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1. Introduction

ABSTRACT

This paper aims to improve the Salloum et al. multi-node multi-segmented model [M. Salloum,
N. Ghaddar, K. Ghali, A new transient bio-heat model of the human body and its integration to clothing
models, Int. ]. Therm. Sci. 46 (4) (2007) 371-384] to accurately predict the circumferential skin temper-
ature variation of nude and clothed human body segments when subject to complex transient and spa-
tially non-uniform radiative environments. The passive bioheat model segments the body into the 15
cylindrical segments. Each body segment is divided into one core node, six angular skin nodes, one artery
blood node, and one vein blood node. The model calculates the blood circulation using the Avolio model
[A.P. Avolio, Multi-branched model of the human arterial system, Med. Biol. Eng. Comp. 18 (1980) 709-
718] for arteries and arterioles up to 2 mm in diameter and the Olufsen et al., semi-analytical model [M.S.
Olufsen, C.S. Peskin, W.Y. Kim, E.M. Pedersen, A. Nadim, J. Larsen, Numerical simulation and experimental
validation of blood flow in arteries with structured tree outflow conditions, Ann. Biomed. Eng. 28 (11)
(2000) 1281-1299] for small arteries and arterioles up to a minimum diameter of 0.3 mm; thus improv-
ing prediction of blood perfusion rates in the skin. Unsteady bioheat equations are simultaneously solved
for the nodes of each body segment to predict the skin, tympanic, and core temperatures, sweat rates, and
the dry and latent heat losses. The nude body thermal model is integrated to a clothing model that takes
into consideration the moisture adsorption by the fibers to predict heat and mass diffusion through the
clothing layers. The clothing layer is divided into six parts that are aligned to the skin sub-nodes for each
clothed segment. The local and mean skin temperature can then be estimated in response to non-uniform
environments.
The nude body and the clothed model predictions were compared with published experimental data at a
variety of ambient conditions, non-uniform conditions and activity levels. The current model agreed well
with experimental data during transitions from hot to cold, dry to humid environments, and in asymmet-
ric radiative environments. Both the nude and clothed human models have an accuracy of less than 6% for
the whole-body heat gains or losses; the nude human model has an accuracy of +0.35 °C for skin temper-
ature values.

© 2008 Elsevier Ltd. All rights reserved.

Numerous human bioheat models have been developed in the
past few decades with the aim of predicting human thermal re-

Non-uniform and transient environments are typically encoun-
tered in buildings and in situations where exposure to high or low
temperature surfaces or sources is part of the job of the person. For
example, fire fighters, astronauts, and drivers are frequently ex-
posed while in duty to thermal stresses induced by overheating
or overcooling of local areas of the body. Knowledge of human
thermal response to non-uniform and disparate environments
even over short periods of time is important to assess physiologic
performance, comfort, and safety.

* Corresponding author. Tel.: +961 1 3500000x3594; fax: +961 1 744462.
E-mail address: farah@aub.edu.lb (N. Ghaddar).

0017-9310/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijheatmasstransfer.2008.04.017

sponses and body heat loss in steady and uniform thermal environ-
ments at various activity levels to relate the human thermal state
and thermal sensation to comfort. The model development went
into stages starting from analytical bioheat models of Pennes [4]
and Weinbaum and Jiji [5], followed by two-node models of core
and skin heat balances led by work of Gagge [6], to multi-node sin-
gle-segment and multi-segment models of the human body and its
thermoregulatory responses that were initially developed by
Stolwijk [7,8], Wissler [9], and Wyndham and Atkins [10].
Subsequent bioheat models of Huizenga and Hui [11] (known as
the Berkeley model), Tanabe and Kobayashi model [12], and Fiala
et al,, [13], and Salloum et al. [1], (known as the AUB model) were
extensions and improvements of multi-node multi-segment
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Nomenclature

A area (m?)

AUB American University of Beirut

C thermal capacitance (J/K)

c specific heat (J/kg K)

Foxioj view factor between skin sector i and surface j

h(t) pulsating blood flow convective heat transfer coefficient
(W/m?K)

he convective heat transfer coefficient (W/K m?)

he evaporative transfer coefficient (W/kPa m?)

heg water latent heat of vaporization (J/kg)

Rmean mean non-pulsating blood flow convection coefficient
(W/m? K)

hij radiative heat transfer coefficient between surfaces i
and j

Ik skin evaporative resistance, (m? kPa/W)

Task evaporative resistance of air layer adjacent (m? kPa/W)

K conductance (W/K).

L, length of the body segment n

M metabolic rate (W)

Miotal total metabolic rate (W)

w external work (W)

m blood mass flow rate (kg/s)

Mew sweat rate (kg/s)

P vapor pressure (kPa).

