualitative observations, lacking a 

quantitative model for extrapolation. 

Current understanding of human mixed convection remains limited. Existing findings are 

largely based on simplified conditions, including constrained wind speed ranges, limited 
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temperature variations, and a notable absence of TI level. These simplifications potentially 

compromise the accuracy of existing models for predicting outdoor heat loss. Therefore, it is 

necessary to systematically evaluate the coupled effects of V, ∆T, and TI under realistic 

environmental parameters. 

2.4 hc calculation in prevailing thermophysiological models 

The foundation of thermophysiological models lies in their ability to accurately quantify the 

heat exchange between the human body and the environment. This exchange is governed by 

four fundamental physical mechanisms: convection, radiation, evaporation, and respiration. 

Evolving from simple one-node heat balance equation to sophisticated multi-node 

representations, these models have become a cornerstone for predicting thermal sensation and 

guiding the design of built environments. The reliability of such predictions fundamentally 

depends on the accurate calculation of individual heat transfer components, particularly 

convection and radiation, which contribute to sensible heat loss.  

The preceding sections have detailed the inherently non-stationary and highly turbulent nature 

of real outdoor wind and the potential for buoyancy-driven mixed convection in low wind 

speed conditions. Yet, most thermophysiological models rely on oversimplified empirical 

correlations for convective heat transfer, representing the hc as a simple function of wind speed. 

The review of the literature makes it clear that wind speed alone is insufficient for accurately 

predicting the hc in complex outdoor wind environments. 

This section presents a systematic review of convective heat transfer calculations in existing 

thermophysiological models, assessing their capabilities and limitations when applied to 

dynamic pedestrian-level wind environments.  
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2.4.1 Steady-state energy balance  

PMV is one of the most widely used models in thermal comfort studies (Katić et al., 2016). In 

fact, it is not a physiologically-based model but rather a steady-state engineering model 

grounded in the energy balance equation (Eq. (2.15)), which states that heat production equals 

heat loss. Fanger (Fanger, 1970a) developed the PMV by correlating this equation with a large 

database of subjective thermal sensation, expressing the results on the 7-point ASHRAE scale 

of thermal sensation, from -3 (cold) to +3 (hot).  

 𝑀 − 𝑊 = 𝑅 + 𝐶 + 𝐸 + 𝑄 + 𝑆 (2.15) 

where M is metabolic heat production rate, W is mechanical work accomplished rate, R is 

radiative heat loss, C is convective heat loss, E is evaporative heat loss, Q is heat loss through 

respiration rate, and S is heat storage rate of human body (W/m2). 

The prediction of convective heat transfer in this equation is based on the early work by 

Winslow et al. (Winslow et al., 1939), who studied the effects of air movement on the heat loss 

from clothed bodies. The study involved two lightly clothed male subjects in a semi-reclining 

position, who were monitored for 200 minutes under three wind speeds: 0.046, 0.34, and 2.64 

m/s. It is noteworthy that this study did not directly measure radiative heat loss. Instead, the 

researchers exploited the principle that radiation is independent of wind speed. Firstly, a linear 

regression was established between the total dry heat loss and the square root of the wind speed. 

The y-intercept of this line at zero wind speed, representing the condition with no convective 

influence, was considered as the radiative heat loss. This value was then used in conjunction 

with the weighted average skin temperature (from 15 points) to derive the regression formula 

for the hc: 

 ℎ𝑐 = 12.1√𝑉 (2.16) 
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This work made the pivotal contribution of linking convective heat loss to the square root of 

wind speed, an empirical relationship that provided a foundational insight for subsequent 

research. However, besides the limited wind speed test range, one of the obvious limitations is 

the omission of natural convection. In fact, convective heat transfer was likely dominated by 

∆T-driven natural convection at lower wind speeds (0.046 and 0.34 m/s), whereas it was 

dominated by V-driven forced convection at 2.64 m/s. The failure to differentiate between these 

regimes resulted in an inaccurate estimation of the radiative heat loss. 

2.4.2 Two-node model 

Gagge’s two-node model (Gagge, 1971; Gagge et al., 1986) simplifies the human body as a 

cylinder with two nodes: core and skin (see Fig. 2.8). The model extends the basic body-

environment heat exchange system by incorporating thermoregulatory processes (e.g. blood 

circulation, shivering, sweating), enabling dynamic prediction of physiological parameters. 
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Fig. 2.8 Schematic diagram of Gagge’s two-node model (Gagge, 1971). 

The prediction formula for convective heat transfer (Eq. (2.17))  in two-node model is derived 

from the work of Nishi and Gagge (Nishi & Gagge, 1970b). They pioneered develop a 

naphthalene sublimation technique for hc measurement. This method applies the heat and mass 

transfer analogy by precisely quantifying the sublimation rate of naphthalene spheres attached 

to the body surface, enabling the derivation of both local and whole-body hc. The approach 

effectively circumvents the challenges of traditional calorimetry, which requires accurate 

separation of radiative heat loss and estimation of metabolic heat storage.  

 ℎ𝑐 = 8.6𝑉0.53 (2.17) 

Although the naphthalene sublimation method was a ground-breaking advancement, its method 

carries inherent limitations. First, the critical correlation for deriving heat transfer from mass 

transfer was developed from wind tunnel experiments on cylinders. Its application to the 
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moving, geometrically complex human body constitutes an extrapolation that introduces 

unquantified systematic errors. Furthermore, the experiments utilised relative wind generated 

by free-walking subjects rather than a uniform inflow. This movement pattern, particularly 

limb swinging, generates intense local turbulence that significantly enhances the hc. However, 

the critical parameter of TI was not reported in this study. Finally, the spatial sampling density 

was inadequate, with only ten naphthalene spheres used to characterise heat exchange over the 

entire complex human body. This limited resolution may introduce bias into the final results. 

2.4.3 Multi-node models 

Multi-node models offer a more refined approach to thermoregulation modelling compared to 

the simplified two-node representation. By dividing the body into several segments (e.g. head, 

torso, limbs) with multi-layered tissue structures (e.g. core, muscle, fat, skin), these models 

simulate both passive heat transfer and active thermoregulatory control. This advancement 

enables precise prediction of local thermal states, including not only core temperature and 

segment-specific skin temperatures, but also multiple physiological parameters, such as sweat 

rate, shivering and cardiovascular response. This high-resolution modelling approach enables 

precise prediction of local thermal response over the human body under non-uniform 

environmental conditions. Widely used multi-node models include, but are not limited to the 

Stolwijk model (Stolwijk, 1971), Fiala model (Fiala et al., 1999), UCB model (Huizenga et al., 

2001), and Tanabe JOS models (Kobayashi & Tanabe, 2013; Takahashi et al., 2021; Tanabe et 

al., 2002).  
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Fig. 2.9 Schematic diagram of multi-mode models. (a) Stolwijk model (Stolwijk, 1971). (b) 

Fiala model (Fiala et al., 1999), (c) UCB model (Huizenga et al., 2001), (d) JOS-3 model 

(Kobayashi & Tanabe, 2013; Takahashi et al., 2021; Tanabe et al., 2002). 

Stolwijk model, developed for NASA’s Apollo program to predict the thermal responses of 

astronauts. It has achieved broad influence and laid the foundation for many human thermal 

models (Katić et al., 2016). Stolwijk model employs substantial simplifications in modelling 

human-environment convective heat transfer. It conceptually represents body segments as six 

geometric primitives (sphere/cylinders) of different sizes, where the hc follows a scaling law 

proportional to the square root of wind speed, as given by Eq. (2.18). 

 ℎ𝑐 = ℎ𝑐𝑁(𝑉/0.1)0.5 (2.18) 

where ℎ𝑐𝑁 represents the natural convective heat transfer coefficient value measured by Nishi 

and Gagge (Nishi & Gagge, 1970a) using naphthalene sublimation under still air conditions 
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(approximately 0.1 m/s). Consequently, the forced convection formulation in the model does 

not originate from direct empirical results but is derived through scaling the benchmark hc value 

to estimated values at an arbitrary wind speed V. The shortcomings are apparent in two critical 

aspects. Primarily, representing the natural convective coefficient as a fixed value ignores its 

nature as a temperature-dependent variable, introducing foundational error. Furthermore, the 

oversimplification in applying forced convection correlations, developed for simple shapes 

under controlled conditions, to the anatomically complex human form inevitably produces 

significant computational inaccuracies. 

Fiala, UCB, and Tanabe JOS models are all developed from the Stolwijk model with more 

sophisticated iterations. For convective heat transfer prediction, a principal advantage of the 

Fiala model is its formulation. Unlike approaches in most models that define this coefficient 

solely as a function of V, the Fiala model expresses it as a function of both V and ∆T. This 

allows the model to represent the continuous progression between convective regimes, from 

natural convection in a still environment, through mixed convection, to purely forced 

convection with increasing wind speeds. The implementing expression, given in Eq. (2.19), is 

a transformation of Wang’s (X.-L. Wang, 1990c, 1990b, 1990a) empirical findings into a form 

optimised for computer simulation. 

 
ℎ𝑐 = √𝑎𝑛𝑎𝑡√𝑇𝑠𝑘 − 𝑇𝑎 + 𝑎𝑓𝑟𝑐𝑉 + 𝑎𝑚𝑖𝑥 

(2.19) 

where 𝑇𝑠𝑘  is skin temperature (℃), 𝑇𝑎  is air temperature (℃),  𝑎𝑛𝑎𝑡 , 𝑎𝑓𝑟𝑐 , and 𝑎𝑚𝑖𝑥  are 

segment-specific coefficients. 

In contrast to the experiments above, which required direct measurement and precise 

disaggregation of individual heat loss components from human subjects, Wang’s study utilised 

a heated manikin that exchanges heat with the environment only through convection and 
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radiation, thereby reducing experimental error. However, manikin’s skin temperature was 

measured by 19 thermocouples, with only 2 to 3 sensors per body segment. This sampling 

density was insufficient to capture the true average skin temperature of each segment, not only 

because the heating of the manikin itself is non-uniform, but also because crosswind results in 

significant circumferential variation in Tsk. Additionally, as previously mentioned in Section 

2.3.2, Wang’s study did not report TI level. In a comparison of convective heat transfer 

predictions of several thermal comfort models, Li et al. (J. Li et al., 2024) observed that the 

Fiala model yields higher hc values, postulating that this discrepancy could be attributed to 

potentially high underlying turbulence levels in the experimental wind environment. Given 

these uncertainties, the accuracy of this prediction formula needs to be further validated. 

Technological progress has introduced thermal manikins to address a critical shortcoming of 

traditional methods: the limited spatial resolution of physical sensors. Traditional methods 

depend on discrete sensors attached to the skin, which offer limited reference values but fail to 

capture the body’s continuous and non-uniform temperature distribution. In contrast, a thermal 

manikin, equipped with uniformly embedded heating wires and precise computer control, 

directly provides average temperature and heat flux data for each segment, thereby providing 

greater accuracy for thermal comfort studies. Notably, the body surface convection data for 

both JOS and UCB models are sourced from such thermal manikin experiments. The 

expression is provided in its conventional form: 

 ℎ𝑐 = 𝑎𝑉𝑏 (2.20) 

where a and b are segment-specific coefficients. 

The coefficients a and b in JOS model originate from Ichihara et al (ICHIHARA et al., 1997) 

experiments. Since a dry thermal manikin exchanges only sensible heat with the environment, 

the accurate separation of the radiation is thus a critical challenge for precisely determining 
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convective heat transfer. Ichihara et al. set the manikin’s skin temperature equal to the air 

temperature within a climate chamber, thereby eliminating convective heat exchange. By 

independently controlling the chamber surface temperatures to create different mean radiant 

temperatures, they were able to directly measure the radiative flux. However, the climate 

chamber likely exhibited thermal stratification, which produced low radiative heat transfer 

coefficients compared to other studies (de Dear et al., 1997), potentially leading to a 

compensatory overestimation of hc. 

To address this limitation, de Dear et al. (de Dear et al., 1997) proposed a novel method for 

accurate radiative measurement that subsequently gained widespread adoption. The manikin is 

first wrapped tightly in known low-emissivity aluminium foil. The total heat transfer 

coefficient is then measured for both the foil-wrapped and the uncoated manikin. Based on the 

principle that the hc remains constant between the two conditions, the radiative heat transfer of 

the uncoated manikin can be determined by solving the equations. Accordingly, they proposed 

a set of semi-empirical formulas for the hc of 16 body segments, applicable for wind speeds 

from 0 to 5 m/s and TI between 4.1% and 8.4%. This correlation was subsequently adopted for 

predicting convection in the UCB model. 

2.4.4 Comparison of hc in different models 

Fig. 2.10 compares the hc predicted by various thermophysiological models. Only de Dear’s 

experiment associated with the UCB model reported the TI level, which ranged from 4.1% to 

8.4%. If this study is taken as the baseline, the mean deviations of the other models are as 

follows: PMV (16%), Gagge two-node model (-18%), Fiala model (38%), and JOS: (44%). 
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Fig. 2.10 Whole body hc prediction values in different models. 

Such significant discrepancies can be attributed to several factors. One stems from 

experimental errors, such as inaccuracies in skin temperature measurement, as well as the 

underestimation of radiation in the JOS model experiment, as previously discussed. 

Furthermore, a pivotal and often overlooked factor is TI. de Dear’s experiment was conducted 

in a controlled wind tunnel, a setting that typically produces lower and more uniform turbulence. 

In contrast, other studies employed fans of different sizes and configurations, which can 

generate flows with considerably higher turbulence levels. Since TI has been proven to 

markedly enhance hc, this fundamental difference in experimental setup provides a possible 

explanation for the higher predictions of other models. Therefore, this analysis highlights the 

necessity of explicitly incorporating TI as a key predictive variable in thermal comfort models. 

2.5 Summary and research gap 

This review traces the evolution of convective heat transfer in the context of human thermal 

comfort. The journey begins with the oversimplified reliance on mean wind speed, progresses 
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through the recognition of TI and TL as non-negligible factors of heat loss, and further extends 

to the complexities introduced by non-stationary wind and mixed convection regimes in low 

wind speed environments. An examination of prevailing thermophysiological models reveals 

a critical omission of essential parameters, rendering them inadequate for accurately predicting 

human heat loss in dynamic outdoor wind environments. 

The synthesis of existing research enables the identification of several critical knowledge gaps 

that warrant further investigation: 

1. While the importance of TI is increasingly acknowledged, the impact of TL on human 

convective heat loss remains profoundly underexplored. This gap largely originates 

from a methodological constraint: existing wind tunnel experiments difficult to 

generate the large TL values typical of real outdoor environments because of the size 

limitation. Current understanding is limited to an extrapolation from RANS-based CFD 

simulation. There is thus a pressing need for experimental data that quantitatively 

correlates real outdoor TL level with human body hc. 

2. Current understanding of non-stationary wind is skewed towards its effects on 

subjective thermal perception. The fundamental physical question of whether and how 

the time-varying mean wind speed alters convective heat transfer remains largely 

unanswered. The mechanistic analogy to pulsating flow around cylinders suggests that 

the hc may be either enhanced or suppressed by the fluctuation amplitude and frequency 

of non-stationary wind. Translating these fundamental principles into a predictive 

framework for the human body, applicable to dynamic outdoor environments, is a 

critical next step. 

3. Research on mixed convection around the human body is limited and typically 

conducted under unknown turbulence level conditions. In realistic weak-wind outdoor 



51 

 

environments, buoyancy-driven natural convection and turbulence-enhanced forced 

convection coexist and interact. The coupled effects of V, ∆T, and TI on hc should be 

systematically quantified.  

4. The significant discrepancies in hc predictions among established thermophysiological 

models underscore the limitations of a wind speed-only paradigm. The review 

demonstrates that the impact of other dynamic wind characteristics on human body heat 

loss cannot be overlooked. The development of new predictive models, capable of 

integrating these multi-dimensional wind parameters, is imperative for enhancing the 

accuracy of outdoor thermal comfort assessment and urban design strategies. 

In summary, prevailing models based solely on mean wind speed are inherently insufficient for 

dynamic outdoor wind. This thesis addresses this critical gap by quantifying the effects of key 

dynamic wind characteristics and developing a multi-parameter model to predict human 

convective heat transfer in real outdoor environments. 
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Chapter 3  Pedestrian-level wind characteristics and the 

preliminary effects on human body convective heat transfer 

3.1 Introduction                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

This study focuses on two specific gaps in the current understanding of human body convective 

heat transfer: (1) the lack of experimental data quantifying the influence of TL at pedestrian-

level, and (2) the unexplored combined effects of 3-D turbulence characteristics.  

To address that, this research employs a field measurement approach. Comprehensive 

pedestrian-level wind characteristics were recorded in a built-up urban area using ultrasonic 

anemometers, capturing realistic wind parameters including 3-D wind speed components, 

turbulence characteristics and wind direction. Simultaneously, a multi-segment thermal 

manikin was employed to measure the heat loss of body segments under outdoor wind 

conditions.  

This experiment aims to evaluate the impact of these turbulence characteristics on human 

convective heat transfer in real outdoor wind, thereby providing the essential foundation for 

developing quantitative mathematical models that can better represent the complex nature of 

urban wind environments. 

3.2 Method 

3.2.1 Experimental sites 

Two shaded areas beneath the edges of the lift-up buildings on the campus of Hong Kong 

Polytechnic University was chosen as the measurement sites (Fig. 3.1). Shading protects the 
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thermal manikin from being overheated by direct sunlight, and the voids underneath the 

building, which is 3.5 m in height, increase the pedestrian-level wind compared with the 

surrounding open spaces, and thus allowing the experiment to cover a wider wind speed range. 

The lift-up area features a rectangular shape with the long axis of buildings oriented north-

south (J. Li et al., 2018; Y. Xie, Huang, et al., 2018). The two lift up areas are located 

approximately 200 m apart. Two seven-story buildings (Building AG and Building DE in Fig. 

