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Variables

A: surface area of globe thermometer (m?)

Ap: surface area of human body (m?)

Agy: wetted surface area by natural diffusion and sweating (m?)

Apist: additional wetted surface area by mist droplets (m?)

C: convective heat loss from clothed surface of the body (W m2)

Cp,air- SPecific heat of air (1.005 k] kg™t K1),

Cq: heat capacity of globe thermometer (J K™)

Cppody: Specific heat of human body (3500 J kg K™)

Cp,p1: Specific heat of blood (4190 J kg™* K™)

Cye: sensible heat loss by respiration (W m2)

Clo: clothing level (1 Clo =0.155m? KW 1)

D: diameter of globe thermometer (m)

Eq4ife: €vaporative heat loss by natural diffusion of vapor from skin (W m2)

Eax. Maximum evaporative heat loss when the surface is completely wet (W m2)

Enist: latent heat loss by mist droplets on surface of body (W m™2)

E..,: evaporation heat loss by regulatory sweating (W m2)

E: latent heat loss by regulatory sweating and natural diffusion of vapor from skin (W m)

F: angular factor between a person and the surrounding surfaces

feo: ratio of clothing area to the body surface area

fers: effective area factor by radiation, 0.87 (-)

fp: body’s projected area factor by direct solar radiation (-)

f;: the effective radiation area factors for the whole body

G: Griffiths constant

H: heat input into the heating globe thermometer (W)

h.: convective heat transfer coefficient on surface (W m2 K1)

h.: evaporative heat transfer coefficient for the outer air layer of a bared or clothed body (W
m—2kPa?)

h,: total heat transfer coefficient in a standard environment (W m=2 K1)

h.: radiative heat transfer coefficient on surface (W m2 K1)

Igy: diffuse solar radiation on a horizontal surface (S { — Iy - sinf, W m2)
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Ign: direct solar radiation on a normal surface (W m2)

K: effective conductance between core and skin (5.28 W m2 K1)
L: longwave radiation flux (W m2)

L 1: downward longwave radiation (W m2)

L T: upward longwave radiation (W m2)

Lyater: SPecific latent heat loss of water (2264 kJ kg ™)
LR: coefficient of Lewis relation (16.5 K kPa™)

M: metabolic heat production (W m2)

m.: total mass of body (kg)

1hy,: peripheral blood flow rate (L s m2)

Myater. Water mass of vaporization (kg).

n: population, number of samples

Nu: Nusselt number

Pr: Prandtl number (e.g. approximately 0.707 at 27 °C air)
p: probability value

p*: saturated water vapor pressure (kPa)

Pgn' Saturated water vapor pressure at surface temperature of heating globe thermometer (kPa)

Dair. Partial water vapor pressure in air (kPa)

Pmist. partial water vapor pressure in mist spraying environment (kPa)
Q: amount of energy (kJ)

Qconv: cOnvective heat transfer from skin (W m2)

Qcore-sk. heat transfer from core to skin (W m2)

Qraq: radiative heat transfer from skin (W m2)

Qres: heat loss by respiration (W m2)

r: Pearson’s correlation coefficient

R,: thermal resistance at outer boundary (skin or clothing) (kPa m? W1)
Re,c10: evaporative heat transfer resistance of clothing (kPa m? W)
Ryorar- total insulation (kPa m? W1)

Re: Reynolds number

RH: relative humidity (%)

S: shortwave radiation flux (W m2)

S 1: downward shortwave radiation (W m2)

S 1: upward shortwave radiation (W m™2)

Score. heat storage rate in core node (W m2)

S.x: heat storage rate in skin node (W m)
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Sbody- heat storage rate in human body (W m?)

Ser- Mmean radiant flux density on a human body (W m™)

T temperature (°C)

T,: air temperature (°C)

AT,;,: air temperature changes by vaporization of water

T.: comfort temperature (°C)

T clothing surface temperature (°C)

Teore: COre temperature of human body (°C)

Teoren: COre temperature of human body at physiological thermal neutral condition (36.8 °C)
teq- €quivalent temperature

T: inside temperature of globe thermometer (°C)

Ty inside temperature of heating globe thermometer (°C)

Tmist: @ir temperature inside mist spraying environment (°C)

Tmre: Mean radiant temperature (°C)

T skin surface temperature (°C)

Tskn: Skin surface temperature at physiological thermal neutral condition (33.7 °C)
Twet: Wet-bulb temperature (°C)

Vair: Unit volume of air (m?3)

v: airspeed (m s™)

W' external work (W m2)

Greek letters

a: albedo on surface of globe thermometer (0.06)

ay. absorptivity of the clothed human body by the shortwave radiation (0.7)
ag. mass fraction of skin compartment of human body

B: solar altitude

e: longwave radiation emissivity (0.77)

k: thermal conductivity of air (e.g. 26.3x10-3 W m ! K1 at 27 °C)

A: area ratio of bared body segments to total surface area of the body

W: mean

Umass. Mass ratio of the bared segments for the total mass of the body

v: kinematic viscosity of air at atmospheric pressure (e.g. 15.89x10® m2 st at 27 °C)
Pair- density of air (1.2 kg m™3),

pp1. density of blood (1.06 kg L™)

o Stefan-Boltzmann constant (5.67 x 108 W m2 K™4)
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W Skin wettedness

Wmist- Mist wettedness

Subscripts

all: overall value

bare: bared node in 3NM

clo: clothed node in 3NM

n: physiological thermal neural condition

Abbreviations

2NM: two-node model

3NM: three-node model

ASHRAE: American Society of Heating, Refrigerating and Air-Conditioning Engineers
BMI: body mass index

Cl: confidence interval

CSV: comfort sensation vote

MEMI: Munich Energy-balance model for individuals
mTSV: modified Thermal Sensation Vote

O-PMV: outdoor predicted mean vote

OUT-SET*: outdoor standard effective temperature
PET: physiological equivalent temperature

PMV: predicted mean vote

SD: standard deviation

SET*: standard effective temperature

TSV: thermal sensation vote

UCB model: UC-Berkeley thermal comfort model
UTCI: universal thermal climate Index

WBGT: wet-bulb globe temperature
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ABSTRACT

This thesis focuses on how to evaluate human’s thermal sensation in mist spraying outdoor
environments. The aim of this thesis is to clarify the thermal effects of the mist spraying outdoor
environment on a human body and evaluate thermal sensation by proposing a method to predict the
thermal state of the human body in these environments.

In recent years, a mist spraying system has been widely used to mitigate the fatal heat disorder of
an outdoor environment during the summer season. Many studies reported that cooling effects by mist
spraying are effective to improve the human's thermal sensation and thermal comfort. However, these
results were mainly obtained through a survey research method, and there is a lack of quantitative
understanding of the thermal effects of sprayed mist. Moreover, experimental studies in this field are
limited since most of them are focusing on the measurement of two basic environmental factors such
as temperature and humidity. A comprehensive investigation into mist spraying environments by
measuring overall environmental factors is insufficient.

A field experiment of the mist spraying system has difficulty since it must be proceeded in outdoors
in sunny days during the summer season, and the influence of the outdoor environmental factors on
the human body is non-uniform and complex. For these reasons, it is difficult to clearly identify how
the sprayed mist particles affect the human’s thermal sensation and thermal comfort. Therefore, in the
present study, experiments were conducted gradually for every summer for three years to measure the
variations of overall environmental factors (temperature, radiation, humidity, and airspeed) due to mist
particles in an outdoor environment, and the impact of these variations of environmental factors on
improving thermal sensation and thermal comfort was evaluated. Moreover, the thermal state of the
human body was investigated by measuring skin temperatures. Based on the experimental results, the
physiological human model was developed which could predict the thermal state of the human body
in outdoor and mist spraying environments well, and the environmental index was proposed to

evaluate the thermal sensation using the prediction model.

The first experiment was conducted as a preliminary study. The effects of the mist spraying system
on the human’s thermal sensation and thermal comfort and the suitability of the existing environmental
indices were examined. Specifications including outline, results, and analysis of the preliminary
experiment are described in Chapter 3, and the details are as follows.

Evaluation of thermal sensation based on survey results and suitability existing environmental
indices (Chapter 3)

1) Survey on variations in thermal sensation and thermal comfort between outdoor and mist
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spraying environment (rn = 1,110)
2) Examine the feasibility of conventional environmental indices (SET*, PET, WBGT, and UTCI)
by measuring four environmental factors (temperature, radiation, humidity, and airspeed) in

mist spraying environment

In the preliminary experiment, survey results showed that the subject’s thermal sensation and
thermal comfort were improved after they experienced the mist spraying environment. However, based
on these survey results, the improvement level of the human's thermal sensation under certain
environmental conditions cannot be grasped, and conventional environmental indices cannot be
utilized to reflect the human's thermal sensation in the mist spraying environment appropriately. In
order to solve this problem, not only the environmental factors of the mist spraying environment but
also the skin temperatures of the subjects were measured through the second experiment. Based on the
results from the second experiment, the validity of the prediction model to predict the physiological
response of the human body was investigated. In addition, a correlation between the reported thermal
sensation in the survey and the predicted results from the physiological model was analyzed to propose
an evaluation method of human’s thermal sensation which can be appropriately utilized in the outdoor
and mist spraying environment. Further details are described in Chapter 4 including the following
details:

Evaluation of mist spraying environment considering human’s physiological responses (Chapter 4)

1) Survey of human’s thermal sensation and thermal comfort in outdoor mist spraying
environment (n = 12)

2) Measurement of environmental factors (temperature, radiant temperature, humidity, wind
speed) in outdoor and mist spray environments and verification of the evaporative cooling effect
of mist spraying system

3) Investigation of the thermal state of human body in outdoor and mist spraying environment by
measuring the skin temperature

4) Prediction of skin temperature using measured environmental factors and two-node model, and
verification of its feasibility by comparing with experimental results (Chapter 4)

5) Proposal of the new index (outdoor predicted mean vote (O-PMV)) to estimate human’s thermal
sensation in outdoor and mist spraying environment based on the correlation analysis between
the reported thermal sensation in the survey and the predicted results from the physiological

model (Chapter 7)
As a result of the second experiment, it was found that the skin temperature of the human body in

the outdoor and mist spraying environment can be predicted with high accuracy by using the

conventional two-node model. However, because of the deficient number of subjects participated in
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the experiment, it was difficult to generalize this given fact.

As in Experiment 2, the skin temperature was well predicted under the shaded mist spraying
environment condition, but there is a difficulty in predicting the skin temperature under non-shaded
mist spraying environments. Moreover, the subjects reported that the mist spraying environment felt
cooler than the outdoor environment under the same condition of heat load. Therefore, it was necessary
to examine the influence of another environmental factor other than the basic four environmental
factors (temperature, radiant temperature, humidity, airspeed). Since it is not known how much the
evaporative heat loss at the human body surface caused by mist particles (mist wettedness) contributes
to the cooling effect of the mist spraying system, an additional experiment was conducted to clarify
this. In Chapter 5, the detailed overview, methodology, results, and analysis from the additional field
experiment to consider the mist wettedness are described as follows.

Evaluation of mist spraying environment considering mist wettedness (Chapter 5)

1) Survey of human’s thermal sensation and thermal comfort in outdoor and mist spraying

environments according to the different operating conditions of mist spraying system (n = 65)

2) Examination of subjects’ skin temperature variations according to the different operating

conditions of the mist spraying system (n = 65)

3) Verification of the cooling effect of the mist spraying system by measuring the environmental

factors in outdoor and mist spraying environments.

4) Proposal for the mist wettedness measurement method and its measurement.

5) Development of prediction model to predict a human’s physiological response considering mist

wettedness and its prediction accuracy by comparing with experimental results.

By suggesting an appropriate measuring method, the prediction model to predict human’s
physiological response was possible to be improved considering a mist wettedness. As a result of the
developed prediction model considering the factor of mist wettedness, the skin temperature of the
human body surface in outdoor and mist spraying environment could be estimated more accurately
compared to the conventional prediction model, with a small temperature error of 0.5 °C between the
experimental data. In conclusion, in outdoor environments, heat loss due to sweating was shown as
90% of total heat loss and it was the largest contributor. In mist spraying environments, convective
heat loss due to the temperature drop was the largest, and the heat loss due to the mist wettedness was
the second contributor which was shown to be 30%. Given this fact, it was found that the mist

wettedness was the major environmental factor in the mist spraying environment.
In conclusion, based on the results of the three-step field experiment and its analysis, this thesis

proposes the following three methods to clearly evaluate the human's thermal sensation in outdoor and

mist spraying environments (Chapter 7).
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3)

ABSTRACT

Evaluation method using the correlation analysis between the heat load of the human body and
the thermal sensation reported by the subject (O-PMV)
Evaluation method using prediction of human physiological response considering mist

wettedness (SET**)
Evaluation method using correlation analysis between heat load using PMV calculation and

thermal sensation reported by the subject (modified predicted mean vote (mPMV))
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Chapter 1. Introduction

1.1. Fundamental of mist spraying system

The mist spraying system can mitigate the heat stress in outdoor hot environment. It utilizes the
evaporation heat loss to cool down the outdoor air temperature by spraying the mist droplets in the air.
High cooling effects with less water evaporation can be expected by using mist spraying systems. The

evaporation of 1 g of water has the capacity to drop the 1 m? of air by 1.53 °C (Equation (1-1)).
Q = Pair Vair Cp,air ATsir = Lwater Mwater (1-1)

where Q is an amount of energy, p,i. is density of air (1.2 kg m™3), V. is unit volume of
air, ¢p,ir is the specific heat of air (1.005 kJ kg™! K™'), and AT, is the air temperature changes by
vaporization of water. The Ly,acer i a specific latent heat loss of water (2264 kJ kg™") and myater
is the water mass of vaporization in kg. Therefore, the mist spraying system is widely utilized in
numerous outdoor places to mitigate a fatal heat disorder during the hot summer season as shown in

Fig. 1-1.

Fig. 1-1. Applications of mist spraying systems in different places. (a) Paris, France, (b)
Kumagaya station, Japan, and (c) Roppongi, Tokyo, Japan.

