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Abstract

Background: Thermal insulation and evaporative resistance of clothing are the physical parameters to quantify
heat transfer and evaporative dissipation from the human body to the environment, respectively. Wind and body
movement decrease thermal insulation and evaporative resistance of clothing, which is represented as correction
factors for dynamic total thermal insulation (CF;) and evaporative resistance (CFe), respectively. Then, CF; and CF, are
parts of the key parameters to predict heat strain of workers by computer simulation. The objective of this study
was to elucidate the difference of CF; and CF. between ISO 7933 and ISO 9920 and compare the difference of
predicted rectal temperature, water loss, and exposure time limit calculated by using each correction factor.

Methods: CF; of ISO 7933 (CF;7933) and 1SO 9920 (CFig950), and CF. of 1SO 7933 (CF.033) and two kinds of CF, of 1SO
9920 (CFag920a CFegaon) Were compared in terms of relative air velocity, walking speed for three kinds of thermal
insulation of clothing. Next, two modified predicted heat strain (PHS) models were developed: modified PHS
integrated with CFiggog and CFagg20s (PHSmA) and modified PHS integrated with CFigg50 and CFegoagn (PHSg). We
calculated the rectal temperature, water loss, and exposure time limit by PHS, PHS,s, and PHS,s and compared the
results.

Results: CFi;933 and CFi9950 wWere almost similar in terms of V,, and walking speed, while CFeg950, and CFeggoqp, Were
larger than CFa933 when V,, was more than 1.0 m-s~'. Intrinsic clothing insulation () diminished the effects of V.,
on CFi7933, CFigoo0, CFe7933, and CFeggo0n. However, CFoges0, Was not influenced by I The predicted rectal temperature
and water loss difference were larger between PHS and PHS,,4 as CF. difference got larger. The duration time when
limit of rectal temperature of 38 °C was reached (D re3s) Calculated by PHS was significantly longer than PHS, A,
PHS, g at higher V.

Conclusions: Precise correction factors for evaporative resistance are required to predict rectal temperature, water loss,
and work-time limits.
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Background

Clothing decreases heat transfer between the human
body and the environment through convection, conduc-
tion, radiation, and evaporation. The thermal character-
istics of clothing are mainly represented by total thermal
insulation (I1) and evaporative resistance (R.t). Thermal
insulation and the evaporative resistance of clothing de-
pend not only on the clothing itself (fabric and design,
such as apertures or folds in the clothing), but also on
several conditions, such as the wearer’s activity level,
relative air velocity (V,,) applied to the wearer, and pos-
ture [1-5]. Air flow promotes heat transfer by increased
air permeation through the clothing fabric and openings
inside the clothing. Human subject experiment using an
ergometer showed that forced draft decreased body core
temperature and sweat rate by increasing evaporative
heat loss [6, 7]. A wearer’s activity also increases heat
transfer by the exchange of air between the inside of the
clothing and the environment by “pumping effects” [8]
through openings in the clothing. The walking move-
ment of thermal manikin facilitated heat dissipation by
convection and evaporation. Experimental results of
mean skin and core temperature of a walking manikin
were closer to a walking human trial data than a stand-
ing manikin [9]. When sweat absorbs heat from the skin,
it turns into vapor. Thereafter, vapor is transferred to
the environment to a greater extent through higher ven-
tilation due to air flow or a wearer’s activity. Increased
vapor transfer to the environment decreases the micro-
environmental humidity inside the clothing, which pro-
motes evaporation on wetted skin, leading to increased
heat transfer between the body and the environment. In
a hot environment, the avenue of heat transfer from the
human body to the environment is mainly through the
evaporation of sweat due to decreased heat transfer by
convection from decreased temperature difference be-
tween the skin and the environment. When heat loss by
sweating is suppressed by vapor-impermeable clothing,
though it serves to protect the human body from haz-
ardous materials, thermal physiological strain increases
[10-12].