3.1) are located 50 m apart on the east and west sides of Site A, respectively. The open spaces 

between them are filled with an outdoor dining area and vegetation. Site B features a similar 

building on the west side but has fewer obstructions compared with Site A. A large open space 

is situated on the east side of Site B, with the nearest building located 200 m away. The lift-up 

designs at both sites improve pedestrian level wind, which facilitates pedestrian activities in 

warm to hot weather (Du et al., 2017).   
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Fig. 3.1. (a) The Hong Kong Polytechnic University campus map, and the dash-line boxes 

indicate the location of the experimental sites. (b) Photos of the two experimental sites.  
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3.2.2 Wind environment measurement 

 

Fig. 3.2. Experimental instruments. (a) Mini-weather station, (b) Aluminium frame garden 

chair, (c) T-type self-adhesive thermocouple, (d) Seated thermal manikin 

Two mini-weather stations were used to measure the on-site thermal environment. Each station 

consists of an ultrasonic anemometer, a temperature sensor, a data logger and a heat index 
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WBGT (wet-bulb globe temperature) meter, as shown in Fig. 3.2(a). The technical 

specifications of these instruments are listed in Table 3.1. The sensors of the two mini-weather 

stations were fitted within 0.6 m and 1.2 m above the ground level. The distance between two 

mini-weather stations was greater than 1.5 m to prevent wind blocking by the brackets. This 

study was conducted over 10 days in April, May and November in the year 2021, with 

approximately 50 hours of data collected. 

Table 3.1. Technical specifications of the mini-weather station 

Instruments Model 

Measuring 

parameters 

Resolution Accuracy 

Sampling 

rate 

Ultrasonic 

anemometer 

R.M. 

YOUNG 

MODEL 

81000 

Wind velocity 0.01 m/s ±0.05 m/s 4 Hz 

Wind direction 

0.1 º ±2 º 

Temperature 

sensor 

R.M. 

YOUNG 

MODEL 

41382 

Air temperature 

0.01 ℃ ±0.3 ℃ 1 s 

Heat index WBGT 

meter 

WBGT-

2010SD 

Black globe 

temperature 

0.1 ℃ ±0.6 ℃ 10 s 

 

3.2.3 Thermal manikin setup 

A thermal manikin was placed at a horizontal distance of 1.5 m away from the nearest mini-

weather station to prevent the manikin from being blocked from the upstream wind by the 

brackets, as shown in Fig. 3.2(d). The height of this manikin is 1.7 m, and the thermal manikin 
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consists of 20-segments, each of which has its own heat input and temperature control, and the 

surface areas of the segments are listed in Table 3.2.  

The thermal manikin was placed on a metal frame garden chair with the feet 5 cm above the 

ground, as shown in Fig. 3.2(b). This design was intended to minimise the unwanted conductive 

heat transfer between the ground surfaces and the manikin, and at the same time allow free air 

movement around the manikin. The thermal manikin was operated at constant heat flux mode. 

Since the breathing and perspiration system of the manikin was de-activated, the manikin’s 

total power input is equal to its sensible heat loss to the surrounding environment under steady-

state conditions. 

Table 3.2. Surface area of the thermal manikin 

Segment Area(m2) Segment Area(m2) Segment Area(m2) 

Crown 0.045 Left hand 0.038 Right back thigh 0.083 

Face 0.081 Chest 0.140 Left back thigh 0.080 

Right upper arm 0.078 Back 0.130 Right low leg 0.090 

Left upper arm 0.073 Pelvis 0.055 Left low leg 0.090 

Right forearm 0.050 Backside 0.110 Right foot 0.043 

Left forearm 0.050 Right front thigh 0.083 Left foot 0.043 

Right hand 0.037 Left front thigh 0.080 Total 1.479 

The thermal manikin is heated using pure nickel wire, which is evenly wound beneath the 

manikin’s skin. The resistance of the nickel wire is measured and used to calculate the 

temperature of the individual segment. However, due to the thermal resistance of the skin, there 

is always a small difference (within 0.5℃ ) between the temperature deduced from the 

measured resistance in the wire wound around the manikin and the temperature of the surface 

of the manikin skin. As a double check, 47 fast-response T-type self-adhesive thermocouples 
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(shown in Fig. 3.2(c)) were pasted on the manikin’s surface to measure its skin temperature 

directly. The position and number of thermocouples attached to each segment of the manikin 

are shown in Fig. 3.3 and Table 3.3, based on the uniformity of the heated manikin’s skin 

temperature (the infrared thermal images are shown in Appendix A). The resolution of the T-

type thermocouple is 0.1 ℃, and the accuracy is ±0.5 ℃. Every 12 thermocouples were 

connected to a temperature recorder (four in total). The resolution of the recorder is 0.1℃, and 

the sampling rate was 1 Hz. Based on the thermal resistance of the material of the manikin skin 

covering the nickel wire of approximately 0.0025 m²K/W, according to information supplied 

by the thermal manikin manufacturer PT Teknik, the manikin skin surface temperature is 

manually calculated based on the deduced wire temperature and compared with the readings 

taken from the thermocouples (details are described in Appendix B). The results showed that 

the skin temperature measurements obtained using the two methods are highly consistent, with 

an average difference of less than 1%.  

Table 3.3. The number of thermocouples 

Segment 0° 90° 180° 270° 

Crown √  √  

Face  √  √ 

R. L. upper arm √  √  

R. L. forearm √  √  

R. L. hand √  √  

Chest ×4 

Back ×4 

Pelvis ×3 

Backside ×2 

R. L. front thigh  √  √ 

R. L. back thigh  √  √ 

R. L. low leg √ √  √ 

R. L. foot √  √  

 

 

Fig. 3.3. Position of thermocouple attached to 

the manikin 
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3.2.4 Calculation of the convective heat transfer coefficients 

The total sensible heat flux Qn (W/m2) of the manikin’s segment n consisted of radiative and 

convective heat loss: 

 Qn = Rn + Cn (3.1) 

where Rn is radiative heat flux of segment n, Cn is the convective heat flux of segment n. 

According to Stefan-Boltzmann’s law, Rn can be calculated as follow (“ASHRAE Handbook. 

Fundamentals.,” 1985): 

 Rn= σsεf
eff,n

(Tsk,n
4 - Tmrt

4) (3.2) 

where Tsk,n is the average skin temperature measured by thermocouples of segment n (℃), Tmrt 

is mean radiant temperature (℃), ε is emissivity, σs is Stefan-Boltzmann constant, which is 

5.67 × 10-8 (W/m2/K4), feff,n  is the effective radiation area factor for manikin’s segment n. Oguro 

et al. (Oguro et al., 2001a) measured the effective radiation area factor of their seated manikin, 

which has a similar total surface area (1.469 m2) to the thermal manikin used in this study 

(1.479 m2). In addition, the area of each segment is also quite similar between the two manikins, 

with a difference of less than 0.7%. Therefore, the data of feff in Oguro et al.’s study were used 

here, which are listed in Table 3.4. 
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Table 3.4. Effective radiation area factors of the thermal manikin (Oguro et al., 2001a) 

Segment feff Segment feff Segment feff 

Head 0.90 Left hand 0.77 Right low leg 0.84 

Right upper arm 0.80 Chest 0.78 Left low leg 0.84 

Left upper arm 0.80 Back 0.96 Right foot 0.83 

Right forearm 0.80 Pelvis region 0.86 Left foot 0.83 

Left forearm 0.80 Right thigh 0.79 Total 0.80 

Right hand 0.77 Left thigh 0.79   

tmrt can be calculated by the following equation: 

 Tmrt =  [(Tg + 273)
4
 +  

1.1 × 10
8
V0.6

εDg
0.4

(Tg -  Ta)]

1/4

 - 273 
(3.3) 

where Tg is black globe temperature (℃), Ta is air temperature (℃), V is wind speed (m/s), and 

Dg is globe diameter (m) which is 0.075m in this experiment. ε is emissivity which is 0.95 for 

black globe in this experiment. 

The standard 150 mm diameter black globe is conventionally used for measuring Tmrt. However, 

the long equilibrium response time (up to 20 minutes) severely limits its applicability in 

dynamic outdoor environments (Thorsson et al., 2007). While reducing the globe diameter can 

significantly shorten the time, it also increases the sensor’s sensitivity to wind speed, thereby 

compromising the accuracy of Tmrt  measurement (Olesen et al., 1989). Consequently, the 

selection of an appropriate globe size should balance response time and accuracy. Thorsson et 

al. (Thorsson et al., 2007) measured Tmrt using a 38 mm flat grey globe, comparing the results 

with integral radiation measurements as the benchmark. Their results demonstrated that a 5-

minute averaging period effectively enhanced the accuracy of globe thermometer 

measurements. In the present study, an averaging period of 10 minutes was adopted. 
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Furthermore, as the experiments were conducted in shaded conditions, the equilibrium 

response time can be further shortened (Thorsson et al., 2007). To ensure the accuracy, the Tmrt 

measured by the globe thermometer in this study was calibrated with a three-dimensional Kipp 

& Zozen CNR4 net radiometer, with detailed results provided in Appendix C. 

The convective heat loss can be calculated as: 

 Cn = hc,n(Tsk,n - Ta) 
(3.4) 

where hc,n is the convective heat transfer coefficient of segment n (W/m2/℃), and tsk,n is the 

average skin temperature measured by thermocouples of segment n (℃). 

By substituting equation (3.4) to equation (3.1), the convective heat transfer coefficient of 

segment n can be obtained by equation (3.5): 

 h𝑐,n = 
𝑄𝑛 − Rn

Tsk,n- T𝑎
 

(3.5) 

In this experiment, the manikin was operated at constant heat flux mode, in which input power 

is locked at a specific value. The power value has been benchmarked by an ETCR6000 AC/DC 

Clamp leakage current meter and Fluke 117c true RMS multimeter. The manikin’s input power 

was set between 70 to 120 W/m2 based on the air temperature on the experiment day.  

3.2.5 Uncertainty analysis 

The measurement uncertainty was calculated by implementing a single-measurement 

uncertainty analysis (Figliola & Beasley, 2011), as the following formula: 

 wℎ𝑐
=√(

∂hc

∂Tsk

w𝑇sk
)

2

+(
∂hc

∂Ta

wTa
)

2

+(
∂hc

∂Tg

wTg
)

2

+(
∂hc

∂V
wV)

2

 
(3.6) 

where, wTsk
 = ±0.5 ℃, wTa

 = ±0.3 ℃. wTg
 = ±0.6 ℃, wV = ±0.05 m/s. 
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Therefore, the uncertainty of hc was calculated to be ± 2 W/m2/℃.  

3.3 Results and discussion 

3.3.1 Wind characteristics 

Sometimes, internal instrumental errors (e.g., random electronic spikes) result in unrealistically 

high or low values in the measured time series data. These spikes can lead to overestimated 

turbulence characteristics and need to be detected and removed. We used the spikes detection 

and removal method proposed by Vickers and Mahrt (Vickers & Mahrt, 1997) to correct for 

these outliers in the wind speed data. The method works by computing the mean and standard 

deviation of five-minute moving windows that progress one point at a time through the series. 

Any point within the window that is not within 3.5 standard deviations from the mean is 

considered a spike. The identified spikes are replaced using linear interpolation between data 

points. The spikes detected using this method were less than 0.1% of the total, meeting the 

tolerated number of less than 1% (Vickers & Mahrt, 1997). The clean data obtained was used 

for follow-up analysis. 

First, the composite wind speed (V(t)) was converted to the longitudinal (Vx(t), along the mean 

wind direction), lateral (Vy(t), perpendicular to the mean wind direction), and vertical wind 

components (Vz(t)) (as shown in Fig. 3.4). Then, the two horizontal directional wind velocity 

components were separated into long-term (non-turbulence related) trend (as shown in the 

orange lines in Fig. 3.4) and fast-fluctuating turbulence components (equation (3.7) to (3.9)), 

using the empirical mode decomposition (EMD) method (Zou, Yu, et al., 2021). The EMD 

approach decomposed the time series signal into a number of Intrinsic Mode Functions (IMFs). 

The group of components with a time scale of less than 5s were identified as turbulence. long-

term trends were determined by subtracting the turbulence components from the original time 
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series data. For the vertical directional wind component, the timescale of the IMFs was always 

smaller than 5s. Therefore, a time-constant mean value was adopted (equation (3.9)).  

 Vx(t)=Vx(𝑡)+vx(t) 
(3.7) 

 Vy(t)=Vy(𝑡)+vy(t) 
(3.8) 

 Vz(t)=Vz+vz(t) 
(3.9) 

The long-term trends of the composite wind speed V(t)̅̅ ̅̅ ̅̅  and wind direction (𝜃(𝑡)̅̅ ̅̅ ̅̅ ) were 

calculated using equation (3.10) and (3.11), representing by orange lines in Fig. 3.4.  

 V(t)= √(Vx(𝑡)
2

+Vy(𝑡)
2

) 
(3.10) 

 θ(t)̅̅ ̅̅̅=arctan(
Vx(t)̅̅ ̅̅ ̅̅

Vy(t)̅̅ ̅̅ ̅̅
) 

(3.11) 

The standard deviation of the long-term wind speed (𝜎𝑉) and wind direction (𝜎𝜃) were used to 

characterize the amount of variability (equation (3.12) and (3.13)).   

 
σV=√∑ (V(t)

̅̅ ̅̅̅-V(t)
̅̅ ̅̅̅̅̅̅̅̅)

2

n-1
 

(3.12) 

 
σθ=√∑ (θ(t)

̅̅ ̅̅ -θ(t)
̅̅ ̅̅̅̅ ̅̅ )

2

n-1
 

(3.13) 

where n is the number of data points, V(t)
̅̅ ̅̅̅̅̅̅̅̅ and θ(t)

̅̅ ̅̅̅̅ ̅̅  are mean values of V(t)̅̅ ̅̅ ̅̅  and 𝜃(𝑡)̅̅ ̅̅ ̅̅ . Taylor’s 

frozen flow hypothesis was used to find the large eddy eddies in the composite wind speed 

(equation (3.14)),  

 TLL=V̅×∫ RV(t)̅̅ ̅̅ ̅(t)dt

t0

0

 
(3.14) 
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where TLL is large eddy turbulence integral length scale (m), indicating the large eddies that 

formulate the long-term trend. RV(t)̅̅ ̅̅ ̅ is the autocorrelation function based on the long-term trend,  

t0 is the first point past zero of the R(t) curve. 

For the high-frequency turbulence components, the composite (TIv), longitudinal (TIvx
), lateral 

(TIvy
), and vertical (TIvz

) turbulence intensity were calculated as: 

 TIv=
(𝑣𝑠(t)2̅̅ ̅̅ ̅̅ ̅)

1/2

 V(t)̅̅ ̅̅ ̅
 

(3.15) 

 TIvx
=

(vx(t)2̅̅ ̅̅ ̅̅ ̅)
1/2

 V̅
 

(3.16) 

 TIvy
=

(vy(t)2̅̅ ̅̅ ̅̅ ̅)
1/2

 V̅
 

(3.17) 

 TIvz
=

(vz(t)2̅̅ ̅̅ ̅̅ ̅)
1/2

 V̅
 

(3.18) 

Taylor’s frozen flow hypothesis was used to find the small eddy eddies in the composite wind 

speed,  

 TLS=V̅×∫ R𝑣𝑠(t)(t)dt

t0

0

 
(3.19) 

where TLS is small eddy turbulence integral length scale (m), indicating the small eddy eddies 

that dominate the high frequency turbulence; the R𝑣𝑠(t) is the autocorrelation function based on 

the high-frequency turbulence. Noteworthy, this method could be less accurate when the 

correlation function does not cross the horizontal axis due to random fluctuations. In those 

cases, exponential method or auto-power spectral methods should be adopted (Flay & 

Stevenson, 1988; Trush et al., 2020).  

Fig. 3.4 (a) to (c) are three 10-minute samples of composite wind speed, wind direction, 

longitudinal, lateral, and vertical wind velocity, respectively from top to bottom. The blue lines 
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represent the raw data, and the orange dash lines represent the long-term trend. Fig. 3.4(a) 

shows conditions where both wind speed and direction were relatively stable. The long-term 

wind speed trend aligned closely with the time-averaged mean, while wind direction varied 

within a narrow ±3 ° range. In Fig. 3.4(b), wind direction remained stable, fluctuating within 

±10 °, but the long-term wind speed trend had higher variability. Fig. 3.4 (c) illustrates coupled 

changes in wind direction and speed - as direction shifted from 100 ° to 300 °, speed decreased 

from approximately 2.5 m/s to 0.5 m/s, and then increased back to over 2 m/s when direction 

returned to 100° in the last three minutes. The quantitative analysis results of wind 

characteristics in the entire data set can be found in sections 3.1.2 to 3.1.5.  
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Fig. 3.4 (a), (b), and (c) represent three daily 10-minute (from 12:10 to 12:20, time of the day) 

samples of composite 3D wind speed (V), wind direction, longitudinal (Vx), lateral (Vy), and 

vertical wind velocity (Vz). The blue lines represent the raw data, and the orange dash lines 

represent the long-term trend. (a) both wind speed and direction were relatively stable; (b) wind 

direction remained stable, but the long-term wind speed trend had higher variability; (c) 

coupled changes in wind direction and speed. 
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3.3.1.1 Averaging period analysis 

To investigate whether the selection of averaging period has an effect on the calculation of 

turbulence characteristics, three averaging periods (10-min, 15-min and 30-min, respectively) 

were chosen, and the results are shown in Fig. 3.5. Since synoptic trends had been removed 

from the original signal, there was no significant change in either turbulence intensity (TIv) or 

small eddy turbulence integral lengths scale (TLS) when the averaging period increased from 

10-min to 30-min. Except when the wind speed was within 0.5±0.25 m/s, the 30 min averaging 

period yielded a much lower turbulence intensity than the other two conditions. Given the 

lowest wind speed group consisted of less than 3% of the total data set, the following analyses 

in this study were calculated using 10-min averaging periods, which is also the same as the 

selection period for design practice of turbulent wind characteristics in many countries (J. Chen 

et al., 2007). 