However, evaporative heat loss of water is proportional to the vapor pressure differences between
the surface of the water and in the air as expressed in Equation (1-2). Therefore, the evaporation
phenomenon does not occur when the partial water vapor pressure in the air exceeds the saturated

vapor pressure of the water surface. Thus, the amount of evaporation of water cannot be increased
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infinitely. In addition, the high relative humidity can make the human feel warmer and discomfort in

hot environment.

E=1R hc (p:;vater - pair) (1 -2)

where LR is the coefficient of Lewis relation (16.5 kg/kPa), piater is the saturated water vapor

pressure at surface temperature of water, and p,;. is the partial water vapor pressure in the air.

As an example, maximum possible temperature drop due to evaporative cooling of mist spraying
system can be obtained as shown in Table 1-1. The outdoor environment conditions were considered
the average value obtained from the experiment. Evaporation heat loss due to mist spraying can be
gained until relative humidity reaches 100% (i.e. adiabatic saturation process [1]). Air temperature is
gradually lowered by mist evaporation and when air temperature drops to the maximum, it corresponds
to the wet-bulb temperature. The air temperature can be lowered to the maximum by 6.2 °C when the

outdoor temperature is 32.9 °C and the relative humidity is 58.7%.

Table 1-1. Maximum possible temperature drop due to mist spraying system.

Environmental factor Outdoor environment* Maximum
Air temperature T, (°C) 32.9 26.7
Relative humidity RH (%) 58.7 100
Absolute humidity (g/kg DA) 18.57 22.28
Mean radiant temperature Ty, (°C) 36.8 -
Airspeed v (m/s) 0.41 -

*Note: mean outdoor environment condition obtained from field experiment.

1.2. Literature review of mist spraying system

The recent increase in abnormal weather has led to an increase in human health and mortality due
to extremely cold and hot weather [2-5]. Therefore, a variety of attempts have been made to prevent
heat stress and heat disorder in the summer hot environment, such as blocking direct sunlight using a
sunshade, utilizing highly reflective paint in roads and buildings, and using hand fans. In particular,
the method of utilizing a mist spraying system to cool down the air temperature of the outdoor wide
environment has been widely used. Basic research on the mist spraying system has been conducted to
understand the thermal effects on the thermal environment and on the human body. For example,
Mugele and Evans (1951) studied the mist spray distribution for various mist sizes [6]. Barrow and

Pope (2007) performed a simple theoretical assessment of the evaporation time and travel distance of
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spraying water in spray systems [7]. Numerical simulations have been developed to predict the heat
and mass transfer of mist spraying systems, and the results confirm that outdoor air temperatures can
drop to 9 °C during the dry summer season [8]. Three-dimensional numerical analysis to predict the
cooling effect of the mist spraying system confirmed that the mist droplet size and air velocity were
very important factors in the evaporation phenomenon [9].

Dry-mist spraying system was developed as a way to control heat island in outdoor environment
[10]. The mean daily outdoor temperature was decreased up to 2 °C by mist spraying system. Previous
studies in mist spraying experiments have shown that outdoor environments can reduce air
temperatures by up to 5—7 °C when the air temperature was 35 °C with 50% relative humidity [11,12].
There were other studies that noted changes in outdoor air temperature and humidity [13,14], but these
studies did not investigate the overall environmental factors of the thermal environment. Therefore,
the thermal effects of the mist spraying system on the human body could not be fully understood.
Farnham et al. attempted to understand the thermal effects of the mist spraying system on the human
body by measuring the heat loss at the surface of a heated device that mimics the human body in a
mist spraying environment [15]. In addition, the cooling effect of the mist spraying system was
confirmed by measuring a skin temperature change of the arm before and after entering the mist
spraying environment. The result showed a skin temperature drop to 1-3 °C within 10 seconds.
However, studies on overall skin temperature have not been conducted.

Thermal sensation and thermal comfort are closely related to the four basic environmental factors:
temperature, radiation, humidity, and airspeed, but so far, no overall review of basic environmental
factors has been conducted in mist spraying environments. In addition, it is important to understand a
heat exchange phenomenon with a thermal environment due to a physiological reaction of a human
body in a hot environment such as an outdoor environment and a mist spraying environment. However,
there have not been studied on human physiological responses in mist spraying environments.

In order to easily understand the thermal environment, the evaluation method using environmental
index is widely used, but evaluation in an environment in which complex and non-uniform
environmental factors exist, such as an outdoor environment, requires many challenges. Recently, as
the research on the comfort of the outdoor environment has increased, environmental indices such as
SET*, PET, and UTCI have been widely used. However, few attempts have been made to evaluate the

thermal sensation using these environmental indices in a mist spraying environment [16,17].

1.3. Current issues

First, as the previous researches were focused on temperature and relative humidity changes by mist
spraying system, studies on the thermal influence of the mist spraying environment on the human body,

particularly with the overall consideration of influenceable thermal environmental factors, are lacking.
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Therefore, it is necessary to verify the influence of the mist spraying system on thermal sensations and
environmental factors in the outdoor environment by comparing environmental factors internal and
external of mist spraying environment, including air temperature, humidity, radiation, and airspeed.

Thus, though thermal sensations in outdoor and mist spraying environment had been investigated
in several studies, overall environmental factors had not been measured simultaneously. Therefore, it's
hard to understand the degree of improvement in thermal sensing and thermal comfort after entering
the mist spray environment at a given environmental condition.

Second, even if the overall environmental factors were measured in the outdoor and mist spray
environment, it was not examined whether the existing environmental indices properly reflected the
thermal sensations in the mist spray environment.

Third, the human body surface may wet by mist droplets, evaporative heat loss occurs on surface
of the body. However, this evaporative heat loss cannot be captured by measuring basic four
environmental factors (air temperature, radiation, humidity, and airspeed). In addition, the evaporative
heat loss on the body surface by mist droplet has not been investigated. Therefore, understanding heat
exchanges between mist spraying environments and the human body are insufficient.

Fourth, surveys that correspond to subjective evaluation were conducted in several studies. In
addition, skin temperature changes in body parts have been performed the other studies. However, the
whole skin temperature changes which can understand the overall thermal influences of the body by
mist spraying environment has not been investigated yet.

Overall skin temperature changes in outdoor and mist spraying environments give information on
the thermal effects of mist spraying environment on the human body. In addition, the comparative
analysis of over skin temperature with thermal sensations and environmental factors is expected to

provide a clue to evaluate the thermal sensation in outdoor and mist spraying environments.

1.4. Overall objectives of present thesis

The overall research flow of the present study is shown in Fig. 1-2. The first field experiment of the
mist spraying system conducted in the plaza near Shimbashi Station in the summer of 2016. In Chapter
3, the results of the mist spraying system's effects on thermal sensation and thermal comfort with an
enough subject are explained. In addition, the applicability of existing environmental indices in the
mist spraying environment had been analyzed. However, since the insufficient data of outdoor
environmental factors, the cooling effects of the mist spraying system could not understand, and not
possible to grasp the degree of improvement of thermal sensations for the weather conditions.

In 2017, an additional mist spraying system experiment conducted at Fujisawa, Japan (Chapter 4).
Environmental factors both outdoor and mist spraying environments were measured to investigate the

cooling effects of the mist spraying system. The mist spray system was designed with the concept of
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a bus stop, and sunlight was blocked by a sunshade. In addition, not only thermal sensations and
thermal comforts but skin temperatures were also additionally measured as objective evidence.
Though the physiological human model showed accurate predictions in the well-controlled climate
chamber laboratory, there were not enough studies on whether the physiological human model
predicted well even under complex thermal environmental conditions such as outdoor and mist
spraying environments. Moreover, based on the prediction model, we investigated the thermal state of
a human body that can be predicted well in outdoor and mist spraying environments, and explain its
comparison results with thermal sensations and environmental factors.

Since there were not enough subjects to participate in the 2017 experiment, the 2018 experiment
ensured a sufficient number of subjects and collected the results of thermal sensations, environmental
factors, and skin temperatures (Chapter 5). Besides, we devised a way to measure the heat loss of
evaporation (mist wettedness) on the human surface that presents in mist spraying environments.

Next, we developed a human physiological response human model considering mist wettedness
(Chapter 6). Existing physiological models could not be applied to the mist spray environment because
only the basic four environmental factors (air temperature, radiation temperature, humidity, and
airspeed) were considered. Therefore, we developed a physiological human model that can utilize the
mist wettedness obtained from the experiment and compared the results with the measured skin
temperature changes to confirm the validity of the predictive model.

As a final step, environmental indices to evaluate the thermal sensations in mist spraying

environments were proposed in Chapter 7.
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Title : Evaluation of thermal sensation in outdoor environment under mist spraying condition

Chapter 1 )
Introduction
Sl T Basic theory

Chapter 3 Assessment of existing environmental v Thermal sensation & thermal comfort

indices in mist spraying environment v Verification of existing indices in mist-

« Survey (n = 1,110) spraying environment
» Environmental factors (mist-spraying environment)

Chapter 4 MO IR R physiological responses v Verification of physiological human
in mist spraying environment model
- Survey (n = 12) v Correlation of predicted physiological
« Environmental factors responses with thermal sensations

(outdoor & mist-spraying environment)
* Skin temperatures

CIEIIEIRENE Evaluation of mist spraying environment ¥ Confirmation of the environmental
considering mist wettedness factors and overall skin temperatures
Survey (n = 65) for different operating modes of mist-
« Environmental factors spraying system
(outdoor & mist-spraying environment)
» Skin temperatures

« Different operation mode of mist-spraying system
Mist wettedness

Develop physiological human model
considering mist wettedness

» Two-node and three-node model considering mist wettedness

Chapter 7
Goal : Propose new environmental index for outdoor and mist spraying environment
= O-PMV
= SET**
= mPMV

Fig. 1-2. Overall research flow of proposal of new environmental indices in outdoor and
mist spraying environments for thermal environment evaluation.
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Chapter 2. Basic theory

2.1. Environmental index for evaluating thermal environment

In order to evaluate the thermal environment and estimate human’s thermal sensation and thermal
comfort, numerous kinds of thermal comfort indices have been proposed. Using these indices, the
thermal interaction between a human body and the thermal environment is understandable (see Table
2-1). Fanger suggested the Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied
(PPD) to assess the thermal sensation and thermal comfort inside indoor environment. These indices
were developed based on the correlation between survey results and the heat storage rate on a human
body. Since Fanger's model does not consider the physiological responses, unpredictable results can
be shown when it was applied to extreme environmental conditions, unlike in a near comfort thermal
environment. By the way, the two-node model (2NM) considers the physiological responses such as
sweating, blood flow regulation, and shivering in response to the thermal environment. Gagge et al.
implemented this 2NM and compared the skin and core temperatures of the human body to verify its
prediction accuracy and whether this model could properly evaluate the thermal state of the body. They
suggested the Standard Effective Temperature (SET*) based on the 2NM.

By the way, since these proposed indices were mainly developed for indoor environment and
validated in a climate chamber with the stable environmental condition, it is difficult to apply these
indices to the outdoor environment. Recently, to extend the thermal comfort indices for the outdoor
environment, Universal Thermal Climate Index (UTCI) [18] and Outdoor Standard Effective
Temperature (OUT-SET*) [19] have been proposed to consider the effects of complex radiation
environments on the human body. The wet-bulb globe temperature (WBGT) index was developed by
Yaglou and Minard [20] and has been widely utilized for the analysis in thermal comfort assessment
over 60 years [21]. Also, Hoppe introduced the Physiological Equivalent temperature (PET) based on
the Munich Energy-balance Model for Individuals (MEMI) considering thermo-physiological
regulatory processes [22], and the calculation of PET index was revised by Walther and Goestchel,
recently [23]. Some studies have applied the existing thermal comfort indices in outdoor environments
to understand the effects of the outdoor environment on humans. Sharmin et al. confirmed the
relationship between physiological equivalent temperature (PET) and sensation of pedestrians [24].
Sen and Nag studied the thermal susceptibility in a tropically hot and humid environment using
existing environmental indices (e.g. PET, SET*, and PMV) [25]. Li et al. investigated the applicability
of UTCI index to explore thermally comfortable conditions in an outdoor environment [26].

In mist spraying environment, it is difficult to measure environmental factors due to the presence of

mist particles, and also, the thermal interactions between the human body and the mist spraying
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environment have not been clearly clarified. For these reasons, the study on how to evaluate the mist
spraying environment using environmental indices is insufficient. Oh et al. verified that 2NM could
predict the human skin temperature accurately in outdoor and mist spraying environments. They
proposed the new index of Outdoor Predicted Mean Vote (O-PMV) that can evaluate the thermal

sensation in outdoor and mist spraying environments [27].

Table 2-1. Environmental indices related to thermal comfort (refer to [28])

Year Index Reference
1897 Theory of heat transfer [29]
1905 Wet bulb temperature [30]
1923 Effective temperature

1929 Equivalent temperature (Teq) [31]
1932 Corrected effective temperature (CET) [32]
1937 Operative temperature (Top) [33]
1955 Heat stress index (HSI)

1957 Wet bulb globe temperature (WBGT) [20]
1957 Discomfort index (DI) [34]
1970 Predicted mean vote (PMV) [35]
1971 New effective temperature (ET*) [36]
1971 Wet globe temperature (WGT) [37]
1972 Skin wettedness [38]
1973 Standard effective temperature (SET*) [39]
1986 Predicted mean vote (modified) (PMV*) [40]
1999 Modified discomfort index (MDI) [41]
1999 Physiological equivalent temperature (PET) [22]
2000 Outdoor standard effective temperature (OUT-SET¥) [19]
2001 Environmental stress index (ESI) [42]
2001 Universal thermal climate index (UTCI) [43]

2.1.1. Predicted mean vote (PMV)

Fanger proposed the Predicted Mean Vote (PMV) index using the relation between thermal
sensation scale and heat storage rate (S) can be expressed as Equation (2-1) [35,44]. Equation (2-2)
describe the heat balance between thermal environment and human body. The heat storage rate is the

difference between left and right side of the heat balance equation.

