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Abstract 

In a crowded building space with no air conditioning, heat and moisture emissions from occupants can result in heat stress in 
the indoor environment, which in turn, causes thermal strain on the human body. In the present paper, a 61-node 
thermoregulation model is coupled with a thermal environment model of ventilated space to simulate both the thermal 
conditions and occupant's responses. The coupling model is validated with experimental data at high occupant density in a 
thermal environmental chamber. Reasonable agreements between the prediction and measurement on thermal environmental 
conditions, stress level and body temperatures are achieved. The model is a useful tool for design and evaluation of non-air
conditioned building environments. © 2000 Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

Metabolic heat of a human body is one of the major 
heat components that niust be considered in human 
thermal environment control. In certain crowded 
building environments with no air-conditioning, such 
as a protection shelter or a collapsed lift, the occu
pants' heat and moisture emission can result in 
stressed indoor temperature and humidity conditions. 
This is true particularly in tropical regions where the 
cooling effect with natural or mechanical ventilation is 
limited by the warm and humid tropical air conditions. 
In a stressed environment, the values of human sensi
ble and evaporative heat loss obta!ned in comfort con
dition for normal air conditioning design would 
become inapplicable. In such a case, an adequate ther
moregulation model can be used to predict the physio-

• Corresponding author. Tel.: +65-874-6479; fax: +65-779-1459. 
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logical regulation and the corresponding effects on the 
environment. 

Various human body models have been developed 
to simulate human thermoregulation [1,2]. In a simple 
model, the human body may be considered as only 
two concentric cylinders [3], while in some complex 
models, the body can be divided into more than 50 
major elements and body temperatures are computed 
at tens of thousands of nodal pbints on a supercompu
ter [4]. In most cases, human body models are used to 
predict physiological responses to thermal conditions 
[5,6]. Examples of interactive cpupling between a body 
model and a thermal environment model are very few. 
Drucker and Haines [7] devel'oped a comP.:,uter pro
gram to simulate thermal conditions in!· ' occupied 
underground shelters. This program, however, is 
unable to predict occupants' temperature response 
because only passive linear equations are used to esti
mate regulations of the sensible and evaporative heat 
loss of the occupants. Thellier et al. [8] presented a 
'complete model' by coupling Stolwijk and Hardy's 25-
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Nomenclature 

A 
B 
c 
c 
D 
e 
ET 
fc1 
F 

h 

I 
I' 
K 
Le 
LR 
m 
M 

p 
Q 
R 
R�T 
RMSD 
SD 
t 
v 

wall area 
blood convection heat exchange 
specific heat 
convection heat exchange, body capacitance 
vapour diffusion coefficient 
evaporative heat exchange 
effective temperature 
clothing area factor 
rate of temperature change in body com
partment 
specific heat, coefficient of convective heat 
or mass transfer 
thermal insulation, of air, clothing or total 
corrected thermal insulation 
conduction heat exchange 
Lewis number 
Lewis relationship 
mass 
metabolic rate 
water vapor pressure 
heat or mass flux 
radiation heat exchange 
corrected total evaporative resistance 
root mean square deviation 
standard deviation 
temperature 
volume of chamber 

W humidity ratio 
WBGT wet-bulb globe temperature 

Greek symbols 
rx thermal diffusivity 
[J thickness of insulation 

node body model with TRNSYS, a building simulation 
program, to predict physiological responses such as 
skin temperature and body heat loss to variable room 
conditions. But the original 25-node model is for a 
nude 'standard' man with fixed body size and therefore 
cannot take into account the effects of clothes and the 
effects of occupant's actual body size. What is more, 
studies of crowded situations with high occupant den
sity [6] were found to be scarce. 