It and Rt in dynamic conditions are required to cal-
culate heat transfer to the environment and to predict
core temperature, water loss, or skin temperature, etc.,
in thermal models. However, the limited availability of
climate chamber, sweating thermal manikin with active
simulation, and laminar air flow make it difficult to
measure thermal insulation and evaporative resistance of
clothing under various specific conditions for air velocity
or activity. Then, to numerically predict It and R.r
under wind or active conditions from static conditions,
some studies on correction factors for dynamic total
thermal insulation (CF;) [1, 13-20] and evaporative re-
sistance (CF,) [2, 15, 16, 21] have been carried out.
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Havenith et al. [1] investigated the effects of both
walking and wind on the insulation value of clothing en-
sembles by conducting human subject experiment. Nils-
son and Holmér [13] evaluated the total insulation in
the wind and by walking via a thermal manikin. The
equations for CF; and CF, in ISO 7933 [22] were devel-
oped as part of the BIOMED EU-project led by Mal-
chaire. Three papers [14, 15, 21] were produced in the
project. By utilizing the data of Havenith et al. [1] and
Nilsson and Holmér [13], Holmér et al. [14] proposed
CF; for over 0.6 clo of clothing insulation (Eq. 30 in [14])
and nude (Eq. 29 in [14]) under walking and wind. CF;
for nude in [14] was later changed to Eq. 3 in [16] by
Havenith et al. Havenith and Nilsson [21] proposed the
equations for CF, from the empirical relation of change
in i,, with change in heat resistance. Parsons et al. [15]
summarized the results and proposed the computer
code. Equation 30 [14] and Eq. 3 [16] were included in
the present ISO 7933 [22]. In the revision of ISO 7933
[23], predicted heat strain (PHS) model was proposed by
Malchaire et al. [24] and adopted in the International
Organization for Standardization (ISO) as ISO 7933
[22]. PHS was validated using laboratory (672 experi-
ments) and field (237 experiments) data [25]. Following
the publication of ISO 7933 [22], the ISO committee
ISO TC159/SC5/WG1 started the ISO 9920 [26] revi-
sion. For this work, Havenith [17, 18] reanalyzed more
data from a cooperation between Nilsson and Havenith,
from Kim and McCullough [19], and from Nilsson et al.
[20] on CF; in addition to Holmér et al. [14]. CF. in ISO
9920 [27] was also changed from that of ISO 7933 [22].
By analyzing a more extensive data from Havenith la-
boratory compared to what was used in ISO 7933 [22],
it was found that CF, of ISO 7933 [22] seemed to have
overestimated the effects of movement and wind on
vapor resistance. After discussions in ISO TC159/SC5/
WGI and presentation of the data, CF. was revised to
that of the present ISO 9920 [28]. For static conditions,
the Lewis relation and static moisture permeability index
(imst) were used to estimate evaporative resistance from
thermal insulation for both ISO 7933 [22] and ISO 9920
[27]. For dynamic conditions, CF, was derived from the
empirical relation between CF; and dynamic moisture
permeability index (imayn) in ISO 7933 [22]. On the
other hand, in ISO 9920 [27] two equations were pro-
vided to calculate CF,: one was an empirical equation in-
cluding relative air velocity and walking speed, and the
other was an empirical relation including CF;.

The key predictions of PHS are rectal temperature
and sweat rate. Some researchers evaluated the pre-
dictions of PHS by comparing with physiological data.
Kampmann et al. showed a pronounced underestima-
tion of rectal temperature and correct estimation of
sweat rate in moderate activity [29]. Parsons [30]
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pointed out that applying PHS in the assessment of
rapidly changing environments and short exposures
was not possible. Lundgren et al. also showed that
intermittent work exposure challenged the accuracy of
the PHS model [31]. They provided the data on the
overestimation of PHS simulation on rectal
temperature in heavy activity and cooling effect of
sweating in recovery [30]. Wang et al. [32] demon-
strated that rectal temperature and sweat rate pre-
dicted by PHS were higher than those of human
subject data when wearing higher thermal insulating
or higher evaporative resistance clothing than the
scope of PHS model. From the perspective of occupa-
tional hygiene in terms of thermal environment, it is
important to determine the maximum allowable ex-
posure duration. In ISO 7933 [22], a maximum allow-
able exposure time is provided based on rectal
temperature reaching 38 °C or a cumulative sweat loss
limit based on acclimation state. In the determination
of the duration time limit, environmental conditions,
metabolic rates, and thermal characteristics of cloth-
ing should be inputted as important factors. CF; and
CF. also play an important role in predicting heat
strain under dynamic conditions. It was reported that
CF. of ISO 7933 [22] and ISO 9920 [27] were differ-
ent, and the CF,. difference predicted the duration
time limit difference for exposure [33]. To predict a
suitable CF., it was necessary to further compare
among ISO 7933 [22], two kinds of ISO 9920 [27],
and experimental data.

The purpose of this paper was to compare the two
kinds of CF; or three kinds of CF, for ISO 7933 [22] and
ISO 9920 [27] with experimental results and to study
the effect of differences in CF; or CF,. on predicted rectal
temperature, cumulative water loss, and duration time
limit of exposure under constant conditions.
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Methods

Correction factor

Two kinds of CF; (CFj933: Eq. 1.1-3 and CFjggy0: Eq.
2.1-3) and three kinds of CF. (CFe933: Eq. 3, CFe9920a:
Eq. 4, and CFe9950p: Eq. 5) were summarized in Table 1.
There were three functions of CF; in terms of walking
speed and relative air velocity according to the intrinsic
thermal insulation of clothing (I.). Relative air velocity
changes depending on conditions in ISO 7933 [22]:
When the data on walking speed and walking direction
to wind are provided, relative air velocity is calculated as
the VECTOR difference between air velocity and walk-
ing speed. When walking direction is unknown, relative
air velocity is air velocity if air velocity is larger than
walking speed and otherwise walking speed. When both
the direction of walking and walking speed were not
known, relative air velocity is supposed as air velocity.
To avoid complexity in the calculation of relative air vel-
ocity from air velocity or walking speed, relative air vel-
ocity was directly used to calculate CF; or CF, in this
paper. To predict static total water vapor resistance
(Ret) from static total thermal insulation (It), i and
Lewis relation were applied in ISO 7933 [22] and ISO
9920 [27]. In our calculation, i, of 0.38 was used as
normal clothing. Here, walking included only the effect
of body movement by walking, excluding the effect of air
velocity due to walking. First, we compared the inde-
pendent effects of relative air velocity and walking speed
between CFj;933 and CFiggy0. Table 2 shows the validity
of ISO 7933 [22] and ISO 9920 [27] concerning relative
air velocity, walking speed, and 1. First, when we calcu-
lated the effect of relative air velocity on CF;, walking
speed was fixed at 0.01 ms™' and relative air velocity
varied from 0.0 to 3.0m-s™'. For walking speed effect,
relative air velocity was fixed at 0.15m-s™* and walking
speed varied from 0.0 to 1.2m-s™'. Second, we similarly