PMV = [0.303 exp(—0.036 M) + 0.028] S (2-1)
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M-W =396 10_8 fclo [(Tclo + 273)4 + (Tmrt + 273)4] + fclo hc (Tclo - Ta)
+ 3.05[5.73 = 0.007 (M — W) — p,ir] + 0.42 [(M — W) — 58.15] (2-2)
+0.0173 M (5.87 — puiy) + 0.0014 M (34 — Tayp)

2.1.2. Physiological equivalent temperature (PET)

The physiological equivalent temperature (PET) derived from the two-node model considering
physiological responses of human body. This is based on the Munich Energy-Balance Model for
Individuals (MEMI), which models the thermal conditions of the human body [22]. The range of
thermal stress sensations corresponding to the PET index was reported as listed in Table 2-2. The PET
calculation is basically based on the Pierce two-node model which consider the thermoregulation
system, blood flow rate, sweating, and shivering [36]. Recently, the error of PET calculation was

revised and the calculation code is available [23].

Table 2-2. PET and UTCI equivalent air temperature categories in terms of thermal
stress [45-47].

Stress category PET (°C) UTCI (°C)
Extreme heat stress >41 > 46

Very strong heat stress 381to 46
Strong heat stress 35t041 32 to 46
Moderate heat stress 29t0 35 26 to 32
Slight heat stress 23t0 29

No thermal stress 18 to 23 9to 26
Slightly cold stress 13to 18 Oto9
Moderate cold stress 81to 13 -13t0 0
Strong cold stress 4t08 -27to -13
Very strong cold stress <4 -40to —-27
Extreme cold stress <-40

2.1.3. Standard effective temperature (SET*)

The new effective temperature (ET*) is defined as the temperature of a standard environment with
no airspeed, uniform temperature (the conditions of air temperature and mean radiation temperature
are the same), and 50% relative humidity [44]. The skin temperature and skin wettedness are calculated
using a two-node thermoregulation model. This index is assuming the thermal influence of an
environment on the human body is the same when the skin temperature and skin wettedness are the
same in an actual environment the standard environment.

The standard effective temperature (SET*) index has been proposed to consider the various activity
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and clothing insulation levels [39]. SET * is defined as the temperature of a standard environment with
the same skin temperature and skin wettedness as the actual environment. The standard environment
assumes that there is no air velocity, uniform temperature and 50% relative humidity, and a person

takes clothes corresponding to activity level.

2.1.4. Equivalent temperature

The equivalent temperature is the most effective environmental index to evaluate the influence of
air movement [48—50]. Using SET*, ET*, and PMV, the effect of airspeed is calculated along with the
clothing, which involves the clothing insulation level and the clothing area factor. Moreover, it is
difficult to identify the effect of airspeed on human body due to these indices are expressed by the
mean value of the entire human body. However, the equivalent temperature (t.q) can reflect the effect
of airflow on each part of the body. In addition, this index is based on the heat exchange between a
body and surrounding environment considering physical phenomena; it can evaluate the effect of
airflow characteristics properly and directly. Moreover, this environmental index can evaluate each
part of the human body and is thus able to confirm the local thermal effects of air movements. The
equivalent temperature can also be used as an index to predict the thermal sensation in a nonuniform
environment such as inside a vehicle with uneven airspeed, solar radiation, and temperature [48,49].
These days, equivalent temperature has been used as a method to evaluate the effect of personalized
airflow systems [51,52] to improve the thermal sensation and thermal comfort. Equivalent temperature
defined as the temperature of an imaginary ideal standard environment with the same radiant
temperature and air temperature in a windless condition, where a person has the same heat loss by
radiation and convection as that in an actual condition [53]. As described in Equation (2-3), when the

heat loss of the human body is constant, the skin temperature is determined by radiation and convection.

Qc= Qr+0Q.= hr(Tsk - Tmrt) + hc( T — Ta) = ho(Tsk - teq) (2'3)

This indicates that the skin temperature in the ideal environmental condition and the actual

environment are equal and can be calculated by Equation (2-4).

teq = Tsk — h (2-4)

It is necessary to identify the skin surface temperature and the heat transfer coefficient of the human
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body in a standard environment and an actual environment to determine the equivalent temperature.
First, the heat transfer coefficients of each part of the human body under standard environmental
conditions should be investigated. In general, the total heat transfer coefficient was calculated at 24 °C
with an airspeed of 0.05 m/s which is considered a standard environment according to ISO 14505-2
[54]. The total heat transfer coefficient composed of radiative and convective heat transfer is not
significantly changed by the difference between the environmental temperature and the human body
temperature [55,56]. Second, by obtaining the skin temperature determined by the heat loss from the
body and environmental factors of an actual thermal environment, the equivalent temperature can be
determined. The equivalent temperature can be calculated by using the skin temperature under the
same heat loss from the body and the same posture as a standard environment and the total heat transfer

coefficient which is obtained from a standard environment.

2.1.5. Wet-bulb globe temperature (WBGT)

The Wet-Bulb Globe Temperature (WBGT) index was developed by Yaglou and Minard [20] to
avoid the complex calculation of the Effective Temperature (ET) index and has been widely used to
assess the thermal comfort in hot environment for over 60 years [21]. The WBGT index can be
calculated using Equation (2-5). Since the WBGT calculation is very simple, it has an advantage which
can be easily confirmed by even an inexperienced person. The above equation is used for outdoor
environment with solar radiation, and the below equation is used for indoor environment. The WBGT
index is commonly utilized to prevent heat disorders in Japan, and the risk level of heat disorders for

the WBGT levels was recommended as listed in Table 2-3 [57].

WBGToyt = 0.7 Tyyer + 0.2 Ty + 0.1 T,

WBGTipg00r = 0.7 Tyyer + 0.3 Tg (2'5)

Table 2-3. Risk level of heat disorders by Japan Amateur Sprots Association (1994)

Level Recommendation WBGT (°C)
Danger Stop exercise in principle >31

Alert Stop severe exercises 26to 31
Advisory Take rests frequently 2510 26
Caution Frequently hydration 21to 25
Almost safe Proper hydration <21
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2.1.6. UTCI (Universal thermal climate index)

The Universal Thermal Climate Index (UTCI) is defined as the air temperature of the standard
environment condition which has the same physiological responses as the actual environment
condition. The UTCI can be expressed simply as Equation (2-7). The offset value is determined by
radiation, wind speed, and humidity at the actual temperature values. The UTCI is calculated using
the UTCI-Fiala model [58] and the UTCI-Clothing model [59]. The meteorological data is measured
at a height of 10 m above ground, the wind speed v, at a required height (x) can be converted by
Equation (2-7). The range of thermal stress sensations corresponding to the UTCI values is listed in

Table 2-2.

UTCI(Ta: Tmrt' v, pair) = Ta + Offset(Ta' Tmrt' v, pair) (2'6)
log o

Ux = Viom * Ll%l (2'7)
log o1

2.2. Physiological human model
2.2.1. Two-node model

The two-node model (2NM) was proposed to simply calculate the physiological thermoregulation
human by Gagge from Stolwijk's 25-node model [36]. The two-node model considers physiological
responses such as sweating, blow flow rate changes, and shivering. The schematic diagrams and
thermal resistance network model of 2NM is described in Fig. 2-1. The human body is regarded as
two nodes, the core, and the skin, and calculated considering the heat balance equation. In addition, a
human body feels heat and cold based on the physiological neutral temperature. The 2NM was
developed considering indoor environments and verified through laboratory experiments [39,60].
However, it was shown that the use of 2NM can be used to predict the thermal state of the human body
in the outdoor environment [61]. In addition, SET * and PET indices which are based on 2NM, have

been widely used to assess outdoor environments.
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Fig. 2-1. Schematic diagram and thermal resistance network model of two-node model.

2.2.2. Three-node model

The 2NM is useful for analyzing overall thermal sensation and thermal comfort, but it has a
limitation to understand local thermal discomfort and thermal sensation. Since the temperature
differences exist between clothed skin and bared skin, Zolfahari and Maerefat had devised the three-
node model (3NM) [62] which was considered core, bared skin, and clothed skin compartments as

described in Fig. 2-2.

Fig. 2-2. The schematic diagram and thermal network model of three-node model.

2.2.3. 65-node model

The 65-node thermoregulation model was developed by Tanabe et al. [63] based on the Stolwijk
model [64]. The 65-node model consists of 16 segments (head, chest, back, pelvis, left shoulder, right
shoulder, left arm, right arm, left hand, right hand, left thigh, right thigh, left leg, right leg, left foot,

and right foot segments) of human body, 4 layers (core, muscle, fat, and skin compartments) of each
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segment, and central blood compartments as described in Fig. 2-3.
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Fig. 2-3. The schematic diagram of 65-node model.
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Chapter 3. Assessment of existing
environmental indices in mist spraying
environment

3.1. Background and objectives

Thermal environment influences a human’s thermal sensations and thermal comfort. Essential
environmental factors which can affect thermal sensations and thermal comfort are air temperature,
humidity, airspeed, and radiant temperature. In addition, human’s thermal sensation and thermal
comfort depend on activity and clothing insulation levels. Since environmental index can be expressed
only a single value, it helps to understand the complex interactions between the thermal environment
and thermal sensations more easily. Various environmental indices have been proposed over the last
century as listed in Table 2-1.

The most successful and widely used environmental index is the Predicted Mean Vote (PMV) index
proposed by Fanger which can assess the human thermal sensation in an indoor environment based on
the correlation between survey results and the heat storage rate. However, Fanger's model is only
acceptable in environments with nearly comfortable conditions. Because PMV index does not consider
physiological responses, applying this model in a certain environment with extreme conditions may
result in an inconsistency with an actual sensation. Gagge et al. developed the simple two-node model
(2NM) which considered the physiological responses such as sweating, blood flow regulation, and
shivering in response to the thermal environment from Stolwijk’s 25-node model. In addition, they
suggested the Standard Effective Temperature (SET*) based on the 2NM.

However, these proposed indices were developed for an indoor environment and devised based on
the results of a climate chamber with stable conditions, and therefore, they are difficult to an outdoor
environment. In order to evaluate thermal comfort and thermal sensations in outdoor environments,
the Universal Thermal Climate Index (UTCI) [18] and the Outdoor Standard Effective Temperature
(OUT-SET*) [19] were proposed considering the effects of complex radiation environments on the
human body. The wet-bulb globe temperature (WBGT) index was developed by Yaglou and Minard
[20] to avoid the complex calculation, has been widely utilized to understand the outdoor thermal
environment for over 60 years [21]. Additionally, Hoppe introduced the Physiological Equivalent
Temperature (PET) based on the Munich Energy-balance Model for Individuals (MEMI) taking
thermo-physiological regulatory processes into consideration [22]; the calculation of the PET index
was recently revised by Walther and Goestchel [23]. Some studies have applied the existing

environmental indices to understand the outdoor thermal environments on human bodies. Sharmin et
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al. investigated the correlation analysis between PET and thermal sensation of pedestrians [24]. Sen
and Nag studied in tropically hot and humid environments using existing environmental indices (e.g.
PET, SET*, and PMV) [25]. Li et al. investigated the applicability of UTCI index to evaluate the
thermal comfort in an outdoor environment [26].

By the way, the mist spraying environment is more complex than the outdoor environment because
mist particles exist in the air and evaporation occurs. However, there have not been studied on whether
the existing environmental index can reflect the thermal sensations and thermal comfort in a mist
spraying environment appropriately. Therefore, the present preliminary study confirmed the feasibility
of existing environmental indices in the mist spraying environment and aimed to provide a foundation
for the following studies. This chapter describes some part of my journal “Environmental index for

evaluating thermal sensations in a mist spraying environment” [27].

3.2. Experimental setup

A field experiment was conducted to verify the effectiveness of the mist spraying system in
Shimbashi station square in Tokyo. [65]. Shimbashi has been developed as a major railway hub of
Tokyo and is a commercial district with many high-rise buildings. The installed experimental system
has a sunshade which could block direct solar radiation, and the mist particles are sprayed in a 360°
range to evaporate and cool down the air with a wide range of area. Also, air was blown by a fan to
send the cooled air and mist droplets adjacent to the human body. A detailed overview of the
experiment system is presented in Fig. 3-1. The experiments were conducted during the summer

season except for the rainy days (August 4-12, 2016).

Fig. 3-1. Scene of (a) preliminary experiment (b) and concept diagram.
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The air temperature, radiation, humidity, and airspeed were measured inside the mist spraying
environment. The details used instruments are listed in Table 3-1. In the experiment, environmental
factors were measured only inside the mist spraying environment in Table 3-1. Then, conventional
environmental indices were calculated using the measured environmental factors inside the mist

spraying environment.

Table 3-1. Measurement in preliminary research.

Instrument Environmental factors Locationt Height Range Accuracy
(m)

WBGT air temperature (T,) mist spraying 1.1 0-60 °C +0.5 °C

(401F) globe temperature (T,)  environment 0-80 °C +0.5°C
relative humidity (RH) 10-90% +3.0%

Cyclone- air temperature (T,) mist spraying 1.1 -40-125°C 0.5°C

type environment

thermometer

SAT-600 airspeed (v) mist spraying 1.1 0-60 m/s +3.0%

environment
LI-7200 RS relative humidity (RH) mist spraying 1.1 0-95%

environment
Note: Locationt is the instrument position inside the mist spraying environment.

3.3. Survey research
3.3.1. Subjects

The survey research was conducted from August 4 to August 12, 2016. Any person can freely
participate in the experiment and the subjects were 1,110 and included 342 women and 768 men
between the ages of 10—70 range as described in Table 3-2 and Fig. 3-2. The surveys were conducted
twice, and subjects reported the thermal sensations and thermal comfort before and after entering the
mist spraying environments. The reporting time and answers of the questionnaire were recorded
automatically on a tablet PC (Fig. 3-3) to identify the occupied duration that the subjects spent inside
the mist spraying environment. The detailed survey questionnaires can be found in Appendix 1. If the
residence time of subjects in the mist spraying environment is too short, i.e., a few seconds, the data
was discarded as it was not suitable for understanding the proper effects of the mist spraying system.
The average duration time in the mist spraying environment for all participants was about 1 minute.

The reported sensations were used for correlation analysis with conventional environmental indices.
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Table 3-2. Subjects characteristics.

Age (year) Height (m) Clothing level (clo)
n= 1,110 Mean * SD (Standard deviation)
47.8+ 135 1.67 £ 0.07 0.42 + 0.07

70 1.0 2.0

0.8} -----

o :félg:

60 — 69

50 — 59 06k -----

&)
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L 04 i o
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30-39F o =

]
2029 |:|::| ] e 0.2 f -

10—-19 :| | 10F----- 150 ..