Psat sk saturation vapor pressure at the skin temperature (kPa)

Qrad,i heat transfer by radiation (W)

Qs heat of adsorption (J/kg)

r radius (m)

R local fabric regain (kg of adsorbed H,0/kg fiber)

Rq combined air-clothing layer dry resistance (m? K/W)

Ra fab fabric dry resistance (m? K/W)

Re combined air-clothing layer evaporative resistance
(m? kPa/W)

Re fab fabric evaporative resistance (m? kPa/W)

t time (s)

thg thickness of skin node sector (m)

T temperature (°C)

Greek symbols

o skin absorptivity

ATy, radiative temperature asymmetry

d; non-uniformity in skin temperature of segment i (K)

& surface emissivity

0 angular coordinate

0 density (kg/m?)

1% Stefan Boltzmann constant

Subscripts

a artery

bl blood

bl,a artery blood

bl,v vein blood

C convective

co constricted

cr core

cr-sk between core and skin

dil dilated

fab fabric

i skin node sector index (i = 1-6)

mean  mean

n segment number

perfusion, total: total blood perfusionr
radiative

resp respiratory

sk, skin skin

S sorptive

shiv shivering

\Y vein

Greek subscript

00 ambient

models [6-9] as more experimental data on human physiology and
human circulatory system became available. The multi-segmental
bioheat models were based on theories of physiology, thermody-
namics and transport processes for the prediction of thermal
behavior of either the entire human body or a part of it [1,11-
15]. More complex 3D finite element bioheat model was also
developed by Smith [16] (known as the KSU model) but the model
is computationally prohibitive for integration with space thermal
models to predict the human thermal comfort state.

Few of the developed multi-segmented bioheat simulation
models dealt with spatially non-uniform and time varying environ-
ments [14,15,17]. Latest thermal comfort models for transient and
non-uniform thermal environments are moving towards relating
global comfort sensation to mean and local skin temperatures, core
temperature, and local heat transfer [17-20]. There is a need to
develop accurate and computationally effective bioheat models
of nude and clothed human that are capable of predicting circum-
ferential skin temperature variation in response to a transient non-
uniform environment. The multi-node multi-segment AUB
(American University of Beirut) model [1] used accurate and
realistic representation of the arterial system including blood flow
pulsation. The AUB model was based on exact anatomical data of
the human body [2] and real dimensions and anatomic positions
of the arteries in the body. The model used the heart rate as input
and calculated blood perfusion in the core tissue based on the
pulsating arterial system model. The AUB model, however, was

not sensitive to angular variation in skin temperature. The model
is in need of improvement before it can be used in non-uniform
environment applications [21-23].

The aim of this work is to extend the AUB bioheat model for the
nude and clothed human body to transient non-uniform environ-
ment applications by accounting for heat exchanges in angular
directions of each of the body segments and to further improve
the model predictions of blood perfusion rate in the skin under
non-uniform angular heat exchanges with environment. The skin
nodes of clothed segments of the human body will be associated
with a simple two-dimensional multi-clothing layer model to pre-
dict skin local temperature and asymmetric heat exchange through
clothing layers. The improved model will be validated against pub-
lished experimental and simulation data of thermal response in
transient uniform and non-uniform environment.

2. Improvemnets to AUB bioheat model

The AUB bioheat has undergone two major improvements. The
first is related to modeling asymmetry in each segment of the hu-
man thermal model and the second is related to improving blood
circulatory model for prediction of perfusion flow rates in the skin
nodes. The following sections outline the improvement followed
by energy balance integral equations for all the nodes and the
clothing.
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2.1. Modeling passive system asymmetry (two-dimensional heat
conduction)

The AUB multi-segmented bioheat model is extended to two-
dimensions in each segment to represent heat transfer in angular
direction in addition to the radial direction. Salloum et al. [1] di-
vided the human body into 15 segments: head, chest, upper arms,
forearms, hands, thighs, calves, and feet. In this work, each of the
15 nude body cylindrical segments is composed of six skin nodes
instead of the one node in the AUB model, one core node, an artery
node, and a vein node that sum up into nine nodes as shown in
Fig. 1. Fiala et al. [13] used three angular skin nodes in their dy-
namic model while the current model is using six nodes. Asymme-
try is well captured when the skin is decomposed to six angular
equal parts as was reported by Mungcharoen and Wissler [24]
and Iyoho et al., [25]. The clothing layer is divided into six parts
that are parallel to the skin nodes as shown in Fig. 1. The clothing
model is based on radial heat and mass diffusion through the fabric
that accounts for moisture absorption by the fibers. The heat gen-
erated by the human body is enhanced or dissipated to the envi-
ronment through radiation, convection, and evaporation to
maintain the core temperature within a narrow range.

2.2. View factors determination

The radiative heat exchange of the person and surrounding non-
uniform surfaces necessitates accurate calculation of view factors
between surrounding surfaces and various body elements. These
calculations, performed over an irregular human body shape and
arbitrary position of body parts is computationally expensive, par-
ticularly when body surfaces are close to a radiating wall and some
body limbs shadow other parts of the body from radiating surfaces.

