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Abstract   39 

Predicting human thermal comfort and safety requires quantitative knowledge of the convective heat transfer 40 

between the body and its surrounding. So far, convective heat transfer coefficient correlations have been based 41 

only upon measurements or simulations of the average body shape of an adult. To address this knowledge gap, 42 

here we quantify the impact of adult human body shape on forced convection. To do this, we generated fifty three-43 

dimensional human body meshes covering 1st to 99th percentile variation in height and body mass index (BMI) of 44 

the United States adult population. We developed a coupled turbulent flow and convective heat transfer simulation 45 

and benchmarked it in the 0.5 to 2.5 m·s-1 air speed range against prior literature. We computed the overall heat 46 

transfer coefficients, hoverall, for the manikins for representative airflow with 2 m·s-1 uniform speed and 5% 47 

turbulence intensity. We found that hoverall varied only between 19.9 to 23.2 W·m-2K-1. Within this small range, 48 

the height of the manikins had negligible impact while an increase in the BMI led to a nearly linear decrease of 49 

the hoverall. Evaluation of the local coefficients revealed that those also nearly linearly decreased with BMI, which 50 

correlated to an inversely proportional local area (i.e., cross-sectional dimension) increase. Since even the most 51 

considerable difference that exists between 1st and 99th percentile BMI manikins is less than 15% of hoverall of the 52 

average manikin, it can be concluded that the impact of the human body shape on the convective heat transfer is 53 

minor.  54 

 55 

Keywords. computational thermal manikin, forced convection simulation, turbulent flow, diverse human body 56 

shapes 57 
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1.0 Introduction 70 

Going to class early in the fall semester at Arizona State University is a walk through a convection oven. 71 

With air temperatures regularly soaring above 46°C (115°F), convective heating by the flowing hot air and the 72 

radiative heating from the sun and the concrete built-environment can rapidly lead to heat exhaustion. The Tempe 73 

campus alone has over 60,000 students and employees, so the experienced of "being cooked" along the walking 74 

path is shared by a large and diverse crowd. It is natural to wonder whether different individuals in this crowd are 75 

being "cooked" by the environment to the same degree. Excessive heat exposure can cause illnesses ranging from 76 

mild headaches to deadly heat strokes (Ebi et al. 2021b, a). Exposure to extreme heat is also becoming more 77 

prevalent, with estimates of about a third of the world population already experiencing it for at least 20 days a 78 

year (Mora et al. 2017). With continued unabated emissions of greenhouse gases, this fraction is predicted to 79 

increase to half or even three-quarters of the global population by the end of the century (Mora et al. 2017). 80 

Intriguingly, we currently do not know the degree to which the environment heats most individuals because our 81 

quantitative understanding of the process is restricted only to the "average" adult humans.  82 

 In extreme heat conditions, the human body is heated by the surrounding environment via radiation and 83 

convection and is cooled only through sweat evaporation (Parsons 2014). According to the Lewis analogy 84 

(Bergman et al. 2011), the rate of the latter cooling process is directly proportional to the convective heating rate 85 

(i.e., the mass transfer rate is proportional to the heat transfer rate). Accordingly, predicting the human thermal 86 

comfort and safety in extreme heat conditions requires a quantitative knowledge of the convective heat transfer 87 

coefficient for the human body. With relative air speeds above just a fraction of a meter per second, forced 88 

convection accounts for most of the heat transfer coefficient value (Fanger 1972).  89 

 The primary variable influencing the forced convection heat transfer coefficient (ℎ') is the air velocity (&%), 90 

with most of the available correlations taking the basic form of ℎ' = (&%( originally proposed in 1939 by Winslow 91 

et al. (Winslow et al. 1939). The empirically determined coefficient ( typically varies between 5 and 15, while 92 

the velocity exponent ) is in the range of 0.4 to 0.6 (Wissler 2018; Xu et al. 2021a). Turbulence within the 93 

incoming air is also known to have a substantial impact on ℎ', and its effects are accounted for by including 94 
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turbulence intensity, and in a few cases length scale, in some modern correlations (Ono et al. 2008; Li and Ito 95 

2012; Yu et al. 2020; Zou et al. 2020; Xu et al. 2021a; Zhou and Niu 2022). For human characteristics, correlations 96 

that account for the posture (e.g., standing, sitting, and laying down (Nishi and Gagge 1970; de Dear et al. 1997; 97 