200 150 100 50 O 50 100 150 200 Subjects Subjects Subjects
Number of subjects

40— 49 | |

Age

Age group
Cloth (clo)

Fig. 3-2. Subjects’ characteristics of age, height, and clothing insulation level.

Fig. 3-3. Tablets for survey research.

3.3.2. Survey scale

Questionnaires were collected before and after the subject entered the mist spraying environment to
investigate the thermal effect of the mist spraying system on thermal sensation in hot weather. As a
subjective assessment, modified thermal sensation vote (mTSV), thermal sensation vote (TSV) and
comfort sensation vote (CSV) were used for the questionnaire as shown in Table 3-3. The TSV scale

of the American Heating Association, Refrigerating and Air-Conditioning Engineers (ASHRAE), is
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commonly used to assess a person's thermal sensation, but the word “warm” or “cold” means comfort

in Japanese. Therefore, mTSV [66] is more suitable for indicating the thermal sensation of Japanese

[67,68]. CSV was used on a seven-point scale.

Table 3-3. Survey scale in questionnaire.

Scale mTSV TSV CsVv

3 Very hot Hot Very comfortable

2 Hot Warm Comfortable

1 Slightly hot Slightly warm Slightly comfortable

0 Neutral Neutral Neutral

-1 Slightly cold Slightly cool Slightly uncomfortable
-2 Cold Cool Uncomfortable

-3 Very cold Cold Very uncomfortable

3.4. Results and discussion

3.4.1. Thermal sensation and thermal comfort

The survey results of modified thermal sensation vote (mTSV) and comfort sensation vote (CSV)

before and entering the mist spraying environments are shown in Fig. 3-4. In the mTSV questionnaire,

subjects reported 2.29 before and 0.23 after entering the mist spraying environment, which means that

they reported thermal sensation between "very hot" and "hot" in outdoor and "neutral" in mist spraying

environments. In the CSV questionnaire, subjects reported —1.28 before and 1.38 after entering the

mist spraying environment, which implies that the “slightly uncomfortable” and "uncomfortable"

feeling of subjects in the hot outdoor environment before entering the mist spraying environment

changed to "comfortable" after entering the mist spraying environment.

Both thermal sensation and thermal comfort sensation were improved after entering the mist

spraying environment, the result of the paired t-test analysis of mTSV and CSV before and after

entering the mist spraying environment, a probability value (p-value) was revealed as less than 0.001.
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Fig. 3-4. Probability density of the standard normal distribution N (u, 0?) of survey results
before and after entering the mist spraying environment. Left is mTSV and right is CSV.

The response rate results for each scale is illustrated in Fig. 3-5. Each thermal sensation and thermal
comfort were described using the seven-point scale mentioned in Table 3-3 (i.e., mTSV(3) means very
hot, and CSV(—3) means very uncomfortable). The summation ratio of mTSV (1), mTSV (2) and
mTSV (3) accounted for 98% of the thermal sensation, which means that almost all participants report
feeling hot in the summer outdoor environment before entering the mist spray system. However, it
changed to 33% after entering the mist spraying environment. The summation ratio of CSV (-1), CSV
(=2) and CSV (—3) was changed from 82% to 3.7% before and after entering the mist spraying system,
which implicates that thermal comfort has been significantly improved. The summation ratio of the
CSV (1), CSV (2) and CSV (3) was reported at 8.3% before entering the mist spraying environment
and increased thermal comfort with 86% due to the evaporative cooling effect of the mist spraying

system.
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Fig. 3-5. Response rate results of mTSV (left) and CSV (right) before and before and
after entering the mist spraying environment.

In the survey, the acceptability of the mist spraying environment was assessed to understand whether
a person could accept the mist spraying thermal environment. As a result, the "Unacceptance" result
dropped significantly from 45% to 7% after experiencing the mist spraying environment. Meanwhile,
the "acceptable" result increased from 55% to 93%. In conclusion, most people felt that the mist
spraying environment is acceptable in hot summer weather.

Tayler et al. reported that thermal comfort varies considerably between young and old during
thermal change (p < 0.05) [69]. To investigate this tendency in the mist spraying environment, paired
sample #-test analyses were performed as shown in Fig. 3-6. The result showed that the young group
felt hotter than the old group in the outdoor environment (before entering the mist spray environment)
with a significant difference (p < 0.01). However, CSV did not show a significant difference between
the two groups (p = 0.83). On the other hand, the mTSV results showed no significant difference
between the young and old groups (p = 0.58), in the mist spray environment (after entering the mist
spray environment), but the CSV showed statistically different results between the young and the old
group (p < 0.001). This result indicates that young people felt more comfortable inside the mist

spraying environment than old people.

Page 47



Chapter 3 Assessment of existing environmental indices in mist spraying environment

mTSV
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Fig. 3-6. The survey results (mean = SD) of different age groups and the probability value
(p-value) by paired sample t-test analysis between young (10-20) and old (70+) age
groups.

3.4.2. Outdoor weather condition

The average and standard deviation of outdoor air temperature and relative humidity during the

experiment resulted in 33.5 + 2.2 °C and 50.7 + 9.5%, respectively (Fig. 3-7).

170
RS
2z
g
50 E
=
5]
40 5
1 e
o <
o © o)
0030(]3 Qﬁ
o 30
25 30 35 40

Outdoor temperature (°C)

Fig. 3-7. Outdoor air temperature and relative humidity during experiment.
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3.4.3. Acceptability in outdoor and mist spraying environments

The results of “Unacceptable” before and after entering the mist spraying environment changed
from 45% to 7% as displayed in Fig. 3-6. Results of “Acceptable” answers changed from 55% to 93%
after entering the mist spraying environment. These results represent that most people can accept the

mist spraying environment in an outdoor environment during the hot summer season.

Unacceptable [ Acceptable

1
. 0.55
\
205} 0.93
+
<
~
0.45
0 : i 007
Before mist After mist

Fig. 3-8. The results of acceptability before and after entering the mist spraying
environment (n = 1,110)

3.4.4. Existing environmental indices and thermal sensation

The existing environmental indices used to describe the thermal sensations of a person were
investigated in a mist spray environment. If the environmental index has a statistically significant
correlation with thermal sensation and thermal comfort, it can be considered as an appropriate
evaluation index for estimating human thermal sensitivity. As the existing environmental indices,
SET*, PET, WBGT, and UTCI indices were selected which were widely utilized in outdoor
environments. Each environmental index was calculated using the measured environmental factors
(air temperature, MRT, Relative humidity, and airspeed).

Fig. 3-9 shows the cumulative distribution function (CDF) of mTSV for each existing index, and
Table 3-5 shows the mean and standard deviation (SD) of each normal distribution of P relevant to
thermal sensation votes. The horizontal axis represents the value of each environmental index, and the
vertical axis represents the cumulative ratio of P. The P is calculated using survey results, where P (1)
is the cumulative probability densities of summation of mTSV (1), mTSV (2), and mTSV (3) as listed
in Table 3-4. In other words, P (1) of mTSV represents the cumulative ratio of all participants who felt

above the "slightly hot" level.
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Table 3-4. Calculation of Pof mTSV and CSV.

Sensations Calculation of P

mTSV

Ccsv

P(3) = mTSV(3)

P(2) = mTSV(2) + mTSV(3)

P(1) = mTSV(1) + mTSV(2) + mTSV(3)

P(0) = mTSV(0) + mTSV(1) + mTSV(2) + mTSV(3)

P(—1) = mTSV(—1) + mTSV(0) + mTSV(1) + mTSV(2) + mTSV(3)

P(=2) = mTSV(=2) + mTSV(—1) + mTSV(0) + mTSV(1) + mTSV(2) + mTSV(3)

P(=3) = mTSV(=3) + mTSV(—2) + mTSV(—1) + mTSV(0) + mTSV(1)
+mTSV(2) + mTSV(3)

P(3) = CSV(=3) + CSV(—=2) + CSV(=1) + CSV(0) + CSV(1) + CSV(2) + CSV(3)

P(2) = CSV(=3) + CSV(—=2) + CSV(=1) + CSV(0) + CSV(1) + CSV(2)

P(1) = CSV(=3) + CSV(—2) + CSV(—1) + CSV(0) + CSV(1)

P(0) = CSV(=3) + CSV(—2) + CSV(—=1) + CSV(0)

P(—=1) = CSV(=3) + CSV(=2) + CSV(-1)

P(—=2) = CSV(—3) + CSV(=2)

P(=3) = CSV(-3)
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Probability
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Fig. 3-9. Cumulative distribution functions (CDFs) analysis of modified thermal sensation
vote (mTSV) for each environmental index in mist spraying environment.

Page 51



Chapter 3 Assessment of existing environmental indices in mist spraying environment

Table 3-5. Results of each P distribution relevant to thermal sensation votes.

Environmental index P Mean Standard deviation
(@) (Sb, ° ©)

SET* P(2) 36.3 1.23

P(1) 35.9 1.65

P(0) 35.1 2.07
PET P(2) 44.6 2.28

P(1) 44.1 3.49

P(0) 43.1 4.20
WGBT P(2) 30.8 0.89

P(1) 30.7 0.89

P(0) 30.3 1.19
UTCI P(2) 39.9 1.31

P(1) 40.1 1.41

P(0) 39.6 1.56

3.4.5. Existing environmental indices and thermal comfort

In the CSV case, the value of P represents the sum of the reported CSV scale that was less when the
P (0) was the cumulative probability density of the summation of CSV (0), CSV (—1), and CSV (-2)).
In other words, the P (0) of the CSV refers to the cumulative ratio of all participants who felt more
discomfort than “neutral” (see Fig. 3-10). Table 3-6 shows the mean and standard deviation (SD) of

each normal distribution of P relevant to thermal comfort votes.
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Probability
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Fig. 3-10. Cumulative distribution functions (CDFs) analysis comfort sensation vote
(CSV) for each environmental index in mist spraying environment.

Page 53



Chapter 3 Assessment of existing environmental indices in mist spraying environment

Table 3-6. Results of each P distribution relevant to thermal comfort votes.

Environmental index P Mean Standard deviation
(@) (Sb, ° ©)

SET* P(0) 35.3 2.16
P(-1) 35.4 2.14
P(-2) 35.7 2.93

PET P(0) 43.0 4.12
P(-1) 43.3 3.47
P(-2) 42.2 4.04

WGBT P(0) 30.4 1.04
P(-1) 30.4 0.86
P(-2) 30.8 0.64

UTCI P(0) 39.9 1.40
P(-1) 39.7 1.30
P(-2) 40.0 1.68

The cumulative proportions of each P and each environmental index were positively correlated with
mTSV and CSV results. Despite the same environmental conditions, the environmental index results
had different ranges. PET results showed the widest range and WBGT showed the narrowest range. In
mTSV results, each P distribution was best recognized for SET* but overlapped or reversed for PET,
WBGT, and UTCI. In CSV results, each P distributions overlapped in all environmental indices. Each
P distribution suggests that the sensation scale is properly reflected by the environmental index, thus
overlapped or inverted P distribution suggests that the environmental index is hard to reveal each

sensation.

3.5. Conclusion

From the preliminary experiment, it was found that the mist spraying system is effective to relieve
heat stress in outdoor environment during the summer season. It was confirmed that among the
examined existing environmental indices, only the SET* might be able to appropriately predict the
mTSV in the outdoor mist spraying environment. However, even in the results of SET*, thermal
sensations were not reflected in the range of low and high temperature properly. Therefore, from these
results, it can be concluded that the existing environmental indices are inadequate for predicting
thermal comfort in the outdoor environment where the mist droplets sprayed.

However, due to insufficient environmental condition data on the outdoor environment, it was not
possible to examine how the weather affects the mist spraying system's cooling effect and thermal
sensation changes. In addition, environmental indices were introduced to understand the complex
thermal environments of a mist spraying environment. Though several studies reported the results of

existing environmental indices in mist spraying environments, present study confirmed the existing
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environmental indices could not adequately reflect the thermal sensation in mist spraying
environments.

As the mist droplets exist in air of mist spraying environment, evaporation heat loss occurs when a
human body wet in mist spraying environments. However, since existing environmental indices
consider only four basic environmental factors, further research is necessary to extend the utilization
of existing environmental indices on special environmental conditions such as mist spraying

environments.
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Chapter 4. Estimation of physiological
responses in mist spraying environment

4.1. Background and objectives

As mentioned in Chapter 3, it has been found that SET* is likely to be utilized for the evaluation of
mTSV in a mist spraying environment. However, in preliminary experiments, environmental factors
were measured only in the mist spraying environment, so there was no useful data to understand the
cooling effect of the mist spraying system in the outdoor environment. In addition, in order to
understand the impact of the mist spraying system on the human body and to understand subjective
assessments, such as surveys, it is necessary to investigate objective evidence, such as physiological
reactions. Therefore, further experiments were conducted to confirm the applicability of Gagge's two-
node model (2NM), which derives SET* in outdoor and mist spray environments.

This chapter discusses the details of the experiment, the comparison of environmental factors
between outdoor and mist spray environments, and the changes in thermal sensations and thermal
comfort after entering the mist spray environment. In addition, the environmental factors obtained in
the field experiments were used to predict the physiological response through 2NM. The validity of
the predictive model was confirmed by comparing the skin temperature with the experimental results

(see Fig. 4-1).