Radiation

Artery Node

Vein Node

Clothing Nodes

Radiation
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The Fanger graphical method [26] cannot be used since it is for
whole-body view factors rather than individual segments. The
view factor between any two surfaces in space is calculated using
a Gaussian integration technique for any surface dimension, and
orientation. In this work, an improved and rapid method is devel-
oped using the analytical model of Gross et al. [27] and Krishnapra-
kas [28] for simple surface geometries and the Ghaddar et al. [29]
computer model for cylindrical surfaces. The Ghaddar et al. [29]
model was based on a detailed finite element method for perform-
ing the Gaussian integration and using the shadowing algorithm of
He [30] to accurately compute shape factors between surrounding
walls and each segment skin/clothing node for any surface orienta-
tion or shape. A comparison between view factors obtained in this
model and the Fanger results for a standing and a seated person
facing a vertical wall has shown good performance of the present
model.

2.3. Circulatory system model

In any body element, the blood exiting the arteries and flowing
into the capillaries is divided into blood flowing in the core that ex-
changes heat by perfusion in the core and blood flowing into the
different skin parts and exchanges heat by perfusion in the skin
after crossing the core tissue. Fig. 2 shows a plot of (a) the blood
flow in arteries and veins and (b) a representation of core, skin, ar-
tery blood, and vein blood nodes and heat exchanges between the
nodes for a body segment and with adjacent segments. The blood
entering a segment (from an artery) will split into a perfusion flow
(including the skin blood flow) in the considered segment and a
blood flow entering the adjacent segment. The opposite takes place
in the veins for the same segment (see Fig. 2b). For peripheral

Convection
+
Evaporation

_Conduction

‘ll[ﬂ"m’llll >
: -f/lf/:,,l'«“%
“ / Q,zﬁ Core Node
Skin Nodes

Convection
+
Evaporation

Fig. 1. Schematic of segmental nodes of core, skin, artery, vein, and clothing.
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Fig. 2. Representation of (a) blood flow in arteries and veins and (b) core, skin, artery and vein nodes and their interaction for a nude body segment.

segments (head, hand and foot), the blood entering rate is equal to
the blood perfusion rate and the blood exiting rate.

The purpose of the explicit blood circulation representation
used in the AUB bioheat model is to predict the blood flow and
pressure at any position along the larger systemic arteries defined
by Avolio [2]. This was done in this work by using the nonlinear
formulation of the Avolio model [2] for larger arteries and by using
the model developed by Olufsen et al. [3] and Olufsen [31,32] for
smaller arteries. The arteries are represented by uniform thin-
walled elastic! tubes with realistic arterial dimensions and wall
properties. The human circulatory system was represented by 128
arteries with lengths drawn proportional to actual vessel length
while each artery vessel is identified by a branch number. The details
of length and diameter of each cylindrical vessel can be found in
Avolio’s work [2]. The minimum artery diameter in the Avolio model
[2] was 1.2 mm and the peripheral beds were considered as pure
resistors. The principal variables of an arterial segment are the char-
acteristic impedance and the propagation constant. The expressions
of the complex characteristic impedance and propagation constant
for one artery can be found in the work of Avolio as a function of
the blood density, the pulsating frequency, wall thickness, wall
Young modulus of elasticity, and the Poisson’s ratio of the arterial
wall [2]. The problem when using a simple model for the peripheral

! The characteristics impedance of the artery flow in Avolio model is corrected to
include the effect of the wall Young modulus, wall thickness, and Poisson ratio in the
propagation constant and wave velocity.

beds such as pure resistor model [33] or Windkessel model [34,35] is
that these models are lumped and they cannot include wave propa-
gation effects in the part of the arterial system that they model. The
idea adopted in this work for modeling of the blood circulatory sys-
tem follows the Avolio model for the large artery tree, while small
structured artery trees at each terminal follow the Olufson model
[31,32]. In the model, the inflow boundary conditions are calculated
by representing the heart outflow using Fourier series and the out-
flow boundary conditions are calculated using the small arteries
model [3,31,32]. Regarding the small artery model, it is sufficient
to calculate the impedance recursively in order to reach the large
arteries. The heart outflow is the input boundary condition to the
Avolio tree [36]. A recursive system is used to generate the arterial
tree and terminates at a minimum radius that was selected to be
0.03 mm. The distribution of Avolio arteries and inlet and outlet
arteries of each segment, and basic body parameters at basal meta-
bolic generation can be found in Salloum et al. work [1].

