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Abstract

Recently, due to global warming and the heat-isleffect, more and more people
are exposed to the dangers of heat disorders. AtHestnal environment can be
evaluated using various indices, such as new Stdrieféective Temperature (SET?*)
using the 2-Node Model (2NM), Wet Bulb Globe Tengtere (WBGT), Predicted
Heat Strain (PHS) model, and so on. The authorstaidevelop a safety evaluation
approach for hot environments. Subject experimargsperformed in a laboratory to
comprehend the physiological response of the hunoaly. The results are compared
with the computed values from the 2NM and PHS muydeid improved the sweating
model in 2NM in order to take into account the tielasship with metabolic rate. A
demonstration is provided of using the new sweatimgglel for evaluating thermal
safety in a hot environment.
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1. Introduction

In addition to heat waves and abnormal weather glolaal scale, the temperature
rises in urban areas due to the heat-island phemamd&laximum temperatures will
continue to rise in all parts of the world, and thenber of high temperature days is
expected to increase. Such temperature rises héage influence not only on the
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environment but also on people’s health, and thagisk of summer heat problems is
one of the main issues. Recently, the number oémiat suffering from heat disorders
(heat-related problems) has been increasing innJaphe number of fatalities
ascribed to heat disorders totaled some 5,079 ¢asas: 3,184 and female: 1,895)
during the period from 1968 to 2004 (37 years). Du¢he increased prevalence of
hot environments, the heat disorders are expedenhdrease in the super-aging
society in Japan (Ministry of Environment, 2006).

At present, the Wet Bulb Globe Temperature (WB&GTgenerally used for forecast
aimed at preventing heat disorders. The WBGT mngpkrature index obtained from
the weighted mean of the wet-bulb, globe and dip-bemperatures. It was proposed
to show the limits for military training in hot cditions, and it is still recognized as a
standard under International Organization for Séadidation (ISO) 7243 (1989), and
the Japanese Industrial Standards (JIS). It isrtegpdhat the WBGT represents an
efficient index to evaluate risks in hot environteenHowever, the WBGT is a
physical environmental index, and does not adetuatdlect heat stress on the
human body because the thermal environmental gondibf the human body
(clothing and metabolic rate), the body’s shape tedmoregulatory responses are
not considered. Therefore, in terms of preventiegtidisorders, it is only a rough
indicator which recommends avoiding physical exsa&ainder hot environments with
a certain WBGT.

For outdoor environments, the Physiological Equmél Temperature (PET) by
Hoppe (1993, 1999) has been proposed as new thenchaxt. In this model, the
calculation of the heat loss by evaporation of $weadistinguished by above or
below 100% of skin wittedness HoOppe (1993). It ought that all sweat is
evaporated when the skin wettedness is below 16ever, part of the sweat drips
off in this condition, and thus the PET is insamsito the evaporation. The accuracy
of this model should be examined from the viewpa@hhuman thermal physiology
for hot outdoor environments.

In ISO 7933 (2004), the Predicted Heat Strain (PH8ylel is adopted as a method
of evaluating safe thermal environments for worké&tss model predicts the thermal
physiological response of the human body from thewnt of virtual sweating
necessary and the heat balance of the human bod\thas this evaluation method
reflects the heat stress of the human body. Howets evaluation method is
proposed for working environments in which the rheta rate is comparatively high,
and it is not certain whether it is applicablehe bverall living environment.

On the other hand, the new Standard Effective Teatpe (SET*) has been used as
a thermal environment evaluation index in buildinBgcently, it is often used for
thermal environment evaluations of the urban h&atd phenomenon. The SET* is
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an index that reflects the heat stress of the hunoaly because it is calculated using
the 2-Node Model (2NM), which is an abbreviated elaxf the thermal physiological
response of the human body (Gagyel., 1986). However, the above-mentioned two
models of the thermal physiology of the human badgre based on subject
experiments in Europe and America, and may nouliatde for Japanese individuals,
being of a different race and having differentriyiconditions. For example, it has
been reported that the number of active sweat glandgignificantly affected by the
growth environment up to the age of two (Kuno, 1)99terefore, it is thought that
physiological responses probably differ by race landg conditions.