Field experiment

Comparison analysis

Outdoor / Mist environments
* Environmental factors

Environmental factors

Air temperature (T,) .S It
Radiation (Ig,, S T, S {,L T, L 1) Ta) Toart, RH, v urvey resutts
Relative humidity (RH)
Airspeed (v) Physiological human model
Human factors Two-node model
Metabolic rate (met) met, clo : gl(()r © nocclie
Clothing insulation (clo) in node
SUrvey resuit .
Survey result Predicted

Thermal sensations (mTSV, TSV)
Comfort sensation (CSV)

thsiological response

validation

(Skin temperature (Tsk)

)
N
J
)
J
)
)

physiological responses

Skin temperature (Tgy)

Core temperature (T¢ore)
Wettedness (w)
Heat storage (S)

Fig. 4-1. Overall research flow for comparison of outdoor and mist spraying
environments and validation of physiological human model.
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4.2. Literature review

A survey is one of the best ways to investigate human’s thermal sensations and thermal comfort in
certain thermal environment. However, to conduct a survey is expensive and time-consuming, and the
results from the survey are subjective. For these reasons, numerous kinds of environmental indices
had been developed to assess the thermal environment and to estimate human’s thermal sensations and
thermal comfort in a more objective way [70]. The wet-bulb temperature (WBGT) index was
developed by Yaglou and Minard [20] and has been widely utilized in thermal comfort evaluation over
60 years [21]. Particularly, the WBGT index is a commonly utilized to prevent heat disorders in Japan
[57]. Gagge and Nishi proposed a standard effective temperature (SET*) that can consider human’s
physiological responses such as shivering, sweating and blood flow rate [36]. Hoppe also introduced
a physiological equivalent temperature (PET) based on the Munich Personal Energy Balance Model
(MEMI), considering thermo-physiological regulatory processes [22]. In recent years, environmental
indices such as Universal Effective Temperature (ETU) [71], Universal Thermal Climate Index (UCI)
[18], and Outdoor Standard Effective Temperature (OUT-SET*) [19] have been suggested to consider
the uneven radiation effects on the human body.

However, since the outdoor environment has non-uniform and complicated thermal conditions and
the environmental factors vary greatly, it is not clear whether the conventional environmental indices
can be utilized also in outdoor and mist spraying environments. In the previous publications, there was
no comprehensive correlation analysis between the environmental index and human’s thermal
sensation and comfort in mist spraying environments. In addition, the suitability of the existing
environmental index is not yet studied whether it can estimate the mist spraying environments properly
where the humidity is high because of the mist particles. Therefore, this chapter presents the
experiments to conduct subjective assessments and measurements of environmental factors in a mist
spraying environment. In addition, each existing environmental index was calculated based on the
measured environmental factors and compared with the results of subjective assessments.

Several studies have been published to understand the correlation between thermal sensations and
environmental indices in mist spraying environments [ 15,17]. There have been attempts to predict skin
temperature in outdoor environments [72], with various proposals for predicting the effects of radiation
on the human body in outdoor environments [73,74]. However, a fundamental analysis comparing
environmental index and human physiological response in outdoor and mist spraying environments is
still insufficient. Therefore, additional studies are necessary to predict the thermal state of the human
body in mist spraying environments. In this chapter, Gagge's two-node model [75] was used to
estimate the thermal state of the body and was confirmed by comparison with the measured average

skin temperature of the subject.
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4.3. Mist spraying environment with sunshade
4.3.1. Methodology
4.3.1.1 Overall experimental method

During the summer season in 2017, a field experiment was carried out in Fujisawa, Japan (Table
4-1). The principle mechanism of the mist spraying system is the same as that of the initial preliminary
experiment. However, in this experiment, the mist spraying system was assumed to be installed at the

bus stop as shown in Fig. 4-3.

Table 4-1. Field experiment of mist spraying system for the verifiacation of two-node
model.

Location Number of Number of votes Period

subjects Outdoor Mist
Fujisawa, 12 (9)a 72 60 August 3—4, and September 5, 2017
Kanagawa (10 am-12 pm, 1 pm-3 pm)

Note: aThe number of subjects with measured skin temperatures.

4.3.1.2 Environmental factors

Four basic environmental factors (air temperature, radiation, humidity, and airspeed) were measured
both inside and outside the mist spraying environment. Detail information about measuring equipment
and measuring locations are listed in Table 4-2. Fig. 4-3 shows the installation of the mist spraying
system, measuring equipment, and the scene of subject experiment. All measuring devices were
installed at a height of 1.1 m, corresponding to the center of the standing human body. In previous
studies, an accurate assessment of the thermal environment inside the mist spraying system is difficult
was confirmed, because the measuring device is affected by mist droplets [15,76]. A conventional
thermometer is difficult to use directly when wet with mist particles. Therefore, in the present study,
the developed cyclone-type thermometer was used to measure the dry air temperature inside the mist
spraying environment. The developed cyclone-type thermometer can separate the multi-phase mixture
into liquid and gas (Fig. 4-4). Dry air and droplets can be separated by centrifugal and gravity-induced
by an air compressor [77]. Two thermocouples were used to measure dry air temperature which was
separated by the cyclone-type thermometers. Radiation was measured using short and longwave
radiation meters and direct solar radiation meters. Relative humidity was induced by the mole fraction
of water vapor in the air measured by an infrared HO analyzer. Regarding the measurement of
airspeed, the hot-wire anemometer used ultrasonic anemometers because it could not accurately
measure the wind speed when wet. In Fig. 4-3(a), inside* and inside** indicate where the device is

wet or not due to mist droplets, respectively. Outdoor environmental factors (i.e. environmental factors
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outside the mist system) were measured in areas without shading.

@ (b)

Fig. 4-2. Measurement setup for measuring environmental factors in outdoor and mist
spray environments. (a) Inside the mist spraying environment, inside*: Ultrasonic
anemometer, WBGT meter, infrared H>.O analyzer, and cyclone type thermometer. (b)
internal™ indicates shortwave and longwave radiation, WBGT meter, (c) outside**
indicates shortwave and longwave radiation and direct solar radiation installed outside

the mist spray environment, and (d) outside*: ultrasonic anemometer, WBGT meter, and
infrared H20O analyzer.
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Table 4-2. Measurement for outdoor and mist spraying environment.

Instrument Environmental factors Locationt Height Range Accuracy
(m)
WBGT air temperature (T,) inside** / 1.1 0-60 °C +0.5 °C
(401F) globe temperature (T,)  outside* 0-80 °C +0.5°C
relative humidity (RH) 10-90% +3.0%
Cyclone- air temperature (T,) inside* 1.1 -40-125°C +0.5°C
type
thermometer
SAT-600 airspeed (v) inside* / 1.1 0-60 m/s +3.0%
outside*
LI-7200 RS  relative humidity (RH) inside* / 11 0-95%
outside*
MR-60 radiation inside** / 1,1
STSLLTLY outside**
STR-22G direct solar radiation outside** -
(Idn)

Note: Locationt is the installation position of the instrument in and out of the mist spraying
environment. Inside* is the wetted position by mist. Inside** is the area that does not get wet
with mist droplets.

Moutside*
g
= Mist spray system N
= i -
Z N
)
@inside**
L JL ]
E 3.0m 4.15m Glass wall
i
®outside** -
(@ (b)

Fig. 4-3. Mist spraying system installed in Fujisawa city, Kanagawa, Japan (August 3—4
and September 5, 2017), (a) The top view of mist spraying system and the position of
measuring instruments. (b) Overall view of mist spraying system.
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@ (b)

Fig. 4-4. Cyclone-type thermometer installed in mist spraying environment with a height
of0.2m, 1.1 m, and 1.7 m. (a) is cylindrical cyclone separator and (b) is air compressors.

4.3.1.3 Estimation of mean radiation temperature in outdoor

Because the outdoor radiant environment is uneven and complex, the mean radiant temperature
(MRT) was calculated to understand and simplify the effects of radiation on the human body. MRT
can be derived in two ways. The first method described by Equation (4-1) uses the black globe
thermometer and airspeed, while the second method uses upper and lower two-way longwave and

shortwave radiation meter, and direct solar radiation by tracking the sun as shown (4-2).

: h
Tonrt = J(Tg +273.15)" + o (T = Ta) = 273.15 (4-1)

where, Tr,r is the mean radiant temperature, T, is the globe temperature (0.15 m), hcg is the
mean convective coefficient (1.1 X 1081 for black globe, 1.335 x 108v°71 for gray globe [78]),

€ is the emissivity on the globe surface by longwave radiation assumed as 0.95, D is a diameter of the

globe, T, is the globe temperature, and T, is the air temperature.

4|1 ax Id +ST LsL+LT Of'f
Tmrtz\/;(feff(?' Hz + 5 )+ gp'IdN —273.15 (4-2)

where, o is the Stefan-Boltzmann constant (5.67x1078, Wm 2 K™), f. is the effective body area
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coefficient of the radiation assumed to be 0.87, Iqy is the diffused solar radiation on a horizontal
surface calculated using the downward short radiation of S |, direct solar radiation on the normal
surface of Iqy, and the solar altitude of f (ie., Igg =S| —Ign-sinB). ST is the upward
shortwave radiation, L | isthe downward longwave radiation, L T is the upward longwave radiation,
ay is the absorption rate of the clothed human body by the shortwave radiation assumed to be 0.7,

and f, is the projection area coefficient of a standing human body by the direct solar radiation and

was derived from Equation (4-3) proposed by Park and Tuller [79]. The solar altitude (S) was
calculated with the recorded time and the location of Tokyo (latitude of 35° 33’N, longitude of 139°
46’E). Direct solar radiation was only measured on the outer side of the mist spraying environment

because it did not reach the interior of the mist spraying environment.

fo =3.01x 107783 — 6.46 X 107°p% +8.34 x 10™*B + 0.298 (4-3)

All measuring instruments were installed where there is no influence of mist droplets. In previous
publications, the results of MRT calculations using the two methods described above were not
significantly different [74]. However, in our study, a clear difference was observed, because we used
a 150 mm black globe thermometer that can be significantly affected by slow reaction light and the
difference of shortwave radiation of black globe thermometer and the human body. Therefore, the
second method (Equation (4-2)) was used to calculate the thermal radiation environment MRT around

the body.

4.3.1.4 Review of mean radiation temperature estimation method

The radiant effect is the most important factor effecting thermal comfort in outdoor environment.
Measuring six directional shortwave and longwave radiation fluxes and calculating the MRT using the

Equation (4-4) and (4-5) is known as the most general method in outdoor environment.

6 6
Serr = akz S, F +e Z L F, (4-4)
i=1 i=1

where S, is the mean radiant flux density on a human body, S is the shortwave radiation fluxes,
L is the longwave radiation fluxes, F is the angular factor between a person and surrounding surfaces
(see Table 4-3), and ayp and € are the absorption coefficient for shortwave radiation (0.7) and the

absorption coefficient for longwave radiation (0.5), respectively.
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T = 22527315 (4-5)
mrt co
Table 4-3. Angular factor (Fi) between a person and surrounding surfaces.
East South West North Upward Downward
Standing 0.220 0.220 0.220 0.220 0.060 0.060
Sitting 0.185 0.185 0.185 0.185 0.130 0.130
Globe 0.167 0.167 0.167 0.167 0.167 0.167

Meanwhile, six shortwave and longwave radiation meters were necessary for the comparison of

outdoor and mist spraying environments. Therefore, the present study conducted the two-directional

measuring method using Equation (4-2). In addition, globe thermometers (150 mm) were measured

and calculated the MRT using Equation (4-1). The results are displayed in Fig. 4-5. The MRT

calculated by measuring the globe thermometer and longwave and shortwave radiation meter showed

similar results in the mist spraying environment. However, the globe thermometer showed higher MRT

results than longwave and shortwave radiation meter. Because the direct solar radiation was blocked

by a sunshade, MRT was dominated by longwave radiation. In addition, the absorptivity could not be

modified after measuring the globe thermometer method, and the surface color of the globe

thermometer should be changed gray color similar to the absorption coefficient for shortwave radiation

on the human body.
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Fig. 4-5. Calculation results comparison for estimation method in outdoor and mist

spraying environment.
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4.3.2. Subject experiment setup

4.3.2.1 Subject experiment protocol

The experiment was conducted 4 participants daily for 3 days. The survey was carried out before
and after entering the mist spraying environment as shown in Fig. 4-6. Detailed survey content can be
found in Appendix 1. Twelve subjects participated in the experiment and six experiments were
performed per subject. Detailed characteristics of the subjects are listed in Table 4-4. At the same time,
only 9 of the subjects measured skin temperature due to equipment limitations. This time schedule of
the experiment was designed considering bus stops in urban areas. In the experimental procedure, the
subjects initially sat in a shady outdoor environment for 15-20 minutes and walked for 10 minutes

outside the mist spray environment. After that, they entered the mist spraying environment for 10

minutes.

Table 4-4. Characteristics of subjects

Age (year) Weight (kg) Height (m) BMI
Mean £ SD (standard deviation)
Men (n = 6) 376+114 62.9+7.8 1.69 + 0.05 21.8+22
Women (n =6) 40.6+11.1 526+5.1 1.57 £0.03 21.4+20
Total (n =12) 39.1+11.0 57.7+8.3 1.63 + 0.08 21.6+2.0

n is number of subjects.

1st Vote
_ 2nd Vote
2 N ]
< .y
& v Skin
g / : {Temperature
g 15-20 10 10 5
g i
e outside outside | inside :
shaded outdoor environment | mist spraying environment | mist spraying environment
(rest in chair) ‘(walking before entering mist): (standing after entering mist) :
| . i . i R
0 10 20
Start End

Time (min)

Fig. 4-6. Schematic diagram of subject experimental protocol showing timetable.
Environmental conditions for outdoor and mist spraying environments correspond to

(outdoor*, outdoor**) and (indoor*, indoor**) in Fig. 4-3.
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4.3.2.2 Skin temperature measurement

In the experiment, the skin temperature was measured simultaneously to check the thermal state of
the human body. The measured skin temperature was compared with the predicted results using a two-
node model based on the measured environmental factors. Estimating overall skin temperature Ty
has been proposed in many studies [75,80—86]. In the present study, the overall skin temperature was
calculated as the area-weighted average of the following seven points of the body parts: head, torso,
forearm, hands, thighs, legs and feet, as shown in equation (4-6), as suggested by Hardy and Dubois
[80,87] (T; 1is the surface temperature of body segment i). The core temperature is difficult to measure,
therefore oral temperature was measured and used it as a reference (see Fig. 4-7). During the
experiment, the temperature was measured using an LT-ST08-12 sensor (accuracy is + 0.01 °C) and

recorded by LT-8 (Gram Corporation, Japan) at 10-second intervals.

Fig. 4-7. Points of measurement for calculation of overall skin temperature (this figure is
referenced by a study by Choi et al. [87]).