Table 1 Correction factors for dynamic total thermal insulation (CF;) and evaporative resistance (CF,) of 1SO 7933 [22] and 1SO 9920

[27]
Correction Iy 1SO7933 [22] 1SO9920 [27]
factor
CF; Nude EXp (— 0472 Vyr + 0047 Vo — 0342 Vy + 0117 VD) Exp (= 0533 X (Vo — 0.15) + 0.069 X (V5 — 0.15)% — 0462 V,, +
(= Corrly) ...(1.1) 0201 V,,2) (= Corrly) ...(2.1)
0<lg<06 (06—l x Corrly + Ig x Corrlp)/06 ...(1.2) (06 = 1) X Corrly X I, + I X Corrly X 11(0.6)) / (0.6 X (lo))
.22
lg =06 Exp (0.043 — 0398 V,, + 0.066 Vo> — 0.378 V,, + 0094  Exp (= 0.281 X (V,, — 0.15) + 0.044 X (V5 — 0.15)% — 0492 V,, +
V) (= Corrlp) ...(1.3) 0.176 V,,?) (= Corrl) ...(2.3)
CFe Allrange  Corrl/(26 Corrly? — 65 Corrly + 49) ...(3) Exp (— 0468 X (Vo — 0.15) + 0.080 X (Va — 0.15)? — 0.874 V., +

(f irmdyn = Imst X (26 X Corrly? = 6.5 x Corrly + 4.9) >

0.9, then ingyn = 0.9)

0358 V) ...(4)
0.3 — 05 x Corrly + 1.2 x Corrly? ...(5)

I, thermal insulation of air layer in nude, I intrinsic thermal insulation of clothing, V,, relative air velocity, V,, walking speed, I1{0.6) static total thermal insulation at
0.6 clo, I+(l.) static total thermal insulation at I, Corrl, correction factors for dynamic thermal insulation in nude, Corrlr correction factors for dynamic total thermal
insulation over 0.6 clo of I, ims Static moisture permeability index, imq,» dynamic moisture permeability index
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Table 2 Ranges of validity for ISO 7933 [22] and 1SO 9920 [27]

Parameter ISO 7933 [14] ISO 9920 [27]
T, 15-50°C -

T-T, 0-60°C -

M 52-232W-m™? -

V,, 00-3.0ms"" 0.15-3.50m-s""
Vi 00-15ms”"' 00-12m-s™"

el 0.1-1.0clo 0.0-14clo

T, air temperature, T, mean radiant temperature, M metabolic rate, V,, relative
air velocity, V,, walking speed, I intrinsic thermal insulation of clothing

compared the independent effect of relative air velocity
and walking speed among CFe933, CFeo920., and
CFe9920p- Third, we compared the combined effects of
relative air velocity and walking speed on CF; or CF..
The relative value of CFjggpg to CFi7933, CFeg920a tO
CF.7933, and CFeg990p, to CF.7933 was calculated for a
two-dimensional area of relative air velocity from 0.0 to

3.0m-s™! and walking speed from 0.0 to 1.2 m-s ™.

Integration of CFig950 and CFe9920a OF CFeg920p to PHS

To investigate the effect of different correction factors
on PHS, two modified PHS (PHS,,», PHS,,gz) were devel-
oped: PHS ;o with CFjg9p9 and CFeg920,, and PHS 5 with
CFi9920 and CF.g9s0p. First, we calculated the difference
of final rectal temperature and water loss calculated be-
tween PHS and PHS,,, under condition A, condition B,

Table 3 Input parameters of PHS, PHS 4 to calculate difference
in predicted core temperature and accumulated water loss

Individual condition Var Vi [

Condition A 30ms™ 0.1ms 03dclo
Condition B 30ms™! 01ms™! 1.0clo
Condition C 015ms™" 0.1ms 03clo
Condition D 0.15ms" 0.1ms 10clo

Common condition Input parameter

Ta Every 0.1 °C (30-40°C)
RH Every 1% (0-100%)

