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Abstract

For accurate prediction of human thermal comfort in indoor space, a fully validated human
body—environment interface model is the key factor. In this study, a numerical model for heat transfer
simulation between the human body and the environment was developed. Three parameters, including
air speed, air temperature, and total heat transfer coefficient at the body surface, were validated
against experiments including a manikin placed in a climatic chamber. Based on the verified model, a
set of human body—environment parameters were investigated to quantify their relevance for
thermal simulations. The parameters included three body geometries with different simplification
levels, three body postures, and three kinds of environments differing in room configuration, size, and
wall emissivity. The investigations revealed that body geometry simplification had only a moderate
influence on overall heat transfer between the body and environment, while greatly influencing local
heat transfer. Body posture showed a more prominent impact on heat transfer than the geometry,
especially on the radiative heat transfer, due to the view factor change caused by local body orientation.
The room configuration largely influenced the airflow pattern and, thus, convective heat transfer, while
room size and wall emissivity only had an influence on radiative heat transfer. A similar environmental
setup and body posture with the real situation would be suggested as the premise for the body—
environment modelling work. The validated numerical model, along with the set of body—environment
parameters, can be used for a large range of investigations on human physiological response in varying

thermal environments.
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1. Introduction

The design and evaluation of thermal conditioning systems indoors, as well as in automobile environments,

is becoming a major research focus for saving energy. New economic solutions for building conditioning
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and vehicle conditioning systems, such as zero-energy buildings and electric cars, are being developed hand-
in-hand with the attempt to maintain thermal comfort of the occupants and users [1,2]. Human thermo-
physiological and thermal comfort responses, which reflect the thermal interaction between the human body
and the surrounding environment, are considered important factors for the evaluation of human—
environment system design [3]. Physical measurements in climatic chambers or in the field and numerical
simulations using computational fluid dynamics (CFD) software are the two main methods for obtaining
these factors [4]. Simulation is a more efficient method for the design and evaluation stage of indoor and
vehicle cabin climate control since it allows for the fast generation of data for many scenarios, parametric
optimization for the best performing solution, and carrying out sensitivity and robustness studies for
choosing design approaches. Besides, it is not always possible to perform field tests in a full-scale building
or a real car under repeatable weather conditions, while simulations can reproduce thermal environments
and visualize the thermal interaction between these environments and occupants. Additionally, the
separation of different heat transfer pathways is typically not practical in experiments or field studies,
whereas it is a convenient practice with simulations. Such an analysis enhances the understanding of
underlying physical phenomena and optimization of the modelled environments and scenarios [5].
Numerical simulation of realistic environments and the human body offers yet another opportunity for
coupling a virtual human body built in the CFD environment with mathematical models of human
thermoregulation, thermal sensation, and comfort (Cropper et al., 2010; Angelova et al., 2014; Lim et al.,
2015; Voelker and Alsaad, 2018). In this way, the physiological and sensational human response to the
designed environment can be simulated with high resolution and accuracy, given that the human response
models are properly validated [12,13]. The accuracy of these mathematical models in the coupled system
can be potentially enhanced since the CFD model accounts for the exact geometry and posture of the human
body and the heat transfer at the body surface as opposed to predefined theoretical or empirical heat transfer
coefficients in stand-alone human thermoregulation models, such as the Fiala model [14,15] or the
University of California, Berkeley (UCB) model [16].

Several numerical models for body—environment thermal interaction have been reported in the recent decade
and are summarised in Table 1. They consider mainly a standing person in indoor space or a seated person
in a vehicle cabin, whereas very few simulations have been reported for a person lying down, despite a
growing interest for improving human thermal comfort during sleep. About one-third of studies dedicating
the heat transfer characterization at the human body surface were carried out with simplified human body
models. Although the development of computational technologies has made 3D full-scale simulation
possible, consideration of the balance between computational cost and accuracy is often the underlying
reason for the simplifications. Zhang et al. [5] studied the influence of body simplification on heat transfer
based on CFD models and measurements available in the literature and found large differences between

models with different levels of complexity as well as between physical manikins with comparable
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complexity. This is a typical issue when comparing data obtained in different studies and labs, where the
model, simulation domain, and numerical method settings differ to some degree and it is difficult to attribute
the discrepancy to only one factor. Furthermore, the accuracy of the existing simulation models is often not
sufficiently proven since only half of the studies listed in Table 1 were validated by comparing their outcome
to experimental data, but not always considering an identical setup configuration as used in the simulation.
As CFD software simulates the non-isothermal flow between body and environment by coupling turbulent
flow and heat transfer together, in principle, both the simulated air flow and heat flow should be validated
against measurements with the same setup. Also, the simulation domain and the experimental chambers
should not differ in size and wall properties, which may result in different radiation view factors and airflow
patterns despite applying identical air speed. Among the numerical models that were claimed to be validated,
Yang et al. (Yang et al., 2017) compared the simulated total sensible heat flux at the body surface under
natural convection conditions to the measured data on a thermal manikin Monika [18] under the same air
speed. Over 20 W/m? discrepancy in total heat flux between the simulation and measurement was observed
at the upper and lower leg segments, which was supposedly related to slight differences in body geometry
and pose, whereas Quintela et al. [19] reported up to only a 2.2% change in the total heat transfer coefficient
at the body surface for dramatic posture changes (standing, sitting, and lying). At the same time, the size
and properties of the chambers for simulation and experiment in the study by Yang et al. were not matched
and their effect on the radiation view factor and airflow was not discussed. In the study by Li [20], the forced
convection between a seated human body and the environment was simulated and validated by comparison
with measured values in a wind tunnel with the same setup. Although the measured and simulated
convective heat transfer coefficients agreed well (5% discrepancy for the side wind), no comparison and
validation of the air speed and air temperature was performed. A considerable parameter validation was
conducted in the studies by Mao et al. and Voelker et al. [6,21], which compared both air temperature and
air speed between simulation and measurements in multiple points around the human body. Nonetheless,
thermal radiation was unfortunately not considered in these two studies, which weakens the applicability of
these models.