Li and Ito 2012; Oliveira et al. 2014; Mao et al. 2017; Xu et al. 2019, 2021a)), the relative body orientation to the 98 

airflow direction (Xu et al. 2021a), and the effect of body motion (e.g., walking, running, cycling (Defraeye et al. 99 

2011; Oliveira et al. 2014; Wissler 2018)) have been developed for the whole body and its parts.  100 

 As far as the human body shape, the available convective heat transfer correlations are based on measurements 101 

or simulations of manikins corresponding to neonatal babies (Sarman et al. 1992; Elabbassi et al. 2002; Belghazi 102 

et al. 2005; Ostrowski and Rojczyk 2018; Hannouch et al. 2020), 7-year-old child (Ito and Hotta 2006), and, in 103 

the vast majority, the average female or male adult (e.g., the 50th percentile body mass index (BMI) and posture 104 

for the Western population (Dreyfuss and Dreyfuss 1967; Fromuth and Parkinson 2008)). However, most of us 105 

are not "average" and what an "average" body shape is varies across regions and cultures (Lin et al. 2004; Daniell 106 

et al. 2012; Davoudiantalab et al. 2013). As evident from Fig.1 which shows body shape diversity for the adult 107 

population of the United States, substantial geometrical differences from the "average" are common. In this work, 108 

we build on our recent research on the impact of body shape on radiative heat transfer (Rykaczewski et al. 2022a, 109 

c) and use computational means to quantify how the body shapes in our diverse population impact the forced 110 

convection heat transfer coefficient.  111 

 112 
 113 
 114 
 115 
 116 
 117 
 118 
 119 
 120 
 121 
 122 
 123 
 124 
 125 
 126 
 127 
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2.0 Methods 128 
 129 
2.1 Generation of three-dimensional human body models 130 

 To conduct the flow simulations, we smoothened the human body meshes which we previously generated to 131 

study radiative area factors (Rykaczewski et al. 2022b, a). We extracted the original three-dimensional human 132 

body models from the Open Design Lab Manikin Fetcher tool based on US National Health and Nutrition 133 

Examination Survey (NHANES) (Parkinsons). This database covers 1st to 99th percentile variation in height and 134 

BMI of the United States adult population. We exported twenty-five manikins for each gender covering each 135 

height and BMI percentile combination in about 25% increments. The manikin shapes that we processed account 136 

for tight-fitting shorts and T-shirts (these result in only exterior simplification, see Supplemental Information), 137 

but had scalp hair and hands removed. All manikins are in a standing pose with arms raised at 35° away from the 138 

trunk. Previously, we cleaned these fifty human body meshes to remove all non-manifold edges and vertices and 139 

uploaded the results as .stl files to the Physical and Computational Thermal Manikins Database (Rykaczewski et 140 

al. 2022b). To facilitate the convergence of the flow simulations, we used the Autodesk Meshmixer software to 141 

smooth locally uneven surfaces, especially along the inner thighs, the armpits, and the feet. We carried out these 142 

local smoothing operations using Robust Smooth, Adaptive Reduce, and Refine tools in the software. We note 143 

that the smoothening process had a negligible effect on the original human body shape (e.g., the processing caused 144 

less than 1% of the total surface area of the manikins to change). The smoothened manikins were imported as .stl 145 

files into COMSOL Multiphysics 6.0 software, where after several additional steps discussed next “watertight” 146 

meshes representing volume around the manikins were created.  147 

 148 
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 149 

Fig.1  The smoothed twenty-five (a) male and (b) female half-manikin shapes presented as a function of the height 150 

and BMI values and corresponding population percentiles along with the total body surface areas (At for the full 151 

manikin). 152 

 153 

2.2 Flow and forced convection simulation formulation 154 

We simulated coupled turbulent flow and convective heat transfer from the manikins using the finite element 155 

method implemented in Comsol Multiphysics 6.0. Our formulation follows the experimentally validated Xu et 156 

al.(Xu et al. 2019, 2021a, b) methodology including the numerical solution of the steady-state Reynolds Averaged 157 

Navier Stokes using the weakly compressible Low Reynolds number k-ε model and the constant manikin surface 158 
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temperature boundary condition. In particular, following Xu et al. (Xu et al. 2019, 2021a, b) and typical conditions 159 

specified by physical manikin operating standards (Parsons 2014), we set the surface temperature to 35ºC and the 160 

air temperature to 25ºC. In reality, the temperature can vary by even 5ºC across different body parts (Fournet et 161 

al. 2013; Coull et al. 2021). However, as even large difference in the air temperature and pressure, the skin 162 

temperature variation will have negligible to minor impact on the heat transfer coefficient value (but will impact 163 

the convective heat gain or loss that is proportional to skin-to-air temperature difference—see discussion in 164 