M 145 W-m ™

Height 1.70m

Weight 65 kg

Acclimation Acclimated

Drink availability Available

st 0.38

Calculation program PHS, PHS A
Calculation time Th

V,, relative air velocity, V,, walking speed, I intrinsic thermal insulation of
clothing, T, air temperature, RH relative humidity, M metabolic rate, iy, Static
moisture permeability index, PHS predicted heat strain, PHS,,» modified PHS
including equation (2.1-3) of correction factor for dynamic total thermal
insulation and Eq. (4) of correction factor for dynamic total evaporative
resistance. Equations are shown in Table 1
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condition C, and condition D (Table 3) with a maximum
calculation time of 1h. In this study, we supposed con-
tinuous work for 1 h without taking a break. Other cal-
culation conditions are presented in Table 3: moderate
metabolic rate (145 W-m™2), height (1.70 m), weight (65
kg), drink available, acclimated, iy, (0.38), relative hu-
midity (RH) (from 0 to 100%), and ambient temperature
(from 30 to 40 °C). Moderate metabolic rate corresponds
to sustained hand and arm work (hammering nails, fil-
ing) and arm and leg work (off-road operation of lorries,
tractors, or construction equipment) [22]. Furthermore,
1.0clo (1 clo, 0.155 m?>°C-W™1) of I, was used because
1.0 clo was the maximum thermal insulation of clothing,
as shown in Table 2. Next, duration time when limit of
rectal temperature of 38 °C was reached (Djj,Tre3s) Was
compared between PHS,, and PHS and between
PHS,,o and PHS, z at four conditions of relative air vel-
ocity and walking speed (conditions A, B, C, D) with a
maximum calculation time of 8 h. Paired ¢ test was used
to test the significant difference between each model.
Here, we supposed a worst-case scenario: continuous
work for 8 h without taking a break. The total number
of plots was 847, where RH varied from 0 to 100% at
10% intervals, ambient temperature from 30 to 40 °C at
1°C intervals and mean radiant temperature from ambi-
ent temperature to ambient temperature + 60 °C at 10°C
intervals. The other calculation conditions of metabolic
rate, height, weight, heat acclimation, i value, and
drink availability are the same as listed in Table 3.

Results

CFi7933 and CFjg9y¢ decreased similarly with relative air
velocity and walking speed in nude and under the cloth-
ing thermal insulation of 0.3 clo and more than 0.6 clo
(Fig. 1a). The reduction rates of CFj;933 and CFjggy for
relative air velocity were largest in nude, second in 0.3
clo, and least in larger than 0.6 clo. However, CFi;933
and CFjg9y did not differ in nude, the clothing thermal
insulation of 0.3 clo and more than 0.6 clo in terms of
walking speed (Fig. 1b). CFe933 was smaller than
CFe9920a and CFq99,0p in both for relative air velocity and
walking speed. For a nude condition at 3.0 m-s™* of rela-
tive air velocity, CFeg920, was larger than CFg933 by
more than three times. For larger than 0.6 clo, CF.9920,
and CF.99p0p, Were almost the same and were about two
times larger than CF.;933 (Fig. 2a). For the effect of walk-
ing speed, CF.9920, and CFeg950, were also as large as
CFe7933 (Fig. 2b). We compared the combined effect of
relative air velocity and walking speed on CFj;933 and
CFig920, CFe79033 and CFego0ay and CFe7933 and CFegonon
in Fig. 3. For CF;, the ratio of CFjggyg to CFi7933 was al-
most 1 in the large part of the calculated scope (relative
air velocity 0.15-3.0m-s', walking speed 0.01—1.2
msh), indicating that CFig99 and CFj;933 were almost
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the same (Fig. 3a—c). For CF,, both the contours of the
ratios of CF.9920, and CFeg950p t0 CF.7933 were almost
parallel to the y-axis, which means that both CF.990,
and CF99201, change similarly in terms of walking speed
(Fig. 3d—i). The ratio of CFe9920, to CF.7933 was the lar-
gest in nude (Fig. 3d), next in 0.3 clo (Fig. 3e), and the
smallest in more than 0.6clo (Fig. 3f). The ratio of

CFe9920b to CFe7933 was not different in terms of clothing
thermal insulation in the calculated scope (Fig. 3g—i).

Figure 4 provides the predicted rectal temperature

(Fig. 4a—d) and water loss difference (Fig. 4e—h) be-
tween PHS and PHS_, for a 1-h exposure with a
scope of ambient temperature from 30 to 40°C and
RH from 0 to 100% in four conditions (conditions A—
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D). Under condition A, in high ambient temperature
and RH region, the predicted rectal temperature by
PHS,o was higher than that by PHS. The maximum
rectal temperature difference in the scope was about
1.4°C (Fig. 4a). And the maximum water loss differ-
ence was about 400 ml (Fig. 4e). The region where
the predicted water loss differed was almost the same
area as that of the rectal temperature difference (Fig.
4e). Under condition B (Fig. 4b), the region where
predicted rectal temperature and water loss differed
was similar to condition A. The maximum rectal
temperature difference was about 1.0°C (Fig. 4b) and
maximum water loss difference (Fig. 4f) was about
300 ml. Under condition C or D, both rectal
temperature and water loss between PHS and PHS, 4
did not differ as much as condition A or B.