Table 1 Human body—environment interface heat transfer models in the recent decade.

Human Validated

Study Physics Human geometry
posture parameter
Voelker [6] Conv Scanned manikin Seated Ta, Va
Mao [21] Conv Scanned manikin Lying Ta, Va
Yang [8] Conv/Rad Scanned manikin Standing  Qcov, Qrad
Scanned manikin
Alsaad [22] Conv Seated Ta, Va

(slightly simplified)



Scanned human

Takada [23] Conv Standing R,
body
Scanned manikin

Dixit [9] Conv/Rad _ Seated -
(slightly simplified)

Li [20] Conv Scanned manikin Seated he

Angelova [10] 2D vase shape Standing -

Martinho [24] Conv/Rad Scanned manikin Seated Ta, Va
Scanned human Ta, Vs, he,

Pan [25] Conv/Rad Lying
body h;

Cropper [7] Conv/Rad Scanned manikin Standing
Scanned manikin/

Zhang [5] Conv -
Blocks/Cylinders Standing

. Scanned manikin .

Kilic [26] Conv/Rad/Mass ) o Standing -
(slightly simplified)

Ono [27] Conv Scanned manikin Standing  h,

Conv, convection, Rad, radiation; T,, air temperature; Qc,, convective heat; Qg radiative heat; V,, air
velocity; h., convective heat transfer coefficient, h,, radiative heat transfer coefficient; R,, the rate of air.

Obtaining consistent validation data from the published literature is a challenging task. Large discrepancies
between measured data using different thermal manikins can be observed, which makes cross validation of
the CFD models a tough task. Figure 1 shows several datasets of overall and local heat transfer coefficients
measured using anatomically-shaped thermal manikins - SAM [28], ANDI (unpublished data), Newton
(Psikuta et al., 2015; unpublished data) measured in two different labs, Monika [18], Diana [28] and Tore
[28] in precisely controlled climatic chambers under comparable conditions. The overall total heat transfer
coefficient varied between 7.90 and 11.20 W/(m? ‘C) (mean: 10.2 W/(m?°C), SD (standard deviation): 1.1
W/(m?°C), relative error: 10.8%) with even larger local variations with the greatest values for the hand
segment, varying between 5.5 and 15.2 W/(m? ‘C) (mean: 9.9W/(m?°C), SD: 3.0 W/(m?>C), relative error:
30.5%). The commonly used explanation for this uncertainty is the diversity in body geometry, body size,
and body posture. Nonetheless, the variation between overall heat transfer coefficients in distinctly different
manikin postures (lying, seated, and standing) measured in the same climatic chamber [19] was between
7.88 and 8.06 W/(m? °C), which is remarkably less than that shown in Figure 1. Besides, both Newton and
ANDI, as well as Diana and Monika, are the same type of manikins and still show remarkable differences.
A more plausible explanation for these differences could be the local distribution of air speed in the
proximity of the manikin, which was typically measured only in one spot in the manikin studies as a

representative value for the entire manikin body surface and is reported without turbulence level values.
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Furthermore, radiative characteristics of the climatic chamber, such as wall emissivity and size related to
area view factors for radiative heat exchange between manikin and walls, could be other important factors
causing such a big discrepancy. These issues increase the complexity for a correct interpretation of the
manikin data obtained in the climatic chambers to real-life applications, where the difference in wall
emissivity in labs (typically polished metal with wall emissivity of 0.05) and real indoor occupational spaces

(with wall emissivity of 0.93—0.95) can be substantial.
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Fig.1. Total sensible heat transfer coefficients measured with different thermal manikins under similar
environmental conditions in different laboratories [18,28].

Therefore, the main aim of the study was the investigation of the influence of the human body and
surrounding environment on heat loss from the body surface by a thoroughly validated numerical body—
environment interface model. Different human body geometries, body postures, room configurations, room
sizes, and emissivity of the room wall were considered in the model, and their influence on the overall and
local heat transfer was investigated. The simulation methodology was verified for three essential parameters,
including air speed distribution in the environment, temperature profile in the proximity of the body surface,
and heat transfer coefficient at the body surface, which were measured in the climatic chamber with identical
dimensions and equipped with a thermal manikin. The dataset of heat transfer coefficients obtained from
the simulations can contribute to an increased precision of human thermoregulation models, and the model
itself can serve as a validated interface between a model of human thermal physiology and the environment

constructed in CFD technology.