 

Fig. 3.5. Effect of different averaging periods on turbulence characteristics, each wind speed 

point is the average value within ±0.25 m/s. (a) Composite turbulence intensity TIv, (b) Small 

eddy turbulence integral length scale TL. The data points are the mean values and error bars 

are the standard deviation for that period. 
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3.3.1.2 Wind speed 

A total of approximately 50 hours of wind data were collected for this study. Fig. 3.6. shows 

the wind speed distribution at the two experimental sites. At Site A, the mean wind speed is 

around 1m/s at both heights. More than 90% of the 10-min average wind speed fell within 0.25-

1.75 m/s. The wind speed measured at 1.2 m was slightly higher than that at 0.6 m.  

The average wind speed histograms at two different measurement heights (0.6 m and 1.2 m) 

share a similar trend at Site B. The wind speed range of 1.75-2.25 m/s accounts for the most 

significant proportion, about 22% of the total. About 95% of the average wind speed was in 

the range of 0.25-3.75 m/s. Notably, the wind speed range and average at Site B were greater 

than those at Site A. This could be because Site B is located in a more open area with fewer 

obstructions along its east-west axis, which permits greater air movement. 

 

Fig. 3.6. Histograms of the10-min average wind speed at two measurement heights. (a) Site A 

(b). Site B. 

Fig. 3.7 presents the standard deviation distribution of long-term wind speed trend. As the mean 

wind speed increased from 0.25 to 3.5 m/s, the mean value of 𝜎𝑉  increased slightly by around 
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0.4 m/s. At the same mean wind speed, 𝜎𝑉  of Site B was higher than Site A, indicating a 

stronger fluctuation in the long-term wind speed trend at Site B. 

 

Fig. 3.7. Standard deviation of long-term wind speed trend (𝜎𝑉) at two measurement heights. 

Each data bar includes the average value within ±0.25m/s. (a) Site A (b). Site B. 

3.3.1.3 Wind direction variation 

The wind rose maps for the experimental days are shown in Appendix D. 0º, 90º, 180º, 270º 

indicate the wind coming towards the front, left side, back, and right side of the manikin, 

respectively. It can be seen that on experimental days with relatively high wind speeds (day 2, 

4, 5, 6, 9), the prevailing wind direction was more stable. This suggests that during these 

periods, the wind direction was influenced mainly by short-term fluctuations associated with 

turbulence, rather than by larger scale mesoscale shifts. Conversely, on days with lower wind 

speeds, prevailing wind direction changes are more frequent. 
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Fig. 3.8. (a) Histogram of wind direction variation amplitude and period. (b) Illustration of 

wind direction fluctuation; the boxes in black dotted-dash line and black thick line show a 

monotonic increase and decrease of wind direction variation, respectively. The blue lines 

represent the raw data, the orange dash lines represent the long-term trend. 

Variation period 
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The statistical analysis of wind direction trend also demonstrates that small wind direction 

fluctuations are most common. A 10 min wind direction time series is shown in Fig. 3.8(b), a 

continuous monotonic increase of wind direction angle is defined as a positive variation, and a 

continuous monotonic decrease is defined as a negative variation. Two parameters are 

associated with each wind direction variation: 1) the wind direction variation period “T”—this 

represents the time interval between the two adjacent local peaks, 2) wind direction variation 

amplitude “A”— this represents the absolute difference in wind direction between the two 

adjacent local peaks. Wind direction fluctuation with small amplitude (less than 60o) and period 

(less than 30s) were most common, both accounting for over 70% of the cases (Fig. 3.8(a)). 

However, in some cases the wind direction can reverse 180º in a short period (less than 60 

seconds). In fact, such complex and strongly transient reverse flow usually occur downstream 

of the buildings (Moonen et al., 2012). Further study is needed to explore these effects. 

Fig. 3.9.  shows the standard deviation of the long-term wind direction trend. The direction 

variation was stronger at low mean wind speed (less than 1.5 m/s) compared to high wind 

speeds groups, with the mean 𝜎𝜃 differences up to 50 º. Large wind direction shift (>30 º) rarely 

occurred when the mean wind speed exceeded 1.75 m/s. As illustrated in Fig. 3.4 (c), the 

transition of the prevailing wind direction, which occurred from 12:13 to 12:16, was associated 

with relatively low wind speed compared with the more stable wind direction conditions 

observed during the first and last three minutes of the 10-minute sampling period. This can be 

partially explained by kinematic effects, as the motion direction of air volume can be more 

readily changed at low wind speed (van Doorn et al., 2000). In addition, at the same wind speed, 

the wind direction trend fluctuations were more intense at Site B than at Site A. This is thought 

to be due to the fact that Site B is surrounded by fewer obstructions, including vegetation and 

outdoor seating, along its east-west axis. As a result, wind at Site B encounters less resistance 

and hence changes direction more freely compared with Site A.   
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Fig. 3.9. Standard deviation of long-term wind direction trend (𝜎𝜃) at two measurement heights. 

Each data bar includes the average value within ±0.25m/s.  (a) Site A (b). Site B. 

3.3.1.4 Composite turbulence intensity 

 

Fig. 3.10. TIv distribution at different wind speeds. (a) Site A (b). Site B 

Fig. 3.10 presents the distributions of TIv for the 10-min average period at different wind speeds. 

For the same wind speed, the turbulence intensity at Site A was higher than at Site B. The 

measured TIv ranged from 10% to 66% , wider than the coverage of  22% - 48% reported in the 

literature (Zou, Yu, et al., 2021). At Site A, the average TIv at 0.6 m height was always higher 

than TIv at 1.2 m height, with an average difference of about 7%. While at Site B, the average 

TIv at 1.2 m height was slightly higher than the 0.6 m height by around 3%. For wind speeds 
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greater than 1 m/s, the turbulence intensity at Site B was consistently below 37%, while at Site 

A, the maximum turbulence intensity was nearly twice as high.  

3.3.1.5 Turbulence integral length scale 

 

Fig. 3.11. TLS  and TLL distribution at different wind speeds. (a) Site A (b). Site B. 

Both the large eddy turbulence integral length scale TLL , where  𝑇𝐿𝐿 𝐷⁄  ≫ 1 (D represents the 

typical diameter of the thermal manikin, which is approximately 0.5 m), and small eddy 

turbulence integral length scale TLS , where 𝑇𝐿𝑆 𝐷⁄  → 1, were positively correlated with wind 

speed. The TLL for the outdoor wind was found to be up to 143.5 m and 188 m at Site A and 

Site B, respectively, which are consistent with turbulence length scale found in synoptic-scale 

winds. The TLS ranged from 1.05 to 10.95 m at Site A and 0.7 to 25.5 m at Site B, as shown in 

Fig. 3.11, which is about  twice the size measured in the open spaces near buildings (Zou, Yu, 
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et al., 2021). According to the wind roses for the test days shown in Appendix D, a dominant 

wind direction can be clearly identified. This suggests that the prevailing wind directions 

recorded during the tests’ days were quite steady for the current study, whereas in (Zou, Yu, et 

al., 2021), the reported wind direction distribution was comparatively more scattered. This 

wind steadiness may have contributed to the larger turbulence integral length scales by 

allowing the wind flow to remain coherent and suppressing viscous dissipation over a longer 

fetch.  

It is noteworthy that the combined 3D turbulence integral length scale calculated in this study 

(equation (3.19)), which integrates variations in wind speed across all three spatial dimensions, 

are inevitably larger than the scales computed based on individual components, particularly the 

vertical turbulence integral length scales.  

3.3.2 Wind effect on convective heat transfer over the human body 

In this experiment, the manikin was operated at constant heat flux mode, in which input power 

is locked at a specific value. Heat exchange and temperature difference overview for each 

experimental day are listed in Appendix E. 

3.3.2.1 Timescales of manikin skin temperature response to outdoor wind 

Up until now, thermal manikin has predominately been used under steady-state conditions, 

either for measuring the clothing thermal resistance or for evaluating the surrounding 

environment. The outdoor wind environment is unsteady and can change fast. Fig. 3.12 

compares the variation of manikin’s Tsk and hc with wind speed and relative wind direction at 

the same instant of time. It can be seen that manikin’s Tsk and hc were significantly affected by 

wind speed, whereas a change in average incoming wind direction from the front to the right 

side of the manikin had no appreciable effect on Tsk and hc. When the wind speed increased or 
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decreased rapidly, the response of Tsk and hc was delayed within 1 minute. The observed delay 

in the manikin's response is likely caused by thermal inertia and heat storage within the manikin 

structure. To mitigate the effect of the thermal manikin’s response of time on the accuracy of 

instantaneous measurements of hc, we employed a 10-minute averaging period in the following 

analysis of heat transfer results.    

 

Fig. 3.12. Variation of manikin’s whole body Tsk and hc with wind speed and relative wind 

direction over 1-h. -90 o, 0o, 90o, 180o indicate the wind coming towards the left side, front, 

right side and back of the manikin, respectively.  The red dash line corresponds to the time of 

wind speed’s peaks or troughs. The blue dash line corresponds to the time of peaks or troughs 

of Tsk and hc. 
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There are two common approaches to calculating the time averaged hc. a). Calculating 

instantaneous hc first and then taking the arithmetic average over each 10-minute period. b). 

Using the 10-minute arithmetic means of measured environmental parameters to calculate hc. 

In this study, the differences between hc value calculated using these two methods were less 

than 1% (shown in Appendix F). For clarity, all hc values presented in the following analyses 

were calculated using method a). 

3.3.2.2 Correlation between wind characteristics and hc 

Table 3.5. Spearman partiala correlation between wind speed, σθ, σV, TIv, TLS, TLL and hc 

(n=307)  

Segment wind speed 

& hc 

TIv & hc TLS & hc TLL/D  

& hc 

𝜎𝜃& hc 𝜎V& hc 

r r R R r R 

Head 0.690* 0.357* 0.050 0.013 0.223* 0.108 

Back 0.792* 0.330* 0.075 -0.014 0.171* 0.122* 

Chest 0.690* 0.487* -0.126 -0.009 -0.017 0.223* 

upper arm 0.714* 0.269* -0.060* -0.075 0.156* 0.274* 

Pelvis 0.624* 0.336* -0.254* -0.189* 0.027 0.374* 

Backside 0.621* -0.062 0.020 0.067 -0.016 -0.136* 

Forearm 0.732* 0.415* -0.206* -0.099 -0.076 0.266* 

Hand 0.673* 0.347* -0.215* -0.169 -0.011 0.360* 

Thigh 0.805* 0.260* -0.253* -0.176 0.141* 0.194* 

low leg 0.822* 0.331* -0.217* -0.032 -0.011 0.079* 

Foot 0.743* 0.348* -0.267* -0.088 -0.027 0.313* 

whole body 0.842* 0.346* -0.258* -0.109 0.112 0.172* 
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a Adjusted for wind direction the rest five factors among wind speed, turbulence intensity, 

turbulence integral length scale, standard deviation of long-term wind direction trend and 

standard deviation of long-term wind speed trend. 

* Correlation is significant (P<0.01) (2-tailed). 

Under consistent and steady wind conditions, incoming wind from different directions was 

found to have insignificant effect on whole body hc (Oh & Kato, 2018). Therefore, the data was 

not categorized based on the prevailing wind direction. Instead, we analysed how the variations 

in wind direction during the measurement period affected hc. Table 3.5 presents the statistical 

analysis between wind speed, wind direction variation, TIv, TLS, TLL and local hc for each body 

segment.  

For most of the segments, hc had a strong positive correlation with average wind speed, a 

moderate positive correlation with TIv and 𝜎V, and a weak negative correlation with TLS. It 

should be noted that the current ranges of TLS and TLL values far exceeded the size of the 

manikin, and according to the finding with a cylinder, the larger the turbulence length scale, 

the lower the hc at the same TI when the turbulence length exceeded the diameter of the cylinder. 

The relatively low correlation between hc and TLS means that hc is not sensitive to TLS in the 

range found in these two sites or that the turbulence would have the same effects irrespective 

of the TLS variations in the range found in these two sites, and this will be further illustrated in 

the section 3.2.4.  Furthermore, TLL appears to have no statistically significant effect on the 

local and whole-body hc.  

The standard deviation of wind direction was found to have a positive correlation with the hc 

values on some upper body segments, such as head, back and upper arm. It is unclear that hc 

from the backside surface has weak correlations with all turbulence features except the low 

frequency turbulence. However, it should be noted that, according to Fig. 3.2d, the backside 
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surface of the tested thermal manikin was virtually horizonal at its seated poster on the 

aluminium chair and that different effects can be expected compared with the standing posture.  

The correlation analysis indicates that, in addition to high-frequency turbulence, larger 

amplitude of the long-term wind speed trends (i.e., low-frequency components) can also 

enhance whole-body convective heat transfer coefficient. With regard to the effects of wind 

direction variation on hc, it remains to be examined whether the variation is caused by the 

turbulence generated by the surrounding structures or by the direction variation of the 

prevailing wind, and whether the former can be represented by the lateral turbulence intensity 

or vice versa.   

3.3.2.3 Effect of TIv on hc 
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Fig. 3.13. A: Site A; B: Site B. (a) Box plot of turbulence components, (b) Whole body hc at 

different TIv level, (c) Whole body hc correlated with turbulence components, TIvx
, TIvy

, and 

TIvz
.  

To visualize the effect of turbulence intensity on whole-body convective heat transfer, the 

composite turbulence intensity (TIv) and each TI component (TIvx
, TIvy

, TIvz
) were categorized 

into two levels – low and high – based on their median values shown in Fig. 3.13 A(a) and B(a).  

The curves in red are the fitted results from the data points with the turbulence intensity higher 

than the median value, and the curves in blue are the fitted results from the data points with the 

turbulence intensity lower than the median value. When the mean wind speed was relatively 

low (< 1.5 m/s), these two curves nearly overlap, showing that turbulence intensity had a 

limited effect on hc (Fig. 3.13 A(b)). Similar results were also found in the previous wind tunnel 
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study (Yu et al., 2020): when the mean wind speed was around 0.9 m/s, changes in longitudinal 

turbulence intensity had a limited effect on hc. Two curves gradually separate in Fig. 3.13 B(b) 

with the increasing wind speed, indicating the enhancing effect of TIv on hc became more 

significant at larger wind speed. When the wind speed was 3.5m/s, hc of the high TIv group was 

on average 10% higher than the low TIv group (Fig. 3.13 B(b)). Additionally, our results 

indicate that both longitudinal and lateral turbulence affect the convective heat transfer. An 

11%pt (percentage point)  increase in TIvx
 (from the average value of 20% to 31%) or TIvy

 

(from the average value of 18% to 29%) was found to enhance hc by up to 10% (Fig. 3.13 B(c)). 

However, since the distribution of TIvz
 was not uniform (with the low TIvz

 group primarily 

occurring at higher wind speeds), the current data were inadequate to fully characterize the 

effect of vertical turbulence TIvz
 on hc.  

 

3.3.2.4 Effects of TLS on hc 

The variation of convective heat transfer coefficient hc with small eddy turbulence integral 

length scale TLS is shown in Fig. 3.14. To account for the effect of wind speed, the convective 

heat transfer coefficient hc measured in the present study in a turbulent flow is expressed as a 

convective heat transfer coefficient ratio Rhc between hc for high turbulent flow and hc for low 

turbulent flow calculated at the same wind speed: 

 Rhc= hc-high hc-low⁄  (3.20) 

where hc-high is the measured value in present study, hc-low is the predicted value of hc at the 

turbulence intensity of around 4%-8% as proposed by de Dear et al. (de Dear et al., 1997): 

 hc-low=10.1V0.61 
(3.21) 
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At Site B, Rhc increases markedly with decreasing TLS within TLS/D range 3 to 30, with Rhc 

steadily increasing from about 1.23 at TLS/D=30 to Rhc about 1.34 at TLS/D=3 when the TLS 

approaches the representative manikin dimension D. At Site A, Rhc exhibited a trend similar to 

that at Site B and was generally lower than that at Site B. Rhc at Site A gradually increased 

from about 1.05 at TLS/D=16 to Rhc about 1.13 at TLS/D=3.  

Evidently, at high TLS/D when the TLS is much larger than a representative manikin dimension 

D (TLS/D>>1), the whole body Rhc maintains a relatively constant value. There is a noticeable 

increase in Rhc , up to 10% in this study, as a decreasing TLS approaches the representative 

manikin dimension D (TLS/D→1).  

Interestingly, van der Hegge Zijnen (van der Hegge Zijnen, 1958) also found that for constant 

wind speed and TI, the heat transfer of a heated cylinder tested in a wind tunnel initially 

increased then decreased with TLS/D, peaking at around TLS/D = 1.5 to 1.6 (grey dash line in 

Fig. 3.14), indicating that, the enhanced cooling effect of turbulent air flow is maximized when 

the turbulence integral length scale is comparable to the typical diameter of the thermal manikin. 

All TLS/D in the present outdoor study were greater than 1.5, hence no data was obtained on 

the left side of the peak. Nevertheless, the variation of hc with TLS exhibits similar 

characteristics, of which the convective heat transfer coefficient increased markedly as the 

turbulence integral length scale approaches a size comparable to the typical diameter of the 

thermal manikin or a human body.  

Previous studies have demonstrated that fine-scale turbulence affects the flow field around the 

cylinder, promoting an early transition from laminar to turbulent boundary layer and delaying 

the flow separation point(Gartshore, 1973; Kwok, 1986; Kwok & Melbourne, 1980). These 

flow characteristics would also increase the convective heat loss, which warrant further studies 

to be conducted at TLS/D ≤ 1. 
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Fig. 3.14. Relationship between Rhc and TLS/D. D is 0.5 in this study. The data points are the 

mean values and error bars are the standard deviation for that period. In van der Hegge Zijnen’s 

study, Rhc is the ratio of the Nusselt numbers in turbulent flow and in laminar flow. 