The differences in Dyjnrre3s between PHS,,, and PHS
and between PHS 4 and PHS,p are shown in Fig. 5 for
the four conditions (conditions A, B, C, and D). Dyjrress
differences between PHS and PHS,, and between
PHS,,ao and PHS, g were the largest under condition A
and second largest under condition B. The largest Dy,
Tresg differences between PHS and PHS,,, were 454,
444, 377, and 309 min under conditions A, B, C, and D,
respectively. The largest Djress differences between
PHS,,» and PHS,,z were 434, 310, 89, and 71 min under
conditions A, B, C, and D, respectively. Dy, 1re3s Values
of PHS were significantly larger than PHS 5 and PHS 5
by paired ¢ test under the four tested conditions (P <
0.001). Dyj1ress values of PHS 5 were significantly lar-
ger than PHS,,» by paired ¢ test under the four tested
conditions (P < 0.001).
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Discussion

In this study, we compared CF; and CF. between ISO
7933 [22] and ISO 9920 [27]. The vapor resistance value
was reduced less in 1SO9920 than in 1ISO7933. CF; was
close to each other, but CF.9950, and CF.g9p0, Were lar-
ger than CF.;933. To the best of our knowledge, there is
no other study to compare correction factors of ISO
7933 [22] and ISO 9920 [27] in detail in terms of relative
air velocity and walking speed. Next, we investigated the
effect of CF, differences on predicted rectal temperature
and water loss under warm and humid conditions.
When the difference between CF.7933 and CF.9950, Was
large, the predicted rectal temperature and water loss
were higher in PHS,,, than PHS at high ambient

temperature and RH. Dy, .e38 values by PHS were sig-
nificantly larger than those of PHS,,» and PHS .

Many researchers [1, 2, 14, 20, 21, 34-40] demon-
strated the dependence of CF; or CF, on relative air vel-
ocity and walking speed mainly with human subject
study or thermal manikin (Fig. 6a—d). In this paper, CF;
and CF, of ISO 7933 [22] and ISO 9920 [27] were com-
pared with experimental data including the recent re-
search published after the issuance of ISO 9920 [27].
Concerning CF;, CFi7933 and CFjg95¢ were close to ex-
perimental results both in nude and clothing conditions
(Fig. 6a). CF; of Qian (cloth) [35], Morrissey (garment
zip fastened) [36] were close to CFi7933 (= 0.6 clo). Mor-
rissey and Rossi [36] showed that CF; with relative air
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velocity was lowered in an unfastened garment zip.
Thus, how one wears clothing could also influence CF;
with relative air velocity. CF; of Lu et al. (nude) [37] was
close to those of CFi;933 (nude) and CFjg95 (nude). CF;
of Lu et al. (moderate) [37] was also close to CFjgg90 (=
0.6 clo).

CFi7933 and CFjg9, in nude conditions decreased with
relative air velocity more than in clothing conditions. Qian
and Fan [34, 35] and Lu et al. [37] also showed that CF; of
a nude body was smaller than a clothed body under the
same relative air velocity (Fig. 6a). However, with walking
speed, CF; in nude conditions and clothing conditions

were almost the same for CFi;933 and CFiggyo (Fig. 6c).
The experimental results also showed that CF; depend-
ence on walking speed was not related to I (Fig. 6¢).

CF. of experimental data, CFg933, CFeg920., and
CFe9920b, Were different in two ways. First, CFeg920pr Was
larger than CF.;933 in both nude and more than 0.6 clo
(Fig. 6b, d). CFe9920, Was also larger than CF.;933. Experi-
ment data of CF, [2, 34, 35, 38, 39] which the standards
should be based on were not consistent (Fig. 6b, d). The
differences in experimental conditions or calculation
methods of R.r in the study of thermal manikin could
explain the Rt difference [41]. Second, the CF.g950, did
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not depend on Ir. This is contrary to experimental re-
sults showing that CF, in nude decreased with relative
air velocity to a greater extent than that in clothing. To
resolve these discrepancies, more experimental study re-
garding CF. dependence on relative air velocity and
walking speed would be needed.

For the combined effect of relative air velocity and
walking speed on CF;, Eq. 1.1, 1.2, 2.1, and 2.3 in Table

1 showed that relative air velocity and walking speed in-
dependently affected CF;. Heat exchange increased in
the front trunk (chest, abdomen, pelvis) with a frontal
wind. Meanwhile, heat exchange increases more in the
arm and foot than the front trunk when walking in nude
or light clothing [40]. In a combined condition of wind
and walking, the effect of relative air velocity on It was
larger than that of walking speed and affected that of
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walking speed [40]. To explain these effects, the inter-
action term of relative air velocity and walking speed
could be needed for CF; equation.

A higher CF, induced a smaller maximum evaporation
rate and higher wettedness in the skin, leading to a
smaller evaporation efficiency. To correct a smaller
evaporation efficiency and maintain a balance in heat
transfer, the sweat rate increases. In our calculation,
PHS,,ao predicted that water loss increases at a lower
ambient temperature than PHS and reached a maximum
sweat rate (SW...) at lower ambient temperature. In
PHS, PHS ;o and PHS g, SW ..« is determined by meta-
bolic rate and acclimation.