3. Mathematical model
3.1. Energy balance integral equations

The circulatory system model is used to predict the blood flow
in the arteries and veins and perfusion rates in the core while the
skin perfusion blood flow is calculated based on empirical and
experimental correlations reported by Fu [37]. The perfusion blood
flow rate (Mperusion) through the capillaries is calculated by
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Fig. 3. Plots of (a) the input impedance amplitude and (b) the input impedance
phase as function of the pulsation frequency for the current model and the publi-
shed data of Mills et al. [50], and model results of Salloum et al. [1].

subtracting the exiting flow from the entering blood flow of the
considered segment. Larger arteries, veins, and arterioles are as-
sumed to exchange heat by convection with the core of the body.
The venules located in the tissue (skin and core) exchange heat be-
tween the core and the skin. These small vessels play a major role
in thermoregulation where the skin blood flow varies as a function
of the core and skin temperatures [16]. The information is then
used to update the energy balances of each body segment.

The core energy balance of the AUB model of a body segment n
is modified to accommodate heat exchanges between the core
node and the six skin nodes as follows:

Mo &
Ccra—f:ZIQ,,-(Tskj—TC,)_ > h(t)-As
i=1 arteries

rterioles

- |:Z hmean 'Av:| : [Tcr - Tbl,v} + mperfusion.total - Cpl

veins

. [Tcr - Tbl.a}

6
. (Tbl,a - Tcr) + Z mskin.i < Cpl - (Tskj - Tcr) + Mcr

i=1
+M5hiv7W7“‘Qresp (1)

where C. is the thermal capacitance of the segment core, o is equal
to unity for the chest and zero for all other elements, W is the
mechanical work generated by the body, Q. is the heat dissipated
by respiration calculated based on the known ASHRAE correlations
[30], where K,; (W/°C) is the skin sector i to core conductance in

Table 1
Calculated basal perfusion blood flow rate of the current model and the published
data of Gordon et al. [39], Ganong [51] and Salloum et al. [1]

Human body Experimental Salloum et al. [1] Current model

segment perfusion flow rate  model perfusion perfusion flow
[39,51] (cm?/h) flow rate (cm?/h) rate (cm>/h)

Head 56,526 58,829 57,758

Chest 198,164 194,352 194,677

Upper arm 3852 3577 3612

Forearm 2152 2266 2224

Hand 1378 1502 1443

Thigh 6196 6520 6391

Calf 2741 2531 2551

Foot 1339 1288 1309

Total cardiac 290,006 288,549 287,494

‘output

segment n, The values of K are based on the correlations of Havenith
[38] and the physiological data of Gordon [39]. h(t) is the pulsating
heat convection coefficient of the blood flow in arteries, hyean is the
mean non-pulsating convection coefficient of blood flow in veins
which have twice the arteries diameter, Mperfusion wotal 1S the total per-
fusion rate of blood entering the core; mg,; is the skin perfusion
blood flow for skin node i, A, or A, is the surface area of the blood
vessel, M, is the basal metabolic heat generated in each segment
[16], and Mgy is the segmental thermoregulatory metabolic rate
generated by shivering. The respiration heat loss by convection
and evaporation is considered to be associated to the chest where
most of the dissipation occurs [12,16]. The heat dissipation by res-
piration in the head segment is negligible compared to the total
heat dissipation of the head. Bioheat models of Smith [16] and Tan-
abe et al. [12] used the same assumption. The blood specific heat ¢y,
is taken as 4000 J/kg K.

The term on the left-hand side of Eq. (1) is the rate of accumu-
lation of thermal energy per unit volume due to the changing tem-
perature of core tissue. The first five terms on the right hand side of
Eq. (1) represent: the heat exchange between the core node and
skin nodes by conduction; the heat exchange between the core
node and the arteries by convection; the heat exchange with veins
by convection; the net heat flow associated with perfusion blood
flow through capillaries entering the core at the arteries blood
temperature and leaving at the core temperature [9,40,41]; and
the net heat exchange associated with skin perfusion blood flow
rates, mgni, between the skin nodes and the core node. The heat
transfer coefficient h(t) is obtained from isothermal quasi-steady
wall correlation at Ty, at the instantaneous pulsating artery flow
velocities obtained from the circulatory model. The summation of
the product of the arteries and arterioles surface areas with their
corresponding pulsating heat transfer coefficients (3, eriesh(t)
A,) is performed over all the artery branches in the segment under
consideration. Similarly, the summation of the product of the veins
and venules surface areas with their corresponding mean convec-
tion coefficient is done for all the veins and venules of the segment
under consideration. The model formulation assumes complete
thermal equilibrium between blood and tissue [1] for all body
parts meaning that the blood exiting the core node and entering
the vein node is at core temperature. The thermal equilibrium
assumption is valid because the blood flow through the core tissue
is very slow and the core and blood system can be likened to a heat
exchanger with a very high heat transfer area, area/volume ~ 5000,
as calculated from Milnor's data [42]. This large heat transfer
area makes the outlet blood temperature equal to the core
temperature.
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The arteries node energy balance is given by

dT,
Cora '% =—| > h(t)-Aa| - [Toia — Tl
arteries
arterioles
+ 11, - Co1 * (Tl a.adjacent — Thi.a) (2)