3.3.2.5 Comparison with wind tunnel experimental results 

Most wind tunnel experiments reported to-date only examined the effect of wind speed on hc, 

without considering TI. Yu et al. (Yu et al., 2020) reported the impact of TI in their wind tunnel 

experiments. Fig. 3.15 compares their predicted whole body hc with the present study. The 

maximum TI was set to 36% (Fig. 3.15), which was the highest TI tested in the wind tunnel 

study. The dark blue surface represents the empirical formula proposed by Yu et al. The red 

dots show our field measurement results, which were mostly lower than the wind tunnel 

predictions at wind speeds greater than 2.5m/s. Most of the discrepancies were within 20% 

(indicated by the light blue surface), with an average difference of 5%. The smaller integral 

length scale in their wind tunnel study (at around 0.5 m), which produces lower TLS/D 

compared with our field measurements, may partly explain the lower hc values observed here. 

In addition, the wind profile shapes in field measurements continuously vary, contrasting the 

static profile generated in the wind tunnel experiment (Yu et al., 2020). 
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Fig. 3.15. Comparison of predicted whole body hc in this study with wind tunnel experimental 

results by Yu et al. (Yu et al., 2020). 

There are two additional factors on the thermal manikin side that may contribute to the 

difference. Firstly, in the wind tunnel experiment of Yu et al., the thermal manikin was standing, 

while the manikin was seated in the present study. According to Kurazumi et al. (Kurazumi et 

al., 2008) , a sitting thermal manikin has a lower mean hc than a standing one under the same 

wind speed. Secondly, despite using a 10 minutes averaging analysis period to minimize the 

effect of the manikin response time, low-frequency wind speed fluctuations could prevent the 

manikin’s skin temperature from reaching a steady state. This could result in an 

underestimation of hc.  

3.4 Limitation and future plan 

It should be noted that due to the relatively slow response to wind stimulus caused by the 

thermal inertial of the thermal manikin, it is difficult to obtain the accurate transient, 

instantaneous heat flux of the manikin. Applying fast-response sensors to measure the 
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instantaneous surface temperature and heat flux would be helpful in determining more 

accurately the convective heat transfer coefficient during transient gust wind conditions. 

Furthermore, the prevailing wind direction may change constantly in real outdoor settings. In 

this connection, two questions arise. On the one hand, there may be a need to include the wind 

direction fluctuation as an independent variable affecting the overall convection coefficients 

(Z. Xie et al., 2023). On the other hand, this effect may be included in the turbulence intensity 

and turbulence length scale. These parameters deserve special investigations in controlled wind 

tunnel conditions.  Future research is suggested to set higher sampling rates of sonic 

anemometers, or using Cobra probes or hot wires to capture the full range of turbulent eddies 

down to smaller scales, thus reflecting more accurate turbulence characteristics at the 

pedestrian level. More field measurements across different urban settings are needed before we 

can have a complete dataset of pedestrian level turbulence characteristics.  A more advanced 

thermal manikin would be helpful to accurately quantify the convective heat transfer under 

extreme heat conditions (Joshi et al., 2024). 

3.5 Summary 

This field measurement study characterized pedestrian-level wind beneath the edges of the lift-

up design. Wind direction and wind speed were both separated into long-term trends and high-

fluctuation turbulence. Wind direction variation within a narrow angle (less than 60 o) and short 

period (less than 30 s) accounted for over 70% of the cases. The direction variation was stronger 

at low mean wind speed (less than 1.5 m/s) compared with high speeds groups, with the mean 

𝜎𝜃 differences up to 50 º. The measured turbulence characteristics, with 10-minute average TI 

ranging from 10% to 66% and TLS ranging from 0.7 m to 25.5 m — wider than the typical 

values reported in urban open spaces, underscore the amplification of turbulence level in the 

lift-up design. The distribution of mean wind speed, wind direction, and turbulence 
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characteristics is affected by the surrounding building forms and ground-level street furniture 

within a 50 m radius. Local obstructions limit the mean wind speed, wind direction variation 

and turbulence integral length scale, but increase the turbulence intensity level. 

A thermal manikin was used to measure the convective heat loss in such an environment to 

remedy the limitation of the inadequate coverage of wind turbulence intensity and turbulence 

integral length scale in previous related wind tunnel studies. The results show that the whole 

body and most of the local hc had a strong positive correlation with average wind speed, a 

moderate positive correlation with both the standard deviation of the long-term trend (𝜎V) and 

high-frequency turbulence intensity (TIv). The influence of turbulence intensity on hc was more 

evident in the site with high wind speed. Both longitudinal and lateral component of turbulence 

contribute to the increase in hc, and an increase of 11%pt in TIvx
 from average 20% to 31% or 

TIvy
 from average 18% to 29% enhanced whole body hc by 10%. Meanwhile, as the turbulence 

integral length scale exceeded a size comparable to the trunk diameter of the thermal manikin, 

the enhancing effects of TI on convective heat transfer coefficient of a thermal manikin 

gradually become weaker.   

Local obstructions within a 50 m radius limit the mean wind speed, wind direction variation 

and turbulence integral length scale, yet they increase the turbulence intensity. Although these 

roughness elements elevate drag and lower the local mean wind speed at pedestrian level, the 

associated higher turbulence intensity and a smaller turbulence integral length scale may 

counteract the adverse effects of reduced wind speed. It is crucial to consider realistic 

turbulence characteristics in the field, including mean wind speed, the variation of wind speed 

trends, longitudinal and lateral turbulence intensity, and the small eddies turbulence length 

scale, when evaluating hc over a human body outdoors. This study gives a clear indication that 

the over-simplified convective heat transfer coefficient equations used in the prevailing 
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physiological thermoregulation models need to be updated to account for real life wind 

conditions experienced by pedestrians in urban areas. 

Summertime thermal discomfort can be alleviated by harnessing pedestrian-level winds 

through micro-scale strategies. These include adopting lift-up building designs, adding wind 

catchers above the street canyon, and implementing fans and misting fans in the target areas. 

Whereas past studies emphasized boosting mean wind speeds, this research sheds light on the 

optimal wind fluctuation properties to maximize convective heat transfer over the human body. 

Tailored geometries of wind catchers, fan blades, baffles and outlet fins can achieve desirable 

turbulence intensities and turbulence integral length scales around pedestrians. 
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Chapter 4  Human body convective heat transfer coefficient under 

non-stationary turbulent wind 

4.1 Introduction 

Previous research on the impact of dynamic wind on human convective heat transfer has 

predominantly focused on high-frequency turbulence, neglecting the non-stationarity of natural 

wind characterised by low-frequency fluctuations of mean wind speed. Informed by outdoor 

wind characteristics data obtained from our prior field measurement (Study 1), this study 

simulated a typical non-stationary wind condition in a wind tunnel. An active shutter was 

employed to generate low-frequency fluctuations in mean wind speeds by adjusting the 

tunnel’s blockage ratio, while high-frequency turbulence was superimposed using a passive 

grid. A thermal manikin was utilised to record heat loss over individual body segments. This 

research is guided by two primary objectives: to quantitatively dissect the individual and 

combined effects of wind low- and high-frequency components on human convective heat 

transfer, and to leverage these findings to advance the predictive capability of thermal comfort 

models for outdoor environments. A precise understanding of convective heat loss under 

dynamic flow is fundamental for constructing more accurate thermophysiological models, 

thereby providing a reliable foundation for outdoor thermal comfort prediction.  

4.2 Method 

4.2.1 Wind tunnel setup 

The experiment was conducted in a low-speed wind tunnel in the Aerodynamics and Acoustics 

Facility (AAF) lab at the Hong Kong University of Science and Technology (HKUST). The 
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wind tunnel has three test sections: two overhead aerodynamic test sections with different 

cross-sectional areas (positions A and B) and a boundary layer test section (position C), as 

shown in Fig. 4.1. The ambient temperature in the wind tunnel was maintained at 25 oC (±2 

oC).  

 

Fig. 4.1 (a) Arrangement of the wind tunnel’s test section. All dimensions are in mm. (b) Front 

view of the active shutter. (c) Top view of the active shutter. (d) Passive grid. Mesh size M = 

420 mm, bar width W1 = 420 mm, W2 = 55 mm, W3 = 30 mm. 
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4.2.2 Generating non-stationary turbulent wind profiles based on field measurements 

4.2.2.1 Mean wind speed 

Three test positions were set up for this experiment, as shown in Fig. 4.1. Position A and B are 

located upstream of the active shutter, facilitating low TI conditions, with mean wind speed 

fluctuations dependent on the motion of the active shutter. Position A is located in the 

expansion section of the wind tunnel, behind the honeycomb, where the cross-sectional area is 

4 times that of positions B and C. Position A allows for lower wind speed tests (smaller than 

1m/s). The inclusion or exclusion of the passive grid generated different levels of 𝑇𝐼 at test 

position C. 

4.2.2.2 Low-frequency fluctuation 

The low-frequency wind fluctuation of the urban wind, which is usually referred to as the 

background component, was realised by operating an active shutter system consisting of 12 

(1.8 m × 0.2 m) rotatable wooden panels, as shown in Fig. 4.1b.  A high-torque servo motor 

drove the centre shafts of the panels through gear systems to control the speed and phase angle 

of the panels’ flapping. The panels started in the fully open position, and the two adjacent 

panels periodically counter-flapped at an angle 𝛼 (refer to Fig. 4.1c). 

Relative amplitude (Ap) and period (𝑇) (also known as “cycle” in some related literature) are 

used to characterise the fluctuation. Ap can be calculated by equation (4.1). The fluctuating 

amplitude changes with the panel flapping angle and the panels’ flapping speed can adjust the 

period.   

 𝐴𝑝= 𝐴 𝑉̅⁄  (4.1) 

where 𝑉̅ is mean wind speed (m/s). 𝐴 is amplitude (m/s), calculated as follows: 
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 A = (Vmax - Vmin)/2  (4.2) 

𝑇 is the time interval between successive peaks in wind speed, as shown in Fig. 4.2.   

It is worth noting that while the dominant frequency of wind fluctuations remains the same at 

both upstream and downstream positions, the fluctuating amplitude does not. The motion of 

the active shutter generates pressure variations that propagate through the wind tunnel, creating 

standing waves, which cause the combined static pressure amplitude to vary along the tunnel's 

length, reaching its maximum downstream. Consequently, the wind speed amplitude also 

fluctuates accordingly (Azzam, 2018; Rennie et al., 2018).  

4.2.2.3 Turbulence intensity 

 

Fig. 4.2 Wind velocities at position B (upstream of the active shutter) and position C 

(downstream of the active shutter) under the same wind tunnel and active shutter operations. 

The wind turbulence intensity (at positions A and B) upstream of the active shutter remained 

constantly below 1%, while the downstream measurements (at position C) exhibited higher 

turbulence intensity. A sample of time-series wind upstream and downstream of the shutter 

under the same operation is shown in Fig. 4.2.   
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The resultant turbulence intensity changes with the flapping angle, 𝛼, with higher flapping 

angles resulting in greater turbulence intensity (Yu et al., 2023), but the range is limited 

between 7% to 12%. To further increase the turbulence level, a passive grid, as shown in Fig. 

4.1d was placed 2m downstream of the active shutter, and a sample of the wind with the passive 

grid at position C is shown in Fig. 4.2. The distance between the passive grid and the test 

position C was kept larger than 5 times the mesh size to ensure a homogeneous wind condition 

(Laneville, 1973).  

4.2.3 Measuring wind environment in the tunnel 

Hot-wire anemometers (TSI IFA-300) were employed to capture upstream and downstream 

wind profiles separately at a sampling frequency of 500 Hz. These sensors were calibrated 

using TSI ThermalPro software before measurement. The anemometers were fixed to a metal 

mount and situated 0.4 m apart vertically at positions A and B (Fig. 4.3a), and 0.2 m apart at 

position C.  The downstream wind profile was measured with more sampling points to capture 

its possible non-uniformity. The wind conditions will be detailed in section 4.3. 

A total of 12 thermocouples, symmetrically arranged with six on each side (Fig. 4.3b) were 

installed at 0.3 m intervals near the wind tunnel walls to record the air temperature at a sampling 

rate of 1 Hz. The inner walls of the test section were painted black to ensure a uniform radiation 

environment. Throughout the experiment, the test section of the wind tunnel remained unlit. 

Therefore, the mean radiant temperature was presumed to be identical to the air temperature 

within the test section. 
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Fig. 4.3 (a) hot-wire anemometers (b) Thermocouples near one side wall. (c) Thermal manikin. 

All dimensions are in m. 

4.2.4 Calculation of turbulent wind characteristics 

In the traditional stationary model, turbulent wind (𝑉(𝑡)) is considered as the superposition of 

a constant mean wind speed component (𝑉̅) and a turbulence wind speed component, 𝑣(𝑡), 

showing as: 

 𝑉(𝑡) = 𝑉̅ + 𝑣(𝑡) (4.3) 

The synthetic turbulence intensity, 𝑇𝐼𝑆, can be calculated by the following equation: 

 𝑇𝐼𝑆 =
𝜎𝑣(𝑡)

 𝑉̅
 

(4.4) 

where 𝜎𝑣(𝑡) is the standard deviation of 𝑣(𝑡), given by: 

 𝜎𝑣(𝑡) = √
1

𝑁 − 1
∑ 𝑣(𝑡)2

𝑁

𝑡=1

 
(4.5) 

However, recent studies have suggested that the traditional stationary model is inadequate to 

characterize outdoor wind since its mean wind speed is time-varying over the duration of 
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interest for thermal comfort rather than constant (J. Chen & Xu, 2004; Zou, Yu, et al., 2021). 

Therefore, the non-stationary turbulent wind speed can be decomposed into time-varying mean 

wind speed and stochastic turbulent fluctuations (shown in Fig. 4.4): 

 𝑉(𝑡) = 〈𝑉(𝑡)〉 + 𝑣𝑠(𝑡) (4.6) 

Here, 〈𝑉(𝑡)〉 is the low-frequency fluctuation component of wind speed (m/s). 𝑣𝑠(𝑡) is the 

high-frequency turbulence component.  

 

Fig. 4.4 Decomposition of non-stationary turbulent wind speed V(t) recorded at position C into 

two components. The dashed black line refers to the constant mean wind speed.  

The cut-off frequency that distinguishes between the two components was determined by the 

power fraction (Pt): 

 𝑃𝑡 =
∫ 𝑆(𝑓)

𝑓

0
𝑑𝑓

∫ 𝑆(𝑓)𝑑𝑓
𝐹

0

 
(4.7) 

where S(f) is the power spectral density (m2/s2/Hz), and F is the Nyquist frequency (Hz).  
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Five periods were set up for the low-frequency fluctuation patterns in this experiment, 

including 𝑇 = 5 s, 15 s, 30 s, 60 s, and 120 s. Fig. 4.5 shows the Pt variation with frequency for 

these five periods. These periods determine the initial surge of Pt at various frequencies 

(Regime I). Subsequently, Pt remain relatively steady (Regime II) before undergoing a sharp 

increase (Regime III), corresponding to the high-frequency turbulence component. The steady 

phase centres around a frequency range of approximately 0.02 to 0.3 Hz, with the shortest 

period exhibiting the narrowest range. A cut-off frequency of 0.3 Hz is chosen to accommodate 

these five-period patterns (indicated by the black dashed line in Fig. 4.5). 

 

Fig. 4.5 Power fraction equivalent to the cumulative power spectral density integral for 

different periods. 

Therefore, the turbulence intensity contribution of the low-frequency fluctuation component 

(𝑇𝐼𝐿) can be calculated as: 

 𝑇𝐼𝐿 =
𝜎〈𝑉(𝑡)〉

 〈𝑉(𝑡)〉̅̅ ̅̅ ̅̅ ̅̅
 (4.8) 
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where 〈𝑉(𝑡)〉̅̅ ̅̅ ̅̅ ̅̅  is the mean value of the time-varying mean wind speed (m/s),  𝜎〈𝑉(𝑡)〉  is the 

standard deviation of 〈𝑉(𝑡)〉  (m/s): 

 𝜎〈𝑉(𝑡)〉 = √
1

𝑁 − 1
∑〈𝑉(𝑡)〉2

𝑁

𝑡=1

 
(4.9) 

High-frequency turbulence intensity (𝑇𝐼𝐻) can be calculated as: 

 𝑇𝐼𝐻 =
𝜎𝑣𝑠(𝑡)

 〈𝑉(𝑡)〉̅̅ ̅̅ ̅̅ ̅̅
 (4.10) 

where 𝜎𝑣𝑠(𝑡) is the standard deviation of 𝑣𝑠(𝑡): 

 𝜎𝑣𝑠(𝑡) = √
1

𝑁 − 1
∑ 𝑣𝑠(𝑡)2

𝑁

𝑡=1

 
(4.11) 

Taylor’s frozen flow hypothesis is then used to calculate the high-frequency integral length 

scale:  

 𝑇𝐿 = 𝑉̅ × ∫ 𝑅𝑣𝑠(𝑡)(𝑡)𝑑𝑡
𝑡0

0

, 
(4.12) 

where 𝑅𝑣𝑠(𝑡) is the autocorrelation function of the detrended wind signal, t0 represents the first 

point past zero on the curve of 𝑅𝑣𝑠(𝑡). 

Since the low-frequency fluctuation component simulated using the active shutter in this 

experiment can be approximated as a sinusoidal time-varying flow with a specific frequency, 

wavelength (L) is used to estimate the length scale(Hinze, 1959; Pei et al., 2021): 

 𝐿 = 〈𝑉(𝑡)〉̅̅ ̅̅ ̅̅ ̅̅ × 𝑇 (4.13) 
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4.2.5 Thermal manikin setup 

A thermal manikin was used to determine the hc over the human body. The 1.7 m height thermal 

manikin has 20 individually thermo-regulated anatomical segments. The manikin remained 

unclothed and was suspended in a standing position, with a 5 cm thick bubble wrap placed 

between the feet and the ground to minimise conduction (as shown in Fig. 4.3c).  