SWinax = (M - 32) x surface area of human body x
factor of acclimation (6) where M stands for metabolic
rate in W-m™2 [25]. The surface area of human body was
expressed in m? Factor of acclimation was 1.25 for accli-
mated person and 1.0 for unacclimated person. Before
sweat rate reached SW .., the rectal temperature did
not increase. But after reaching SW,,, the rectal
temperature started to increase in PHS model. Then, the
time when the predicted rectal temperature started to
increase was almost equivalent to the time when the
predicted water loss reached the maximum sweat rate.
When predicted sweat rate by PHS, o reaches SW.,
and by PHS did not, only the predicted rectal
temperature by PHS,, » increases. This relation explained
that the differences in the rectal temperature between
PHS and PHS,,» were closely related to the differences
in predicted water loss. Under every condition, the zone
where rectal temperature differed almost overlapped the
zone where sweat rate differed (Fig. 4). The difference in
rectal temperature and water loss was larger under con-
ditions A or B than conditions C or D. A larger differ-
ence in CF. (Table 4) would contribute to a larger
difference in predicted rectal temperature and water
loss.

Our study showed that differences of Djyyrress be-
tween PHS and PHS o were largest in condition A (Fig.

Table 4 Correction factor for dynamic total thermal insulation
and evaporative resistance of PHS, PHS;,» and PHS,z for four
conditions (conditions A-D)

Individual CF, CFe

condition PHS  PHS.» PHS.s PHS  PHS..»  PHS.s
Condition A 046 054 054 018 046 038
Condiion B 055 061 061 026 046 044
CondionC 093 098 098 083 09 097
Condition D 095 095 095 088 092 091

CF; correction factor for dynamic total thermal insulation, CF, correction factor
for dynamic total evaporative resistance, PHS predicted heat strain, PHS,,4
modified PHS including CF; of Egs. (2.1-3) and CF, of Eq. (4), PHS,z modified
PHS including CF; of Eq. (2.1-3) and CF, of Eq. (5). Equations are shown in
Table 1
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5). The largest difference in CF, among PHS, PHS 4,
and PHS, in condition A (Table 4) could result in
Dlimr,e3g difference. The large amount of water loss due
to a low evaporation efficiency by a high CF,. increased
the probability of reaching the maximum sweat rate and
an elevated rectal temperature. Thus, at high CF,, rectal
temperature increased in a lower heat stress environ-
ment than for a low CF,. Under heat stress conditions
where body rectal temperature started to increase, an in-
accuracy in CF, led to a large prediction error for Dy,
Treas Values. Originally, predicting heat strain under such
boundary conditions was required to avoid heat disor-
ders. As such, the prediction errors due to an inaccurate
CF. should be lowered as much as possible under such
boundary conditions. Since many kinds of clothing exist,
it could be difficult to develop a CF, that covers all kinds
of clothing. Thus, it would be necessary to derive a CF;
or CF,. that is specialized for work clothing to prevent
work-related heat disorders. Many other factors, except
for wind or walking activity, such as how clothes fit, pos-
ture, and openings, were reported to affect It [42]. Fur-
ther study is needed to estimate precise correction factor
considering other factors.

The clothing area factor (f,), defined as the ratio of
the clothing surface area to the body surface area, also
plays an important role in the analysis of heat exchange
between a clothed body and the environment. Though
f. is decided only by static clothing thermal insulation, it
is used in both static and dynamic conditions in ISO
7933 [22]. Since f,; was shown to depend on clothes’ fit
or posture [43] and clothing shape was changed by wind
[44], some corrections to f. should be considered.

Moreover, the scope of relative air velocity is limited
to 3.0 and 3.5ms! for ISO 7933 [22] and ISO 9920
[27], respectively. When PHS is applied to outdoor work,
the scope should be extended to an air velocity of more

than 3.0 m-s™".

Conclusions

The correction factors for dynamic total thermal
insulation (CFj99509) and evaporative resistance (CF.99204
and CF.g950p) proposed in ISO 9920 [27] were compared
with those of ISO 7933 (CF;7933 and CF.y933) [22]. The
vapor resistance value was reduced less in 1SO9920 than
in 1ISO7933. CF; were close to each other; however, CF,
of ISO 9920 [33] was much larger than that of ISO 7933
[22]. The relation of one CF, in ISO 9920 [27] on rela-
tive air velocity was not influenced by the intrinsic ther-
mal insulation of clothing. The difference in CF, lead to
a difference in predicted rectal temperature and water
loss in the critical region of ambient temperature and
RH where predicted sweat rate reached maximum sweat
rate. Duration time when limit of rectal temperature of
38°C is reached (Djmtress) wWas different according to
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the CF. used in the calculation. A larger difference in
CF, results in a larger difference in Dy 1.e3g value. The
development of a correct CF, is required to predict ap-
propriate work time limits in hot working environments.

Abbreviations

DiimTre3s: Duration time when limit of rectal temperature of 38 °C is reached
(minutes); CF.: Correction factor for dynamic total evaporative resistance
(dimensionless); CFe7g33: CFe of 1SO 7933 (dimensionless); CFegoa0a: CFe Of 1ISO
9920 using relative air velocity and walking speed (dimensionless);

CFegg20b: CFe 0f 1SO 9920 using CFigez0 (dimensionless); CFi: Correction factor
for dynamic total thermal insulation (dimensionless); CFi7933: CF; of 1SO 7933
(dimensionless); CFiggx0: CFi of 1SO 9920 (dimensionless); ISO: International
organization for standardization; I Total thermal insulation (M>KW™);

PHS: Predicted heat strain; PHS,,a: Modified PHS integrated with CFigg50 and
CFe0920a; PHSme: Modified PHS integrated with CFiggyo and CFegozon; Rer: Total
evaporative resistance (m*kPaW ")

Acknowledgements
The author expresses a deep appreciation to Prof. Bernard in South Florida
University for discussing about correction factors of clothing and PHS.