In this paper, we investigated the application afiraplified thermal physiological
response of the human body under the two existimye&mentioned models for hot
summer conditions and their modification methodhgsubject experiments in a hot
environment. In addition, we propose the evaluatainthermal safety in hot
environments that reflect heat stress and dehyxirgiotential.

2. Subject experiments in hot environments
2.1 Description of experiments

In order to clarify the physiological responselod uman body in hot environments,
subject experiments were conducted in a climatenblea. Tables 1 and 2 present an
overview and the experimental cases. Figs. 1 asldo® the experimental setup and
schedule. The experiments were conducted three stim@ice in summer
(Experiments A and C) and once in winter (ExperimBh The subjects are 39
healthy male and female university students. Aéteanging into special attire for the
experiment, the subjects rest for 60 minutes iargeroom (in front of the experiment
room) which was maintained at about 27°C. Theny thheved into the experiment
room and stayed for 60 or 45 minutes. During tl@sqal, their skin temperature, core
temperature and water loss were measured. Basd®®@mO886 (2004), the skin
temperature is measured every minute at eight p¢iotehead, right back, left upper
chest, right upper arm, left lower arm, left handht anterior thigh and left calf)
using a portable temperature logger and probe (GZamporation: LT-8). The core
temperature was measured as the tympanic temperavery five minutes using an
infrared radiation sensor (Morishita Jintan Comp&BnB0). The amount of sweating
and bodily water lost, including the amount of emapion due to breathing, and the
weight decrease were measured every five minutieg @sprecise scale (Sartorius:
IS150IGG-H, Readability=19).

Case 1 represents the standard case, and a meteddeliof 1.0 was achieved by
sitting in a chair in a resting condition. Casesn® 3 were set to determine the effect
of activity, and Cases 4 and 5 were set to deterntite effect of high relative
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humidity and high air temperature respectively.th# experiments were conducted in
the still air condition (0.1 m/s). In Cases 2 andh& subjects walk on a treadmill at
speeds of 0.9 m/s and 1.4 m/s. For the safetyeo$tibjects, the experimental span for
Cases 2 and 3 was shortened to 45 minutes. Ca2< BBnd 5 were investigated in
Experiment A. All cases were investigated in Exmemt B. Cases 1, 2 and 3 were
investigated in Experiment C. Each subject wortaadard set of clothes (0.3 clo) in
all cases, namely a white T-shirt and white sharttg.

Table 1 Outline of the experiment.

Experiment A: 1 ~ 15 Aug. 2005

Period Experiment B: 9 ~ 23 Jan. 2006
Experiment C: 14 Sept. ~ 5 Oct. 2006
Place Ultimate environment climate chamber, Institutelmdustrial Science, The University of
Tokyo
39 healthy male and female university-age students
Subject Experiment A: Male: 6, Female: 7 (Total 13)
Experiment B: Male: 6, Female: 6 (Total 12)
Experiment C: Male: 7, Female: 7 (Total 14)
Content  Measurement of physiological factors
Table 2 Experimental conditions.
. . Human body Number of
Environmental conditions " !
Case - - - cor.1d|t|ons - subjects
temeerature '\(QE; humidity movement ';g?éa(%)gf) CI(OC%')ng Male Female
) (%) (m/s)
1 1.0 19 20
2 50 2.0 19 20
3 35 35 0.1 3.0 0.3 13 13
4 70 10 12 13
5 40 40 50 12 13

Fig. 1. Photos of the experimental conditions
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Fig. 2. Schedule of the experiments

2.2 Results and discussion of experiments

Fig. 3 shows a comparison of the water loss rasimmer and winter. Fig. 4 shows
the experimental values for the core temperatikia,temperature and the cumulative
water loss for each case and a comparison withethdts calculated using the 2NM
and PHS model. The vertical bars show the standawhtion of the experimental
values in Figs. 3 and 4. When each case was compdrevas found that the
cumulative water loss tends to increase in Cas@3d23, in which a high metabolic
rate is apparent (Figs. 4 b & c). It is expecteat #n increased amount of metabolic
thermogenesis is dissipated, and it is thoughttthats the result of body temperature
regulation by increasing the amount of evapordtieat loss. The skin temperature in
Case 5 was higher than other cases (Fig. 4 e)tliought that the skin temperature is
influenced by the high environmental temperaturie t@mperature and the Mean
Radiant Temperature (MRT, 40°C)). Moreover, whencmenpared the experiments
by season (Fig. 3), the water loss rate is smilesinter (Experiment B, Table 1), yet
with the progress of time during the experimeng, final value was almost the same
as summer (Experiment A and C, Table 1). It takeswhutes longer in winter for the

subjects’ sweating apparatus to activate. This tighthe influence of the definite
seasonal adaptation.