The manikin was operated in constant heat flux mode, with the skin temperature and input 

power for each body segment automatically logged every 10 s. The temperature difference 

between the skin and surrounding air was always above 3 ℃. The last six minutes of data 

recorded after the manikin reached thermal equilibration were used for analysis. Further details 

of this thermal manikin can be found in Section 3.2.3. 

4.2.6 Calculation of convective heat transfer 

The thermal manikin has no respiratory and perspiration systems; thus, heat transfer during the 

steady state occurs through convection and radiation between the manikin and the surrounding 

environment. 

 Cn=Q
n
-Rn (4.14) 

where Q
n
 is the total sensible heat flux of segment n (W/m2), Rn is the radiative heat flux of 

segment n (W/m2), and Cn is the convective heat flux of segment n (W/m2). 

Rn can be computed as follows: 

 Rn= σsεf
eff,n

(Tsk,n
4 - Tmrt

4), (4.15) 

where σs is Stefan-Boltzmann constant, which is 5.67 × 10-8 (W/m2/K4), ε is emissivity, equal 

to 0.95 for unclothed manikin in this test, Tsk,n is skin temperature of segment n (℃),  feff,n  is 
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the effective radiation area factor for manikin’s segment n. Tmrt is the mean radiant temperature 

(℃). The use of equation (3.1) is based on the assumption that the surface temperature 

difference between segments is small so that the inter-segment radiation is negligible. Tmrt is 

assumed to be equivalent to the air temperature (Ta) in this unlit wind tunnel. Since the segment 

areas of the manikin used in this experiment differed by less than 0.7% of the manikin used in 

Oguro’s study (Oguro et al., 2001b), the value of feff,n  is determined using their measured results. 

Thus, the convective heat transfer coefficient of segment n (h𝑐,n) is calculated as: 

 hc,n=(Q
n
-Rn)/(Tsk,n-Ta) (4.16) 

A recent review (J. Li et al., 2024) showed computational simulations predict higher whole-

body hc compared to wind tunnel experiments. One possible reason for this discrepancy is the 

difference in how skin temperature is calculated.  The manikin generates heat through densely 

and evenly wounded nickel wires under the skin. The control system measures the resistance 

of the heating wire, which is then transferred into a temperature reading. However, because of 

the thermal resistance of the skin (𝑟𝑛), a temperature difference persists between the skin 

surface and the wire: 

 Tsk,n = 𝑇𝑤,𝑛 − Q
n

× 𝑟𝑛 (4.17) 

where, 𝑇𝑠𝑘,𝑛 is the skin surface temperature of the segment 𝑛 (℃),  𝑇𝑤,𝑛 is the wire temperature 

of the segment 𝑛 (℃), 𝑟𝑛 is the skin thermal resistance of the segment 𝑛 (m2℃/W). 

To account for this difference, we measured 𝑟𝑛 using an infrared thermal image camera FLIR 

T1040 and T-type thermocouples in a constant ambient temperature chamber, with the results 

listed in Table 4.1. Further measurement details are described in Appendix G. 
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Table 4.1. Skin thermal resistance rn of each segment (m2℃/W). 

Segment 𝑟𝑛 Segment 𝑟𝑛 Segment 𝑟𝑛 

Chest 0.020 Left hand 0.005 Right low leg 0.011 

Back 0.015 Right hand 0.005 Left foot 0.005 

Left upper arm 0.009 Pelvis region 0.011 Right foot 0.007 

Right upper arm 0.009 Left thigh 0.011 Total 0.011 

Left forearm 0.010 Right thigh 0.012   

Right forearm 0.010 Left low leg 0.009   

The head is excluded from subsequent analysis because the skin thermal resistance of the crown 

is highly nonuniform, making it difficult to measure accurately. However, the head still 

operated normally during the whole experiment. 

4.2.7 Uncertainty analysis 

The measurement error of manikin’s skin thermal resistance (w𝑟) is calculated by analysing 

the error of each measured physical value: 

 w𝑟=√(
∂r

∂tsk

wtsk
)

2

+(
∂r

∂t𝑤
wt𝑤

)

2

+(
∂r

∂Q
wQ)

2

 
(4.18) 

where, wtsk
 = ±0.0075 (or 0.75%), wtw

 = ±0.001 (or 1%), wQ = ±0.003 (or 3%). Therefore, the 

w𝑟 was calculated to be ±0.183 (or 18.3%). 

The total measurement error of hc can be calculated as ±0.014 (or 14%) using equation (4.19) 

 whc=√(
∂hc

∂tsk

wtsk
)

2

+(
∂hc

∂ta
wta

)

2

+(
∂hc

∂Q
wQ)

2

+(
∂hc

∂r
wr)

2

 
(4.19) 
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4.3 Experimental wind conditions 

A summary of wind characteristics in this experiment is shown in Fig. 4.6. Wind speeds in this 

experiment ranged from 0.3 to 3.6 m/s, with an average of 1.7 m/s, covering the typical range 

of pedestrian-level wind speeds in urban environments (S. Zhou et al., 2024; Zou, Yu, et al., 

2021). TIH ranges from 0% to 20.7%, encompassing the low to medium turbulence intensity 

conditions. Since the size of the integral length scale is restricted by the physical size of the 

cross-section, the high-frequency integral length scale ranges from 0 to 0.25 m, which is lower 

than typical outdoor conditions. The wavelength of low-frequency fluctuation component is up 

to 200 m, demonstrating that the active shutter can effectively simulate the low-frequency 

variation of natural winds encountered in the urban environment at pedestrian-level.   

 

Fig. 4.6 Wind characteristics in this experiment 
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Fig. 4.7 illustrates the conformity between the generated high-frequency turbulence 

components in this experiment and the field-measured pedestrian wind. It can be seen that in 

the higher frequency and inertial subrange, they are highly similar, and the results matches well 

with the von Karman spectral. For the low frequency components, we compare its range to the 

long-term trend of the outdoor wind, demonstrating with Fig. 4.8. 

 

Fig. 4.7 Power spectral density. The grey line represents the field-measured spectra (one-hour 

sampling duration), the green line downstream of the passive grid alone, and the red line 

detrended downstream of the passive grid and active shutter in combination, respectively (3-

minute sampling duration). 𝑆𝑣(𝑓) represents the spectral density function of the wind velocity, 

where 𝜎𝑣
2 stands for the variance of the velocity fluctuations, f denotes the frequency in Hz, 

and TL is the integral length scale calculated using Equation (4.12). 
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Fig. 4.8a shows the trend component sample of outdoor wind, which is calculated using the 

empirical mode decomposition (EMD) method (the detailed data processing procedure can be 

found in Zhou et al. (S. Zhou et al., 2024)). Similar to the definition in section 2.2.2, period T 

denotes the time interval between two consecutive local minima; fluctuating amplitude A 

represents half of the absolute difference between the minimum value and the adjacent 

maximum value; relative amplitude Ap is equal to A divided by the mean wind speed. Two days 

of Zhou et al.’s field measurement data are randomly selected (a total of 8.8 hours), and the 

ranges of T and Ap are summarized in Fig. 4.8b. In this wind tunnel experiment, the Ap of the 

low-frequency fluctuation component spans from 0-0.9, adequately encompassing the outdoor 

range. Wind tunnel simulated T, ranging from 5 s to 120 s, also effectively covers 70% of the 

pedestrian-level wind conditions. 

 

Fig. 4.8 The period and relative amplitude of outdoor wind’s long-term trend. (a) 10-minute 

sample of the trend. (b) Box plots of the period. (c) Box plots of the relative amplitude. 
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4.4 Results and discussion 

4.4.1 Effect of low-frequency fluctuation component on convective heat transfer in low 

turbulence conditions 

The relative convective heat transfer coefficient (ℎ𝑐
′  ) is used to express the increase in the hc 

of non-stationary wind (ℎ𝑐−𝑛) relative to stationary wind at the same mean wind speed (ℎ𝑐−𝑠). 

Data were measured upstream of the panel at positions A and B.  

 ℎ𝑐
′ = ℎ𝑐−𝑛 ℎ𝑐−𝑠⁄  

(4.20) 

 

Fig. 4.9 (a) ℎ𝑐
′  at each body segment. The middle points are the mean values, and the error bars 

represent the standard deviation. (b) 𝐼ℎ𝑐
 at each body segment. The points are the mean values. 

The ℎ𝑐
′  distributions at each body segment are shown in Fig. 4.9a. In general, the mean ℎ𝑐

′  for 

each body segment is distributed between 1 and 1.03, indicating that the non-stationary wind 

slightly enhances the convective heat transfer compared with the stationary wind. The 

enhancement is more evident for limbs (e.g., hand, arm, and thigh) than for the trunk (e.g., 

chest, pelvis region, and back). The role of specific fluctuation characteristics will be further 

investigated in the next section. 
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As the wind speed exhibits regular fluctuations like in Fig. 4.4, the manikin’s hc also presents 

similar fluctuations due to the transient variations in skin temperature. 𝐼ℎ𝑐
 is used to 

characterize the intensity of hc fluctuations, calculated using the following equation: 

 𝐼ℎ𝑐
= 𝜎ℎ𝑐

ℎ𝑐
̅̅ ̅ × 100%⁄  (4.21) 

where ℎ𝑐
̅̅ ̅ is the mean value of hc over complete cycles, and  𝜎ℎ𝑐

 is its standard deviation, 

calculated by: 

 𝜎ℎ𝑐
= √

1

𝑁 − 1
∑ ℎ𝑐

2

𝑁

𝑡=1

 
(4.22) 

Similar to the results in Fig. 4.9a, the intensity of hc fluctuations is much greater in the limbs 

than in the trunk, as shown in Fig. 4.9b. Several studies have pointed out that pulsating flow 

can enhance local convective heat transfer on cylindrical surfaces (Andraka & Diller, 1985; 

Kikuchi et al., 2000; Mikheev et al., 2017). Pulsating flow refers to the oncoming wind velocity 

that complies with near harmonic law, which has similar flow characteristics to the sinusoidal 

trend in this study. The enhancement phenomenon was explained by the flow reorganization 

caused by the shedding of large-scale vortices from both sides of the cylinder. However, for 

the manikin, the sides of the trunk are close to the upper limbs, which may impede the motion 

and reorganization of nearby vortices. As a result, the impact of non-stationary wind on hc of 

the trunk may be constrained. 

4.4.1.1 Correlation between fluctuation characteristics of low-frequency fluctuation 

component and convective heat transfer 

Fig. 4.10 presents the statistical analysis between ℎ𝑐
′  and fluctuation characteristics for each 

body segment, including wind speed, relative amplitude, and period. For all segments, the p-
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values for 𝑉̅ & ℎ𝑐
′  and Ap & ℎ𝑐

′  correlation is greater than 0.05, meaning the correlations 

between ℎ𝑐
′  and these two variables are insignificant. However, the correlation between ℎ𝑐

′  and 

fluctuation period (T) is statistically significant (p-values <0.05) for most of the segments. r-

values range from -0.33 to -0.8, meaning medium to strong correlations between them. The 

results indicate that ℎ𝑐
′  is independent of mean wind speed and relative amplitude but affected 

by the fluctuation period. As the period increases, the ℎ𝑐
′  generally decreases. 

 

Fig. 4.10 Spearman partial correlation between mean wind speed, Ap, T and hc’ (n = 17). 

4.4.1.2 Effect of relative amplitude on convective heat transfer 

Fig. 4.11 shows the influence of relative amplitude on hc’. The wind profiles tested are grouped 

into four, with the relative amplitude 𝐴𝑝 at 0.12, 0.24, 0.32, and 0.54. The fluctuation period is 

60 s across four groups. The hc’ of each segment does not show a notable trend with the increase 

in Ap, aligning with the statistical analysis presented in the preceding section. 
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Fig. 4.11 Effect of relative amplitude on hc’ when T = 60 s. The solid points correspond to the 

mean values, and the error bars denote the standard deviation. 

Mikheev et al. (Mikheev et al., 2017) examined the convective heat transfer behaviour in 

pulsating flow around a cylinder. They reported that the convective heat transfer on the leeward 

side of the cylinder was enhanced when the relative amplitude was greater than 0.4, while no 

change was observed on the frontal side. Since in the vortex interaction with the cylinder 

surface, the separation point moves upstream, expanding the heat transfer enhancement region 

(compared with steady flow conditions). However, the geometry of the human body is far more 

complex than a single cylinder. The human body is composed of an assembly of cylinders with 

different diameters, relative positions, and inclination angles, making the flow patterns around 

them likely to differ significantly from those around a single cylinder. Future studies are 

encouraged to test non-stationary flow with relative amplitudes larger than 0.4. 

4.4.1.3 Effect of the period on convective heat transfer 

Fig. 4.12 illustrates in detail how the period of low-frequency fluctuation component affects 

hc’. When the mean wind speed is around 0.5 m/s, the hc’ at each segment remained unaffected 

by T. However, when the mean wind speed increased to 2.2 (±0.2) m/s, hc’ first increases with 

the periods, peaking at the T equals 15 s or 30 s, then gradually decreasing to near 1 at T = 60 
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s. Subsequently, the value of hc’ remains stable. In other words, when the period is less than 60 

seconds, the time-varying wind has an enhanced effect on convective heat transfer compared 

with a steady flow. The magnitude of this effect is generally modest, it consistently reached up 

to 5% in the present study. 

Convective heat transfer of a cylinder is considered to be related to the ratio of the integral 

length scale to its characteristic length (Sak et al., 2007). However, in this experiment, despite 

the different characteristic lengths at each segment, hc’ follows the same variation trend as T 

changes. It should be noted that the segments do not exist independently but are integrated as 

parts of the human body. Thus, the whole body’s characteristic length may be more relevant 

than each segment. 

Similar findings were reported in a previous study investigating the effect of flow on 

convective heat transfer over cylindrical surfaces (Perwaiz & Base, 1992). They also observed 

that the enhancement rate of convective heat transfer increases and then decreases as the period 

increases, with peaks up to 1.1. The more significant enhancement effect may be attributed to 

their much smaller fluctuation periods than the present study. 

Tanabe and Kimura (Tanabe & Kimura, 1994) identified that sine wave movements with 

periods of 10 s, 30 s and 60 s provided a cooler sensation than stationary flow of the same mean 

wind speed. Uğursal and Culp (Uğursal & Culp, 2013) reported that the cooling effect induced 

by a 30s pulsed flow was higher than a 60s pulsed flow. The results of the present study provide 

a possible explanation for these stronger cooling effects from the heat transfer perspective. 
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Fig. 4.12 Effect of the period on hc’. The solid points correspond to the mean values, and the 

error bars denote the standard deviation. 
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4.4.2 Effect of non-stationary turbulent flow on convective heat transfer 

The previous section shed light on the effect of non-stationary wind on hc under low turbulence 

conditions. This section will explore higher turbulence intensity flow conditions using data 

collected downstream of the active shutter and passive grid (position C). 

4.4.2.1 Statistical correlation between wind characteristics and hc  

The wind characteristics of high-frequency turbulence and the low-frequency trend can be 

expressed by TIH & TL and TIL & L, calculated as Equations (4.8)-(4.13). Given that these 

variables are linearly correlated with wind speed, it is challenging to observe independent 

correlations with hc. To address this, the standard deviation of turbulence component (𝜎𝑣𝑠(𝑡)), 

integral time scale (TS), amplitude (A) and period (T) are used for statistical analysis. Fig. 4.13 

illustrates their relationship with hc. 

 

Fig. 4.13 Spearman partial correlation between V, 𝜎𝑣𝑠(𝑡), TS, A, T and hc (n = 73). 

Three wind characteristics, V, 𝜎𝑣𝑠(𝑡),  and T, play the primary role in determining hc (p-values 

< 0.01), with their influences diminishing in the order of V, 𝜎𝑣(𝑡) and T. Specifically, V has the 

strongest effect on hc, with r-values typically exceeding 0.8, indicating a very strong correlation. 



111 

 

Second to V is 𝜎𝑣(𝑡) , which exhibits moderate to strong correlations with hc across most 

segments, except for the back. The r-values for correlations between T and hc range from -0.3 

to -0.5, suggesting weak to moderate correlations. It can be concluded that low-frequency 

fluctuation components affect hc in a similar manner, regardless of the flow is turbulent or not. 

TS shows a very weak negative correlation with hc, which is consistent with the previous field 

measurement and CFD simulation studies, but the impact is not statistically significant. This is 

likely due to the narrow range of TL tested in the present study (< 0.25 m). Zhou et al. (S. Zhou 

et al., 2024)found the whole body hc peaked when TL was nearly comparable with the typical 

manikin dimension (0.5m) in the field measurement, where TL ranged from 0.7m to 25.5m.  

The correlation between amplitude A and hc is generally statistically insignificant across most 

body segments, except for the back and pelvis region, which show weak positive correlations. 

This aligns with Mikheev et al. ’s claim (Mikheev et al., 2017) that the hc on the windward side 

of the cylinder is unresponsive to an increase in A. However, when A is greater than 0.4, the hc 

on the leeward side of the cylinder is likely to be enhanced. 

4.4.2.2 Effect of TIH on hc 
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Fig. 4.14 Each segment’s hc performance at different TIH levels. 
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Fig. 4.14 categorizes the data into two turbulence intensity groups and compares them with 

steady wind conditions (TIH =1%) to elucidate TIH effects on hc for each body segment. The 

curves in Fig. 4.14 represent the fitted results for the categorized TIH data points, with larger 

point diameters indicating higher L. TIH has the most significant effect on the chest, while the 

leeward segments back and pelvis region remained less affected, similar to the findings in 

stationary turbulent winds.   

The enhancement effect of TIH on hc is less pronounced when the wind speed is below 1 m/s, 

as evidenced by the greater divergence between the three curves in Fig. 4.14 at higher wind 

velocities. Notably, TIH below 7% appears to have a limited effect on hc, as the blue and orange 

lines in Fig. 4.14 mostly overlapped, while hc in the high TIH group (TIH = 18%) is significantly 

higher than the rest. 

However, the contribution of L is not clearly observed in Fig. 4.14, as each data point is 

associated with different turbulence intensities. The impact of L under the same wind speed 

and TIH level is illustrated in the next section. 