Page 68



Chapter 4 Estimation of physiological responses in mist spraying environment

Table 4-5. Overall skin temperature calculation equations proposed by various

researches.
Proposer Points  Equation
Burton 3 Ty =05D+0.14L+0.36 R
(1935) [86]
Olsen 3 Ty =05D+0.14L+0.36S
(1984)
Ramanathan 4 Ty =03D+0314+02N+02R
(1964) [81] Ty = 034D+ 0.15L + 0.05M + 0.32 N
Houdas and 4
Ring (1982) Ty =0.07B+ 0.175E+0.175H + 0.19] + 0.39 Q
Houdas and 5
Ring (1982) Ty =0.14B + 0.19 + 0.19 H+ 0.11 L + 0.05M + 0.32 N
Mitchell and Wyndham 6 Ty = 0.07 A+ 035D+ 0.14 L + 0.05M + 0.19 N +
(1969)[82] 0.13R +0.07 T
Hardy and Dubois 7 Tge = 0.07A+0.175D + 0.175 F + 0.07 1 + 0.07 L +
(1938) [80] 0.05M + 0.19N + 0.2 R
Gagge and Nishi 8 Ty =021A+01D+0.17E+0.11F+ 0.121+ 0.06 K +
(1977) [75] 0.15N + 0.08 R
Nadel et al 8 Ty =019A+0.08D+0.12E+0.09F +0.131+ 012K +
' 0.12N + 0.15R
(1973) [83] Ty = 0.2B +0.05D + 0.125 E + 0.2 G + 0.05 [ + 0.05 ] +
Crawshaw et al. 8 0.05L+ 0.1250 + 0.075R + 0.075 S
(1975) [84] Ty =0.06A+ 012D +0.12E +0.12G + 0.08 1 + 0.06 L +
Houdas and Ring 10 0.05M+0.19N+0.13R+0.07T
(1982) Ty =01B+0.125D+0.125H + 0.07 1+ 0.07L +
. 0.06 M+ 0.125 N + 0.125 0 + 0.15 R + 0.05 T
Houdas and Ring 10 T = 0.07 A + 0.0875 D + 0.0875 E + 0.0875 F +
(1982) 0.0875 H + 0.14 L + 0.05 M + 0.095 N + 0.095 P +
Mitchell and Wyndham 10 0.065R + 0.065S+ 0.07 T
(1969) [82] Ty =1/10A+1/10D+1/10E+1/10F +1/101 +
Mitchell and Wyndham 12 1/10M+1/10N+1/10P+1/10S+1/10T
(1969) [82] Ty =1/15A+1/15C+1/15D+1/15E + 1/15F +
1/15H+1/151+1/15L+1/15M + 1/15N + 1/150 +
Stolwijk and Hardy 10 1/15P+1/15R+1/155+1/15T
(1966) [85]
Mitchell and Wyndham 15

(1969) [82]

In the present study, measuring skin temperature was conducted seven points method proposed by

Hardy and Dubois (Equation (4-6))

Tgi = 0.07 Theag + 0-35 Terunk + 0-14 Trorearm + 0-05 Thang + 0.19 Tipign
+0.13 Tieg + 0.07 Toor

(4-6)
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4.3.3. Results and discussion
4.3.3.1 Environmental factors outdoor and mist spraying environment with sunshade

Mist droplets evaporated from the mist spraying system change the surrounding thermal
environment. Fig. 4-8 shows the environmental factor differences between outdoor and mist spraying
environments when subject experiments (n = 60) were performed. In the mist spraying system, the
outdoor air temperature (mean + SD (standard deviation)) was changed from 27.7 £ 0.9 °C to 26.3 +
1.0 °C. MRT (mean £+ SD) varied from 36.2 = 6.1 °C to 23.6 £ 2.3 °C. The main reason for the
difference in MRT between outdoor and mist spray system environments is that the surface
temperature caused by mist droplets is lowered and the presence of a roof blocks direct sunlight.
Because of the large amount of evaporated water, the relative humidity rose from 62.7 = 7.9% to 70.3
+ 7.8%. Although air blowing was applied, the airspeed was not significantly different from the

external mist spray system environment.
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4.3.3.2 Infrared camera image of subject

Fig. 4-9 shows a few results captured by an infrared camera, before and after entering the mist
spraying environment. The photographs were taken with the equipment, FLIR T660 with an accuracy
of = 1.0 °C. After entering the mist spraying environment, the upper body showed the greatest
difference than before the mist, with about 1.0 °C difference. It was also found that the temperature
difference between before and after entering the mist spraying environment appeared near the head
part. Since infrared camera images are not perfectly precise, we only examined the tendency of the

cooling effect by the mist.

S i

(@) Subject A (b) Subject B

Fig. 4-9. Results of infrared camera image of subjects. Left and right figures correspond
to before and after entering mist spraying environment, respectively.

4.4. Physiological human model in outdoor and mist spraying environments
4.4.1. Experimental method for determining the clothing level
4.4.1.1 Thermal manikin experiment

The clothing level was measured in climate chamber in the University of Tokyo. The environmental
conditions and thermal manakin were controlled as shown in Table 4-6. The climate chamber
controlled at 28 °C. The controlling method of thermal manikin was used constant skin temperature.
The skin temperature was set at 33 °C. The clothing insulation level was the same as in subject

experiment.
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Table 4-6. Experiment condition for determining clothing insulation level.

Climate chamber

Air temperature (°C) 28

Thermal manikin

Segments 16

Control type Surface temperature constant (33 °C)

Clothing Bra, Panty, Short pants, Short-sleeve shirts, Sandal
Posture Standing posture

The experimental scenes are shown in Fig. 4-10. The naked manikin on the left figure is a condition
for obtaining a total heat transfer coefficient in each segment, and the clothed figure on the right is for

measuring the overall clothing insulation level.

(b)

Fig. 4-10. Thermal manikin in climate chamber (naked (a), and clothed (b)).

4.4.1.2 Calculation method of clothing level

The thermal resistance on the surface of the manikin and clothing insulation level of each segment
can be calculated using Equation (4-7). Each thermal resistance at the outer boundary segment is
calculated using Equation (4-8) with the results of a naked manikin experiment. The total insulation
of each segment can be obtained using Equation (4-9) with the results of a clothed manikin experiment.
However, since the clothing area factor is unknown, the overall clothing insulation level cannot

directly be obtained from the above two experiments.
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_ Tk — T
C= 1 (4-7)
clod T fioihe
1 Q¢
Ryi=—= 4-8
@t ht,i Tsk - To ( )
1 Q¢
Riotali = R 1 = T —T, (4-9)
cloi fclo,iht,i

The clothing insulation is assumed to be the same in the clothed segment and no clothing insulation
in the bare segment. Then, the overall clothing insulation level can be obtained using the overall
clothing area factor estimation formula Equation (4-10) and iteration calculation with Equation (4-11)—

(4-12).

_ _ “iclo
foio = 1403 Clo = @10)
R = 0.155 Clo
16
faoAp = Ap(1+ 0.3 Clo) = Z Avro (4-11)
i=1

16
i=1 Clo; Agio i

(4-12)
Aclo

Cloall =

4.4.1.3 Results of thermal manikin experiment

The result of the overall clothing insulation level obtained by thermal manikin experiment was 0.58
as summarized in Table 4-7. The clothing insulation is greatly influenced by the material of the clothes
and the tightness of clothes on the body. In addition, the result was the female type of manikin and the
types of underwear for men and women are different Therefore, since the results of this experiment
could not represent the clothing level of all subjects, a value of 0.5 corresponding to the standard level

of summer clothing was used for the calculation.
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Table 4-7. Result of thermal manikin experiment for comfirming clothing insulation level.

i Area Heat loss Cloth hy; hy; R Clo;
(m?) (Wm™)
Naked Clothed

Head 0.130 41.2  44.3 X 84 100 00138 -0.07
Back 0130 37.7 222 o) 7.7 126 01215 0.73
Chest 0.140 470 209 o) 9.6 126 01349 0095
Shoulder (Lefty  0.073 421  27.1 o) 8.6 126 00827 055
Shoulder (Right) 0.078 383  26.6 o) 78 126 00856 051
Arm (Left) 0.050 424 489 X 8.7 100 00035 -0.11
Arm (Right) 0.050 395 457 X 81 100 00103 -0.12
Hand (Left) 0.037 562 547 X 115 1.00 -0.0069 0.00
Hand (Right) 0.038 46.8  50.6 X 9.6 1.00 00003 -0.06
Pelvis 0.165 433 147 o) 8.8 126 02315 1.52
Thigh (Left) 0.160 46.6  23.2 o) 95 126 01125 0.80
Thigh (Right) 0.166 42.9  20.8 o) 8.7 126 01358 0.90
Leg (Left) 0.090 49.1  47.0 X 10.0 1.00 0.0074 0.01
Leg (Right) 0.090 472 465 X 9.6 1.00 0.0085 0.00
Foot (Left) 0.043 480  29.6 o) 9.8 126 00678 0.52
Foot (Right) 0.043 497 305 o) 10.1 126 0.0626 0.51
Total 1483 441  30.3 - 9.0 - 0.09 0.58

4.4.2. Validation of two-node model
4.4.2.1 Calculation condition for validation of two-node model

The conditions of 2NM model for validation of skin temperature were listed in Table 4-8. Since the
subjects’ initial were not in a physiologically thermoneutral state on the experiment, initial skin
temperatures were set the measured data. As the core temperature did not change significantly in a
short time, initial core temperature was set at 36.8 °C which is the physiologically thermoneutral state
[88]. Metabolic rate and clothing insulations were set to 1.2 and 0.5, respectively. Environmental
factors measured at each condition were used to predict subjects’ skin temperature changes in the
outdoor and mist spraying environments. The measured environmental factors averaged at 1-minute

intervals and applied it as input variables in 2NM.
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Table 4-8. Calculation conditions of 2NM for validation of skin temperature.

Factor Variables Value
Human Metabolic rate (met) 1.2
Clothing insulation (clo) 0.5

Initial mean skin temperature (°C)

Initial core temperature (°C)

Initial core temperature (°C)

Neutral mean skin temperature (°C)

Neutral core temperature (°C)

Neutral body temperature (°C)
Environment  Air temperature

MRT

Relative humidity

Airspeed

Measured mean skin temperature (Tyy)
36.8
Thody = 0.1 Te + 0.9 Toore

n =337
" .. = 36.8
T 4y = 36.49, (0.1 T + 0.9 Tpore)
averaged at 1-minute intervals (before
entering the mist spraying environment
at 0-10 minutes and after entered the
mist spraying environment at 10-20
minutes)

4.5, Results and discussion

4.5.1. Skin temperature variation

Fig. 4-11 shows the results of the mean skin and core temperatures for nine subjects. In all cases,

the initial skin temperature (mean + SD) was 34.5 + 0.63 °C, which is higher than the physiologically

thermoneutral temperature. Skin temperature did not show a representative trend before entering the

mist spraying environment but decreased in all subjects in mist spraying environment. The skin

temperature (mean + SD) changes before entering the mist system was 0 + 0.18 °C for 10 minutes,

which was 0.28 + 0.40 °C higher than the predicted results. After entering the mist environment, the

skin temperature changes (mean = SD) in the measurement and prediction results decreased by 0.69 +

0.27 °C and 0.60 = 0.31 °C for 10 minutes, respectively. The difference in skin temperature changes

between the experimental and calculated results was analyzed by paired #-test. In the results, the

probability value (p-value) were 0.07 before entering the mist spraying environment and 0.23 after

entering the mist spraying environment, respectively. This indicates that measured and predicted skin

temperature changes are not statistically significant.

Page 75



Chapter 4 Estimation of physiological responses in mist spraying environment

Subject 1 Subject 2 Subject 3
381 ....... ........ 38 L. ........ 381 ....... ........
? ; ) ; ; ) ; ; ) ;
S 36
-
35
8
2 34
=
o
= B L .
32| Beforemist ;- Aftermist | 32| Beforemist ;- Aftermist | 32| Beforemist - Aftermist -
Subject 4 Subject 5 Subject 6
T — ....... ........ 38 L. ........ T - ....... ........
§ : } ; ; } ; : ] :
2
35
=
5}
a
=
(]
= LE LE L
32| Beforemist i Aftermist | 32| Before'mist i Aftermist | 32| Beforemist - After-mist -
Subject 7 Subject 8 Subject 9
381 ....... ........ 38 L. ........ N - ....... ........
6 : ] : : ] : : ] :
N
o 36 36 36
-
3
5
2 34 34 34
=
(]
= I . .
32 | Before mist i Aftermist 1 32 - Befove mist i After-mist | 32 | Before mist i After mist -

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (min) Time (min) Time (min)
—— T ore(experiment) Tekin(experiment) —-—--Teope (calculation) —-—-- Ty (calculation)

Fig. 4-11. Results of changes in mean skin and core temperature before and after entering
mist spraying environment. The environmental conditions before and after the mist
correspond to the results of (outside*, outside*) and (inside*, inside**) in Fig. 4-3,
respectively.

The individual differences of subjects in measurement and prediction results can be understood to
be caused by the uneven and complex environmental conditions of the mist spraying environment.
The predicted results showed better accuracy within the mist spraying environment than outside,
because direct solar radiation has a high impact on the human body in the outdoor environment but is
blocked in the mist spraying environment by the sunshade. Meanwhile, the oral temperature, which is
the baseline data for the core temperature, showed frequent fluctuations because the sensor position

was unstable in the oral cavity and breathed during the experiment.
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4.5.2. Calculation condition for standard condition

A correlation analysis between the predicted physiological response and mTSV was performed to
confirm that the predictive model could identify thermal sensations even in a mist spraying
environment. As a calculation condition, it is assumed that the human body in the physiological
thermal neutral state is exposed to the measurement environment. Thus, the initial average skin
temperature and core temperature were set to physiological thermal neutral conditions at 33.7 °C and
36.8 °C, respectively. Using the average value of the measured environmental factors, it is assumed
that the environmental conditions are uniform. Detailed calculation conditions are described in Table
4-9.

Table 4-9. Calculation conditions of 2NM for comparison with thermal sensation results.