—¢-Experiment A (summer
300 n Experiment B(winter)
. .
250 Experiment Qsumme)
E -
2200 [
g ¢
= 150 | ‘ J
[] -
& 100 + /T [ i [ ‘ ‘
[0 /
=50 /A \
0

0 5 10 15 20 25 30 35 40 45
Time (min.)

Fig. 3. The water loss rate in each experiment (Caser2eAiperature and MRT:
35°C, Relative humidity: 50% and metabolic ratene)
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(e) Case 5 (Air temperature and MRT: 40°C, Retatiumidity: 50% and metabolic rate: 1 met)
Fig. 4. Comparison between experimental and values peztlicsing 2NM and PHS
model.



Table 3 Comparison of the predicted and experimental wahieeach model.

i 2NM PHS model
'Pg?éa(%?g%\) Case Tcr Tsk Mew Tcr Tsk Msw
1 0 0 0 @) x A
(0.47) (0.46) (0.22) (0.59)  (1.37) (0.86)
low 4 X @) 0] X X X
(3.74) (051) (0.19) (5.43)  (2.38) (2.35)
5 (o.Asa) (1%1) (0%5) (2 .?39) (2 ¢ 10) (3%22)
5 0 X A 0 A A
high (0.10) (1.29) (0.88)  (0.15)  (0.93) (0.90)
3 0] A A O X A
(0.55) (1.03)  (0.80) (0.56)  (1.21) (0.92)

O: Well matched©<0.8) o

A: Matched within the standard deviation (0C31.2)

x: Not matched@>1.2) o )

The evaluation criterion of the statisicis defined as follows.

Y, : Predicted value at tine
y, : Mean experimental value at time
o, . Standard deviation of experimental value at tinjldowever, to exclude the influence of an initial

value, timei is assumed to be>15 minutes.)

That is to say, when=0, the predicted value completely matches the meqreramental value,
whenc =1, the error of the predicted and experimental \&@kenost matches the standard deviation of
the experimental value. The value shown in paresgthesC.

3. Comparison of calculated results using human themal models and
experiments

The temporal variation in physiological values ai¢a from the above-mentioned
subject experiment was compared with the valuedigterd from the 2NM and PHS
model, and the applicability of both models to Rwivironments was examined.
Hence, from the objective of the hot environmerdleation, the experimental values
were compared using the summer data (ExperimeatslAC).

3.1 Calculation conditions

In the 2NM and PHS model calculations, the progveas created with reference to
existing research (ISO 7933, 2004, Gaggal., 1986). For the initial values of each
physiological amount and the environmental condgjdhe experimental values were
used.

3.2 Comparisons and discussions

Table 3 presents the correspondence between tleimental and predicted values
from the 2NM and PHS model. With regard to 2NM, tieerespondence differs in
terms of sitting in a chair in a resting state gitsical exercise, and it agreed

7



comparatively well to the experimental value in tdase of low metabolism. In Cases
2 and 3, which have high metabolic rates, the akith core temperatures were higher
than the experimental values, and the reason cbeldhat the evaluation of the

evaporative heat loss against the increased meatahermogenesis due to physical
exercise was underestimated. On the whole, comegmee between the PHS model
and the experiment was not very good. The reasold dx that it was constructed to

predict water loss and core temperature in a wgrlenvironment assuming a high

metabolism. Moreover, calculation of skin tempematwas not part of the objective,

and in the process of calculation, numerical valaes set based on multiple

regression analysis, and thus the correspondernthestin temperature is worse in all

cases. From the above-mentioned results, the 2NAdopted as the human thermal
physiological model which best agrees with the cibjes of this study, and thus the

accuracy of the model was further improved.