4.4.2.3 Effect of L on hc 

Fig. 4.15 illustrates the effect of L on hc. The vertical axis displays the ratio of the non-stationary 

turbulent wind (ℎ𝑐−𝑡) to that in stationary turbulent flow at the same mean wind speed and TIH: 

 𝑅ℎ𝑐= ℎ𝑐−𝑡 ℎ𝑐−𝑠⁄  (4.23) 

Rhc is generally greater than 1, indicating an enhancement effect of hc due to the low-frequency 

fluctuation component under turbulent flow conditions. This enhancement is most pronounced 

at L/D = 40, where hc increases by approximately 8% compared with the stationary turbulent 

wind with the same turbulence intensity and mean wind speed. As L/D increases, Rhc decreases 

sharply and gradually stabilizes around 1 when the L/D exceeds 200.  
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Based on more than 50 hours of field measurements (S. Zhou et al., 2024), 75% of L levels 

exceed 50m. Therefore, in typical outdoor pedestrian-level conditions, the impact of L on hc is 

generally modest, less than 4%. 

 

Fig. 4.15 Relationship between 𝑅ℎ𝑐 and L/D. D is the characteristic length of the human body 

(= 0.5m). The solid points represent the time mean values, and the error bars present the 

standard deviation.  

4.4.3 Regression formula for predicting hc under turbulent wind with low-frequency 

fluctuation component 

To quantify the effect of TL on convective heat transfer over a heated cylinder, Sak et al. (Sak 

et al., 2007), proposed the following regression formula: 

 𝑁𝑢 = 𝑏(𝑇𝐿 𝐷)⁄ 𝛽
 

(4.24) 

where D is cylinder diameter (m), 𝑏 and 𝛽 are constants. 𝑁𝑢 is the Nusselt number, calculated 

as: 

 𝑁𝑢 = ℎ𝑐𝐷 𝑘⁄  
(4.25) 

where 𝑘 is the thermal conductivity of the airflow. 
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Yu et al. (Yu et al., 2020) developed a formula to predict the human body hc in high-frequency 

turbulent winds: 

 hc = A𝑉̅n×(1+BTI×𝑉̅0.5) (4.26) 

where A, B and n are coefficients (Yu et al., 2020).  

By combining equations (4.24)-(4.26), and replacing TL with L, the relationship between wind 

characteristics and hc can be expressed as: 

 ℎ𝑐  =  𝐴𝑉𝑛 × (1 + 𝐵𝑇𝐼𝐻 × 𝑉0.5) × (𝐿 𝐷)⁄ 𝛽
 (4.27) 

D is the characteristic length of the human body, equal to 0.5m in this experiment. 

The regression coefficients and performance for equation (4.27) are presented in Table 4.2. 

The R2 are greater than 0.95 for most segments, except for feet. The feet were positioned 

approximately 5 cm above the ground, which is comparable to the height of the bottom frame 

of the active panel. The frame obstructed the incoming wind, altering the wind profile near the 

ground, contributing to the relatively low fitting accuracy for the feet. 
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Table 4.2 Empirical constants for regression equation (4.27) 

Segment 

Regression coefficients and performance in equation (4.27) 

A n B β R2 

Chest 14.51 0.67 1.39 -0.005 0.969 

Back 11.71 0.77 0.29 -0.014 0.972 

Right upper arm  12.56 0.63 0.87 -0.006 0.979 

Left upper arm 12.91 0.57 0.89 -0.006 0.960 

Right forearm 14.10 0.63 0.84 -0.006 0.951 

Left forearm 13.24 0.56 1.13 -0.006 0.925 

Right hand 18.21 0.56 0.44 -0.007 0.983 

Left hand 18.25 0.59 0.21 -0.006 0.970 

Pelvis region 11.43 0.65 0.81 -0.008 0.965 

Right thigh 11.96 0.64 1.28 -0.006 0.973 

Left thigh 13.02 0.58 1.23 -0.011 0.963 

Right low leg 15.98 0.54 1.58 -0.012 0.964 

Left low leg 15.94 0.53 1.25 -0.014 0.971 

Right foot 9.34 0.52 0.20 -0.015 0.827 

Left foot 10.60 0.53 0.21 -0.040 0.865 

Whole body 13.07 0.62 0.87 -0.006 0.980 

 

Fig. 4.16 illustrates the difference in the prediction value of hc between the present study and 

previous literature. The studies of Yu et al. (Yu et al., 2020) and de Dear et al. (de Dear et al., 

1997) were wind tunnel tests, of which the results did not account for manikin skin thermal 

resistance, while the methodologies of Zou et al. (Zou, Liu, et al., 2021) and Oh & Kato (Oh 
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& Kato, 2018) are CFD simulations. de Dear et al.’s study was conducted under steady flow 

with TI = 4% - 8%, but did not report TL levels. Their results closely aligned with the present 

study at TIH = 8% and L/D = 1, when ignoring skin thermal resistance. On the other hand, the 

hc values calculated using the actual skin temperature Tsk (Appendix G) are more consistent 

with the results of previous CFD simulation studies. When TIH = 10%, L/D = 1, the results of 

the present study almost overlap with those of Zou et al. and are slightly lower than Oh & Kato 

by about 6%. Overall, Fig. 4.16 suggests that the hc results may be highly underestimated if the 

thermal resistance of the manikin’s skin is not considered.  

 

Fig. 4.16 Comparison of predicted hc of the whole body from the present study with results 

from the literature. ‘Present study_Tw’ presents the hc was directly calculated using Tw logged 

by the manikin’s system, ignoring the skin’s thermal resistance. ‘Present study_Tsk’ presents 

the hc was calculated using the actual skin temperature based on the methods outlined in 

Appendix G. 

4.4.4 Application of regression formula for outdoor hc predictions 

The traditional stationary model is commonly used to calculate turbulence intensity (𝑇𝐼𝑆 in 

Equation (4.3)). However, since hc is relatively insensitive to the amplitude of low-frequency 

fluctuations, it is essential to include high-frequency turbulence intensity when predicting hc. 
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To calculate TIH for outdoor non-stationary wind, the EMD method can be applied to detrend 

the low-frequency fluctuation component (J. Chen & Xu, 2004; Zou, Yu, et al., 2021). In 

outdoor conditions, turbulence levels can exceed 50%, and the difference between 𝑇𝐼𝑆 and TIH 

may reach up to 60 percentage points (S. Zhou et al., 2024). 

Fig. 4.17a shows the prediction error of hc in an outdoor environment without the detrending 

process. Specifically, 𝑇𝐼𝑆 was utilized instead of TIH in Equation (4.27), with wind data sourced 

from Zhou et al.’s field measurement (S. Zhou et al., 2024). As expected, the error is 

proportional to the TI and mean wind speed. In some cases, hc can be overestimated by more 

than 40%. 

 

Fig. 4.17 (a) hc predicted errors using TIS instead of TIH. TI = TIS – TIH. (b) Prediction error 

of hc when neglecting the influence of L. 

Since the effect of L is significantly smaller than that of wind speed and TIH, we calculated the 

prediction error of hc by neglecting the influence of L, specifically setting L/D equal to 1 in 

Equation (4.27), as shown in Fig. 4.17b. It can be observed that the error has a positive 

correlation with wind speed. When the wind speed is less than 1m/s, the error averages only 
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2.5%. With the wind speed increases, the error grows slightly but remains consistently below 

4%, which aligns with the results in section 4.4.2.3. 

4.5 Amend the calculation of hc in existing thermal comfort models and 

indexes 

In the current widely used thermal comfort models (Gagge, 1971; Huizenga et al., 2001; 

Tanabe et al., 2002), wind speed is commonly employed as the single factor for calculating hc, 

given in Equation (2.1). To improve the predictive accuracy of the model in outdoor non-

stationary wind conditions, in conjunction with Equation (4.27), the equivalent wind speed 𝑉𝑒𝑞 

is proposed to amend the wind speed input of the original model: 

 𝑉𝑒𝑞 = √
𝐴𝑉𝑛 × (1 + 𝐵𝑇𝐼𝐻 × 𝑉0.5) × (𝐿 𝐷⁄ )𝛽

𝑎

𝑏

 
(4.28) 

where a and b are coefficients in the original models. 

Take the calculation of Physiological Equivalent Temperature (PET) as an example, when PET 

exceeds 23 ℃, a 3 ℃ variance in PET values will lead to a notable difference in thermal 

perception (Matzarakis et al., 1999). Based on that, Niu et al. (Niu et al., 2015) defined a 

thermally perceivable wind speed V0.5 to quantify this impact. Specifically, keeping base 

parameters vapour pressure of 12 hPa, the clothing level of 0.9 clo, and internal heat production 

of 80 W, when Ta = Tmrt = 23 ℃, the calculation yields V0.5 = -1.3 m/s would result in the 

PET value difference of 3 ℃. If turbulent characteristics are considered, assuming TIH = 20%, 

L/D = 1, the V0.5 will be -0.6 m/s at the same condition. This means that the wind effect 

would probably be underestimated by more than half in some commonly adopted thermal 

comfort models or indexes. The large difference can be attributed to the lack of consideration 
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for the turbulence effect and the limited measurement accuracy of hc due to constraints in the 

experimental conditions at that time. Therefore, employing the new equivalent wind speed as 

a user-side input can effectively improve the model’s prediction accuracy. 

4.6 Limitations and future work 

This study provides valuable insights into how non-stationary wind affects the convective heat 

transfer coefficient under different turbulent conditions. Regression formula for hc at local body 

segment and whole body were derived for outdoor wind environment.  However, several 

limitations in the experimental setup and the range of tested flow conditions should be noted: 

(1) Due to the constraints of the wind tunnel size, the range of high-frequency integral 

length scale range in this study was limited. Future research should explore a larger TL/D level 

to better understand its effect on hc. 

(2) In the wind tunnel experiments, wind direction was held constant with the thermal 

manikin facing directly into the airflow. However, in outdoor environments wind direction is 

constantly changing. Previous research has shown that both longitudinal and lateral turbulence 

components influence hc. Future studies are planned to simulate different incident wind 

directions using experimental and / or computational simulation methods.  

(3) The convective heat transfer coefficients measured in this study were based on an 

unclothed, stationary manikin. If the manikin wears clothes, the hc may be affected by changed 

geometry for body segment. Furthermore, the “flapping” of loose clothes in relatively stronger 

wind and turbulence creates additional effects due to the changing geometry of the clothes. To 

reproduce real-life scenarios, future work should investigate the effects of time-varying 

turbulence airflow on heat transfer over a clothed human body in dynamic postures. 
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(4) This study examined forced convective scenarios; however, when wind speed is 

relatively low, especially for Richardson number (Ri = Gr/Re2) > 0.1, mixed or natural 

convection becomes non-negligible (Yuge, 1960). This condition is common at pedestrian 

heights outdoors. Additionally, solar radiation intensifies vertical air movements in outdoor 

settings. Future experimental research is encouraged to examine how thermally driven wind 

components affect convective heat transfer over the human body. 

4.7 Summary 

This study identifies the key factors of outdoor pedestrian-level wind that influence convective 

heat transfer coefficients over the human body. It provides data analysis methods and 

regression equations for hc, aimed at improving the accuracy of thermo-physiological models 

in evaluating convective heat transfer over the human body under real outdoor conditions. The 

main conclusions are summarized as follows: 

(1) Thermal manikin is commonly used to measure the heat transfer coefficients over the 

human body, and it proves that accurately obtaining the average body surface temperature is a 

challenge. With the thermal manikin used in this study, the skin surface temperature of each 

body segment was estimated from the electric resistance of the heating wire underneath the 

skin, and the thermal resistance of the skin material was considered. Otherwise, the hc may be 

underestimated by 25%. 

(2) Low-frequency fluctuation components enhance convective heat transfer compared 

with stationary flow under both turbulent and less turbulent conditions, with the effect being 

more pronounced on the limbs than on the trunk. This enhancement effect is independent of 

wind speed and relative amplitude within the tested ranges but is positively correlated with 
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fluctuation frequency. Whole-body hc can be enhanced by at least 8% when exposed to non-

stationary turbulent wind, provided L/D is no larger than 40.  

(3) Realistic wind characteristics must be considered in outdoor thermal comfort 

predictions. Turbulence enhances convective heat transfer, with the high-frequency component 

playing the dominant role. Predicting hc using turbulence intensity without detrending may 

overestimate whole-body hc by up to 40%. 

Some existing thermal comfort models may understate the wind effect by more than half. The 

proposed equivalent wind speed as an input amendment can effectively improve the models’ 

prediction accuracy. 
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Chapter 5  Mixed convective heat transfer over human body under 

low-speed turbulent wind 

5.1 Introduction 

Study 2 clarified the impact of non-stationary wind on human convective heat transfer. 

However, it is important to note that this work was based on forced convection conditions. 

Another gap persists in typical urban wind environments: the potential presence of mixed 

convection under low wind speed conditions, where forced and natural convection mechanisms 

interact. Urbanisation has led to progressively weaker wind speeds in cities, increasing 

pedestrian thermal discomfort. While mitigation strategies such as lift-up designs have been 

implemented and proven effective for amplifying wind speeds, our field measurements in 

Study 1 showed that even after such interventions, the 10-minute mean wind speed remains 

below 1 m/s for over 50% of the time in areas with inherently low baseline wind speeds. The 

situation is even more severe in obstructed ventilation locations, such as street canyons.  

Under such weak wind conditions, convective heat transfer between the human body and the 

surroundings is likely to transition from forced convection to mixed convection. Yet, this mixed 

regime remains poorly understood and represented, as most thermophysiological models 

consider only pure natural and forced convection. To address this gap, this study utilised a 

passive grid and perforated plates to create low-speed wind environments with different 

turbulence intensity levels in a wind tunnel. The heat transfer of a 20-segment thermal manikin 

was measured at multiple temperature gradients. This approach yields a comprehensive dataset 

designed to effectively enhance the predictive reliability for human mixed convective heat 

transfer. 
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5.2 Method 

5.2.1 Natural convective heat transfer coefficient measurement 

5.2.1.1 Experimental setup 

The experiment was conducted in a climate chamber (length 4m * width 2.7m * height 2.9m) 

at The Hong Kong polytechnic university. The inner walls of the chamber were covered with 

matte black paper to minimise radiative asymmetry and create a uniform radiant temperature 

field. Air temperature (Ta) was measured by 6 T-type thermocouples mounted on each side of 

the wall, as shown in Fig. 5.1 (a). The ambient wind speed was lower than 0.1 m/s, representing 

still air conditions. 

 

Fig. 5.1 (a) T-type thermocouples. (b) Unclothed thermal manikin. (c) Coated hand. 

An unclothed thermal manikin, 1.7 m in height, was suspended at the centre of the chamber to 

investigate the manikin’s natural convective heat transfer coefficient (Fig. 5.1 (b)). The 5 cm 

thick bubble wrap was placed between the manikin’s heels and the baseplate of the auxiliary 

suspension bracket to maintain standing positional stability and minimise thermal conduction 
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during the experiment. The manikin was calibrated prior to use. Further technical details 

regarding this thermal manikin are provided in Section 3.2.3. 

5.2.1.2 Measurement of the natural convective heat transfer coefficient 

In this study, the convective heat transfer coefficient (hc) was obtained by subtracting the 

radiative heat transfer coefficient (hr) from the total sensible heat transfer coefficient (h): 

 ℎ𝑐 = ℎ − ℎ𝑟 (5.1) 

The chamber interior walls were covered with matte black paper to ensure a uniform radiant 

environment. In the absence of light during the experiment, the air temperature (Ta) can be 

assumed to equal the mean radiant temperature (Tmrt), and h (W/m2/℃) can be calculated using 

the following equations: 

 
ℎ =

𝑄

(𝑇𝑠𝑘 − 𝑇𝑎)
 

(5.2) 

where 𝑄  is the total sensible heat flux (W/m2), 𝑇𝑠𝑘  is the skin surface temperature (℃), 

calculated as: 

 𝑇𝑠𝑘 = 𝑇𝑤 − 𝑄 × 𝑟 
(5.3) 

where 𝑇𝑤 is the wire temperature under the skin, which is output by the manikin (℃). 𝑟 is the 

skin thermal resistance (m2℃/W). 

To measure hr, the manikin was tightly wrapped in a low-emissivity copper foil, as shown in 

Fig. 5.1 (c). The wrapping was performed on one body segment at a time to ensure that its 

surrounding radiant environment included the normal contribution from the unwrapped 

segments. hr was then calculated by comparing the total sensible heat transfer coefficient with 

(ℎ𝑓𝑜𝑖𝑙) or without foil (ℎ𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑). This method is based on the principle that natural convective 
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heat transfer coefficient (ℎ𝑐𝑁) remains constant under an identical environment, independent 

of surface emissivity, and its reliability has been well established (de Dear et al., 1997; Yu et 

al., 2020; J. Zhou et al., 2025). 

 ℎ𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑 − ℎ𝑟(𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑) = ℎ𝑓𝑜𝑖𝑙 − ℎ𝑟(𝑓𝑜𝑖𝑙) (5.4) 

According to Stefan-Boltzmann’s law, the radiative heat flux (𝑅) can be calculated by: 

 𝑅 = 𝜀𝜎𝑇4 (5.5) 

where 𝜀 is emissivity, 𝜎 is Stefan-Boltzmann constant, equal to 5.67  10-8 (W/m2/K4), and T 

is absolute temperature of the emitter (K). Therefore, 

 

ℎ𝑟(𝑓𝑜𝑖𝑙)

ℎ𝑟(𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑)
=

𝜀𝑓𝑜𝑖𝑙

𝜀𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑
 (5.6) 

𝜀𝑓𝑜𝑖𝑙 of the copper foil is 0.05, measured by the Bruker Vertex-70 Fourier transform infrared 

spectrometer. 𝜀𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑 of the manikin is estimated to be 0.95. Then, 

 ℎ𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑 − ℎ𝑟(𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑) = ℎ𝑓𝑜𝑖𝑙 − 0.053ℎ𝑟(𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑) (5.7) 

 ℎ𝑟(𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑) = 1.056(ℎ𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑 − ℎ𝑓𝑜𝑖𝑙) (5.8) 

The manikin operated at a constant skin temperature mode, with the temperature gradient to 

the ambient (∆𝑇) being established by altering skin temperature (Tsk). The ∆𝑇 ranged between 

2 ℃ to 13 ℃. Data obtained from 10 minutes after the manikin reached thermal equilibrium 

were used for further analysis. 
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5.2.2 Measurement of mixed convective heat transfer coefficient 

5.2.2.1 Wind tunnel setup 

The experiment was conducted in a multi-fan wind tunnel with a cross section measuring 2.6 

m (width)  2 m (height). Fig. 5.2 shows the arrangement of the wind tunnel test section. 