The purpose of this paper is to investigate both ther
mal environmental conditions and human physiologi
cal responses in a fully occupied and non-air
conditioned test chamber under tropical weather con
ditions. A thermal model for the test chamber is devel
oped and thermally coupled with a modified 61-node 
thermoregulation model, which is capable of predicting 
the body temperature response as well as body sensible 
and evaporative heat regulations to instantaneous ther-

p density 
), thermal conductivity 
r time 

Subscripts 
1 internal wall surface 
2 external wall surface 
a air 
c convective, C02 generation 
cl clothing 
cov clothing covered body segment 
cp capacitance 
D convective mass transfer 
db dry bulb 
e electric 
f saturated water 
g saturated water vapour; globe 
he head core 

body segment numbering 
in inlet 
ms insulation of wall 

latent or evaporative 
m mean value, middle 
n body compartment numbering 
nwb natural wet bulb 
o outside, operative (temperature) 
p constant pressure 
res 
s 
sk 
stl 
T 

respiration 
sensible, saturated 
skin 
steel cover of wall 
total 

ma! conditions. Experimental data for model vali
dation were obtained from a set of human tests 
conducted in the environmental chamber. Warm and 
humid tropical conditions are considered and high oc· 
cupant density is applied in both the simulation and 
experiment. Results show that in most cases the root 
mean square deviations (RMSDs) of the simulation 
results are less than the average standard deviations 
(SDs) of the corresponding experimental data. This 
suggests that the model is practically accurate. An 
extreme case of prolonged buttoned-up situation 
simulated as an example of the model applications. 

2. Human thermoregulation model 

Human thermoregulation models developed over the 
years are ranged from simple cylinder models to com· 
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plex multi-segment and even three-dimensionai models. 
No matter being simple or complex, a mathematical 
model for human thermoregulation involves both a 
passive system and a controlling system. Commonly 
the geometrical and anatomical representations of the 
body and the mathematical expressions of the heat 
transfers within the body and between the body and 
its environment are referred to as the passive system. 
Whilst the mathematical representation of the regulat
ory mechanisms by which the body regulates its heat 
exchanges to control the body temperature, are 
referred to as the controlling ·system. 

For the present study, a modified 61-node model [9] 
is used. The development of this model is mainly 
based on the Stolwijk and Hardy model [10], particu
larly u1 aspects of body heat flow analysis and mechan
isms for thermal regulation . lo this model, however, 
the six-element body representaLion by Stolwijk and 
Hardy is replaced by a 15-element i:epresentation, 
which is si:milru· to Wissler's model [11]. Fig. l gives 
the anatomical representalion of the body. It can be 
seen that the body is divided into 15 segments 1.e., 
head, hand , feet, and the equally divided trunk, arms 
and legs (or, the thorax and abdomen, the upper arms 
and fore-arms, and the thighs an,d calves). Each of 
these body segments is further divided into four con
centric layers, . or the so-called compartments: core, 
muscles, fat and skin. An additional central blood 
compartment, representing the large arteries and veins, 
exchanges heat with all the other compartments via 
the convective heat transfer occurring with the blood 
flow to each compartment. To simplify the model, 
each compartment is assumed to have direct blood 
convective heat transfer with the central blood com
partment rather than the adjacent body compartments. 
There are 61  compartments in total. The dimensions 
and thermal properties of each compartment are de
rived from Stolwijk and Hardy's model, in which the 
data are obtained from reviews and stati tics of pre
vious studies. The average body or the so-caUed 'stan
dard' man is 1.72 m in height and 74.4 kg in weight. 
Useful parameters such as surface area and beat ca
pacitance are then estimated from statistics of basic 
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Fig. 1. Fifteen-segment human thermoregulation model. 
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measurements. Table 1 gives the surface area and 
weight of each segment, together wid1 basal evapora
tive heat loss from skin of the segment. Also, as an 
example, Table 2 presents the parameters for each 
layer of the head segment, including weight, heat ca
pacitance, beat conductance as well as basal metabolic 
heat production and basal value of blood convection 
heat transfer coefficient. 