where i1, is the mass flow rate of blood entering the considered
part through the inlet artery, and i, is assumed to change with
time within one period of pulsation like the cardiac ejection wave-
form. The first term in the right hand side of Eq. (2) is the heat ex-
change by convection through the arteries walls and the second
term is the net flow of heat through the inflow/outflow boundaries
from one segment to the next (see Fig. 2a). Note that for the chest,
there is no adjacent element, but the blood enters the chest from
the heart at the same rate as the blood returning from the veins
through the vena cava.
The vein node energy balance is given by

dT .
Cbl,v . dbtl,v = — |:Z hmean Av:| . [Tbl,v - Tcr] + Mmy - Cp

veins

: (Tbl,v,adjacent - Tbl,v) + mperfusion.total < Cpl + (Tcr - Thl.v) (3)

where i1, is the mass flow rate of blood entering the considered
part through the inlet vein and mpesfusiontotal 1S the perfusion blood
flow rate in the considered part where it enters the venous bed at
core temperature and leaves at vein temperature.

The energy balance of a skin node i of a nude body segment n
(n=1 to 15) is given by
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and Salloum et al. [1] and current model for a step change from 28 °C to 4.7 °C for
(a) head skin temperature; (b) upper arm; and (c) thigh.

T 1 0°Tgi .
Csx 65th = ksk.iLnthsk,ir_ aeszk'l + Kni(Ter — Tski) + Mskin,i + Chl
. (Tcr - Tsk,i) + Msk,i - Qrad,i - Ask,i : hc : (Tsl(.i - Toc)
_Ask.i . he . (Psk.i - PX) (4)

where Cgy is the thermal capacitance of the skin node i (=1-6), kgy is
the skin thermal conductivity (W/m? K), 0 is the angular skin coor-
dinate of the segment cylinder, L is the segment length, and thg; is
the skin node thickness, Mgy is the skin nodal metabolic rate equal
to the segment overall metabolic rate divided by the total number
of skin nodes in that segment. The skin nodal blood perfusion rate
Mskin; depends on the skin node temperature. A model is developed
to estimate the angular distribution of the skin blood perfusion
rates in response to non-uniformity in skin temperature

0 = (Tskm_,- - (Zf:] Tsldn,,v) /6). The total skin blood perfusion rate

is divided into nodal values that are inversely proportional to the
deviation of the individual skin node temperatures from the mean
temperature of all the nodes in that segment.
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Fig. 6. A plot of measured data of Jones and Ogawa [45], the predicted values of
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mskin.i = mskin.mean <1 + m) (5)
The last two terms of Eq. (4) represent the heat loss by convection
and by evaporation from the skin to environment at temperature T,
and vapor pressure P.. The evaporation coefficient h. is deduced
from the convection coefficient h. by Lewis relation of h. = 16.5h.
[44]. The external convection coefficients are determined using
the correlation of Wang [43]. The skin vapor pressure, Pg; is esti-
mated using Jones model as [44]

Psat,sk.i . Ia-sk + Poo . Isk + Msw i - hfg ) Isl( . Ia-sl(

Py =
! Isk =+ Ia-sk

(6)

where I is the evaporative resistance of the skin which is approx-
imately 0.33 m? kPa/W for a well-hydrated person, I,_¢ is the evap-
orative resistance of the adjacent air layer in m? kPa/W and my,, is
the local sweat rate (kg/m? s) [37]. The value of the skin vapor pres-
sure is subject to the constraint that the vapor pressure calculated
in Eq. (6) cannot exceed the saturation pressure at Ty ;. Eq. (6) ap-
plies even if the sweat rate is zero. Jones and Ogawa [45] included
in the boundary condition the accumulation of moisture on the skin
and the evaporation of that moisture through a mass balance at the
skin surface subject to the constraint that the accumulated mois-
ture is less than 0.035 kg/m? based on the maximum sweat layer
that can be sustained over the body which is about 35 pm [45].
The heat flux by radiation for skin node surface i is given by [46]

4 4
Qradi = &sk0 g — i E EjUTj Forioj (7)
J

where ¢ is the Stefan-Boltzmann constant, & is the skin surface
emissivity, T is the surface temperature, o is the skin absorptivity
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assumed to be close to unity [13], and j is the surrounding surface
index. Fyy, ij is the view factor between the skin surface node area
Asii and any other surface area A; in the surroundings. The radiative
flux can be written in terms of the radiative heat transfer coefficient
hyj as

Qradi = O hrij(Toi — Tj)Fsuivj (8)
J

where the radiative heat transfer coefficient h; is given by [47]
hrj = 4oeq(Ta; + T (Tsi + T)). (9)

The reflected radiation from the surrounding surfaces is not in-
cluded since the surfaces’ emissivities of humans and walls of
built-in environment are typically high (¢=0.9-1) and satisfies
Howell and Suryanarayana model condition for surface emittance
at 0.9 and above [46].