Perforated plates with two different solidity ratios (36% and 60%) were used to homogenise 

the flow and reduce the mean wind speed. The solidity ratio of no greater than 60% was found 

to produce nearly isotropic turbulence (De Silva & Fernando, 1994; Sak et al., 2007). A passive 

grid was placed 3 m upstream of the test position, a distance which exceeded five times the 

mesh size to ensure flow homogeneity. The wind tunnel was clad in a reflective film, featuring 

a silver outer surface and a black inner surface, to reflect external radiation and create a uniform 

radiative environment within the tunnel. 
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Fig. 5.2 (a) Arrangement of wind tunnel test section. All dimensions are in mm. (b) Passive 

grid. Mesh size M1 = 300 mm, M2 = 400 mm, bar width W1 = 200 mm, W2 = 100 mm. (c) 

Perforated plate. 

5.2.2.2 Wind characteristics measurement 

JT1402 omnidirectional anemometers were employed to measure mean wind speed due to their 

high accuracy in low wind speed conditions, as shown in Fig. 5.3 (a). They were set at eight 

points between 0.2 m and 1.6 m height at 0.2 m vertical intervals. However, the 0.2 s response 

time of these anemometers is insufficient to capture turbulent fluctuations. Therefore, an 

ultrasonic anemometer was used to measure turbulence intensity (TI) at 20 Hz sampling rate, 



129 

 

which has been proven to accurately resolve turbulence (Tabrizi et al., 2015). TI can be 

calculated using the following equation: 

 𝑇𝐼 =
𝜎

𝑉̅
 (5.9) 

where 𝑉̅ is mean wind speed, and 𝜎 is the standard deviation of V. This experiment covered 

wind speeds from 0.3 to 1.8 m/s and TI from 3% to 18%, respectively. 

5.2.2.3 Thermal manikin setup 

The manikin was suspended 4.5 m downstream from the multiple fans, ensuring that the 

relative posture of all body segments was consistent with that in the natural convection test 

described in Section 5.2.2.1. Air temperature was measured at 12 vertical points on both sides 

of the manikin (40 cm from the centerline), with a 15 cm interval between adjacent points (Fig. 

5.3 (c)). Similar setup as the natural convection tests, the manikin was operated in constant skin 

temperature mode with ∆𝑇  ranging from 2 ℃ to 12 ℃. Data collected over 10 minutes 

following thermal equilibrium of the manikin were used for analysis. The hc of the local body 

segment was calculated using Eq. (5.1) - (5.4). Here, the value of Ta is the local air temperature 

at the corresponding height of the specific body segment. Owing to the observed unstable heat 

output in the head segment, data from this region were excluded from the subsequent analysis 

to ensure reliability. 
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Fig. 5.3 (a) Omnidirectional anemometer. (b) Ultrasonic anemometer. (c)Thermal manikin and 

24 thermal couples in the wind tunnel. 

5.2.3 Error analysis 

The Measurement error was derived through single-measurement uncertainty analysis 

according to the following formula: 

 𝑤ℎ𝑐
= √(

𝜕ℎ𝑐

𝜕𝑄
𝑤𝑄)2 + (

𝜕ℎ𝑐

𝜕𝑇𝑤
𝑤𝑇𝑤

)2 + (
𝜕ℎ𝑐

𝜕𝑇𝑎
𝑤𝑇𝑎

)2 + (
𝜕ℎ𝑐

𝜕𝑟
𝑤𝑟)2 (5.10) 

where 𝑤𝑄 = 4%, 𝑤𝑇𝑤
 = 1%, 𝑤𝑇𝑎

 = 0.75%, 𝑤𝑟 = 22.26%. Then 𝑤ℎ𝑐
 was calculated to be 5.8%. 

5.3 Results and discussion 

5.3.1 Radiative heat transfer coefficient 

The whole-body radiative heat transfer coefficient (hr) measured in present study was 4.54, 

which is consistent with the previously reported range of 4.5 - 4.6 W/m2/℃(de Dear et al., 1997; 
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Quintela et al., 2004; J. Zhou et al., 2025). The hr values for each segment are presented in Fig. 

5.4. Segments with a higher view factor, such as torso exhibited greater hr. Compared with the 

reported values, the lower limbs’ results correlate well, with all differences less than 5%. Upper 

body segments exhibit a mean difference of approximately 9%. The right hand demonstrates 

the largest discrepancy (20%), potentially resulting from variations in manikin arm positioning 

and the limb-to-torso distance in the experimental setup.  

 

Fig. 5.4 Comparison of present hr with previous studies (de Dear et al., 1997; J. Zhou et al., 

2025). 

5.3.2 Natural convective heat transfer coefficient 

Fig. 5.5 illustrates the measured natural convective heat transfer coefficients ( ℎ𝑐𝑁 ). ℎ𝑐𝑁 

follows a power-law growth trend with ∆𝑇 elevation in all segments. Hands and feet have the 

highest ℎ𝑐𝑁 , as they position within the initial region of boundary layer development. 

Meanwhile, the vertically ascending thermal plume progressively thickens, causing 

approximately 7% lower ℎ𝑐𝑁 over the trunk compared to the limbs.  
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The whole body ℎ𝑐𝑁  measured in this study demonstrates good agreement with previous 

studies, particularly with the results of Oguro et al. (Oguro, Arens, de Dear, et al., 2002), 

showing an average deviation of only 0.2 W/m2/℃. Due to variations in manikin geometry, 

chamber configuration, and airflow patterns across previous studies, the reported ℎ𝑐𝑁 exhibit 

differences. Nevertheless, ℎ𝑐𝑁 of each segment measured in the current study falls within the 

plausible range of prior results. Comparatively, the present study measured moderately higher 

ℎ𝑐𝑁 for the chest and back than previous studies. A possible reason is that the skin thermal 

resistances of the manikin’s torso region employed in this study are relatively high (> 0.01 m2℃

/W) (S. Zhou et al., 2025). Previous research that neglected skin thermal resistance may have 

underestimated the ℎ𝑐𝑁 . 

The regression formulas for ℎ𝑐𝑁 against ∆𝑇 were established. Eq. (5.11) is a widely accepted 

correlation to predict the natural convective heat transfer coefficient: 

 ℎ𝑐𝑁 = 𝑎 × ∆𝑇𝑏 (5.11) 

where a and b are coefficients, which are presented in Table 5.1. 

Table 5.1. Regression coefficients and model performance in Eq. (5.11) 

Segments a b R2 Segments a b R2 

Chest 1.08 0.50 0.94 Back 1.33 0.39 0.92 

Right upper arm 1.13 0.43 0.90 Left upper arm 1.05 0.48 0.95 

Right forearm 1.01 0.53 0.91 Left forearm 1.75 0.26 0.90 

Right hand 2.79 0.20 0.92 Left hand 3.36 0.14 0.88 

Right thigh 1.38 0.40 0.94 Left thigh 1.51 0.36 0.94 

Right low leg 1.45 0.31 0.91 Left low leg 1.77 0.24 0.94 

Right foot 2.12 0.29 0.92 Left foot 1.83 0.34 0.96 

Pelvis region 2.09 0.18 0.91 Whole body 1.46 0.37 0.96 
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Fig. 5.5 Comparison of natural convective heat transfer coefficients with previous studies 
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5.3.3 Mixed convective heat transfer coefficient 

5.3.3.1 Coupled impact of wind speed and ∆𝑻 on hc under low TI condition 

The convective heat transfer coefficient ratio (𝑅ℎ𝑐) is used to indicate the effect of ∆𝑇 gradient 

on hc under the same wind conditions. 

 𝑅ℎ𝑐 = ℎ𝑐  / ℎ𝑐∆𝑇−𝑚𝑖𝑛 (5.12) 

where ℎ𝑐∆𝑇−𝑚𝑖𝑛 is the convective heat transfer coefficient measured at the minimum ∆𝑇. 

Fig. 5.6 demonstrates the coupled impact of wind speed and ∆𝑇 on hc. For upper body segments, 

including the chest, back, pelvis region and upper arm, the data points are distributed around 

1, suggesting no clear dependence of hc on ∆𝑇. A notable exception occurs at very low wind 

speed (around 0.3 m/s), where the leeward side segments such as back and pelvis region exhibit 

a clear positive correlation between ∆𝑇 and hc. A potential explanation can be drawn from a 

study of mixed convection around square cylinders. Bhattacharyya and Mahapatra 

(Bhattacharyya & Mahapatra, 2005) observed that a rise in Ri drives an increase in vortex-

shedding frequency, thereby enhancing convective heat transfer on the leeward side. 

In contrast, lower body segments show strong dependence on the temperature gradient at wind 

speeds below 1 m/s, with hc increasing proportionally with ∆𝑇. This enhancement becomes 

progressively more pronounced at lower wind speeds. For instance, at 0.3 m/s, increasing ∆𝑇 

from 3.5 °C to 11.6 °C resulted in a 17% improvement of thigh’s hc. While the hc of the 

extremities, such as hands and feet, remains unaffected by ∆𝑇. Data points for the hand fall 

within the range of 0.9 and 1, indicating a slight decrease in hc under mixed convection relative 

to forced convection. 
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Fig. 5.6 Coupled impact of wind speed and ∆𝑇 on hc when 𝑇𝐼 = 3% - 8%. 
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The non-dimensional Grashof number (𝐺𝑟𝑁𝐷) is the ratio of buoyancy forces to viscous forces, 

which can be used to determine the flow state in natural convection (Clark, 1981; de Dear et 

al., 1997).  

 
𝐺𝑟𝑁𝐷 =  

𝑔𝛽ℎ3∆𝑇

𝜈2
 

(5.13) 

where 𝑔 is the acceleration due to gravity (9.8 m/s2); 𝛽 is the thermal expansion coefficient, 

which is the reciprocal of the absolute air temperature (K); ℎ is the vertical height of the thermal 

manikin (= 1.7m in this study); 𝜈 is the kinematic viscosity of the airflow (m2/s). 

A laminar boundary layer occurs at 𝐺𝑟𝑁𝐷 < 108. As 𝐺𝑟𝑁𝐷 continues to increase, the boundary 

layer transitions toward turbulence and eventually evolves into full turbulence once 𝐺𝑟𝑁𝐷 > 

1010 (de Dear et al., 1997). By simplifying the human body to a cylinder of 1.7 m height and 

0.5 m diameter, the current experiment shows that for ∆𝑇 = 3.5 – 12 ℃, the transition from 

laminar to turbulent flow occurs at 0.6 – 0.9 m, which is approximately at thigh height. In other 

words, compared to the lower body of the manikin, the boundary layer on the upper body is 

more turbulent and the flow is more chaotic, making it more easily disrupted by the crosswind. 

In this scenario, the forced convection is more likely to dominate, leading to the insensitivity 

of the hc over the upper body to ∆𝑇. Meanwhile, the hands and feet are located at the extremities 

of the limbs, which are covered by thinner boundary layers. Their complex geometry also 

promotes localized vortex generation and flow separation. 

It is generally accepted that when Ri falls between 0.1 and 10, both natural and forced 

convection should be considered (Yuge, 1960). Ri can be calculated using the following 

formula: 
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𝑅𝑖 =

𝐺𝑟

𝑅𝑒2
 
𝑔𝛽∆𝑇𝐿

𝑉2
 

(5.14) 

In this experiment, if the lower body (low legs and thighs) of the manikin is considered as an 

integral cylinder with a characteristic length (Lc) of 0.5 m, the relationship between Ri and 𝑅ℎ𝑐 

can be obtained, as shown in Fig. 5.7. The critical threshold occurs at Ri = 0.4. For Ri < 0.4, 

natural convection is virtually negligible, and heat transfer is dominated by forced convection. 

However, for Ri > 0.4, buoyancy-driven flow contributes significantly to the overall convective 

heat transfer, indicating that neither of the two convection mechanisms should be neglected.  

 

Fig. 5.7 Variation of 𝑅ℎ𝑐 with Ri. 

5.3.3.2 Impact of ∆𝑻 on hc under high TI condition 

Fig. 5.8 shows the effect of ∆𝑇 on 𝑅ℎ𝑐 under high TI conditions. Compared with low TI cases 

(Fig. 5.6), the enhancement effect of ∆𝑇 on the lower body’s hc is greatly reduced. Almost all 

data points cluster within a range of ±0.05 from 1, indicating that forced convection is the 

dominant heat transfer mechanism under these conditions. Only under the combined condition 

of very low wind speed (around 0.4 m/s) and a large ∆𝑇 (> 9 ℃), approximately 10% increases 

in the hc of lower body segments can be observed.  
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Fig. 5.8 Coupled impact of wind speed and ∆𝑇 on hc when TI = 14% - 18%. 
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In the low wind speed with low TI conditions, the energy carried by the crosswind may be 

insufficient to completely disrupt the thermal boundary layer, which likely remains in a laminar 

or transitional state. In such cases, natural convection driven by buoyancy still plays an 

important role in the heat transfer process. When TI increases, the crosswind fluctuates 

intensely and carries high energy vortices, which can entrain cool air toward the skin surface 

and transport heat away. Therefore, even at low wind speeds, turbulent flow can suppress the 

influence of ∆T on boundary layer, maintaining its thickness at a nearly constant value. This 

leads to a forced-convection-dominated regime where the hc becomes largely independent of 

∆T. 

5.3.4 Regression formula for predicting mixed convective heat transfer coefficient 

When forced and natural convection are comparable, it has become common practice to employ 

Eq. (2.14) for calculating the mixed convective heat transfer coefficient (ℎ𝑐𝑀). 

 ℎ𝑐𝑀 =  √ℎ𝑐𝑁
𝑚 ± ℎ𝑐𝐹

𝑚𝑚
  

(5.15) 

where, ℎ𝑐𝑁 and ℎ𝑐𝐹 are natural and forced convective heat transfer coefficients, respectively; 

m is a coefficient. 

The plus and minus signs depend on the relative directions of the external flow and the 

buoyancy. The crossflow in present study applies to the plus sign (Incropera, 2007). The 

previous section showed that both heat transfer mechanisms need to be considered only under 

the combination of low wind speed and low TI level. Given that the small range of TI variation 

at low wind speeds has a limited effect on hc (Yu et al., 2020; S. Zhou et al., 2025), Eq. (2.14) 

can be expanded and simplified as: 
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 ℎ𝑐𝑀 =  √(𝑎∆𝑇𝑏)𝑚 + (𝐴𝑉𝐵)𝑚𝑚
  

(5.16) 

The regression formulas for each segment are listed in Table 5.2. 

Table 5.2 Regression formulas and model performance for each segment. The applicability is 

V < 1m/s, TI ≤ 8%. 

Segment Regression formulas (V < 1m/s, TI ≤ 8%) R2 

Chest 11.95𝑉0.61 0.99 

Back √(1.33∆𝑇0.39)5.35 + (8.27𝑉0.77)5.355.35
 0.99 

Right upper arm  11.2𝑉0.6 0.97 

Left upper arm 11.5𝑉0.6 0.98 

Right forearm √(1.01∆𝑇0.53)3.13 + (11.96𝑉0.55)3.133.13
 0.94 

Left forearm √(1.75∆𝑇0.26)3.23 + (11.9𝑉0.59)3.233.23
 0.96 

Right hand 18.24𝑉0.54 0.98 

Left hand 17.88𝑉0.56 0.94 

Pelvis region √(2.09∆𝑇0.18)6.14 + (8.12𝑉0.68)6.146.14
 0.97 

Right thigh √(1.38∆𝑇0.4)2.76 + (8.85𝑉0.54)2.762.76
 0.97 

Left thigh √(1.51∆𝑇0.36)3.04 + (8.55𝑉0.49)3.043.04
 0.97 

Right low leg √(1.45∆𝑇0.31)1.89 + (11.82𝑉0.55)1.891.89
 0.98 

Left low leg √(1.77∆𝑇0.24)2.34 + (12.36𝑉0.48)2.342.34
 0.97 

Right foot 10.06𝑉0.58 0.97 

Left foot 9.17𝑉0.55 0.97 

Whole body √(1.46∆𝑇0.37)3.92 + (10.61𝑉0.58)3.923.92
 0.99 
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The best correlation for m in Eq. (5.16) is typically around 3. If the thermal manikin is 

approximated as a cylinder under crossflow conditions, m = 4 is more suitable (Incropera, 

2007). This is closely aligned with the present study of m = 3.92 for the whole body. Published 

data on the m values for mixed convection around body segments are limited. Wang (X.-L. 

Wang, 1990a) reported optimal m values of 2 for four body segments (trunk, thighs, legs and 

feet). Alali and Eckels (Alali & Eckels, 2024) proposed an m value of 3 for the independent 

head using numerical simulation. Collectively, these findings suggest that m values ranging 

from 2 to 4 are considered reasonable for the human body segments. In this experiment, the 

measured m values of 1.89 to 3.04 for thighs and low legs fall well within this expected range. 

The m values for the back and pelvis region are higher, at 5.35 and 6.14, respectively, since the 

enhancement of hc by ∆𝑇  was only observed at the minimum wind speed, while forced 

convection was the dominant mechanism under other conditions. 