Heat balance equations for each compartment are 
developed by accotmting for heat flow into and out of 
the compartments, via conduction and convection and 
tile metabolic heat production within the body. The 
general form of the heat balance equation can be writ
ten as follows: 

Ccp, n 

dl11(0)/do =Mn - B11 - Kn� Rn - (Cn + Cres) 

- (E,, + Eres) (W) (1) 

It is noted that the heat loss by respiration Cres and 
Eres are available only for thorax core and surface con
vection heat C,,, evaporative heat £11 and radiative 
heat R11 only for skin compartments. For muscle and 
fat compartment, K11 will be the net conduction heat . 
The heat exchange by blood convection is determined 
by the blood fiow. rate and temperature difference 
between the body compartment and the central blood 
chamber . Basal values of blood convection heat trans
fer coefficient and metabolic heat production for each 
compartment, as well as basal evaporative heat loss En 
for each skin compartment are given for a body neu
tral thermal condition (see Tables 1 and 2). However, 
these regulatory parameters will change accordingly 
upon the variation in environmental conditions and 
body activity level. A controlling system of the model 
is responsible for accoimting the effects of body ther
moregulation on these parameters. 

In the co11trolling system, a closed control loop with 
set and feedback temperatures for each compartment 
is proposed to simulate the four kinds of thermal reac
tions which can take place depending on the thermal 
sensations: vasoconstriction and shivering against cold; 
vasodilatation and sweating against heat. The actual 
instantaneous temperatures in all the compartments 
are compared with the set point temperatures so that 

Table 2 

error signals can be obtained and then the outputs o: 
warm or 'cold' can be determined, as given below: 

e,, = (tn - t,,, set)+ rnFn ( C) 

Warm11 = e,,, if en > O; 

Warm11 = 0, if en <= 0, ( C) 

Coldn = -e,,, if en < O; 

Cold11 = 0, if en >= 0 (q 

(2 

(3 

(4 

Ba ed on a central temperature signal from the hea. 

core aud the integrated signal from the s.k.in, the effe1 
ent outputs of the controlling system are determinec 
respectively, for the four thermal reactions: 

Sweat= Cstehc. + Cs2(Warmsk - Coldsk) 

+ C53 Warmhc.Warmsk (W) 

Dilat = Cct1ehc. + Cct2(Warmsk - Coldsk) 
+ Cct3 Warmhc.Warmsk (L/h) (t 

Chill = ( Cct ehc. + Cc2(W afffisk - Coldsk)) Cd Coldsk 

- W armsk) (W) C 

Stric = Cstl ehc. + Cs12(Coldsk - Warmsk) 

+ Cs13Coldhc.Coldsk (ND) 

where C5, Cd, Cc and Cs are control coefficients f. 
sweating, vasod.ilatation, shivering and \fasoconstri 
tion. With the above efferent outputs, the effects 
thermoregulation on the body's metabolic rate, blo< 
flow and sweating can be quantified. 

A number of other improvements, in addition to t 
body's anatomical representation have also been ma 
to Stolwijk and Hardy's origi11al model [10]. F 
example, to account for the effects of clothing a: 
improve the heat exchange between the body skin a: 
the environment, a two-parameter clothing model 
has been ex.tended to body segment level to calcul� 

Characteristic data of body compartments (head segment as an example only) 

Head core Head muscle Head fat Head s 

Weight, kg 3.0 1 0.37 0.37 0.27 
Heat capacitance, W sj° C 2.570 0.390 0.260 0.280 

Heat conductance, Wj° C 1.6 1 1 3 .25 16.l 0.0 
Basal metabolic heat, W 1 4.95 0 . 120 0. 130 0 . 1 00 

Basal blood heat transfer coefficient W f° C 45. 0 . 12 0.13 1 .44 
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the total thermal insulation and total evaporative re
sistance between the skin and environment for a cov
ered body segment i: 

I� co ; = I �1 +la cov, ;/f�1 (m 2C/W) 

R�T cov, ; = I� conv, ;/LR · i,,, (m 2 Pa/W) 

(9) 

(10) 

In this case the sensible heat (R11 + C11) in Eq. (1) can 
be more appropriately simulated with the corrected 
insulation, say for segment i: 

R; + C; = (tsk,; - lo,;)/!� cov,; (W/m2) (11) 

where t0 is the operative temperature which is equal to 
(hrtr + hcta)/(hr + he) (0C). For thorax, (R; + C;) is not 
the total sensible heat loss. In this case, an extra 
amount of Cres is to be included based on body core 
temperature and air humidity of the ambient. 