Author’s contributions
SU planned the study, wrote the program, analyzed the data, and drafted
the manuscript. The author read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets used and/or software during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The author declares that | have no competing interests.

Received: 3 April 2020 Accepted: 6 August 2020
Published online: 24 August 2020

References

1. Havenith G, Heus R, Lotens WA. Resultant clothing insulation - a function of
body movement, posture, wind, clothing fit and ensemble thickness.
Ergonomics. 1990;33:67-84.

2. Havenith G, Heus R, Lotens WA. Clothing ventilation, vapor resistance and
permeability index - changes due to posture, movement and wind.
Ergonomics. 1990;33:989-1005.

3. Bouskill LM, Havenith G, Kuklane K, Parsons KC, Withey WR. Relationship
between clothing ventilation and thermal insulation. AIHA J (Fairfax, Va).
2002;63:262-8.

4. Nielsen R, Olesen BW, Fanger PO. Effect of physical activity and air velocity
on the thermal insulation of clothing. Ergonomics. 1985;28:1617-31.

5. WuYS, Fan JT, Yu W. Effect of posture positions on the evaporative
resistance and thermal insulation of clothing. Ergonomics. 2011;54:301-13.

6. Adams WC, Mack GW, Langhans GW, Nadel ER. Effects of varied air velocity
on sweating and evaporative rates during exercise. J Appl Physiol. 1992;73:
2668-74.

7. Saunders AG, Dugas JP, Tucker R, Lambert MI, Noakes TD. The effects of
different air velocities on heat storage and body temperature in humans
cycling in a hot, humid environment. Acta Physiol Scand. 2005;183:241-55.

8. Vogt JJ, Meyer JP, Candas V, Libert JP, Sagot JC. Pumping effects on thermal
insulation of clothing worn by human subjects. Ergonomics. 1983;26:963-74.

9. Wang F. Effect of body movement on the thermophysiological responses of
an adaptive manikin and human subjects. Measurement. 2018;116:251-6.

10.  Holmer I. Protective clothing in hot environments. Ind Health. 2006;44:404-13.

20.

21.

22.

23.

24,

25.

26.

27.

28.
29.

30.

31.

Page 11 of 12

Bernard T, Ashley C, Trentacosta J, Kapur V, Tew S. Critical heat stress
evaluation of clothing ensembles with different levels of porosity.
Ergonomics. 2010;53:1048-58.

Havenith G, den Hartog E, Martini S. Heat stress in chemical protective
clothing: porosity and vapour resistance. Ergonomics. 2011;54:497-507.
Nilsson HO, Holmér I. Prediction of motion effects from static manikin
measurements. In a European seminar on Thermal Manikin Testing: 12 Feb,
1997; Solna: Proceeding of a European seminar on Thermal Manikin Testing;
1997:45-48.

Holmér |, Nilsson HO, Havenith G, Parsons K. Clothing convective heat
exchange--proposal for improved prediction in standards and models. Ann
Occup Hyg. 199943:329-37.

Parsons KC, Havenith G, Holmér |, Nilsson HO, Malchaire J. The effects of
wind and human movement on the heat and vapour transfer properties of
clothing. Ann Occup Hyg. 1999:43:347-52.

Havenith G, Holmér |, Parsons KC, den Hartog EA, Malchaire J. Calculation of
dynamic heat and vapour resistance. In: Werner J, Hexamer M editors.
Environmental Ergonomics IX. Aachen: Shaker Verlag GmbH; 2000. p. 125-
128. 9™ International conference on Environmental Ergonomics: 30 July - 4
August, 2000; Dortmund, Germany. ISBN 3 8265 7648 9.

Havenith G, Holmér I, den Hartog EA, Parsons KC. Clothing evaporative heat
resistance--proposal for improved representation in standards and models.
Ann Occup Hyg. 1999;43:339-46.

Havenith G, Nilsson HO. Correction of clothing insulation for movement
and wind effects. A meta-analysis. Erratum in Eur J Appl Physiol. 2005,93:
506.85.

Kim CS, McCullough EA. Static and dynamic insulation values for cold
weather protective clothing. In: Nelson CN, Henry NW editors. Performance
of protective clothing: issues and priorities for the 21°" century, Vol 7. ASTM
STP 1386. American Society for Testing and Materials: West Conshohocken,
PA; 2000. p. 233-47.