Supplemental Information).  165 

The manikins are located in the center of an elongated flow chamber and face the airflow. At the inlet, the 166 

uniform air flow has a turbulence intensity of 5%, typical for human heat transfer coefficient measurements (Xu 167 

et al. 2021a), and a turbulence length scale of 5 cm (comparable to the default 7% of the inlet geometrical length 168 

scale used by Xu et al.(Xu et al. 2019, 2021a, b)). We computed the h)*+,-.. by diving the average heat flux for 169 

the entire body surface area output by the Comsol Multiphysics software (“Derived Average Value” of the 170 

“ht.ntflux” variable) by the skin-to-air temperature difference of 10ºC. We note that natural convection has a 171 

negligible contribution to the overall heat transfer coefficient at velocities above 0.5 m·s-1 (Xu et al. 2019). For 172 

example, in the case of our average male manikin exposed to 0.5 m·s-1 air flow with a 10ºC surface-to-air 173 

temperature difference, including free convection increased h)*+,-.. only by ~0.2 W·m-2K-1 or 2%. Since the 174 

impact of natural convection for higher velocities is even further diminished, we did not simulate buoyancy effects 175 

in the rest of the simulations. We will address the topic in a separate dedicated study. 176 

To reduce the computational time, we applied symmetry conditions on the sagittal plane of the manikins (see 177 

Fig.2a). We note that the leg posture in our manikins is slightly asymmetric. However, there is less than 1% left-178 

to-right side difference in the overall heat transfer coefficient (h)*+,-..). Since simulating hands requires a dense 179 

mesh and the corresponding local heat transfer coefficient is highly dependent on hand orientation (Zhang et al. 180 

2021b, a), we removed them from the manikins with a straight cut across the wrist. To generate a higher density 181 

mesh near the manikin, we discretized the 4 m long, 2.5 m wide, and 2.4 m tall flow chamber into two regions. 182 

We adjusted the internal region size to each manikin so that the boundaries of the inner part were separated from 183 
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the human shape at least by 0.15 to 0.25 m (the latter also being the floor-to-foot height). Increasing the size of 184 

the inner or outer region had negligible effects on the heat transfer coefficient. To generate the mesh, we specified 185 

the triangular element distribution on the manikin surface and then generated the tetrahedral and the boundary 186 

layer elements (using the default setting of 8 layers with 1.2 stretching factor) within the inner and later the outer 187 

regions. We adjusted the total boundary layer thickness near the manikin surface to the geometry and air velocity 188 

so that the "distance to cell center in viscous units" was below or near the 0.5 value recommended by Comsol 189 

Multiphysics. After conducting mesh refinement studies (see example in Fig.2b), we utilized triangular elements 190 

with a maximum of 2.5 cm size, matching Xu et al. (Xu et al. 2021a) and a specified minimal size of 1 cm (further 191 

increasing the mesh density by 50% only increased heat transfer coefficient by 0.5%). We found that the latter 192 

avoided meshing issues on the more complex manikin surfaces. The maximum and minimum tetrahedral element 193 

sizes in the inner regions were 6.4 and 0.75 cm and 11.6 cm and 3.46 cm in the outer region. We note that to 194 

achieve the minimum element quality ("skewness") near 0.1, we adjusted the "element quality optimization" 195 

setting for the two tetrahedral mesh segments between "basic" and "medium" (counterintuitively the "basic" 196 

setting sometimes yielded higher quality mesh).  197 
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 198 

Fig.2. (a) schematic of the simulated flow chamber and (b) example mesh refinement study presented in 199 

normalized units to facilitate interpretation.  200 

 201 

3.0 Results 202 

3.1 Overall convective heat transfer coefficient for the average (western) male  203 

 Before quantifying body shape variation's impact on heat transfer coefficient, we first benchmark our 204 

convection simulations for the average (western) male manikin against the Xu et al. simulation-based correlation 205 