The maximum evaporative heat (Emax) can be esti
mated with vapour pressure difference between the 
skin and of the ambient air: 

Emax , i = (Psk, i -Pa, i )/ R�T cov ; (W /m 2) (12) 

Since the original model is based on thermal character
istics of the 'standard' man, body size factors in terms 
of ratios of body weights, heights and surface areas 
between an actual subject and the 'standard' man are 
also introduced into the model to consider the effects 
of the body size on the body heat balance. The left 
and right limbs are treated as different segments. This 
improvement is desirable when non-uniform thermal 
condition is considered. Other improvements include 
the correction to the respiratory evaporative heat loss 
of the body and modification to allow responses to 
dynamic and non-uniform/discrete thermal conditions 
of the concerned environment [9]. 

3. Thermal environmental model 

The environment considered in the present study is 
a thermal environmental test chamber. The physical 
and thermal features of the occupied chamber are 
shown in Fig. 2. The chamber is made of prefabricated 
zinc-coated steel-clad panels of expanded polystyrene. 
Its internal dimensions are 2.6 m in length, 2 m in 
width and 2.5 m in height. The insulation is 0.05 m in 
thickness and the steel cover is 0.002 m. Mechanical 
ventilation is considered. The total human sensible 
heat and evaporative heat are denoted as Q5 and Q1> 
respectively. Some heat is also dissipated from electric 
appliances and instruments (e.g. the fluorescent tube 
and the sensor assemblies) and the total electric heat is 
taken as Qe. The chamber is considered well insulated 

by steel-clad panels of expanded polystyrene. The heat 
loss through the walls is thus rather small and the 
mass transmission through the walls is prevented. 

To reduce the problem to a manageable scope so as 
to establish a one-dimensional mathematical model for 
the ventilated and occupied chamber environment, a 
number of assumptions are made. These assumptions 
include uniform air conditions inside the space, one 
dimensional heat transfer through the walls, and uni
form and constant physical properties. In addition, the 
thermal resistance of the thin steel covers (2 mm) of 
the insulation panels is considered negligible, but their 
heat capacitance is taken into account. 

Based on heat and moisture balance analysis of the 
occupied space, differential equations concerning air 
temperatures and air humidity in the sp�ce can be ii obtained as follows: 

(V ) = d Wa 
cPa d'!: 

(13) 

(14) 

In the case of buttoned-up situation with no venti
lation at all, the above equations can be simplified as: 

(13a) 

(14a) 

It should be noted that in Eqs. (14) and, (14a), the 
terms representing the moisture condensatlon on the 
internal surface are counted) only when the partial 
pressure of the water vapor in the air is higher than 
the saturated water vapor pressure at the sH�face tem
perature. 

In order to solve the air temperature Eqs. (13) or 
(13a), surface temperature of the internal wall (t1) 
needs to be prescribed. In order for a refined model to 
consider the heat transfer through the wall, the insula
tion is equally divided into two slabs at the middle 
where the temperature is tm. Based on the assumptions 
described above, equations for wall temperatures can 
be obtained as follows: 
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dt, 

[(mc)istll + 0.5(mc)ins1Jdr 
= (hcA) l (ta - t1) + hrg(hoA) 1 ( Wa - W1, s) 

dTm 
0.5(mc)ins2-- = (),A 

dr 

/ Ci)insl (t1 - lm) - (},A/ Ci}indtm - t2) 

dt2 
- 0.5(mc)ins2-dr 

(15) 

(16) 

In addition to the wall temperature, the total sensible 
heat (Q5) and total evaporative heat (Q1) from the oc
cupants have to be assumed. The human thermoregu
lation model is therefore coupled to the above thermal 
environment model and provides the latter the body 
sensible heat loss Q5 and evaporative heat loss Q1. In 
return, the solution of the environment model predicts 
instantaneous temperature and humidity conditions 
available to the body model for update of the physio
logical parameters. 