250 _
* Sweating decreade B
rate ofeach subject ¢ Y =65.2x-7.3
200 A o 2NM :
£ P
2 150 3 3
(9]
2 M
~ 100 *
% y=49.5x+3.7
= 50
*
O 1 1 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5

Metabolicrate (met)

Fig. 5. Relationship between the metabolic rate and wassr(up to 3.0 met)

4. Improvement of the sweating model in 2NM
4.1 Proposal for improved sweating model

Figure 5 shows the relationship between the meitabate and the cumulative water
loss. The cumulative water loss is an integrateldevdor 45 minutes. When the
prediction values for the 2NM are compared withekperimental values, in terms of
the increase in cumulative water loss caused byirtbeeased metabolic rate, the
experimental values were higher, and thus the sahsifor the metabolic rate of the
2NM is poor in regard to the cumulative water Idsst that reason, the equation for
the sweating model of the 2NM is shown below arstussed.

m, = {170[@Tb - 36.490 exé%:;g'?]} L)

wheremy, is the sweating ratd}, is the average body temperature, &gds the skin
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temperature. In addition, whé increases by 1.0°Qx, increases by 170 g/tHnon
average. Equation (1) is only a function of theecand skin temperatures. Although
an increase in metabolism causes an increase swéating rate through raised core
and skin temperatures, the effect of such metabhasot directly included in Eq. (1).
The average temperature of the human béglgan be predicted by the weighted
average of the skin and core temperatures:

T, =aT, +(1-a)T, 2

The value of the weighting coefficientdepends on the rate of blood flow to the
skin:

a =0.0418+ 0.745( 3600, + 0.5 (3)

where, m, is the blood circulation between core and skin.

On the other hand, besides the body temperatuoemiation, some reports suggest
that exercise itself stimulates sweating indepetigeiyanagimotoet al. (2003)
conducted subject experiments using a bicycle ese@t 60 rpm at random for 60
seconds based on the exercise strength for thess aa a climate chamber whose air
was maintained at 35°C with 50% relative humidityd aninimum air movement.
They found that the sweating response increased lfi@ry skin (chest, forearms and
thighs) as the exercise strength increased dunmty €xercising before the body
temperature changed (Yanagimatb al., 2003). According to Kondo (2005), if
dynamic exercise is conducted in sweaty condititims,sweating increased within a
few seconds without the core and skin temperattinasging. On the other hand, the
skin blood flow briefly decreases at the beginnafiglynamic exercise. It was pointed
out that these responses depend on the exercs®gttr(Kondo, 2005). In order to
ensure blood flow in muscles during dynamic exercike blood flow distribution to
the skin is controlled. As a result, the amounthefmal diffusion decreases. To offset
this decrease, it is thought that a non-thermabfacauses an increase in sweating
(Kondo, 2005). It is necessary to reconsider thelehan terms of the influence on
sweating of exercise strength, which increasesniabolic rate.

Table 4 shows the ratio of the calculated valuesbistituting the experimented
value of the skin and core temperatures in the smganodel of the 2NM and the
experimental value according to the metabolic rBesed on this ratio, the influence
of the metabolic rate was included in the sweatimgfel as expressed in Eq. (4).
Moreover, the sensitivity analysis was conductethgushe experimental values of
Hayakawaet al. (1988) in a hot environment, and it was appliedaif.0 met’.

mSN:{NO[QTb— 36.4&)Dex6TSk1_o‘_°f'7j}x[{ t Beofp o8- M 1 efpM(- )}f)} (4)
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where M is the metabolic rate (met). Furthermanethe 2NM, the maximum skin
wettedness was set by the function of the windargioand the evaporative efficiency
of sweating was assumed to be 1.0 up to the poimhih maximum skin wettedness
was exceeded. However, the evaporative efficienfysweating of Eqg. (5)
(Alber-Wallerstrom and Holmér, 1985, Candeis al., 1979, Peters, 1995) was
introduced in the improved model, and now approgathe actual evaporative thermal
diffusion phenomenon.

Whenw<10,
W 5
n=1 2 ()
E., =7 (D680, (6)

Table 5 summarizes the improvements to the sweatiodel. Figure 6 shows the
experimental value of water loss for 15 minutesxsting research up to 6.0 met
(Hayakaweet al., 1988) and the numerical results of the 2NM (Kqrizia05),and the
numerical results of the improved sweating mod@&M&aew) which incorporates
2NM. The experiment was conducted in an environméiht air temperature of 35°C,
MRT of 35°C, relative humidity of 50%, and wind welty of less than 0.2 m/s.
Clothing insulation was rated at 0.5 clo. Subjestsrcised for 15-minute stages on an
Ergometer at four metabolic rates: 0.91 met, 2.&8, #.37 met and 6.20 met. The
subjects were five healthy females.