2. Methodology

2.1. Design of the study

To address the shortcomings of the simulation studies reported in the literature, this study began with the
development and systematic step-by-step verification of the CFD simulation model before attempting any
further analysis (including the human body and its surrounding environment). First, thermal flow

experiments between a thermal manikin and the surrounding environment were performed inside a climatic
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chamber (chamber 1). Then, the chamber geometry was reproduced exactly in the numerical simulation
using COMSOL Multiphysics 5.3a (COMSOL, Inc., USA), and fluid flow and heat transfer simulations
between the manikin and the chamber were performed. A comprehensive set of simulated results, such as
air temperatures, air speeds, and heat loss at numerous locations in the chamber, in the proximity of the
manikin and on the thermal manikin was compared with the measured results to verify the modelling
approach.

The second part included three parametric studies addressing issues relevant for accurate simulation of
human body interaction with its thermal environment. For a more generic outcome of these studies, a
simplified rectangular-shaped virtual chamber (chamber 2) with a human body model inside was created
based on the verified simulation method. The parametric studies included the following:

Study 1 - investigation of the influence of the body geometry simplification on the heat transfer coefficient
by comparing two simplified geometries with one anatomically shaped human body geometry. These shapes
are commonly used as human body representation in human thermoregulation models and manikins
simulating human occupancy in building research.

Study 2 - investigation of the influence of body posture change on the heat transfer coefficient by comparing
three different body postures, including a standing posture, a seated posture, and a lying posture. All body
geometries were obtained by 3D scanning of an anatomically shaped physical manikin. These body postures
involve potential changes in daily heat transfer conditions at the body surface and are most common in
simulation of human occupancy and activities in many disciplines.

Study 3 - investigation of the influence of the surrounding environment, such as room configuration, room
size, and wall emissivity on heat transfer coefficients at the human body as a necessary issue to consider
when transferring the experimental results from the small chamber with typical polished-metal walls to a

real-life occupational space.
2.2. Measurements for the validation of the numerical simulation method in chamber 1

The validation measurements were conducted in the climatic chamber reproduced in the COMSOL software
as chamber 1 (Iength: 6.3 m, width: 3.5 m, height: 2.4 m,) with the air flow arrangement shown in Fig. 2a
and the thermal manikin SAM with 22 independently controlled sectors standing in the centre, 8.5 cm above
the floor (Fig.3a). Each sector of the manikin can be heated at a constant average surface temperature or
with a constant power. In the experiment, the thermal manikin surface temperature was uniformly controlled
at 3440.1°C by adjusting the heating power. This heating power of individual manikin sectors was assumed
equivalent to the heat loss from the manikin body. The air temperature and the relative humidity of the
chamber were kept constant at 23+0.2°C and 50+5%, respectively. The air speed at the inlet of the chamber
and at 39 sites at five different height levels in the chamber (Fig.6) was measured using omnidirectional

anemometers (Sensor Electronic, SENSOANEMO 5100SF, accuracy: +0.02m/s+1%, Fig.3b). The
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temperature distribution in the proximity of the manikin surface was also obtained using a setup of six mini

thermistors (EPCOS, India, width: 1.3+0.2mm, length: 2.2+0.4mm, calibration accuracy: +0.2°C), which

were distributed at a distance of 0.1-14 cm from the manikin surface, as shown in Fig.3c. The six-thermistor
setup was placed next to the different body segments (side upper arm, front upper leg, chest, back, back
head) to record the temperature distribution in the adjacent air layer in the front, side, and back of the
manikin and at different height levels. The heat flux at the manikin surface was recorded continuously for
one hour after the steady state was reached, and the average value for the recorded one hour was calculated.
All measurements were repeated three times. The measured air speed at the inlet was applied as the inlet
boundary condition for the simulation. The remaining experimental results, such as air speed at 39 sites in
the chamber, air temperature near the manikin surface at 6 body parts, and the heat flux from the manikin

surface, were compared with the corresponding results from the simulation.
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Fig.2. Sketch of a) the physical climatic chamber 1, b) virtual chamber 1 used for verification of the model

and, c) virtual chamber 2 used for parametric studies.
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Fig.3. Physical measurement setup in climatic chamber 1. a) Chamber configuration with a thermal manikin
standing inside, b) anemometer for air speed measurement, and c) thermistor setup placed next to manikin

surface for air temperature measurement (e.g. front upper leg).
2.3 .Numerical simulation of validation conditions in chamber 1

The climatic chamber reproduced in COMSOL Multiphysics 5.3a (COMSOL, Inc., USA) included one inlet
and two air outlets and the thermal manikin simulated by an anatomically shaped model of the human body
(Fig. 2b). To reduce the computational cost, the symmetric boundary function offered by COMSOL was
used to simulate only half of the domain. Further, the computational domain was divided into two meshing
regions (near the manikin body and the rest of the domain, Fig.2b). The tetrahedral domain mesh, triangular
surface mesh, and 5-layer boundary layer mesh were generated for both regions. The mesh (Figure 4)

near the manikin body (the maximum mesh size is 22 mm) was denser than that in the rest region (the
maximum mesh size is 280 mm). Mesh sensitivity was checked with regards to the total heat flux from the
manikin surface, as heat flux is the most sensitive parameter to the number of mesh elements compared to
air speed in the chamber and air temperature near manikin surface. Around 1.71 million domain mesh
elements were finally employed for the simulation as a further increase of mesh number from 1.71 million
resulted in less than 0.5% change in heat flux and even smaller improvement in air speed and temperature
in manikin surface proximity. Table 2 lists the physical models and boundary conditions used in the

numerical model of the validation study.