For water vapor, the Lewis number is estimated by 
following correlation [13]: 

Le = hc/hoCpa = (a.f D)0·48 (18) 

In order for assessment of the thermal environment 
with integrated' thermal indices rather than individual 
parameters, effective temperature (ET) [3] and wet
bulb globe temperature (WBGT) [14] are used. The ET 
is regarded as a good index for investigation of warm 
and humid environment [15]. The ET value of a cer-

,,..,-----c========r---1 

(a) 

tain thermal environment can be obtained from dr 
bulb and wet-bulb temperatures and air velocity usi1 
ET charts [2]. An electronic version of the norm 
scale ET chart has been developed [9] and has be1 
applied satisfactorily in our previous studies [ 16, 17]. 

WBGT is a widely used heat stress index and an i 
ternational standard has been published for estimati1 
heat stress based on WBGT index [17]. It is a weigh1 
average of the dry-bulb, natural wet-bulb and tl 
globe temperatures according to the relation: 

WBGT = 0.7tnwb + 0.2tg + O.ltdb (1 

In an indoor environment without solar load, the fc 
lowing simplified equation can be used: 

WBGT = 0.7tnwb + 0.3tg (19 

For typical indoor thermal environments with no si 
nificant radiation, where the mean radiant temperatu 
can be approximated by the indoor air temperatur 
an iteration method has been developed [9] to simula 
WBGT profile of the environment with basic therm 
parameters. 

4. Model validation and application 

In order for validation of the thermoregulatic 
model and the coupled thermal environment mod( 
experiments have been conducted on human subjec 
in the test chamber shown in Fig. 2. 

4.1. Experimental data for validation 

Three types of tests, namely, steady-state test, tram 
ent-state test and buttoned-up test have been co1 
ducted. Warm and humid ventilation air is availab 
from a specially designed HV AC system to simula 

t, 

(b) 

Fig. 2. Schematic of the occupied chamber with mechanical ventilation, (a) the chamber, (b) the insulation panel. 
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typical tropical weather conditions. For steady-state 
test, constant room conditions are maintained, while 
for transient-state test, specified supply air conditions 
are maintained. PID approach is employed for the 
HVAC system control. Each of the tests was con
ducted on 12 subjects. The occupant density is there
fore about 0.4 rn2/person in average floor area or 
1.0 m3/person in average space volume. All t.he test 
subjects were young males of an average age about 19 
years old. A networked, microprocessor-based data ac
quisition system was used to collect the test data. 
Twelve sensor assemblies were used for each of the 12 
subjects at their respective locations. Measurements 
include dry-bulb and wet-bulb air temperatures, natu
ral wet-bulb and globe temperatures, and air motion. 
ET and WBGT were calculated from the measure
ments of the basic parameters. C02 level is also moni
tored, particularly for buttoned-up tests. Meanwhile, 
skin temperatlU'es were measured at left upper chest, 
left front shoulder right anterior thigh and right shin, 
and 4-point Ramanathan's method (2] was used for 
estimating the mean skin temperature. In addition 
armpit and oral temperatures were also measured to 
represent inner body temperatures. Detailed descrip
tion of the chamber tests and the methods for 
measurements is available from [9]. 

4.2. Method for validation 

For validation in a steady-state test, the mean air 
condirions of the test are used a the inputs of the 
theanoregulation model and predictions for physio
logical parameter ean lhen be obtained. For transient
state test and buttoned-up test, however, the thermal 
environmental model is used to simulate the variable 
air conditions. Since the environment model has been 
coupled in the program to the body model, the physio
logical parameters predicted are able to respond to the 
instantaneous air conditions. 