Factor Variables Value
Human Metabolic rate (met) 1.2
Clothing insulation (clo) 0.5
Initial mean skin temperature (°C) 33.7
Initial core temperature (°C) 36.8
Initial core temperature (°C) Thoay = 0.1 T + 0.9 Teore
Neutral mean skin temperature (°C) Tg = 33.7
Neutral core temperature (°C) Ti e = 36.8
Neutral body temperature (°C) T ay = 36.49, (0.1 Tge + 0.9 Tegre)
Environment  Air temperature (°C) Average value for measured data for
MRT (°C) 10 minutes and considered the stable
Relative humidity (%) environment condition during
Airspeed (m/s) calculation

The thermal state of the body was calculated for the outside (n = 72) and inside (n = 60) of the
mist spraying environment where the survey was conducted. Results were sorted and averaged
according to the results of mTSV scale. Fig. 4-12 Figure 4 12 shows the results of the average skin
and core temperatures for each mTSV scale. When the results of the mTSV scale were high, the
average skin temperature increased even more. Skin temperature increased outside the mist spraying
environment but decreased inside the mist spraying environment. The core temperature increased more
externally than inside the mist spraying environment, but there was no significant difference depending

on the mTSYV scale outside or inside the mist spraying system.
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Fig. 4-12. Mean skin and core temperature change results for each mTSV scale.

Fig. 4-13 shows the results of the heat storage rate, sensible heat loss, latent heat loss, and skin
wettedness. The heat storage rate was calculated using equation (4-13) introduced by Fanger [35]. The

heat storage rate converged close to zero due to the temperature control response of the human body.

Sbody = (M — W) — Egc — Qres — Qrad — Qconv (4-13)

where, S is the heat storage rate in the body, M is the production of metabolic heat, W is the
mechanical work achieved, and Eg is the sum of heat loss by the diffusion of water vapor through
the skin and heat loss by evaporation of sweat on the skin surface. Q.5 is latent heat loss and sensible
heat loss due to breathing, Q,,q is radiant heat loss that occurs on the covering surface of the body

and Q.ony 1S convective heat loss at the covering surface of the body.
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Fig. 4-13. Mean heat losses and physiological responses change results for each mTSV
scale.

The mean skin temperature tended to increase with higher mTSV before and after entering the mist
spraying environment. The core temperature did not change significantly under both conditions.

Sensible heat loss decreased with increasing mTSV value, while latent heat loss and skin wettedness
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increased. Due to the low ambient temperature, the existing heat losses in the mist spraying
environment were higher than in the outdoor environment, but the skin wettedness was lower, resulting
in lower latent heat losses. Therefore, the results can be summarized as follows: Under hot outdoor air
temperature or hot weather conditions with high MRT, the sensible heat loss can be reduced, but latent

heat loss may increase due to sweating caused by thermoregulation control.

4.6. Conclusion

This chapter describes the estimation of the physiological response of the human body in a mist
spraying environment. Subjective assessments were conducted, and also, environmental factors and
overall skin temperature were measured in outdoor and mist spraying environments. The thermal state
of the human body was estimated using Gagge's two-node model along with the measured
environmental factors. The two-node model was verified by comparing it with the subjects (n = 9)
skin temperature data. The mean skin temperature changes (mean + SD) before entering the mist
system were 0 + 0.18 °C in the experiment and 0.28 + 0.40 °C in prediction. After entering the mist
system, the skin temperature changes (mean + SD) in the experiment and prediction results decreased
by 0.69 + 0.27 °C and 0.60 = 0.31 °C for 10 minutes, respectively. As a result, the two-node model
was observed to have high prediction accuracy for both outdoor and mist spraying environments. In
addition, the thermal state of the body was calculated for the outside (n = 72) and the inside (n = 60)
of the mist spraying environment in which the investigation was performed. Predicted physiological
response results were sorted and averaged according to each mTSV scale. The results showed
significant differences according to the mTSV scale. Predicting the physiological response of the
human body using 2NM was well reflected in the thermal sensation in outdoor and mist spraying
environments.

However, in the mist spraying environment, a human body gets wet by mist droplets. The smaller
the diameter of the mist droplet, the faster it evaporates in the air and the body feels wet lesser.
Although the field experiment in this chapter could not identify the evaporative heat loss due to mist
droplets on the human body surface, it is necessary to clarify the mist environment and human body
heat exchange to understand the thermal sensation, thermal comfort, and thermal state of the human

body in mist spraying environments.
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Chapter 5. Evaluation of mist spraying
environment considering mist wettedness

5.1. Background and objectives

Global temperatures have been warming over the last century [89]. In addition, many studies have
shown that hot outdoor environments affect human health and mortality [2—5]. Therefore, the impact
of urban heat island and climate change on the human body has become a critical issue. Outdoor
environments are also important in sustainable cities because they include daily pedestrian traffic and
outdoor activities that contribute to the urban environment and vitality [90]. However, due to the
dynamic fluctuation of outdoor environmental conditions, it is difficult to clearly determine the effect
of the thermal environment on the human body. Therefore, various kinds of studies have been
conducted to understand thermal sensations in outdoor environments. In earlier studies, human thermal
sensations in outdoor environments were investigated by using subjective assessment and measuring
environmental factors [91,92]. Stathopoulos et al. examined the surveys and field measurements to
investigate the correlation between environmental factors and thermal comfort [93]. Lai et al. predict
skin temperature using a physiological thermoregulation model to understand human thermal
conditions in outdoor environments [72]. They found a good correlation between average skin
temperature and thermal sensation in various outdoor conditions, and their studies showed the
possibility of predicting the thermal sensation and thermal state of the body in outdoor environments.
Xie et al. were investigated a comparison of the thermal sensation in the outdoor environment with
the prediction results by the UCB model (UC-Berkeley thermal comfort model) [94]. In outdoor
environments, UCB models do not reflect actual thermal sensations that are sensitive to wind speed
and solar radiation. In addition, Xie et al. tracked the trend of outdoor hot spots in Hong Kong for two
years, and they found a human's heat adaptation in outdoor environments for seasons using a probit
analysis [95].

Recently, in hot outdoor environments, mist spraying systems have been widely used as a means to
reduce high temperatures [11,12,17]. In general, mist spray systems are useful for relieving thermal
stress and improving thermal comfort in hot outdoor environments [15]. However, due to the high
humidity in which many mist particles are suspended in the atmosphere, the mist spray environment
is a more complex thermal environment than the outdoor environment. Sulfur etc. The mist spray
system has confirmed that it can lower the air temperature to 5—7 °C in a hot environment [11] In the
climate chamber experiments, the mist spraying system was able to lower the air temperature to 10 °C
[12].

However, while the study focused only on changes in temperature and humidity, changes in other
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environmental factors have not been fully investigated. Consideration should also be given to solar
irradiation, which greatly affects thermal comfort in outdoor environments [46]. Although there are
considerable studies evaluating the thermal state of humans in hot weather conditions in outdoor and
mist spraying environments, there is a lack of research on the thermal effects of mist spraying
environments on the human body, especially taking into account the environmental factors that can
affect them. Therefore, it is necessary to compare the internal and external environmental factors of
the mist spraying environment, including air temperature, humidity, radiation, and airspeed to verify
the effect of the mist spraying system on the thermal sensation and the outdoor environment conditions.
Oh et al. studied to understand the impact of the mist spraying system on hot outdoor environments
by comparing the difference between the internal and external environmental factors of the mist spray
environment [27]. However, in this study, since the mist spray environment has a sunshade, the effect
of radiation was significantly less than in outdoor environments. Thus, the independent cooling effect
of the mist spraying system on the thermal sensations and thermal comfort under the same radiation
conditions as the outdoor environment is not yet known.

Shivering, blood flow rate change and sweating are part of the body's thermoregulating
physiological response. These physiological responses are closely related to the thermal sensation as
a thermal interaction between the environment and the human body. Farnham et al. confirmed the
forearm temperature changed after entering the mist spraying environment, and the skin temperature
dropped to 1-3 °C [15]. However, it is still difficult to understand the effect of the mist spraying
environment on human physiological responses by investigating temperature changes only in parts of
the body. To fully investigate the effect on the human body, it is important to understand the thermal
state of the whole-body scale. Ulpiani et al. measured the thermal sensation, thermal comfort, and
environmental factors, evaluated the mist spraying environment to understand the thermal effects
using the universal thermal climate index (UTCI) index [16]. However, conventional indices have a
limitation in assessing thermal sensations and thermal comfort because these indices do not consider
the evaporative heat loss on the body surface due to the mist particles [27].

In conventional mist spraying methods, the mist is generally diffused without an air blowing mode.
However, this type of mist spraying system has a limitation that the cooled air cannot be properly
delivered to the vicinity of the human body. When strong winds blow from the outside, it is very
difficult to deliver cooled air and mist to the desired location. For this reason, a mist spray system
equipped with an air blowing fan has been inspected [15]; This method has been found to be more
effective in relieving heat stress and improving thermal comfort in a person compared to systems
without a blower fan. Nevertheless, the main environmental factors that influence the maximization
of the mist's evaporative cooling effect when the mist is diffused by forced air are not clearly explored.
In addition, in addition to the blowing, operating parameters of the mist system such as the spray

amount of the mist particles were not investigated. To increase the effectiveness of the evaporative
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cooling of the mist system, it is necessary to check the various modes of operation.

In order to solve the above-mentioned issues, thermal sensations, and thermal comfort, overall
environmental factors (air temperature, radiation, humidity, and airspeed), and overall skin
temperature changes in outdoor and mist spraying environments were examined. In addition, the
effects of an operation mode of mist spraying systems on these assessments were additionally
investigated. In order to estimate the independent impact of the mist spraying system on the thermal
environment, the radiation conditions inside and outside the mist spraying environment were measured.
Through the survey research, subjective assessments were performed using the modified thermal
sensation vote (mTSV), thermal sensation vote (TSV), and comfort sensation vote (CSV) scales. In
addition, the overall skin temperature was monitored to understand the thermal state of the body and
physiological responses during the experiment. The measured skin temperature and subjective
evaluation results were analyzed to verify the cooling effect of the mist spraying system. The results
of this study are expected to be used to correctly understand the effects of the mist spraying
environment on the human body. In addition, experimental data from the operation of the mist spraying
system in different modes of operation can provide a basic understanding of the control variables
affecting this system. In addition, the analysis of this study can be useful for identifying physical
phenomena in the human body and for predicting thermal conditions and physiological reactions under

the influence of outdoor and mist spraying environments.

5.2. Experimental setup
5.2.1. Operation conditions of mist spraying system

As shown in Table 5-1, four different modes were conducted considering different amounts of mist
spraying and presence of air blowing mode. The mist droplet size was set as 9—11 um so that the mist
particles can be fully evaporated when they are suspended in the air. The height of the mist spraying
nozzle was 3.0 m above the ground. In Table 5-1, CASE-1 was set as the baseline operating mode that
has a droplet size of 11 um with a mist spraying amount of 300 cm*/min in the air blowing mode.
CASE-2 sprays the same amount of water as CASE-1 but has no air blowing mode. The effects of air
blowing mode on the assessment of the mist spraying system can be confirmed. CASE-3 sprays less
water than CASE-1 and controlled as 240 cm?/min. The effects of the amount of spraying water on
the assessment of the mist spraying environment can be understood by comparing the results of CASE-

1 and CASE-3. CASE-4 refers to an air blowing mode without spraying of water.
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Table 5-1. Operation modes of mist spraying system.

Variables CASE-1 CASE-2 CASE-3 CASE-4
(baseline) (without air ~ (less mist)  (without
blowing) mist)
mist droplet size* 11 11 9 -
amount of spraying water (cm3/min) 300 300 240 -
existence of air blowing 0 X 0 @)

Note: Mist droplet size* is the mean particle size of water spraying distribution, which is the
value of the Sauter mean diameter measured by laser diffraction instrument [96].

5.2.2. Measurements of environmental factors

The field experiments with considering mist wettedness were performed from July 23 to August 4,
2018. Mist spraying system was installed at the Institute of Industrial Science, University of Tokyo,
Japan (Fig. 5-1). Subject experiments were performed only during the day (10 am—4 pm)
corresponding to hot weather. The following environmental factors were simultaneously measured
both inside and outside the mist spraying environment: temperature, radiation, humidity, and airspeed.
Details of the measuring equipment and installation locations are listed in Table 5-2, and the
installation of this spray system, measuring equipment and target experiments is shown in Fig. 5-1.
All measurements were made at a height of 1.1 m, corresponding to the center of the standing human
body [88].

Previous studies have shown that mist droplets make it difficult to accurately measure
environmental factors in a mist spraying environment [15,76]. If the sensor gets wet, it cannot be
measured by evaporative heat loss. Therefore, a device was developed to measure air temperature and
relative humidity with sucking air in the opposite direction of the mist spraying direction by using an
air compressor to prevent the measurement equipment from getting wet (Fig. 5-2¢).

Environmental factors were measured by placing temperature and humidity sensors inside the
developed equipment. The flow rate of the air compressor was set to 5.5 L/min. For cross-validation
of measured data, relative humidity was further measured and compared using an infrared H,O
analyzer capable of detecting the mole fraction of water vapor in the air. The relative humidity
measured by the humidity sensor and infrared H,O analyzer was about the same. On the other hand,
the hot wire anemometer was used because it is impossible to measure when wet or blocked flow. All
measurement data was recorded at 1-second intervals.

In outdoor environments, shading greatly affects the thermal comfort of a person [46]. As the
sunshade is greatly reduced when using the sunshade as in Chapter 4, it is important to design the
same radiation environment as the outdoor environment in order to confirm the independent cooling

effect of the mist spraying system. In this experiment, the measurement locations for outdoor and mist
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spraying environments were chosen so that the radiation effects of the surrounding buildings and the

sun were the same. As shown in Fig. 5-1b, radiation was obtained using short and longwave radiation

meters and direct radiation meters. The direct solar radiation measurement equipment was measured

only inside the mist because the outdoor and mist environment was the same.

Table 5-2. Measurements for mist wettedness.