(see Table S1 in Supplemental Information (Xu et al. 2019, 2021a, b)). The Xu et al. model on which we based 206 

our simulation formulation was validated against matching thermal manikin measurements (Xu et al. 2019). To 207 

match their computational manikin pose, we simulate a manikin with arms along the trunk in addition to the same 208 

manikin but with arms oriented away from the body (i.e., the output pose from the manikin fetcher tool 209 
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(Parkinsons)). We simulate the h)*+,-.. for incoming air velocity of 0.5 to 2.5 m·s-1 that Xu et al. simulated (Xu 210 

et al. 2019, 2021a, b). This range also covers over 90% of conditions in our recent outdoor measurements during 211 

58 warm-to-hot days in Tempe, Arizona (Vanos et al. 2021).  212 

 The plot in Fig.3 shows that the manikin arm position has a negligible impact on the h)*+,-.. and that our 213 

results match closely with Xu et al.(Xu et al. 2021a). Specifically, below 1.5 m·s-1 our results overlap with those 214 

Xu et al.(Xu et al. 2021a). The 1 to 2 W·m-2K-1 discrepancy between our results and those of Xu et al.(Xu et al. 215 

2021a) in the 1.5 to 2.5 m·s-1 range might stem from geometrical differences between our manikins (i.e., average 216 

western—176 cm and 1.89 m2 vs. average Asian—172 cm and area of 1.65 m2 males (Xu et al. 2019)—see  217 

geometry overlay in the Supplemental Information) and their positions in the flow chambers. It is worth keeping 218 

in mind when comparing minor differences in convective heat transfer coefficients that the experimental 219 

uncertainty is often in the 2 to 2.5 W·m-2K-1 range (95% confidence interval). Considering such uncertainty, our 220 

results would statistically overlap with Xu et al.(Xu et al. 2021a). We note that there are numerous other 221 

correlations for h)*+,-.. that are based on a variety of simulation and measurement approaches that provide 222 

substantially different predictions (see Supplemental Information). The reasons for this large h)*+,-.. scatter in 223 

the literature has not yet been rooted out and is beyond the scope of current work. Irrespective, the close match 224 

between our h)*+,-.. simulations and Xu et al. results on which we based our formulation provides sufficient 225 

validation of our model for evaluating the relative impact of human body shape on the convective process.  226 

 227 



 
 

11 

Fig.3. The overall convective heat transfer coefficient, h)*+,-.., for the average adult (western male in our 228 

simulations not accounting for hands) as a function of air speed, comparing our results for male manikin with 229 

arms along and away from the body against Xu et al. 2021 results on which we based on model formulation. For 230 

our simulations, the turbulence intensity was set to 5% and the turbulence length scale was set to 5 cm.  231 

 232 

3.2 Overall convective heat transfer coefficients for diverse body shapes 233 

 We simulated h)*+,-.. for the twenty-five male and twenty-five female manikins exposed to 2 m·s-1 uniform 234 

airflow with a turbulence intensity of 5% and a turbulence length scale of 5 cm. The values summarized in Table 235 

2 demonstrate that despite the relatively large shape and surface area differences (see Fig.1), all values are within 236 

19.9 to 23.2 W·m-2K-1 range. The h)*+,-.. for the average (50th percentile BMI and height) male and female 237 

manikins are nearly identical at 22.1 and 22.2 W·m-2K-1, respectively. The largest h)*+,-.. variations from these 238 

average values are −8.1% for the 99% BMI and 99% height male manikin and −8.1% for the 99% BMI and 75% 239 

height female manikin. Several consistent trends emerge within this relatively minor variation, which we discuss 240 

next.  241 

 242 

 243 

Table 2. Impact of body shape on the overall forced convection heat transfer coefficients (W·m-2K-1) for uniform 244 

inlet velocity of 2 m·s-1 with a turbulence intensity of 5% and a turbulence length scale of 5 cm. 245 

male manikins 

 

female manikins 
 BMI, percentile  BMI, percentile 
height, 
percentile 1 25 50 75 99 height, 

percentile 1 25 50 75 99 

1 22.7 22.3 22.5 21.8 20.4 1 23.1 22.9 22.1 22.1 20.4 
25 22.9 22.4 22.1 21.8 20.3 25 23.2 22.8 22.3 21.8 20.7 
50 22.8 22.5 22.1 21.8 20.3 50 23.2 22.6 22.2 21.4 20.3 
75 22.6 22.3 21.8 21.6 20.4 75 23.2 22.5 22.3 21.8 19.9 
99 22.3 22.2 21.8 21.5 20.3 99 22.4 21.9 22.4 21.8 20.1 

 246 
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 To facilitate observation of how body shape impacts the heat transfer coefficient, in Fig.4 we plotted example 247 

variations in h)*+,-.. for manikins with either fixed height (at 1%, 50% and 99%) and varied BMI, or fixed BMI 248 