The experimental data are represei;tted with mean 
values and their standard deviations (SD). For a com
plete test period, average and maximum standard devi
ations can be evaluated. The method of Root Mean 
Square Deviation (RMSD) is used to evaluate the per
formance of the coupled thermal environmental model 
and thermoregulation model. For transient state test 
and buttoned-up test, the simulated environmental 
conditions are compared with test data in air tempera
ture, air humidity as well as ET and WBGT indices 
(for buttoned-up test measured C02 data together 
with simulated C02 level based on ventilation equation 
are also presented). Meanwhile, the body m0del is ver
i1l.ed in terms of skin and body temperatures. The pre
dicted mean skin temperatw·e, mean body temperature 
and body core temperature ru:e compared with the 
measured skin temperature, armpit temperature and 

oral temperature, re pectively. For all the comparisons, 
RMSDs were obtained for quantitative presentation. 

4.3. Validation results 

Fig. 3 shows the results for a steady-state test. It can 
be seen that the average standard deviations of the 
measured oral ai·mpit and skin temperatuxes are 0.21, 
0.28 and 0.25°C, respectively. The RMSDs of the pre
dicted oral, armpit and skin temperatures are 0.07, 
0.10 and 0.13, respectively, which are alJ less than the 
SDs of the measurements. This suggests that the pre
dicted body temperatures are practically accurate and 
useful. 

Figs. 4-6 are results for a transient-state test. The 
simulated air temperature, humidity ratio and thermal 
indices, as well as the predicted body tempgratures are 
plotted against the corresponding experimental data. 
As shown in Fig. 4, the predicted air temperature 
matches the experimental data very well with a RMSD 
of O.l3°C, while the SD of the test data is 0.24°C. 
However, the RMSD of the predicted humidity ratio, 
at a value of 0.42 g/kg dry air, is higher than the SD 
of measured results. Ba ed on the measured humidity 
profile in Fig. 4, it is not difficult to see that the devi
ation might be due to poor test data caused by the 
fluctuation in humidity level of the supply air during 
the test. 

Fig. 5 represents the comparison in terms of ET and 
WBGT. The agreement is good despite the fluctuation 
in the humidity level of the supply air. The RMSD is 
0.15°C for ET and 0.24°C for WBGT. 

The body temperature profiles are given in Fig. 6. 
Similar observations to that from Fig. 3 can be 
obtain d. But it is noticed that the predicted skin tem
perature is slightly higher than the experimental data. 

The final validation is a buttoned-up test, as shown 
in Figs. 7-9. Since no ventilation air is provided, more 
significant increases in both the environmental par
ameters and the body temperatures are observed. Even 
so, the model performs well in simulating the variation 
of the air temperature and the RMSD is about 0.10°C. 
However, the performance on air humidity )s not so 
good with a RMSD at 0.72 @cg dry air, which is 
beyond the average D of the ·humidity measurement 
(0.64 g/kg dry aix). fig. 8 sbows" the couesponding ET 
and WBGT results. It can be seen that the {frediction 
for ET is much better than that for WBGT. 

The body temperature profiles under such buttoned
up environmen are presented in Fig. 9. In thi case, 
tb.e RMSD of the mean skin temperature (0.35°C) 
exceeds the D of the measurement (0.25°C). The pre
dicted skin temperature deviates from the experimental 
data after the early period of the test and the deviation 
tends to become bigger and bigger. This suggests that 
improvement is needed for the thermoregulation model 
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to achieve adequate response to rapid environmental 
changes. 

4.4. A case of stressed survival environment 

A human thermoregulation model can be useful in 
many ways. The model developed in this study can be 
used in heat strain evaluation for a human body, ther
mal enviJ'Onm.enta.l assessment fol." the workplace, effec
tiveness study for protective clothes, optimal design 
and control of HV AC systems, exercise physiology 
and even military mission planning, etc. 

An irmnediate application of the coupled models is 
to simulate and eva.luate human response to extremely 
stressed survival environments. All the buttoned-up 
chamber tests conducted on human subjects lasted not 
longer than l h because further execution of the tests 
might result in heat di orders on the voluntm·y sub
jects. Hence, as an example, a prolonged buttoned-up 
situation is considered. Thermal stxain caused by the 
severely stres ed conditions in a prolonged buttoued
up environment i investigated. 