Fig.4 Left: Front view of the mesh with denser cells around the manikin; Right: boundary layer mesh around

the head and shoulder of scanned man Table 2 Model settings of the simulation for validation.

Turbulence  Radiation Wall Manikin surface Inlet air and Inlet air outl i
utlet X1
model model emissivity temperature wall temperature velocity
Surface to 0.8
k-¢ 0.05 34°C 23°C 0.89 m/s pressure
surface mm




x;*is the thickness of the first of the five-boundary layer mesh next to the chamber wall and manikin surface (expansion

ratio of 1.2).
2.4. Comparison between measurements and the numerical simulation in chamber 1

Air speed in the chamber

The air speed at five height levels in the chamber was obtained from the simulation and compared with the
measured values at 39 points at the same height levels. The average SD and the average RMSD (root mean
square deviation) values at five height levels, as well as the exact air speed values at H3 and H4 levels, are
presented in Fig. 4. Generally, the simulated results agree very well with the measurements when comparing
SD and RMSD, within less than 0.1 m/s, except at the feet level (HS5), where the simulated air speed was
significantly higher than in the measurements (RMSD=0.19 m/s). This effect probably results from the metal
frame of the wind tunnel and the manikin walking system hindering the airflow close to the floor in the

physical climatic chamber (as shown in Fig. 3a), which was not considered in the simulation.
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Fig.4. Measured and simulated air speeds in chamber 1 at most relevant height levels H3 and H4, as well as
SD and RMSD at all height levels measured.

Air temperature near the manikin surface

The simulated air temperature in the proximity of the manikin surface was compared to the corresponding
values from the measurements. The air temperature near three exemplary body surfaces at the back head,
side upper arm, and front upper leg, which represent different height levels and orientations, as well as SD
values and RMSD values of the air temperature near all the measured body segments, are presented in Fig.5.

A sharp change in air temperature around 10°C was observed in the first one and a half centimetre. Then,
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the air temperature gradually changed more and became stable after about a 4-cm distance. The simulated
air temperature was exactly within the error range of measurements at the front upper leg segment. In the
proximity of the back head and side upper arm, the simulated air temperatures were also within the error
range of measurements after 1 cm, while within the first 1 cm they decreased faster than the measurements,
especially for the back head. This can probably be explained by the cables attached to the manikin face in
the real chamber (as shown in Fi.3a), which hinder thermal flow around the manikin’s head. Also, at the top
of the manikin, the thermal plume developed and was thickest in the proximity of head. The discrepancies
in the simulation of the free convective flow along the manikin height possibly cumulate at the head level,

creating a higher possibility to observe great discrepancy there.
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Fig.5. Measured and simulated air temperatures near the back head, side upper arm, and front upper leg, as
well as SD and RMSD for all the body parts measured.
Sensible heat transfer coefficient at the manikin surface
Based on the simulated sensible heat flux from the manikin's surface, the sensible heat transfer coefficients
were calculated. They are presented in Fig.6 (sim0), along with the measured data from the manikins
considered (Fig.1). However, only data from manikins SAM, ANDI, Newton 1, and Newton 2 is given.
They show the highest comparability with sim0 because they had either the same body shape but different
climatic chamber for Newton 2 or the same climatic chamber but different body shape for SAM, ANDI,
and Newton_1, as in sim0 (some framing and pieces of equipment were present in the chamber but not
simulated, which could locally influence the airflow). Except at the hand, foot, and leg, the simulated data
is within the spread of the measurements, which indicates good cross validation of this numerical model.
The high simulated total heat transfer coefficients at the hand, leg, and foot could be caused by the higher
simulated air speeds than the measurements at H4 and H5 height levels (Fig.4) in the proximity of lower

body surface caused by the manikin frame and equipment at the floor in front of the manikin.
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Fig.6. Simulated and measured total heat transfer coefficients using manikin SAM and different manikin
historical data (Newton 2 - the same body shape but different climatic chamber, SAM, ANDI, and

Newton_1 - the same climatic chamber but different body shapes than used in sim0).
2.5. Virtual human body and environment for parametric studies in chamber 2

Three standing virtual human body models, along with a seated and a lying version of the most realistic
model, were built for the investigation of the influence of body geometry and body posture on heat transfer
(Table 3). A cylinder subdivided into three parts is the simplest way of representing the human body, which
is often used in mathematical models, such as the two-node Gagge model [29] and the cylinder model
proposed by Xu et al. [30,31]. The second body geometry chosen for this study is composed of one sphere
and thirteen cylinders, which resembles more closely the real human body shape than the cylinder, and it
was built in accordance with the passive system dimensions of the thermoregulation model by Fiala et al.
[14]. The third one is a scanned and processed model of the manikin Newton Asia (Measurement
Technology Northwest, Seattle, WA, USA) using a 3D scanner (Handyscan 700, resolution: 0.05 mm,
precision: 0.03mm) and surface inspection software (Geomagic Qualify, Geomagic Inc., North California,
USA). A seated human body model was also obtained using the 3D scanning of the same manikin in a seated
posture and a lying posture, originated from rotating the standing scanned manikin model.