The clothing cylindrical layers are divided into six sectors
aligned with the skin nodes. Each clothing layer consists of a uni-
form porous material with constant evaporative and dry resis-
tances and thermal properties. The heat flux in the clothing
layers is considered unidirectional. A transient simplified mathe-
matical model for clothing layers is adopted based on Jones [47]
and Fu [37] models. The details of the simplified model can be
found in references [1] and [47] and will not be repeated here,
but data on the evaporative and dry resistances of fabrics are ob-
tained from published data bases of Fu [37] and McCullough
[48,49]. The obtained model is integrated with the nude body mod-
el through the skin node and can be manipulated for any number
of clothing layers on any body segment [1]. The energy balance
for the clothed skin node in Eq. (4) is modified to
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0T sk 1 Ty
Csk ast_k"l = ksl(,iLnthSk-,fr_Z 60521“ + Ki(Tcr — Tsk.i)

. Tsi — Tk

=+ Mkin,i - Cbl - (Tcr - Tsk.i) + Msk.i - % 'Asl(,i

d,airlayer,1

Py — Py

_ Dski fil 'Ask‘i (10)
Re,airlayer,l

where Tg; 1 is the fabric node i first layer temperature and Ps; ; is the
fabric node i first layer vapor pressure, Rqair 1ayer i the air layer dry
resistance and Re air 1ayer 1S the air layer evaporative resistance. The
dry and evaporative resistances of the air layer are reported by
Jones [44] as

hy (W/m? °C)

Ra air tayer :m k =24 mmW/m?°C (11a)
th, (mm)air layer thickness
a = 0.034 m? kPa/W
Re.air layer :a(l - eitha’/b) b=15mm (1 1b)

th, (mm) air layer thickness

3.2. Thermoregulatory control equations

The sudomotor and metabolic thermoregulatory functions fol-
low the KSU model of Smith [16] and Fu [37] and will not be pre-
sented here. For vasomotor, the skin perfusion blood flow rate is
evaluated from the thermal control equations which determine
the thermal interaction between the skin and core by blood perfu-
sion [1]. The same thermoregulatory control equations of Salloum
et al. [1] are used in the current work except that the segmental

36

mean skin temperature and the segmental skin blood perfusion
rate are given respectively by

6
mskin,perfusion = Z mskin.i (123)

i=1

6
Tsk.mean = Z Tsk‘i/6- (12b)
i=1

4. Numerical method

A simulation program was developed. The input to the pro-
gram consisted of the initial thermal state of the human body,
the metabolic rate, the ambient conditions, the clothing proper-
ties, the clothing layers thicknesses, and the physiological and
physical parameters inherent in the bioheat model of the human
body. A fully explicit first order Euler-Forward integration scheme
with a time step At of 0.02 s over the desired simulation period
for sedentary activity was used to solve the energy balance equa-
tions of the human body nodes for any segment where the respi-
ratory heat loss, blood flow rates, thermoregulatory responses
and skin vapor pressure were calculated from previous time step.
A smaller time step might be necessary at higher body activity le-
vel. The circumferential diffusion of heat in the skin node is dis-
cretized using central differencing. The view factors and the small
arteries impedance are extracted from their own databases cre-
ated previously. Numerical tests were for uniform time step sizes
of 0.02's, 0.01 s, and 0.005 s. The time step of 0.02 s was found to
be of sufficient accuracy for our cases at relative error of less than
0.008% in values of blood flow rates compared to the lower time
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step and 10-4% in temperature. In transient simulations, a smaller
time step size of 0.001s was used at the times when sudden
change in environment temperature or metabolic rate takes place.
In transient simulations, suitable initial conditions were deter-
mined starting from the neutral conditions of T, =36.8 °C, and
Ts=33.7 °C to simulate a relatively long exposure to any pre-
conditioning environment. Starting from uniform initial condi-
tions will result with lower temperatures at extremities in steady
environment. The obtained steady state values were then used as
initial conditions for all other unsteady calculations of various
node temperatures for all segments and the sensible and latent
heat loss from the skin.

5. Results and discussions
5.1. Circulatory system model validation

The arterial circulation system is validated against published
experimental data of Mills et al. [50] and model data of Salloum
et al. [1] by comparing the frequency response of the input
impedance (pressure to flow ratio) at the ascending aorta. The
current simulation is run at frequency steps of 0.05 Hz. Fig. 3
shows (a) the input impedance amplitude and (b) the input
impedance phase as function of the pulsation frequency for the
current model and the published data. The modification on the
circulatory model in the current step agrees better with experi-
mental data of Mills at al [50] than the Salloum et al. model
[1]. The better results of current model stem from the treatment
of impedances of small artery tree model up to smaller arterioles
diameter of 0.03 mm.