Results for a 3-h buttoned-up virtual test are given 
in Figs. 10-12. The same initial conditions as those for 
the above buttoned-up test are used to start up the 
simulation. From Fig. 10, it can be seen that the air 
temperature after 3 h reaches 40.4°C, while the final 

38 

37 

humidity ratio is up to 48.9 g/kg-dry air. The corre
sponding relative humidity is as high as 97.3%. The 
resultant ET and Wl3GT aJ'e given· .in Fig. 11. 12.4°C 
in ET and 13.4°C increase in WBGT a:re observed. 
Fig. 12 shows the predicted mean kin and mean body 
temperatures. IL can be seen that both the mean skin 
temperatur.e and the mean body temperature would 
reach as high as 40.5°C after 3 h, assumed that the 
subjects never collapse. 

Since no ventilation is provided for the buttoned-up 
test, profile of C02 level is also concerned. A compari
son between the thermal stress and the physiological 
stress caused by the high C02 level is shown in Fig. 11. 

5. Discussion 

Altho'ugh the 61-node thermoregulation model can 
be used for overa.11 body thermal assessment, just as is 
demonstrated in this paper, it is, however, particularly 
developed for analysis of local thermal comfort. The 
multi-segment and multi-layer model is capable of pre
dicting the heat exchanges with the environment for 
the 15 'egment. individually. Il also generates, at least 
at the body compartment level, simulation data for 
heat flows inside a body as well as local body tempera
tures in all the compartments, which are useful pbysio-
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The predicted mean body temperatures were 
matched well with the measured armpit temperature 
although theoretically lhey have no specific relation
ship. Practically, armpit temperature might be used as 
an indicator of a body s mean temperature. Another 
observation is that the agreement between the pre
dicted and measured skin temperatures is poorer than 
that for body mean temperature or body core tempera
ture. This is because the skin is directly exposed to the 
environment and is therefore much more sensitive to 
the changes in ambient conditions. The body core tem
perature, however, .is more stable in nature and Jess 
sensitive to the ambient conditions because of the large 
thermal capacitance of a body. 

It was observed from Fig. 8 that for the buttoned
Llp envirnnment, the prediction of WBGT is not so 
good, particu larly in the middle of the test period . 
This might be due to the assumption made to the sim
plified WBGT model, which assumes that the mean 
radiant temperature of the environment can be ap
proximated with the room air temperature. This 
assumption may not be appropriate when there exists 
rapid change in the room air temperature while leaving 
the room surface temperature behind. In fact, it can be 
seen in Fig. 8 that after about 40 m i n  of the test, when 
the change in the thermal stress level is slowed down 
the disagreement between the predicted and measured 
WBGTs tends to diminish. 

In order for analysis and comparison between the 
thermal stress caused by warm and humid air con
ditions and the environmental stress caused by high 
C02 level, standard or recommended reference/ 
threshold values are necessary for the respective stress 
indicators. These reference or threshold values for the 
ET, WBGT and C02 level are available and discussed 
in Refs. [ 1 5] ,  (14] and [ 1 2], respectively. An example 
analysis for comparison between ET level and C02 
level can be found in [ 1 6] .  

6. Conclusions 

A 6 1 -node human thermoregulation model has been 
coupled to a thermal environment model for an occu
pied space with no air-conditioning. With the coupling 
model, air temperature, air humidity level, as well as 
ET and WBGT indices can be obtained for thermal 
environmental assessment. Meanwhile, transient body 
and skin temperatures together with sensible and eva
porative body heat losses can also be predicted for 
body thermal evaluation. Experimental data from 
chamber tests on human subjects are used for vali
dation of the model. It is noticed that in most cases, 
the root mean square deviations (RMSDs) of the pre-

dieted results from the model are less than the sta1 
<lard deviations (SDs) of the correspondir 
experimental data. The coupling model is a usefol to' 
for thermal environmental analysis in occupied buil1 
ing spaces, and it can be helpful also in ventilation d 
sign for built e_nvironments. 
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