Table 4 Variation in water loss as the metabolic rate gearn 2NM.

Metabolic rate (met) 2.0 3.0
Experimental value 192.1 235.6
Average water loss - .
(g/hn?) Calculatgd value using experimental values 112.4 135.9
of the skin and core temperatures
Ratio (-) 1.71 1.73
80.0
700 H—*— Experiment
€ 600 | —-A-— 2NM ]
% 500 LB 2NMnew
& 400
T 300
S 200 |
100 r
0.0

0.0 1.0 20 3.0 40 5.0 6.0 7.0
Metabolic rate (me

Fig. 6. Relationship between the metabolic rate and thenass (up to 6.0 met).
Experiment was conducted by Hayakastal. (1988) (Air temperature: 35°C,
Relative humidity: 50%).
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Table 5Improvements to the 2NM sweating model

Description

Existing 2NM

Improved 2NM

Integration of
the influence of
the metabolic
rate on the
sweating rate

T, —33.7
=:1700T, — 36.490 =
m, { [@b 9 exé 10.7 j}

T, -33.7
=J170T. - 36.49 Dexp-*———-'
Mo { 1 9 exé 10.7 )}

x[{l+3[éxr(— 0.5¢ - D} f & exp- N - )ﬂ

Integration of
the evaporative
efficiency of
sweating

E,., = 068Im,
W,, =E,/E

rsw rsw' —max

w  =0.06+0.940v,,
Esk :WEEmax
W =0.06(kw,)
Edlf :Wdlf DEmax
Maximum skin wettedness,_ set by
wind velocity.
when, clo=0
W, =0.380y 0%
when, clo >0
w,__ =0.590V0®
Greater than skin wettedness:
when sy
All sweating is evaporative sweatir]
below the maximum skin wettednes

and the sweat trickles away wh

maximum skin wettedness is exceed

Epng 20
The initial value of skin wettedness is arbitrary
(Default is 0.06 of insensible perspiratipn
assuming no sweating.)

Maximum skin wettedness of 1.0

Evaporative efficiency of sweating at time

when, <10

E,, =/71068Im,
WTSW = ETSW/EITIHX
wy, =(1.0-w,,)[0.06

rsw.

Edlf = Wdlf DEmax
w = Wrsw + Wdlf
Esk =w DEmax

g

Lreater than maximum skin wettedness:
bivhen =10

ed.

w=10

W=W, oy

W, = (w-0.06)/0.9¢
Esw “Wiew [Ema

Wy =(1.0-w,, )[0.06
Ear =Wair (Eax

Esk :Ersw +Edif

My = (M, [0.68-E,)/0.68

W, =1.0
EI'SW = Emax
Wy =0

Ey =WIE,

Maip = (m sw [D.68 - Ersw )/0.68

4.2 Verification of 2NM using improved sweating moel
The experimental values were compared with theutatied values using the existing
sweating model (2NM) and the newly developed swegathodel (2NMnew), and the

accuracy of the 2NMnew was verified.

Fig. 7 shows the results for the core temperaflinere was almost no change in the
low metabolic rate, and both the 2NM and 2NMnewenelose to the experimental
value. In the case of a high metabolic rate (2.@),niewas 0.17°C lower than the
experimental value, which is within the standardial#on. It was very close to the
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experimental value in the case of 3.0 met. FigureahBws the results for skin
temperature. In the case of the low metabolic rdwe,2NMnew was 0.35°C higher
than the 2NM, which is within the standard deviatidn the case of the high
metabolic rates (2.0 met and 3.0 met), both wergecto the experimental values. Fig.
9 shows cumulative water loss. As a result of #ie ;emperature, there was almost
no change in the low metabolic rate, and both tR&2and 2NMnew values were
close to the experimental values. In the case e@high metabolic rates (2.0 met and
3.0 met), both were close to the experimental \&lue

Due to the increased heat loss by evaporation,ctive and skin temperatures
decreased, and the values were close to the exgraaihvalues. On the whole, it can
be said that 2NMnew is more accurate than 2NM.