(at 1%, 50% and 99%) with varied height. The results are plotted in population percentile terms in Fig.4a&c and 249 

absolute height or BMI terms in Fig.4b&d. The most pronounced decrease in h)*+,-.. occurs with increasing 250 

BMI. In particular, the h)*+,-.. decreases nearly linearly with BMI at a rate of 0.07 to 0.09 W·m-2K-1 per kg·m-2 251 

for both the male and the female manikins. In absolute terms, over the entire range of the BMI, the h)*+,-.. varies 252 

by 2.3 to 3.3 W·m-2K-1. In contrast, the variation in height of the manikins has a much smaller impact on the 253 

h)*+,-... In particular, the h)*+,-.. decreases only by 0.1 to 1 W·m-2K-1 over the entire height range. Next, we 254 

discuss whether any body segment provides a dominant contribution to the BMI impact on the h)*+,-... 255 

 256 

Fig.4. Example variation in the h)*+,-.. for manikins with either fixed height (at 1%, 50%, and 99%) with varied 257 

BMI in (a) population percentile and (b) absolute terms, and manikins with BMI fixed (at 1%, 50%, and 99%) 258 
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with varied height in (c) population percentile and (d) in the absolute terms. The simulation settings include inlet 259 

air speed of 2 m·s-1, turbulence intensity of 5%, and turbulence length scale of 5 cm.  260 

 261 

4. Discussion 262 

 Fig. 5a shows the heat transfer coefficient distribution for the front and the back of the average height male 263 

manikins with 1%, 50%, and 99% BMI. To facilitate quantitative comparison, the bar plot in Fig. 5b shows the 264 

overall and local heat transfer coefficients for the manikin zones shown in the inset in Fig. 5c, along with 265 

equivalent results from Xu et al.(Xu et al. 2021a) for the computational manikin based on scanned Newton_asia 266 

instrument. The latter agree within ~1 W·m-2K-1 with our "average guy" results and diverge at most by 3 to 3.5 267 

W·m-2K-1 for the head and back areas. These differences likely stem from the disparity between the two manikins' 268 

shoulder (trapezius muscle whose posterior part is included in the back segment) and neck regions (included in 269 

the head segment) that are evident in the manikin silhouettes (see inset in Fig.5c and the Supplemental 270 

Information).  271 

 Regarding the definition of the body regions, we note that for the 1% and 99% BMI manikins, we computed 272 

values for the upper leg and pelvic areas in two ways. The reason for introducing these two definitions is that our 273 

manikins are "wearing" tight-fitting shorts and T-shirt (Parkinsons; Rykaczewski et al. 2022c), which translates 274 

into a slightly merged crotch area (i.e., the larger manikin appears to have shorter legs due to overlap of the upper 275 

thighs that are blended by the shorts). Accordingly, in the first definition of the upper leg and pelvic area borders 276 

is at the height of the crotch of the individual manikins.  In the second definition, the upper leg and pelvic area 277 

boundary is at the height of the 50% BMI manikin's border for all manikins. We found that the difference between 278 

the local heat transfer coefficients calculated using the two region definitions were only around 0.1 W·m-2K-1, so 279 

we report all the values using the more consistent second definition.  280 

 Except for unaffected values for the head, the lower leg, and the foot, the local heat transfer coefficients 281 

generally decrease with increasing BMI of the manikins. By also evaluating Fig. 5c, we see that the decrease in 282 

the local heat transfer coefficients correlates with the increase of the body segment area with increasing BMI. 283 
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Physically, this trend stems from the reduction of the heat transfer coefficient induced by the rise of the cross-284 

sectional dimensions of the body segments indicated by the surface area increase. Since the individual body parts 285 

are often approximated as cylinders (Fiala et al. 1999; Fiala and Havenith 2015), we can evaluate this trend by 286 

referring to the pertinent heat transfer correlations. In particular, in the relevant 4,000 to 40,000 Reynold's number 287 

range, both the Hilpert (Hilpert 1933) and Zukauskas (Bergman et al. 2011) correlations indicate that the average 288 

heat transfer coefficient scales with D-0.4. In other words, for a relatively small diameter, D, increase with a 289 

decrease in BMI, we can expect an approximately proportional linear reduction in the corresponding heat transfer 290 

coefficient.  291 

 292 
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 293 

Fig.5. (a) The heat transfer coefficient (h) distribution on the front and back of the manikins, and the overall 294 