To make the numerical model more applicable for researchers in different fields, a simplified wind tunnel-
shaped virtual chamber 2 (Figure 2c; length: 6.0 m, width: 4.0 m, height: 2.7 m) was built for the
representation of a generic indoor occupational space. The virtual human bodies were placed 3.37 m away
from the inlet of the chamber, and they were floating 8.5 cm above the floor.

Table 3 Detailed information of the virtual human body models.

Virtual human body model Body
Body
Body segments ) surface
Name Sketch height
area

11



Cylinder 3
1.80 m 1.6008 m?

man (head, chest and back, legs)
14
v (head, neck, left shoulder, right shoulder,
Tinman : ) chest and back, left arm, right arm, left 1.65 m 1.7474 m?

hand, right hand, pelvis, left leg, right leg,

[

left foot, right foot)

15
_] (head, chest and back, left upper arm, left
Scanned - A lower arm, right upper arm, right lower
[ § | ey 1.72 m 1.6488 m?
man ; arm, left hand, right hand, pelvis, left

thigh, left calf, right thigh, right calf, left
L foot, right foot)

2.6. Numerical method for parametric studies in chamber 2

In total, seven simulations were designed and conducted for the investigation of the influence of human
body geometry, human body posture, and the surrounding environment (room configuration, room size, and
wall emissivity) on heat transfer. Table 4 lists the boundary condition settings for each of the seven
simulations. Sim7, which aims to investigate the influence of room size on heat transfer, was conducted in
a slightly bigger chamber (length: 9.0 m, width: 6.0 m, height: 3.0 m) transformed based on virtual chamber
2, with the same distance between manikin and inlet.

According to the simulation method verified in section 2.3, the k- model and surface-to-surface radiation
model were used for turbulence flow and radiation simulation, respectively. The wall function was
automatically employed using the k-¢ model. The settings for the boundary layer mesh and skin surface
mesh were also defined according to the verified simulation of chamber 1. An inlet air velocity of 0.2 m/s
was set in order to get natural airflow.

The convective (qc) and radiative heat flux (q;) at the manikin surface were obtained by computing the
simulations using COMSOL. The total heat transfer coefficient (h;), convective heat transfer coefficient (h.),
and radiative heat transfer coefficient (h;) were then calculated by dividing the flux by the temperature
gradient between the manikin surface and environment. The impact of body geometry, body posture, room
configuration, room size, and wall emissivity on heat transfer from the body surface to the environment was

investigated by comparing hy, he, and h, between relevant simulations, as indicated in Table 4.
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Table 4 Boundary conditions of the simulations for parametric studies.

Simu- Inlet air Skin and air  No. of Wall

, . ... Body Body .
lation  velocity  temperatures mesh emissivity Investigated factor
geometry posture

No. (m/s) (°0) elements (&)

siml 1.73 M 0.93 cylinder man standing  Study 1: Body

sim2 1.22M 0.93 tin man standing ~ geometry (siml,

sim3 1.55M 0.93 scanned man  standing ~ SiM2, sim3)

sim4 276 M 0.93 scanned man  seated Study 2: Body

sim5 0.97M 0.93 scanned man lying posture (sim3, simd,

sim6 1.55M 0.05 scanned man  standing sim3)
Study 3: Room

0.2 34,22 . .

configuration (sim 0
and sim6)
Study 3: Room size

sim7 1.68 M 0.93 scanned man  standing (sim3 and simT)
Study 3: Wall
emissivity (sim3 and
sim6)

3. Results

3.1. Study 1: Heat transfer coefficients from different human body geometries

Fig.7 shows the simulated overall and local heat transfer coefficients (total, convective, and radiative) at the
body surface of the cylinder man, tin man, and scanned man. For the cylinder man, as the chest, back, arm,
pelvis, and hand segments are simplified as one single cylinder partitioned into an anterior sector and a
posterior sector, the values for the chest and back segments were derived from the anterior and posterior
sectors, respectively, and the values for the arm, pelvis, and hand segments were assigned as the average
value from the anterior and posterior sectors. The minimum and maximum data from the measured datasets
according to Fig.1 is also given in Fig. 7. Fig. 8 shows the air temperature distribution around the human

body models for different body geometries from both front and side views.
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3.2. Study 2: Heat transfer coefficients in different human body postures

Fig. 9 presents the simulated overall and local heat transfer coefficients at the scanned man body surface for
standing, seated, and lying postures. Fig. 10 shows the simulated air temperature distribution around the

scanned man body surface in different postures in both front (top) and side views.
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3.3 .Study 3: Heat transfer coefficients from the human body in different surrounding

environments

Fig. 11 shows the simulated overall and local heat transfer coefficients from the scanned man surface in

different surrounding environments, such as sim3 (chamber 2, €=0.93), sim0 (chamber 1, £€=0.05), sim6
15