38.5 385 385
o 380 G 380 T _.380 |
1S4
L 375 L 375 ¢ L 375 |
= =1 2 (UUCCE
§ 370 L4 $ 37.0 L. € 370 t |
g - g— ¥ o L
g 365 & 365 1 BINM 51% 36.5 | 52NM
2 360 © 2NMnew 2 360 | © 2NMnew ® 360 | © 2NMnew
O 4 Experiment o & Experiment 8 4 Experiment
355 : : 355 - 355 :
0 20 40 60 0 20 40 60 0 20 40 60
Time (min.) Time (min.) Time (min.)
(a) Casel (b) Case 2 (c) Case 3

Fig. 7. Result for core temperature from the 2NM usingitheroved sweating model

37 37
D %}j r#’,’,g!,,,,mmm ..... %_: .
235 335 [ 535
2 g g
£ g3k B2NM g %
= [ [
£ 33 0 2NMnew c33t 0 2NMnew c 33 © 2NMnew
2 @ Experiment] 7 # Experimen 7 @ Experimen
32 ' 32 - 32 '
0 20 40 60 0 20 40 60 0 20 40 60
Time (min.) Time (min.) Time (min.)
() Casel (b) Case 2 (c) Case 3
Fig. 8. Results for skin temperature from the 2NM usingithproved sweating
model
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Fig. 9. Results for cumulative water loss from the 2Nivhgsihe improved sweating

model
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5. Evaluation of thermal safety in hot environments

In ISO 7933 (2004), a core temperature exceedin@°B8is defined as dangerous.
Furthermore, water loss is deemed dangeroussfgreater than 3% by body weight
if drinking water is not available, and 7.5% of glet for 50% of people, or 5% for
95% of people when drinking water is available. gyedicting the physiological
element of the unsteady state using the human #iepmysiological model, the
possible exposure time in a hot environment carcdleulated, from the value of
threshold limits to hot environment exposure focheg@hysiological amount (ISO
7933, 2004).

Moreover, water supply is very important to previeeat-related problems. Otaati
al. (2003) found that when working or exercising inad environment, a water supply
equivalent to the amount sweated is most effectovecontrol the rise in core
temperature and to maintain body fluid homeostdd$iat is to say, water replacement
Is the most effective way to prevent heat-relatexbiems and a decline in exercising
ability. By precisely calculating bodily water losssing the human thermal
physiological model, the necessary amount of wagplenishment can be calculated,
and thus it is possible to positively prevent heddted problems.

Furthermore, SET* shows the relationship betweersa®on and the physiological
response (Nakayama, 1981). By using this, it is plsssible to evaluate the thermal
safety of an environment roughly similar to the WBG

5.1 Example application: walking outdoors

The possible exposure time walking in a hot envitent in shaded and non-shaded
areas around a single building, the SET* and theusrnof water supply necessary
were calculated using the 2NM and 2NMnew. For th@renmental conditions, the
results for convection and radiation calculatiohs single building model at 13:00
hrs on 23 July in Tokyo were used. Figure 10 shdwes simulation model. The
analysis domain is 110 m (x) x 110 m (y) x 60 m {a¢ size of the building model is
10 m x 10 m x 10 m, and the building and groundaser are all assumed to be
concrete. The Monte Carlo method is used for thliatmn calculation, and the
standard ke model is used for the convection calculation. ¢akeulation method can
be found in Cheret al. (2004). The albedo, long wavelength emissivity dne
convection heat transfer coefficient of the buitdiand ground were assumed to be
0.2, 0.95, and 11.6 W/nhrespectively. The wind velocity was assumed toehav
one-quarter power profile of 2.0 m/s at the 10-mdmyg height. An air temperature
of 31°C and an initial value of 2.8 Pa (relativarhdity of 61.6%) for the water vapor
pressure of the atmosphere were applied to allyacal areas. The possible exposure
time in the hot environment, the SET* and the am@dfinvater supply necessary were
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calculated at Point A (un-shaded) and Point B (stadh Fig. 10. The calculation
method for the MRT of the human body is given ia thotnote” . The body surface
area was calculated using the DuBois formula basethe average Japanese height
and weight (161.9 cm and 59.0 kg). The shortwawsegdtion rate of the human body,
long wavelength emissivity, and clothing insulatiarere 0.5, 0.95 and 0.5 clo
respectively. Assuming an outdoor walking condititme metabolic rate was set to
2.0 met. In addition, the heat transfer coefficiehtthe human body surface was
calculated using the equation of Seppaseal. (1972) (ASHRAE, 2009). Table 6
shows the environmental conditions of Points A ddand the human body
conditions.