(excluding hand) and local (b) convective heat transfer coefficients, and (c) areas for indicated body regions for 295 

the 50% height male manikins with 1%, 50%, and 99% BMI along with equivalent results from Xu et al.(Xu et 296 

al. 2021a) for the Newton_asia computational manikin (areas are based on summation of segments of the physical 297 

instrument provided by the instrument manufacturer). The simulation settings include an inlet air speed of 2 m·s-298 

1, turbulence intensity of 5%, and turbulence length scale of 5 cm.  299 

 300 
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 It is worth pointing out that since the h)*+,-.. decrease with increasing BMI is relatively small, the overall 301 

convective heat gain rate (-/h)*+,-..∆/012(3%2$) increases with height and with most BMI values. For the latter, 302 

the heat gain rate increase is substantial from 1 to 75% BMI (see Supplemental Information). When BMI increases 303 

from 75% to 99%, the h)*+,-.. decreases most rapidly, which leads to either minor increase or decrease of the 304 

overall heat gain rate. For example, for a 12°C skin-to-air temperature difference (∆/012(3%2$) that a typical person 305 

would experience while walking in 46°C during summer in Tempe, AZ (assuming a mean skin temperature of 306 

34°C (Haslam and Parsons 1987; Parsons 2019; Coull et al. 2021)), a 50% height and 1% BMI male convectively 307 

gains 415.9 W while a 50% height and 75% male gains 503.2 W. However, in the same conditions a 50% height 308 

and 99% BMI male gains 453.3 W (see Supplemental Information for more details). It is important to keep in 309 

mind that a higher convective heat gain does not necessarily translate to a proportionally higher body core 310 

temperature for multitude of factors. For example, a higher convective heat gain will be linked to a higher sweat 311 

evaporation rate and a higher BMI to a larger body mass (i.e., higher heat storage capacity). To quantify impact 312 

on the core temperature evolution, all factors contributing to the human heat balance must be evaluated (Parsons 313 

2014).  314 

 315 

5. Conclusions 316 

 In summary, we computationally investigated the impact of adult human body shape on forced convective 317 

heat transfer. In particular, we created fifty computational manikins that represent the 1% to 99% BMI and height 318 

diversity of the United States population. We formulated a coupled turbulent flow and convective heat transfer 319 

simulation and benchmarked it against available literature. At the representative conditions of 2 m·s-1 uniform 320 

airflow with a turbulence intensity of 5% and length scale of 5 cm, our results demonstrate that the ℎ!"#$%&& for 321 

all manikins are within 19.9 to 23.2 W·m-2K-1 range. The largest variations of ℎ!"#$%&& from the 22.1 to 22.2 W·m-322 

2K-1 values for the average shapes are −8.1% for the male the 99% BMI and 99% height male manikin and −8.1% 323 

for the 99% BMI and 75% height female manikin. 324 
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 Within this relatively minor variation, we found that height has a negligible impact on convective heat 325 

transfer, while the increase in BMI correlates to a proportional decrease in the ℎ!"#$%&&. In particular, the ℎ!"#$%&& 326 

decreases nearly linearly with BMI at a rate of 0.07 to 0.09 W·m-2K-1 per kgm-2 which translates to 2.3 to 3.3 327 

W·m-2K-1 variation over the entire BMI range. Except for unaffected values for the head, the lower leg, and the 328 

foot, we found that the local heat transfer coefficients generally decrease with increasing BMI, and with that 329 

increasing local area and cross-sectional dimension of the manikins. This trend agrees with classical correlations 330 

for cylinders in cross-flow, for which the heat transfer coefficient scales as D-0.4. Consequently, the primary reason 331 

for decreasing the heat transfer coefficients with increasing BMI is the corresponding increase in the equivalent 332 

cross-sectional dimensions of the body components. However, we emphasize that even the largest ℎ!"#$%&& 333 

variation that occurs between the 1 and 99% BMI manikins is minor (i.e., below 15% of ℎ!"#$%&& for the average 334 

manikin). Since we reached similar conclusions regarding body shape impact on the radiative area factors 335 

(Rykaczewski et al. 2022a), the human body surface area provides an excellent scaling factor for human-336 

surrounding radiative and convective heat transfer processes. Thus, the human body shape should not significantly 337 

impact the thermal comfort and safety calculations based on the classical body heat balance equation (Fanger 338 

1972).  339 

 340 

 341 
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