5.3.5 Comparison of predicted hc with hc in thermophysiological models 

Most widely used thermophysiological models only consider pure natural and forced 

convection (Gagge, 1971; Huizenga et al., 2001; Kobayashi & Tanabe, 2013; Stolwijk, 1971; 

Takahashi et al., 2021; Tanabe et al., 2002). Fiala model (Fiala et al., 1999) is the only one that 

accounts for mixed convection, with its expression given below: 

 
ℎ𝑐𝑀 =  √𝑎𝑛𝑎𝑡√𝑇𝑠𝑘 − 𝑇𝑎 + 𝑎𝑓𝑟𝑐𝑉 + 𝑎𝑚𝑖𝑥  (5.17) 

where, 𝑎𝑛𝑎𝑡, 𝑎𝑓𝑟𝑐, 𝑎𝑚𝑖𝑥 are coefficients. This formula was adapted from the experiments of 

Wang (X.-L. Wang, 1990c, 1990b, 1990a), whose measured data were modified and 

transformed into the expression optimised for computer simulation. To assess the buoyancy 

effect induced by the ∆𝑇, we calculated the percentage enhancement of mixed convective heat 

transfer due to buoyancy compared to pure forced convection (𝑃ℎ𝑐), given in Eq. (5.18). 
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𝑃ℎ𝑐 = ((ℎ𝑐𝑀 − ℎ𝑐𝐹)/ℎ𝑐𝐹) × 100%  

(5.18) 

Fig. 5.9 compares 𝑃ℎ𝑐 values across three datasets: the Fiala model, Wang’s experiment, and 

our proposed formulas (listed in Table 5.2), under a representative condition of V = 0.3 m/s and 

∆𝑇 = 10℃.  

 

Fig. 5.9 Buoyancy effect on hc in Fiala model, Wang’s experiment, and present study at V = 

0.3 m/s and ∆𝑇 = 10 ℃. 

It can be seen that the mathematical transformation applied in the Fiala model has led to a 

weakened representation of the buoyancy effect compared to Wang’s original results. For the 

whole body, the Fiala model is consistent with our study: at V = 0.3 m/s and ∆𝑇 = 10 ℃, 

neglecting the buoyancy effect would cause an underestimation of the whole body hc by 

approximately 5%, whereas Wang’s study suggests 15%. 

However, contrary to our findings, the Fiala model predicts a more pronounced buoyancy 

enhancement (>10%) for the upper, not the lower limbs, while simultaneously indicating a 

modest reduction of heat transfer on the torso compared to pure forced convection. This latter 
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trend is different from the observations reported in Wang’s experiment. The lack of details on 

the model’s transformation prevents a definitive explanation for this discrepancy. 

 

Fig. 5.10 Comparison between the whole body forced hc predicted in the present study, the 

UCB model (Huizenga et al., 2001) and the Fiala model. 

Fig. 5.10 compares the variation of whole body forced hc with wind speed, as predicted by the 

present study, UCB model and Fiala model. Since the Fiala model does not report the formula 

for whole body hc, this value was calculated by a weighted average of each segment’s hc. Under 

forced convection conditions, the results of the present study and the UCB model are very close, 

whereas the Fiala model is approximately 37% higher than them. 

The Fiala model does not account for the turbulence effects. Li et al. (J. Li et al., 2024) 

speculated that the overestimation of hc in the Fiala model may be attributed to an implicit TI 

level of approximately 20% - 30%. However, in Section 5.3.3.2, it was demonstrated that 

turbulent flow effectively promotes forced convection. Beyond the present study, the buoyancy 

effect can also typically be negligible in turbulent crossflow for objects of different shapes, 

such as horizontal parallel plates (Osborne & Incropera, 1985). The enhancement effect of ∆𝑇 

in the Fiala model appears to conflict with the speculated potential high turbulence level. It 
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should be noted that in Wang’s experiment, the data source for the Fiala model, manikin’s skin 

temperature was measured by 19 thermocouples, with only 2 to 3 sensors per body segment. 

This sampling density made it difficult to represent the true average skin temperature of each 

segment, not only because the heating of the manikin itself is non-uniform, but also because 

crosswind results in significant circumferential variation in Tsk. The sparse sensor distribution 

was insufficient to resolve the pronounced thermal gradient from the windward to the leeward 

side, which may compromise the reliability of results. In contrast, the present study was 

conducted using a state-of-the-art thermal manikin that utilised the average Tsk of individual 

body segments, resulting in superior accuracy. 

5.4 Limitations 

The wind tunnel used in this experiment lacks a precise temperature control system. An 

unavoidable stable linear thermal stratification of 1 to 3 ℃ (warmer at the top) was observed 

during the tests. The temperature distribution became more uniform with increasing wind speed. 

To minimise its impact, hc of each body segment was calculated employing the local air 

temperature measured at its corresponding height. However, thermal stratification may alter 

the stability of the thermal boundary layer. A diminished ∆𝑇 near the upper body reduces the 

buoyancy driving force, potentially causing the attached boundary layer to separate 

prematurely and transition to turbulence, which may lead to an insensitivity of hc over the upper 

body to increases in ∆𝑇 . Thermal stratification is a common occurrence in outdoor 

environments, such as at sheltered bus stops and footbridges, within street canyons, and 

beneath tree canopies. Nevertheless, future tests under vertically uniform temperature 

conditions are still encouraged. 
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Furthermore, two primary methods exist for controlling ∆𝑇 : varying skin temperature at 

constant air temperature (adopted in this study), and varying air temperature at constant skin 

temperature. The differences arising from these two methods require further investigation. 

5.5 Summary 

This study investigates convective heat transfer over the human body under mixed convection 

in typical low wind urban environments. A new set of regression formulas was proposed to 

improve the prediction accuracy of hc under such conditions. The main conclusions are 

summarized as follows: 

1. The natural convective heat transfer coefficients of all segments follow a power-law 

relationship with the temperature difference between the skin and the air. The ℎ𝑐𝑁 of the limbs 

is approximately 7% higher than those of the torso, with the extremities (hands and feet) 

exhibiting the highest values. 

2. Under low TI levels (TI < 8%), the effect of ∆𝑇 on hc is highly dependent on both wind speed 

and body segment. Upper body hc is largely independent of ∆𝑇 except the leeward side at very 

low wind speed (< 0.4 m/s). Conversely, lower body hc shows a significant positive correlation 

with ∆𝑇 at low wind speed (< 1 m/s), exceeding a 10% enhancement at ∆𝑇 of 12 ℃. When Ri > 

0.4, the calculation of lower body hc should consider both natural and forced convection. 

3. A high turbulence level (TI > 14%) crosswind suppresses the development of the natural 

convection boundary layer, limiting its thickness variation with ∆𝑇  and making forced 

convection become dominant. 

4. The Fiala model largely overestimates the hc, which approaches 37% under forced 

convection conditions. It is necessary to incorporate the new regression formulas into the 
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thermal comfort models to enhance their prediction accuracy under mixed convection 

conditions. 
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Chapter 6  Conclusions and recommendations for future work 

This thesis conducts a comprehensive evaluation of convective heat transfer over the human 

body under typical outdoor wind conditions, with a particular focus on the roles of turbulence 

characteristics, non-stationary wind, and mixed convection under low-speed conditions. By 

quantifying the individual and combined impacts of these often-overlooked factors, this work 

refines the convectional modelling paradigm, which relies on the oversimplified assumption 

that convective heat transfer depends solely on mean wind speed. Through a progression from 

field measurements to controlled wind tunnel experiments, this research provides a refined 

physical basis for predicting convective heat loss over the human body, thereby enhancing the 

accuracy of thermal comfort models in real urban settings. The developed prediction formulas 

and the equivalent wind speed offer practical tools to translate these theoretical advancements 

into improved thermal assessment. 

6.1 Summary of key findings 

6.1.1 Pedestrian-level wind characteristics and the preliminary effects on human body 

convective heat transfer (Study 1) 

Field measurements beneath lift-up buildings revealed that pedestrian-level wind is highly 

turbulent and non-stationary. Key findings include: 

(1) Wind characteristics at lift-up building edges: 

• Wind direction variation within a narrow angle (< 60o) and short period (< 30 s) 

accounted for over 70% of the cases. 
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• Direction variation is stronger at low wind speeds (< 1.5 m/s), with standard deviation 

of wind direction (𝜎𝜃) being up to 50º higher than at high speeds. 

• Measured turbulence is amplified compared to typical urban open spaces, with 10-

minute average turbulence intensity (TI) ranging from 10% to 66% and small eddy 

turbulence integral length scale (TLs) ranging from 0.7 m to 25.5 m. 

(2) Impact of turbulence on human convective heat loss: 

• The whole body and most of the local hc had a strong positive correlation with average 

wind speed, a moderate positive correlation with both the standard deviation of the 

long-term trend (𝜎V) and high-frequency turbulence intensity (TIv). 

• The influence of TI on hc is more pronounced at sites with high wind speed. 

• Both longitudinal and lateral turbulence components enhance hc. An increase of 11%pt 

in longitudinal turbulence intensity ( TIvx
) from average 20% to 31% or lateral 

turbulence intensity (TIvy
) from average 18% to 29% increased the whole body hc by 

10%. 

• The enhancing effect of TI on convective heat transfer diminishes as the TL exceeds a 

size comparable to the trunk diameter of the human body. 

6.1.2 Human body convective heat transfer coefficient under non-stationary turbulent 

wind (Study 2) 

Wine tunnel experiments designed to evaluate convective heat transfer under non-stationary 

turbulent wind, demonstrating that: 
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• Low-frequency fluctuations enhance convective heat transfer, with a more pronounced 

effect on the limbs than the trunk. This enhancement effect is frequency-dependent, 

peaking at periods of 15 – 30 s. When the wavelength-to-diameter ratio (L/D) is less 

than 40, non-stationary turbulent wind increases the whole-body hc by at least 8%. 

• High-frequency turbulence is one of the dominant factors in enhancing hc. It is crucial 

to compute it correctly, as using non-detrended turbulence intensity for prediction can 

lead to an overestimation of the whole-body hc by up to 40%. 

• Some prevailing thermal comfort models may understate the wind effect by more than 

half. The study proposes using an equivalent wind speed as an input to significantly 

improve prediction accuracy. 

6.1.3 Mixed convective heat transfer over human body under low-speed turbulent wind 

(Study 3) 

Wind tunnel experiments under low wind speeds (0.3 – 1.8 m/s) and varying temperature 

gradients revealed that: 

• The natural convective heat transfer coefficient (ℎ𝑐𝑁) for all segments follow a power-

law relationship with the skin-air temperature difference (∆𝑇). The limbs have ℎ𝑐𝑁 

approximately 7% higher than the torso, with the extremities (hands and feet) exhibiting 

the highest values. 

• The influence of buoyancy on hc is segment-specific and highly dependent on wind 

speed and turbulence intensity. Low body segments exhibit a clear increase in hc with 

rising ∆𝑇 at low wind speeds (< 1 m/s) and low TI (< 8%), with a critical Richardson 
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number (Ri) threshold of 0.4. In contrast, most upper body segments show 

independence of ∆𝑇. 

• High turbulence levels (TI > 14%) suppress natural convection, making forced 

convection dominant even at low wind speeds. 

• The Fiala model largely overestimates the hc by up to 37% under forced convection 

conditions. The study proposes a set of new regression formulas to enhance the 

prediction accuracy under mixed convection conditions. 

In conclusion, this thesis demonstrates that the conventional approach of predicting human 

convective heat transfer based solely on mean wind speed is inadequate for dynamic outdoor 

environments. By incorporating non-stationary wind and turbulence characteristics, and 

buoyancy effects, this research provides a more accurate key input of hc for 

thermophysiological models, contributing to the creation of cooler, more sustainable and 

resilient cities in a warming world.  

6.2 Recommendations for future studies 

Based on the findings and limitations of the present studies, the following directions are 

proposed for future work: 

(1) While study 1 confirmed the influence of the small eddy turbulence integral length scale 

(TLs) on the convective heat transfer, the inherent size limitations of wind tunnels 

prevented the generation of a sufficiently wide range of TLs values for its quantitative 

incorporation into predictive models. Future studies should combine numerical simulation 

and scaled-down model wind tunnel tests to quantify the TLs’ role in developing more 

robust predictive formulas in the future. 
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(2) The non-stationary wind patterns generated in Study 2 were characterised by regular, 

sinusoidal fluctuations. To further validate the proposed predictive formulas under 

conditions that more closely mimic the stochastic nature of real outdoor wind, future work 

can utilise multi-fan system to generate wind fields with random fluctuations. Such 

validation would confirm the practical applicability of the proposed models for predicting 

convective heat transfer in genuine urban wind environments. 

(3) The present wind tunnel studies primarily focused on frontal wind conditions. However, 

changing wind directions in real urban settings can cause variations in local convective heat 

transfer due to complex flow obstructions and sheltering effects between body segments. It 

would be valuable to quantify the effects of fluctuating wind direction on convective heat 

transfer and develop refined models incorporating it as a predictive variable. The results 

would improve the accuracy of localised thermal comfort predictions in complex urban 

wind environments, such as street canyons and building wakes. 

(4) This study’s findings on the distinct roles of low-frequency fluctuations and high-frequency 

turbulence provide valuable insights for designing more effective cooling technologies, 

such as variable-frequency fans. Future research should incorporate human subject tests to 

identify the most effective combinations of these flow characteristics from both 

physiological and psychological perspectives. The aim is not merely to enhance ventilation 

comfort but also to provide low-cost and sustainable personal cooling solutions for 

vulnerable groups under the increasing threat of extreme heat events. 
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Appendices 

Appendix A Infrared thermal images of thermal manikin 
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Appendix B  Comparison of T average skin temperature obtained from 

thermocouples (Tthermocouple) and the nickel wire resistance (Tmainikin). 

 

Appendix C Relationship between Tmrt  measured by black globe thermometer 

(Tmrt-Tg) and Tmrt measured by three-dimensional net radiometer (Tmrt-radiometer) 
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Appendix D Wind rose maps of the experimental days. (a) instantaneous wind 

direction. (b) 10-min average wind direction. 

Site B: 
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Site A: 
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Appendix E  Overview of the heat exchange and temperature difference for the 

experimental day. where T = Tsk – Ta; Q, R, C, Ta, Tsk and T are expressed in 

mean ± standard deviation. 

Day Q Duration R C Ta Tsk T 

 W/m2 h W/m2 W/m2 ℃ ℃ ℃ 

1 80 5 
8.24 ± 

6.12 

71.76 ± 

5.89 

28.03 ± 

0.26 

32.45 ± 

0.69 

4.42 ± 

0.57 

2 120 4 
18.03 ± 

3.51 

101.97 ± 

3.51 

23.67 ± 

0.07 

27.99 ± 

0.36 

4.31 ± 

0.33 

3 80 6 
21.33 ± 

9.08 

58.67 ± 

9.08 

26.13 ± 

0.54 

31.32 ± 

0.91 

5.19 ± 

0.89 

4 75 5.5 
14.49 ± 

8.55 

60.51 ± 

5.37 

28.45 ± 

0.54 

32.22 ± 

0.55 

3.77 ± 

0.72 

5 70 6 
13.43 ± 

7.99 

55.57 ± 

3.02 

30.84 ± 

0.76 

33.72 ± 

0.43 

2.88 ± 

0.47 

6 110 5.5 
12.71 ± 

7.75 

97.29 ± 

7.75 

23.32 ± 

0.36 

27.51 ± 

0.64 

4.19 ± 

0.38 

7 90 4 
30.57 ± 

2.13 

59.43 ± 

2.13 

23.25 ± 

0.2 

30.07 ± 

0.42 

6.82 ± 

0.36 

8 80 4.5 
25.59 ± 

3.3 

54.41 ± 

3.3 

24.44 ± 

0.51 

29.60 ± 

0.89 

5.16 ± 

0.5 

9 95  6 
29.75 ± 

4.61 

64.25 ± 

8.52 

24.54 ± 

0.64 

30.89 ± 

1.25 

6.34 ± 

0.82 

10 90 5 
28.55 ± 

3.57 

61.45 ± 

3.57 

23.97 ± 

0.25 

30.15 ± 

0.55 

6.18 ± 

0.55 
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Appendix F  Difference between hc value calculated using two methods. 

 

 

Appendix G  Measurement of the skin thermal resistance (rn) of the 

manikin 

Fig. Fa displays the thermal conduction process from the heated nickel wire to the skin surface. 

The test was conducted in a controlled environment with an ambient temperature of 25 °C. The 

heating wire, positioned beneath the conductive coating, was maintained at a constant 

temperature of 36 °C.  

Once the manikin reached thermal equilibrium, the input power and wire temperature of each 

segment were logged by the manikin’s system. Meanwhile, an infrared thermal image camera 

was employed to capture the temperature distribution across each segment (as shown in Fig. 

Fb). Due to the limited accuracy of the thermal camera (±1 °C), T-type thermocouples were 



159 

 

attached on the manikin’s surface, one for each temperature zone, to capture the non-uniform 

temperature distribution (Points 1 to 8 in Fig. Fb. The Tsk of the entire segment is weighted 

average temperature calculated with Equation (F1). 

 𝑇𝑠𝑘,𝑛 =  
∑ 𝑆𝑗 × 𝑇𝑠𝑘,𝑗

𝑘
𝑗=1

∑ 𝑆𝑗
𝑘
𝑗=1

 (F1) 

where, 𝑆𝑗  is the area of region j. k is the number of regions in segment n. 𝑇𝑠𝑘,𝑛 is the skin 

temperature of segment n, and 𝑇𝑠𝑘,𝑗 is the skin temperature of region j. 

The skin thermal resistance of segment n can be calculated as: 

 𝑟𝑛 = (𝑇𝑤,𝑛 − 𝑇𝑠𝑘,𝑛) 𝑄𝑛⁄  (F2) 

where, 𝑇𝑤,𝑛 is the wire temperature of segment n (=36 °C in this test), and 𝑄𝑛 is heat flux of 

segment n. 

 

Fig. F (a) The thermal conduction process from the heated nickel wire to the skin surface. (b) 

Infrared thermal images of the chest. 
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