. _ Point B
solar altitude: 678 (shade)

N o
W E 10m

1.0
5 *S °
. 10m
Point A
(un-shade)

i)

Fig. 10.Simulation model for convection and radiation aétions.

Table 6 Calculation conditions for 2NM and 2NMnew

Air Relative wind Clothing ;
Descriptions temperature '\(/,I,Fé-)r humidity | velocity | insulation ';g?éagggs
(°C) (%) (m/s) (clo)
Point A (un-shaded) 31.2 53.8 61.7 1.98 05 0
Point B (shaded) 31.2 43.8 61.5 2.01 ' '

5.2 Results and discussions

Table 7 shows the calculated results of the pass#posure time in the hot
environment, the SET* and the amount of necessatgnsupply. When we compare
the 2NMnew and 2NM, both SET* were 34°C in the haded area and 32.2°C in
the shaded area, and thus no difference was destdiy the model. However, the
possible exposure time in the hot environment ef ZNNMnew was 26 minutes less
compared with the 2NM both for the shaded and r@dsd areas. The amount of
water supply necessary after 1 hour in the 2NMneag ¥W9.5 g more in un-shaded
areas and 37.3 g more in shaded areas. When weaoene shaded and un-shaded
areas, the possible exposure time in a hot un-shaxadronment was 36 minutes less
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for both 2NMnew and 2NM, and the amount of watgypdy necessary after 1 hour
was 47.8 g more in 2NMnew and 36.5 g more in 2Nk Tevised sweat predictions
in 2NM have a significant effect on water supplydahus the revisions are very
important for safety applicatiorts.

Table 7 Possible exposure time in hot environments, SEmY, the amount of water
supply necessary

. Point A (un-shaded) Point B (shaded)
Descriptions

2NM 2NMnew 2NM 2NMnew
Posgble exposgre time in a hot 214 188 250 294
environment (min.)
SET* (°C) 34.0 34.0 32.2 32.2
The amount of water supply
necessary after 1 hour (g) 263.4 312.9 227.8 265.1

6. Conclusions

This study aimed to improve the evaluation of tharmafety of hot outdoor
environments by improving an index of heat stresstlee body, and to quantify
positive countermeasures to heat-related problems.

(1) In order to clarify the thermal physiological regge of the human body in hot
environments, subject experiments were conducteljpan. Seasonal adaptation
was found to influence the experimental results.

(2) Using the summer data, the results for the corgéeature, skin temperature and
amount of sweating were compared with the 2NM aH& Pnodels. The results
showed the 2NM was accurate in low metabolic cases.

(3) A new sweating model (2NMnew) was proposed by iraigg metabolic
influences into the 2NM sweating model. The predictaccuracy of 2NMnew
was improved, especially in the high metabolic ratgon.

(4) The possible exposure time in hot environmentshaded and non-shaded areas
around a single building, the SET*, and the amanintvater supply necessary
(equivalent to the amount of water lost) were dalad using the 2NM and
2NMnew, and estimates of the thermal safety of teavironment and of
necessary countermeasures can be more accuratietynaesd.

(5) In this research, healthy male and female universitidents were examined.
However, to extent its applicability to the eldedgd children who are at greater
risk, it is necessary to widen the subject expenime
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Nomenclature

Ter Core temperature (°C)

T Skin temperature (°C)

Ty Average body temperature (°C)

M Metabolic rate (met)

n Evaporative efficiency of sweating (-)

Enex Maximum possible evaporative heat loss (\}/m
= Evaporative heat loss from skin (Wm

Ersw Evaporative heat loss due to regulatory sweatiifrf)

Eitt Evaporative heat loss due to moisture diffusionufgh skin (W/rf)
msw  Sweating rate (g/hfy