(chamber 2, €=0.05), and sim7 (larger chamber 2, €=0.93). The influence of room configuration, which
affects the air flow pattern (comparing sim0 and sim6), room size (comparing sim3 and sim7), and wall

emissivity (comparing sim3 and sim6) on heat transfer, can be observed by comparing respective datasets.
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Fig. 11. Simulated overall and local heat transfer coefficients from the scanned man surface in four
different environments, a) total heat transfer coefficient, b) convective heat transfer coefficient, and c)

radiative heat transfer coefficient.
4. Discussion

4.1. Influence of human body geometry simplification on the heat transfer coefficient

To find the balance between model simplification and predicted accuracy, a comparison of heat transfer
properties between human body geometries with different simplification levels, such as the scanned man,
tin man, and cylinder man, which were typically used in thermoregulation models and lab measurements,
was performed. As a fully anatomically shaped model, the scanned man is considered a basic reference for
the tin man and cylinder man and is supposed to show the most equivalent heat transfer properties compared
to measurements with full-scale manikins. For the total heat transfer coefficient (h;, Fig. 7a), the simulated
data for the body parts was within the measured data spread of the manikin, except the back with h,, which
was lower than the minimum measured data by 1.1 W/(m?°C). Variations in h; were observed as the human
body was simplified into the cylinder man and tin man. For the overall h,, the differences between body
geometries were small and within 0.6 W/(m? °C) (4.2% higher value for the cylinder man and 6.7% lower

value for the tin man compared to the scanned man).
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Locally, for the cylinder man, h, at the trunk (chest, back, and pelvis) was 8.0-36.0% (0.6-2.2 W/(m? °C))
higher than that of the scanned man. According to Fig. 7b and c, the higher values come from both the
convective heat transfer coefficient (h) (8.4-15.9%) and the radiative heat transfer coefficient (h;) (7.8—
13.3%). For the h, 8.4-150.2% higher values were found at the trunk, with the greatest difference found at
the back. It seems that the smooth cylinder-shaped body surface of the cylinder man made the thermal flow
over the body surface more fluent than at the curved body surface of the scanned man, resulting in greater
heat loss. A measurement study by Zukowska et al [32] comparing the thermal plume above four seated
thermal manikins with different geometry simplification levels also proposed the simplified smooth body
geometry without legs would cause less realistic thermal plume than a real manikin. The existence of limbs
and its impact on thermal plume cannot be disregarded. With regards to the radiative heat transfer, the whole
surface of the cylinder man was exposed to the surrounding radiation field and, therefore, had a 100%
effective radiation area, while the effective radiation area for an anatomic body is generally assumed to be
around 73% as some body parts face each other [33]. Thus, higher values of h, were found at every body
segment for the cylinder man compared to the scanned man. For the limbs, the discrepancy in h between
the cylinder man and the scanned man was within +0.2 W/(m? °C). However, the discrepancies for both heat
transfer coefficients, h. (Fig. 7b) and h, (Fig. 7¢), show remarkably different values (a lower value of h. by
0.56-0.69 W/(m?°C) and a higher value of h, by 0.58-0.78 W/(m?°C) at arm and leg segments of the cylinder
man compared to the scanned man). For the lower h. at the arm, the possible reason could be related to the
area-weighted calculation. As there is actually no arm in the cylinder man, h. at the arm was an area-
weighted value of the chest and back of the cylinder man. According to the values given by the scanned
man, the chest and back parts originally had lower h. values than the arm. A lower h. value at the arm
segment of the cylinder man would thus occur.

For the tin man, which simplifies the human body into thirteen cylinders and one sphere, less of a difference
from the scanned man in convective and radiative heat exchange with the environment was expected due to
the presence of actual limbs compared to the cylinder man. Nonetheless, some differences in the course of
buoyancy air flow around the body were observed. According to the air temperature distribution around the
tin man (Fig.8c) and the scanned man (Fig.8a), the thermal plume building up at the leg of the tin man was
blocked by the bottom part of the pelvis (cylinder representing pelvis segment that is two times larger in
radius than the leg cylinder connected to it at the bottom), while it smoothly continued along the trunk of
the scanned man. Much more heat was gathered behind the leg of the tin man than the scanned man, which
resulted in 14% and 36% lower h. values at the leg and foot of the tin man, respectively. Besides, higher air
speed was found at the back of the tin man (0.12 m/s) than for the scanned man (0.09 m/s), which contributed
to the higher h. values at the back of the tin man (Fig.7b), probably related to the hollow lower back of the

scanned man that dissipated the buoyancy flow and, hence, reduced the air speed.
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In terms of radiative heat loss, the tin man provided values near the scanned man on overall h; and local h;,
except at the hand and foot, compared to cylinder man (Fig. 7c). This local discrepancy (h; higher by 14.8%
at the hand and lower by 12.2% at the foot) plausibly resulted from the difference in effective radiation area
at these particular body parts. The hand palm, which accounts for almost half of the hand area, was facing
the warm leg in the scanned man, while in the tin man it was mostly exposed to the radiation field of the
surrounding walls as a thin and long cylinder (31 cm length and 2.6 cm radius). For the foot, this
phenomenon was reversed, where the sole and instep of the scanned man was mostly exposed to surrounding
environments as opposed to two long and slim cylinders facing each other in the tin man.