Nilsson HO, Anttonen H, Holmér I. New algorithms for prediction of wind
effects on cold protective clothing. In: 1% European conference on
protective clothing. Arbete och Halsa 8, Stockholm, 2000. p. 17=20.
Havenith G, Nilsson HO. Correction of clothing insulation for movement
and wind effects, a meta-analysis. Eur J Appl Physiol. 2004;92:636-40.
International Organization for Standardization (ISO). Ergonomics of the
thermal environment - analytical determination and interpretation of heat
stress using calculation of the predicted heat strain. (Standard No. ISO 7933:
2004), Geneva, Switzerland: 1SO; 2004.

International Organization for Standardization (ISO). Ergonomics of the
thermal environment - analytical determination and interpretation of heat
stress using calculation of the predicted heat strain. (Standard No. ISO 7933:
1989), Geneva, Switzerland: 1SO; 1989.

Malchaire J, Piette A, Kampmann B, Mehnert P, Gebhardt H, Havenith G,

et al. Development and validation of the predicted heat strain model. Ann
Occup Hyg. 2001;45:123-35.

Malchaire J, Kampmann B, Mehnert P, Gebhardt H, Piette A, Havenith G,

et al. Assessment of the risk of heat disorders encountered during work in
hot conditions. Int Arch Occup Environ Health. 2002;75:153-62.
International Organization for Standardization (ISO). Ergonomics of the
thermal environment — estimation of the thermal insulation and
evaporative resistance of a clothing ensemble. (Standard No. ISO 9920:
1995), Geneva, Switzerland: 1SO; 1995.

International Organization for Standardization (ISO). Ergonomics of the
thermal environment — estimation of the thermal insulation and
evaporative resistance of a clothing ensemble. (Standard No. ISO 9920:
2007), Geneva, Switzerland: 1SO; 2007.

Havenith G (personal communication).

Kampmann B, Brode P, Fiala D. Physiological responses to temperature and
humidity compared to the assessment by UTCl. WBGT and PHS. Int J
Biometeorol. 2012;56:505-13.

Parsons K. Occupational health impacts of climate change: current and future
ISO standards for the assessment of heat stress. Ind Health. 2013;51:86-100.
Lundgren K, Martinez N, Johansson B, Psikuta A, Annaheim S, Kuklane K.
Human responses in heat — comparison of the predicted heat strain and
the Fiala multi-node model for a case of intermittent work. J Therm Biol.
2017;70(Part A):45-52.

Wang F, Gao C, Kuklane K, Holmér I. Effects of various protective clothing
and thermal environments on heat strain of unacclimated men: the PHS
(predicted heat strain) model revisited. Ind Health. 2013;51(3):266-74.



Ueno Journal of Physiological Anthropology

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2020) 39:23

Ueno S, Sawada S, Bernard TE. Modifications to predicted heat strain (PHS)
(1507933). In 13" International Conference on Environmental Ergonomics:
3—7 Aug, 2009: Boston, USA. Proceedings of the 13™ International
Conference on Environmental Ergonomics; 2009: 141-5.

Qian X, Fan J. Interactions of the surface heat and moisture transfer from
the human body under varying climatic conditions and walking speeds.
Appl Ergon. 2006;37:685-93.

Qian X, Fan J. A quasi-physical model for predicting the thermal insulation
and moisture vapour resistance of clothing. Appl Ergon. 2009;40:577-90.
Morrissey MP, Rossi RM. The effect of wind, body movement and garment
adjustments on the effective thermal resistance of clothing with low and
high air permeability insulation. Text Res J. 2014;84:583-92.

Lu'Y, Wang F, Wan X, Song G, Zhang C, Shi W. Clothing resultant thermal
insulation determined on a movable thermal manikin. Part I: effects of wind

and body movement on total insulation. Int J Biometeorol. 2015,59:1475-86.

Wang F, Del Ferraro S, Lin LY, Mayor TS. Localised boundary air layer and
clothing evaporative resistances for individual body segments. Ergonomics.
2012;55:799-812.

Ueno S, Sawada S. Correction of the evaporative resistance of clothing by
the temperature of skin fabric on a sweating and walking thermal manikin.
Text Res J. 2011;82:1143-56.

Oliveira AV, Gaspar AR, Francisco SC, Quintela DA. Convective heat transfer
from a nude body under calm conditions: assessment of the effects of
walking with a thermal manikin. Int J Biometeorol. 2012;56:319-32.

Wang F, Havenith G, Mayor TS, Kuklane K, Leonard J, Mtynarczyk M et al.
Clothing real evaporative resistance determined by means of a sweating
thermal manikin: a new round-robin study. In: Scientific Conference for
Smart and Functional Textiles, Well-being, Thermal Comfort in Clothing,
Design, Thermal Manikins and Modelling: Ambience14 & 10i3m. Tampere,
Finland: University of Helsinki; 2014.

Lotens WA. The actual insulation of multilayer clothing. Scand J Work
Environ Health. 1989;15:66-75.

Kakitsuba N. Investigation into clothing area factors for tight and loose

fitting clothing in three different body positions. J Hum Environ Syst. 2004;7:

75-81.

Anttonen H, Hiltunen E. The effect of wind on thermal insulation of military
clothing. RTO-MP-HFM-168 - Soldiers in cold environments. NATO, Helsinki,
2009:1—12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Correction factor
	Integration of CFi9920 and CFe9920a or CFe9920b to PHS

	Results
	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Author’s contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