Maip  Fraction of sweat trickles away (g/Am

w Skin wettedness (-)

Wrsw Skin wettedness required to evaporate regulatweas(-)

Waite Skin wettedness due to moisture diffusion throsigh (-)

clo Clothing insulation (clo)
v Wind velocity (m/s)
Footnotes

1) When 2NM is improved, any discrepancies arisfr@m differences in race or

environment are expected to be treated as othamaters. As for 2NM parameters
which may cause a difference, the following can do@sidered: the blood flow

volume, the thermal capacity and thermal resistamtiee core area due to differences
in the percentage of fat, the bone quantity, aeditiiscle quantity ratio. Although not
shown in this paper, some sensitive analysis waslatied into these parameters.
When the influence of these parameters was examimadly any difference was

found. That is to say, the results tend to divérgm experimental values. Hence, the
influence of these parameters is small, and theyeww®t considered in these
improvements to the 2NM.

i) The derivation of the improved sweating modslgiven below. Equation (1),
which is shown in the main text, is multiplied netcorrection termw) .

m,, = {170[@Tb - 36.49 Dexé%:f"?j} X (M) 7)

where x(m) is the function of the metabolic rate (met). Aba/iImetabolic ratey =1),
the accuracy of the sweating prediction of 2NM ighh and thus it is assumed to
bex®=1. Sweat promoted by exercise is assumed to be @¢dnyssignals of muscle
stimulation, and in conditions of significantly hignetabolic rate, the influence of the
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stimulation is assumed to be small. That is to say)=1is the constraint condition.

Hence, x(v) is determined as follows.

X(M)=1+X'(M), X'@)=0,X'(«)=0 (8)
X'(M)= X, (M) DX,(M), X, (1) =0, X,(c0) =0 (9)

x, ™M), X,m)are formulated as follows.

X3(M) = a(exp(M -1)))°

X, (M) = @-expd(M —1)))¢ (10)
where, a~e are model constants. In the above-mentioned fotionla the

constants-~ewere decided by agreement with the experimentsigrésearch (Fig. 5)

and the experiment by Hayakawtaal. (1988) (Fig. 6). The profile ofx(v) is shown

in the supplement Fig. Al. Itis 1 fer=1, and the peak is approachedt 2.5, with

the curve gradually decreasing afterwards.

2.0
i

15 / \\\
—~~ \
=
X 1.0

0.5

0.0

1 2 3 4 5 6

Metabolic rate (met)

Fig. Al. Profile of the X(M).

iii) The MRT T,; at positioni, which is considered the total radiation energyuding

solar radiation, is calculated by Eq. (11).

6h%0T,* = 6h? iqlahq +6h? 23; {an B”aTj“cl} (11)

1=-3 1=-3 j=1
Ti The MRT at position i (K)
L Index to express the direction of the surfacectvtis composed of a micro-cube
(6 surfaces in total)
g  Solar radiation which reaches the surfaoéthe micro-cube (direct + diffusion
+ reflection) (W/nf)

¢ Weighting coefficient related to absorption ofas radiation by each surface of
the micro-cube. A coefficient of 0.024 is usedtfoe top and bottom surfaces
of the cube, and 0.238 is used for the sides (Nakani987).

T; Temperature of the micro-surface elemje(it)

17



an Shortwave radiation (solar radiation) absorptasfdeody (-) (In this researcla,

=0.5)

B Coefficient of absorption to tHesurface of the micro-cube from arbitrary element
] (ND).

h The length of a side of the micro-cube. Howeverisinot necessary in the
calculation.

The first term on the right hand side of Eq. (14¢ws the radiation energy due to
solar radiation, while the second term shows thg lwave radiation energy.

iv) The simulation of Section 5 was conducted bguasng the actual outdoor

environmental conditions. However, the experimentlie original sweating equation

which is proposed in this study was conducted ingloand thus environments

peculiar to the outdoors, such as strong radiadiwh wind, were not considered. On
the other hand, in this study, if the thermal asfjon is the same, the thermal
response of the human body is based on the assaimmpitithe same response even
though it has a different form (for example, duedadiation or convection). Of course,
if these forms are different even though the théamgquisition is the same, the human
body may exhibit a different thermal response. ®solve this matter, further

investigation is required in the future.
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