The arterial system is used to calculate blood flow rate to each
body segment and the amount of blood perfusion rates that are
carried from the core to the skin nodes. Table 1 presents the basal
perfusion blood flow rate calculated using the current model, the
published experimental perfusion flow rates of Gordon et al. [39]
and Ganong [51] and the Salloum et al. model [1]. The modified cir-
culatory model has improved predictive accuracy of blood perfu-
sion in the hand from 9% in Salloum et al. [1] model to 4.5% in
the current model. Similar improvements were also clear for the
head, for arm, thigh, and foot.

5.2. Model validation

The multi-segmented 2D model is validated by comparing sim-
ulated skin, tympanic and rectal temperatures with published
experimental [7,20,23] and simulation data of other nodal multi-
segmented [1] for steady and transient uniform and non-uniform
environment for a variety of activity levels.

5.3. Uniform environment

For a sedentary human condition, Hardy and Stolwijk reported
experimental data for the mean skin temperature for resting hu-
man subjects who wore only shorts [7] for an exposure period of
4 h at ambient temperature of T, = 28.5 °C and relative humidity
RH,. = 31% at metabolic rate M = 1 met (58 W) at neutrality of stea-
dy state thermal comfort. Fig. 4 presents the simulated results of
the modified current AUB model of (a) tympanic and body mean
skin temperature, and (b) latent heat loss as a function of time in
addition to the reported experimental data of Hardy and Stolwijk
[7] and data of Salloum et al. model at the same conditions of
the experiment [1]. Under steady state conditions, the mean skin
and tympanic temperature predictions are closer to the measured
values within +0.3 °C than Salloum et al. [1]. The latent heat loss
also agrees well with experimental measurement.

Cold-exposure experimental results of Raven and Horvath [52]
for a nude body are compared with current model results for a cold
step change in ambient temperature from 28.5 °C, 45% RH to 4.7 °C,
70% RH for a period of 2.5 h. Fig. 5 shows the measured [52], sim-
ulated temperatures of Salloum et al. [1], and current AUB model
for a step change from 28 °C to 4.7 °C for (a) head skin temperature,
(b) upper arm, and (c) thigh. The blood flow model has resulted in
better agreement with experimental data in limbs skin tempera-
ture predictions.

The clothed human body model is validated against the pub-
lished experimental data of Jones and Ogawa [45] and simulation
results of Fu [37] and Salloum et al. [1]. The experimental data
were reported for uniform environment at relative humidity of
50%, constant activity level of M = 1 met, and constant temperature
of 21.1 °C (70 °F) continuing for a period of 60 min. The test was
preceded by 45 min exposure to a cold environment of 4.4 °C.
The fabric composition and the fabric physical and thermal param-
eters of each clothing layers (cotton, mixed cotton polyester, and
polyester layers) used in the current comparison can be found in
Refs. [1] and [45]. Fig. 6 shows the measured data of Jones and
Ogawa [45], the predicted values of the current model and the model
results of Salloum et al. [1] and of Fu [37] of (a) sensible and (b) la-
tent heat losses to the environment from the clothed human body.
When the cold fabric is suddenly exposed to hot environment at
the same relative humidity, water vapor is adsorbed by the fabric
raising its temperature and hence reducing sensible heat loss from
the clothed human body. The current model simulation captures
the transient effect and reproduces much better agreement with
published experimental data of Jones and Ogawa than Salloum
et al. [1] and the data of the more detailed and complex model of
Fu [37].

A comparison of the clothed human model predictions against
experimental data reported by Kakitsuba [53] is performed. The
reported experiment protocol is similar to the one reported by
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Jones and Ogawa [23]. The experimental data were for subjects
wearing 100% cotton T-shirts and half shorts exposed to environ-
ment at 28 °C for a period of 30 min followed by a hot exposure
to environment at 40 °C for a period of 1 h. Kakitsuba reported
rectal and mean skin temperatures for the duration of the exper-
iment, while the trunk and clothing temperatures were reported
during the hot exposure period at 40 °C [1]. Fig. 7 shows the pre-
dicted (a) rectal and mean skin temperature and (b) the trunk
skin and clothing temperatures by the current model, the Sal-
loum et al. model [1], and by the experimental results of Kakit-
suba [53]. The predicted rectal temperature, mean skin
temperature and trunk skin temperatures are found to be consis-
tent with the experimental measurements and in better agree-
ment than Salloum et al. [1] model with a slight deviation in
the predicted trunk clothing temperature from the experimental
result due to the lumped approximation for the clothing element.
Water vapor absorption under transient conditions due to water
vapor accumulation in the microclimate could cause the clothing
temperature to increase and then decrease approaching steady
state condition. The model results show a similar increase/de-
crease in the trunk temperature to the experimental data of
Kakitsuba [53] but with a smaller delay than Salloum et al. mod-
el [1]. Similar delays between experimental data and model were
reported in literature [37] and attributed to the thermal load im-
posed by human test subjects when moving from pre-test condi-
tion chamber to the test chamber with a step change in
temperature.
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5.4. Asymmetric environment