In summary, if only the overall thermal property instead of the local thermal property of a human body is
of interest, a simplified cylinder man would be effective for total and convective heat transfer studies and
would be helpful in reducing model complexity and computational cost, while risking overestimating
radiative heat transfer by 11%. The tin man, which has an identical construction as the simplified human
body used by the Fiala model [14], was proven to also be effective when the regional thermal properties
were not considered. However, the complexity of the body geometry increases the difficulty for meshing
work and computational cost while doing numerical simulation. Thus, the body geometry of the tin man is
suggested only for analytical modelling. An anatomic human body model is always the best choice for heat
transfer studies when thermal properties of local body parts are of importance.

Body geometry was addressed by previous studies as one of the factors creating differences in heat transfer
properties when comparing measurements and models. However, those measurements and models are not
always ideally comparable due to differences in the environmental setup [8]. The heat transfer coefficients
on different human body geometries, which were typically used in the physical measurements and modelling
work, were obtained based on the same environmental condition and simulation method in this study. This
ensures that body geometry is the only changing variable, making the heat transfer properties acquired on

different body geometries completely comparable.
4.2. Influence of human body posture on the heat transfer coefficient

In different body postures, such as standing, seating, and lying, the different body part orientations and areas
contribute to a varying buoyancy flow and radiative effective area.
According to Fig. 9, both convective and radiative heat transfer coefficients at the scanned man surface
decreased for seating and lying postures compared to the standing body. The overall h. and h; decreased by
18.4% (0.63 W/(m?°C)) and 5.2% (0.26 W/(m?°C)), respectively, for the seated posture and by 27.4% (0.94
W/(m?°C)) and 10.6% (0.53 W/(m? °C)), respectively, by for the lying posture. As a combined effect of
convective heat and radiative heat, the overall h, decreased by 10.6% (0.89 W/(m?°C)) for the seated posture
and by 17.5% (1.47 W/(m?°C)) for the lying posture. These differences between body postures (0.89-1.47
W/(m?°C)) are two to three times greater compared to the differences in overall h;caused by body geometry
18



simplification shown in Fig. 7(-0.56-0.35 W/(m? °C)). Therefore, the body posture seems to have a more
significant influence on heat transfer than the chosen body simplification.

For the seated posture, as the body parts below the knee remained at the same position as in the standing
posture, little change in convective heat transfer could be expected at the lower leg and foot. Indeed, less
than 10% discrepancy (0.41 W/(m?°C)) in h. (Fig. 9b) at the lower leg and foot segments of the scanned
man was observed between standing and seated postures. For the rest of the body parts, as their orientation
and height in the room changed between standing and seated postures, the thermal plume development
around them changed as well, as indicated in the air temperature distribution shown in Fig. 10. A large
decrease in h by 22.7-38.3% (0.61-2.21 W/(m? °C)) was found at the pelvis, chest, hand, and upper leg
parts of the seated scanned man when compared with the standing scanned man.

When the scanned man was lying, the orientation of all body segments changed entirely compared to the
standing position. The airflow was directed from the feet to the head of the scanned man and the thermal
plume developed across the body circumference and along the anterior parts, as is shown in Fig. 10c. In this
case, the h, values decreased even more than for the seated posture, by 18.6-59.5% (0.56-3.24 W/(m? °C))
at all body parts except for the lower arm and back (Fig9b). The greatest drop of 59.5% (3.24 W/(m? °C)]
was observed at the foot, which might be explained by the accumulation of heat rising by the buoyancy
force at the lower leg and heating the instep due to airflow being blocked by the sole.

Considering the thermal radiation between the human body and the environment, different view factors
between body parts (especially chest, arms, and legs) between standing and seated postures are expected to
influence h,. For example, the upper leg of the seated scanned man, which faced cooler walls, was
perpendicular to the warm chest and lower leg and, thus, gained more radiative heat from these segments
than in the standing posture (h; for seated posture decreased by 0.71 W/(m?°C) (14.9%). Similarly, a h, value
lower by 0.73 W/(m?°C) (13.9%) was found at the chest in the seated posture.

As the scanned man was lying 8.5 cm over the floor, the warm posterior part of the body was very close to
the cool floor, resulting in 4°C higher temperature of the floor than in the standing case. Thus, 31.0% [1.58
W/(m?°C)) and 16.7% (0.83 W/(m?°C)) decreases in h, were found at the back and pelvis parts, respectively.
The influence of body posture on heat transfer found in this study was partially consistent with findings
from previous experimental studies [18,19] on sensible heat transfer exchange from the manikins Monika
and Maria in different postures. On the one hand, lower overall h. and h,; and higher local h. values at the
lower arm were found for the seated posture compared to the standing posture. The manikin Maria had a
higher (5.7%, 0.21 W/(m?°C)) h, in the lying posture compared to the standing posture, which is contrary to
the scanned man. Such an inconsistency could be attributed to the difference in the environmental settings,

which were unfortunately not clearly reported in the study by de Dear et al.
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4.3. Influence of the surrounding environment on the heat transfer coefficient

Considering the possible influence of the environment on the heat transfer properties, total, convective, and
radiative heat transfer coefficients at the scanned man's surface were obtained in four different environments
with changing air flow patterns, size of the room, and emissivity of wall.