Fanger et al. [54] conducted experiments in which they mea-
sured skin temperature in 14 locations of clothed subjects (clo-
value = 0.6) seated in a room with a heated ceiling (2 m x 2 m) at
height of 2.2 m above the floor with room air temperature range
of 20.6-24.1 °C and radiant temperature asymmetry range from 0
to 23.6 °C corresponding to ceiling and room air temperature dif-
ference from 0 °C to 48 °C, respectively. Fig. 8a shows the reported
measurements [54] and predicted values of current model of the
skin temperature of the forehead, the calf, the foot, and the mean
skin temperature as a function of radiant temperature asymmetry
due to the hot ceiling. Fig. 8b shows the corresponding predictions
of local temperature angular variation of the calf segment at radi-
ant temperature asymmetry AT, of 0 °C, 5 °C, and 15 °C. The model
predicts well the skin temperature with a maximum error of 0.5 °C
in the mean skin temperature. At radiation asymmetry of 15 °C, the
maximum local skin temperature difference of the calf reaches
4 °C. The segmental temperatures of the forehead, foot, and calf
have shown smaller error.

Hall and Klemm [23] reported data transient experimental mea-
surements from 27 experiments of 17 skin and rectal tempera-
tures, heart rate, and evaporation rate during 30 min supine and
50 min prone exposure. The human body previously in neutral
state is subjected to two radiative panels. The front panel is at
93.3 °C and the back panel at —6.7 °C. Fig. 9a shows the predicted
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mean arm skin temperature for the anterior and posterior expo-
sure for a period of 30 min as compared to experimental values
[23] that reach 42 °C and 25 °C at the end of the exposure period.
The predicted mean skin temperature of the anterior and posterior
surfaces agree well with measured values with a maximum devia-
tion less than 0.5 °C for the anterior part and +1.0 °C for the pos-
terior part. The anterior minimum temperature is far below the
anterior mean temperature because the perfusion blood rate is
minimal in the corresponding sectors. The angular variation of
the arm skin temperature predicted by the model is shown in
Fig. 9b where the minimum and maximum skin temperatures
reach values of 20 °C and 45 °C. The model captured the asymme-
try in skin temperature to an acceptable degree of accuracy.

Zhu et al. [55] further developed Smith’s 3D model [16] and
simulated a seated person subjected to convective air at 8 °C at
the floor level for two settings of the radiative panels’ tempera-
tures. The first case is at frontal panel temperature of 8 °C and back
panel at 8 °C and the second case for a frontal panel at 4 °C and
back panel at 2 °C. View factors for a seated person with room pan-
els were obtained using our finite element model, and results of
Zhu et al. [55] are reproduced using the current model. Fig. 10
shows the mean and local skin temperature for right and left parts
and rear and front values of temperature of each part for (a) the
uniform conditions of case 1 and (b) the asymmetric environment
of case 2. The AUB model has captured the small asymmetry in skin
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temperature and agreed well with Zhu et al. model results [55]
with highest deviation of +0.8 °C in extremities.

Sakoi et al. [20] have recently reported local skin measurements
at 25 locations for a clothed seated human and local sensible heat
losses under experimental conditions of anterior-posterior, right—
left, and up-down asymmetric thermal environments created by
radiation panels from 11.5 °C to 44.5 °C. The subjects were precon-
ditioned for 30 min before being subject to the radiative panels for
60 min at environment temperatures from 25.5°C to 30 °C. For
room environment at 28 °C, 40% relative humidity, panel tempera-
tures of 42 °C and 14 °C, three room panel positions are considered
in the comparison with current AUB model for case (a) front/ back,
case (b) right/left, and case (c¢) upper/lower panels with respect to a
seated subject in the middle of the room. Fig. 11 shows the pre-
dicted mean skin temperature and segmental temperatures and re-
ported experimental measurements of Sakoi et al. [20] in
asymmetric radiative room for case (a) front/back, case (b) right/
left, and case (c) upper/lower radiative panels at temperatures of
42 °C and 14 °C. Fig. 12 shows the corresponding mean sensible
and latent heat loss as predicted by the AUB bioheat current model
and measured values reported by Sakoi et al. [20]. The bioheat
model agreed well with the experimentally reported data on local
and mean skin temperatures in asymmetric conditions and the cor-
responding heat loss from the human body.

6. Conclusions

A human body bioheat model is developed from the previous
AUB model to account for asymmetry. The modified model in-
cludes improvements in the circulatory system. The model was
validated against lumped models, reported experimental data in
transient and non-uniform radiative environments, and other
asymmetric models for nude and clothed subjects and the results
were consistent and agreed better with experimental data than
the Salloum et al. model predictions [1]. The AUB model is able
to predict the heat gains/losses at accuracy of less than 6% and with
an accuracy of +0.35 °C for mean skin temperature values.

Future work will address adding digits (fingers and toes) to the
model to adapt the model for use in thermal sensation and thermal
comfort studies in extreme environmental conditions.
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