For the changing air flow organisation, the results from chamber 1 used in the validation study and generic
chamber 2 from the parametric studies were compared (in both cases €=0.05 with only a slight difference in
size). Although both cases represented very close average volume air speeds in the small cylinder domain
(shown in Fig.2) around the scanned man (0.27 m/s for chamber 1 and 0.19 m/s for chamber 2), different
local air speed profiles were observed (Fig.12a and b)), especially below the height of the pelvis. Also,
different thermal plum phenomena were observed (Fig.12 ¢) and d). This led to some remarkable
discrepancies in h, (Fig.11b), with the greatest at the hand (7.41 W/(m?°C)), leg (5.60 W/(m?°C)), and foot
(5.11 W/(m?°C)). This could explain the large differences between h; shown in Fig.1, measured on manikins
in different labs. The same average air speed around the human body, based on a few measured points in
different labs, does not ensure the same airflow pattern and is likely to cause different convective heat
transfer properties. In the case of the different chamber size (chamber 2 and larger chamber 2, €=0.93) with
the same air flow organisation, no substantial difference in h. was found at the scanned man's surface, as
expected (—0.24-0.07 W/(m? °C), Fig. 11b). The h;, value increased slightly in the larger chamber 2 (0.08—

0.11 W/(m?°C)) due to changes in view area factors of the body while towards larger walls (Fig. 11c¢).
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Fig.12. Airflow pattern in a) chamber 1 (¢=0.05) and b) in chamber 2 (¢=0.05), as well as air temperature
distribution in ¢) chamber 1 (¢=0.05) and d) in chamber 2 (¢=0.05) from the side view and front view. (The
legend of air speed in a) and b) was set from 0 to 0.4 m/s to make the airflow change more visible.)

The comparison of chambers with the same wall emissivity indicated that the radiative heat transfer
coefficient will only negligibly change even if the airflow organisation and room size change and as long as
the wall emissivity remains the same (Fig.11c¢). The radiative heat transfer coefficient of the whole human
body was around 5.0 W/(m? °C) in a typical indoor room (£=0.93), which is close to the value of 4.7
W/(m?°C), considered a reasonable whole-body estimate for general purposes in the ASHARE Handbook
of Fundamentals [34]. However, this value decreased to 3.9 W/(m?°C) (drop by 22%) in a climatic chamber
with steel-lined walls (¢=0.05). Furthermore, as the radiative heat accounts for nearly 60% of the total
sensible heat flux under natural air flow conditions (according to both our study and the study by Kilic et
al. (Kilic and Sevilgen, 2008)), the total 13% underestimation of the sensible heat flux will consequently be
observed. Although it was theoretically known that surface emissivity has an impact on radiative heat
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transfer, this rather large quantified difference reveals the need for careful interpretation of results obtained

in steel-lined climatic chambers for to typical occupational spaces in real life.
5. Conclusions

In this study, we developed a numerical method for simulating heat transfer between the human body surface
and the environment using the CFD software COMSOL Multiphysics. Successful validation of this method
was performed by comparing the simulated air speed in the environment (RMSD: 0.05-0.19 m/s at five
height levels), the air temperature in the proximity of the human body surface (RMSD: 0.11-0.64°C), and
the sensible heat transfer coefficients from the body surface with the corresponding measured values in a
climatic chamber with the same configuration.

With the validated numerical method, the influences of body geometry simplification, body posture, and the
surrounding environment on overall and local heat transfer coefficients at the body surface were investigated.
The simplification of body geometry had only a moderate influence on the overall heat transfer coefficient
(-0.56-0.36 W/(m?°C)), but a remarkably larger influence on the local heat transfer coefficients (—1.71-1.50
W/(m?°C)). Human body posture changes had more prominent influences on total heat transfer coefficients
than human body geometry simplifications, with the highest difference of 3.05 W/(m?°C) found at the foot.
The room configuration greatly influenced the air flow configuration and consequently had a large influence
(over 50%) on convective heat transfer from the body surface. The room size was found to have very little
impact on convective heat and radiative heat, while wall emissivity highly influenced radiative heat (22%
discrepancy in radiative heat and 13% in total sensible heat between a typical indoor wall and a steel-lined
climatic chamber wall). Thus, inclusion of an anatomic human body shape for heat transfer studies is
suggested only where local physiological effects and thermal sensation are of particular interest. Future
modelling of human thermoregulation should also consider human body posture for obtaining more accurate
predictions. A comparable room configuration and airflow pattern is the premise for conducting
comparisons between heat transfer studies in different labs or simulations. Additionally, based on the
comparisons between body geometries, it is recommended for verification work to validate both convective
heat and radiative heat loss whenever feasible since a good match of total sensible heat loss can be composed
of underestimation and overestimation of individual heat transfer mechanisms. The modelling/simulation
approach, along with the human body—environment interface models validated in this study can be used for
coupling with the human thermoregulation model so that a complete numerical thermal manikin can be built

with thermoregulation algorithms governing skin temperature and sweat rate.
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