Instrument Measurement Locationt Height Range Accuracy
variables (m)
EK-H4 air temperature inside* / inside**/ 1.1 0-60 °C +0.4 °C
(SHT71) (T,) outside
relative humidity 0-100% +0.3%
(RH)
CGY-81000 airspeed inside** / outside 1.1 0-60 m/s +0.3%
)
LI-7200 RS relative humidity inside* / outside 1.1 0-95%
(RH)
MR-60 radiation inside** / outside 1.1
StSLLTLYT
STR-22G direct solar inside** -
radiation
(Ian)

Note: Location t is position of instruments inside and outside the mist spraying environment.
Inside* is the area wet by mist droplets. Inside** is the area that does not get wet with mist
droplets. The inside*, inside**, and external locations 1 are described in (Fig. 5-1b).
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Fig. 5-1. Mist spraying system installed at the Institute of Industrial Science of the
University of Tokyo, Japan (July 23—August 4, 2018): (a) overall appearance of the mist
spraying system; (b) a top view of the mist spraying system and the location of

instruments; (c) Mist spraying generators (i.e. pressure pumps, water tanks and control
devices).
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Fig. 5-2. Equipment for measuring environmental factors in outdoor and mist spraying
environments. (a) inside** representing shortwave and longwave radiation, direct solar
radiation, and ultrasonic anemometers; inside* representing infrared H>O analyzers and
air temperature and humidity sensor; (b) displays air temperature and humidity sensor,
shortwave and longwave radiation meters, ultrasonic anemometers, infrared H>O

analyzers installed outside, and (c) showing air temperature and humidity sensors in
inside*.

5.2.3. Measuring mean radiant temperature (MRT)

Humphreys has proposed the use of a 40 mm diameter table-tennis ball to measure average radiant
temperature (MRT) in indoor and outdoor environments [97] and widely have been used. In the
outdoor environment, however, Wang and Li confirmed that the thermal response of the ping-pong
ball is not suitable for estimating the MRT of the outdoor environment [98]. Therefore, in the present
study, MRT was calculated based on Equation (5-1) to understand the effect of radiation on the human
body. The sun was tracked and measured direct solar radiation, long and short radiation was measured

using an upper and lower bidirectional radiation meter. These environmental factors were measured
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where the effects of mist particles were minimal (outside and inside** location for measurements in

Fig. 5-1).

4|1 [247% Id +ST Ll+LT a-f
Tmrtz\];(feff(?' HZ + > >+ gp-IdN —273.15 (5-1)

where, o is the Stefan-Boltzmann constant (5.67x1078, W m 2K ™), fog is the effective body area
factor of the radiation (assumed as 0.87), Igy is the diffuse solar radiation on a horizontal surface
calculated using the downward short radiation of S |, the direct solar radiation on normal surface of
I4n, and the solar altitude of B (i.e., Igg =S | — Ign - sinB). S T is the upward shortwave radiation,
Ll is the downward longwave radiation, L T is the upward longwave radiation, a is the
absorptivity of the clothed human body by the shortwave radiation assumed as 0.7. The emissivity rate
¢ by the longwave on human body was assumed as 0.95. The project area coefficient f, of a standing
person by the direct solar radiation can be calculated using Equation (5-2) suggested by Park and

Tuller [79].

f, =3.01x 107783 — 6.46 x 107542 + 8.34 x 10748 + 0.298 (5-2)

The altitude of the sun [ was calculated with the logged time and location of the Institute of
Industrial Science, the University of Tokyo (latitude of 35° 66°N, longitude of 139° 68’E location

information was obtained from Google map).

5.2.4. Subject experiment setup

65 subjects participated in the field experiment. The average age, weight, height and BMI of all
participants were 26.6 £+ 8.4 years, 59.6 £ 10.1 kg, 1.67 = 0.072 m and 21.1 &+ 2.4, respectively, as
listed in Table 5-3. A schematic of this experimental protocol is shown in Fig. 5-3. The experimental
procedure was approved by the University of Tokyo Ethics Committee (No. 18-114), and all
participating subjects received written consent (see Appendix 3). At the initial stage of the field
experiment, the subjects rested for 20 minutes in an indoor environment, controlling the air
temperature to 26 °C with an air conditioner, considering the usual cooling setpoint temperature in the
summer season. After a break, they walked outside for 10 minutes and then stayed inside the mist

spraying environment for 10 minutes. The subject reported the first survey after 10 minutes of walking.
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Second and third surveys were performed at 3 and 10 minutes after the subject entered the mist

spraying environment, respectively.

Table 5-3. Characteristics of subjects.

Age (year) Weight (kg) Height (m) BMI
Mean % SD (standard deviation)
Men (n =41) 251+6.1 63.7+9.6 1.71 + 0.056 21.6+27
Women (n = 24) 295+ 11.2 52.3+5.8 1.61 +0.046 20.1+1.6
Total (n = 65) 26.6 +8.4 59.6 + 10.1 1.67 £0.072 211+24

n is number of subjects.
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Fig. 5-3. Schematic diagram of subject experimental protocol showing timetable.
Experimental conditions for outdoor and mist spraying environments correspond to
(outside) and (inside*, inside*) in Table 5-1b, respectively.

In relation to the physiological response, skin temperature was measured to check the thermal state
of the body. Skin temperature was measured by a thermocouple (accuracy: £ 0.5 °C) and recorded at
5-second intervals by LR-8430 (HIOKI Corporation, Japan). The thermocouple was attached to the
skin surface of the subject with surgical tape. The mean skin temperature Tyyera Was calculated of
an area-weighted average of the body segments: head, torso, forearm, hand, thigh, leg and foot (T; is

the surface temperature of body segment i) using the equation (4-6) proposed by Hardy and Dubois
[80,87].

5.2.5. Statistical analysis

Statistical analysis was performed using MATLAB version R2018a. First, the impact of
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environmental factors and subjective evaluations on the control variables of the mist system was
confirmed by analyzing the results of the various modes of operation. For example, the effect of
spraying quantity on the cooling effect can be estimated by comparing the results of CASE-1
(reference) with those of other cases. Survey results from two comparable but different modes of
operation were analyzed by paired t-tests and are typically used to compare the mean difference
between two variables. The null hypothesis assumes that the mean of the variable between the two
groups is zero [99].

Second, Pearson's correlation coefficient, a statistical indicator, was used to assess the correlation
between total skin temperature and thermal sensation. Pearson's correlation coefticient can be derived
from the range -1 to 1. Closer to 1 indicates that the two variables are positively correlated. Close to -
1 indicates that these variables are negatively correlated. The null hypothesis of Pearson's analysis is

that the two comparison variables are not statistically correlated.

5.3. Concepts of mist wettedness

The mist spraying environment, mist particles are sprayed in an air and cool down the air
temperature. By the way, the sprayed mist droplets are not completely dried in an air. Therefore, the
water particles are attached to the surface of the body and evaporated. The evaporation of water
particles from the surface makes the additional cooling effect. The schematic diagram of heat loss
mechanism by skin wettedness and mist wettedness is illustrated in Fig. 5-4. Evaporative heat loss due
to skin wettedness occurs on the skin surface. On the other hand, the mist droplets adhere to the body
surface and evaporation on there. Thus, if the body part is covered by clothes, heat loss by mist
wettedness occurs on the clothing surface. Otherwise, heat loss happens on the skin surface. Therefore,
in 3NM calculation, both conditions are necessary to be considered, but the only clothed condition is

necessary for 2NM calculation.
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Fig. 5-4. Schematic diagram of heat loss on body surface by skin wettedness and mist
wettedness.

5.3.1. Design of mist wettedness meter

Evaporative heat loss at the surface is determined by the surface temperature and the partial pressure
of water in the air. However, as the measuring evaporative heat loss on the body surface directly is
difficult, as a simplified method, a globe thermometer was utilized as described in Fig. 5-5. The sensors
and measuring instruments for measuring mist wettedness are listed in Table 5-4. Two ceramic heaters
were attached inside the globe thermometer to control the skin temperature. The power of the heating
elements was controlled by SSR, and the surface temperature is measured by two film types PT100
and the average value was calculated. The surface temperature of the heating globe thermometer was
controlled at 35 °C by PID controller. Fig. 5-6 shows the actual heating globe thermometer (mist

wettedness meter) and its controller.
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Fig. 5-5. Design of heating globe thermometer for measuring mist wettedness.

Table 5-4. Measurements for mist wettedness.

Instrument Measurement variables Height Range Accuracy
_ (m)
EK-H4 (SHT71)  airtemperature (T, and Tpisr) 1.1 0-60 °C 0.4 °C
relative humidity (RH) for ppise 1.1 0-100% +3.0%

airspeed (v) for h. calculation

CGY-81000 11 0-60 m/s +1.0%
globe temperature (T, and
PT100 1) 11 upto 200°C +0.1°C
g
surface temperature*
NFR-CF-PT100 heat input (H) - upto200°C 0.1°C
DW-777 - 0-9999 W +1.0%

Note: The surface temperature* of heating globe thermometer was measured with two
thermometers, and the average value was set to 35 °C.
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Fig. 5-6. Mist wettedness meter and its controller.

5.3.2. Mist wettedness measurement

The evaporative heat loss on the skin is caused by natural diffusion of water through the skin and
the sweating for the thermoregulation control. The skin wettedness (wgy) is defined as the ratio of the
actual evaporative heat loss on a skin surface to maximum possible evaporative heat loss [100].
Similarly, the mist wettedness can be defined as the ratio of the actual evaporative heat loss due to the
mist droplets on the surface of the body for the maximum possible evaporative heat loss under the
same conditions. The heat loss due to skin wettedness occurs at the skin surface, but heat loss due to
mist wettedenss occurs at the surface of the body (skin or cloth) where get wet by the mist droplets.

However, since heat loss from the body surface by mist droplets is difficult to measure directly, a
heating globe thermometer was introduced to investigate the heat loss by mist droplets on the body
surface as shown in Fig. 5-7. The water evaporation capability on the surface depends on surface
temperature and water vapor pressure in the air. The heating globe thermometer was controlled at the
skin temperature level to determine the evaporative heat loss on the surface of the body. As a similar
manner, Nakayoshi et al. measured wind speed and shortwave and longwave radiation fluxes using
three globe thermometers in an outdoor environment [101]. However, the evaporative heat loss on the
surface cannot simply be measured because of complex heat exchanges between globe thermometer
and outdoor and mist spraying environments. Thus, another normal globe thermometer of the same

size as the heating globe thermometer was placed near the mist spraying environment.
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Fig. 5-7. Schematic diagram of measuring mist wettedness using heating globe
thermometer. Heating globe thermometer and globe thermometer are placed in wetted
and non-wetted areas inside mist spraying environment, respectively.

Heat balance equations on globe thermometer and heating globe thermometer can be expressed

Equation (5-3) and Equation (5-4), respectively.

C, (dT,

Xg(d—tg>=(1—a)S+£L—£aTg4—hc(Tg—Ta) (5-3)
Cy (AT, H
f(d—§>= (1-a)S+el—e0 Ty —h (Tgh—Tmist)_E'*'Z (5-4)

Cg is the heat capacity of the globe thermometer (In the present study, the heat capacity of 13.52
J/K globe thermometer with 50 mm diameter and 0.5 mm thickness copper was used. cf. 150 mm
globe thermometer has 124.75 J/K heat capacity), A is a surface area of 50 mm globe thermometer

(7.9x10 3 m?). a is albedo of globe thermometers, & is emissivity of globe thermometers, and o is
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the Stefan-Boltzmann constant. S is shortwave radiation flux from environment to the globe
thermometer, L is longwave radiation flux from environment to the globe thermometer. h. is
convective heat transfer coefficient of globe thermometer. T, is inside temperature of globe
thermometer, and Tgy, is inside temperature of the heating globe thermometer. T, and Tp;s are the
air temperature around the globe thermometer and heating globe thermometer, respectively.
Assuming the effects of the radiation environment on the globe thermometer and the heating globe
thermometer are the same, the evaporative heat loss (E) Equation (5-5) can be obtained from heat

balance Equations (5-3) and (5-4), and unknown parameters S and L can be neglected.

Cq (dTy  dTg
dt  de

H
E= _‘_>+5”(T§—T§h)+hc (Tg = Ta) = he (Ten = Tmist) + (5-5)

H is heat input into the heating globe thermometer and determined by measuring input power by a
wattmeter. h. is the convective heat transfer coefficient on surface of globe thermometer. The
convective heat transfer in sphere can be calculated using Equation (5-6) [102]. v is the airspeed (m
s, D is the diameter of globe thermometer (0.05 m), and k is the thermal conductivity of air (e.g.
26.3 x 103 W m™! K™! at 27 °C). Equation (5-7). indicate the Nusselt number Nu which is the ratio
of convective heat transfer to fluid conductive heat transfer under the same conditions. Pr is the
Prandtl number of air (e.g. approximately 0.707 at 27 °C). The Reynolds number (Re) can be
calculated by Equation (5-8). v is Kinematic viscosity of air at atmospheric pressure (e.g. 15.89 x

10°m? s ! at 27 °C).

Nu k
he =~ (5-6)
Nu = 2 + (0.4 + Re/? + 0.06 Re?/?) Pro4 (5-7)
D
Re = 22 (5-8)
4

In stable state condition terms of time derivatives become zero, and evaporative heat loss obtained

using Equation (5-9).
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H
E=¢o (Tg4 - Tg4h) + hc ((Tg - Tgh) - (Ta - Tmist)) +— (5'9)

A

In addition, heat loss can be written using mist wettedness as Equation (5-10). LR is the coefficient of
Lewis relation, pg, is the saturated water vapor pressure at surface temperature of heating globe

thermometer, and pp;s: IS the partial water vapor pressure in mist spraying environment.

E = LR he Wpist (pgh — Prmist) (5-10)

The saturated water vapor pressure p* for the temperature T of moist air can be calculated using
Equation (5-11) [103].

17.269T
), T>0°C (5-11)

p = 0.6105 exp (m

The mist wettedness can be obtained by combining the Equation (5-5) and (5-10). To determine the
mist wettedness using Equation (5-12), Heating globe temperature Tgy,, globe temperature Ty, air
temperature around the heating globe temperature Ty, and globe temperature T,, airspeed and
relative humidity inside the mist spraying environment, and heat input H into the heating globe

thermometer are necessary to measure. The measuring instruments are listed in Table 5-4.

C, (dT, dT, H
% (G- D) +eo (17— 1) + he (T T) — (T~ Tosr)) +

(5-12)
LR hc (p;h - pmist)

Wiist =

5.4. Results and discussion
5.4.1. Environmental factors

Environmental factors measured in outdoor and mist spray environments were compared and
analyzed. The measurement results are shown in Fig. 5-8 by averaging data measured at 1-second
intervals at 10-minute intervals. By comparing the results of the external environmental factors at the
same time, the impact of the mist system on the outdoor environment was confirmed. The mist spray
system was measured 65 times for four operating modes. There was no significant difference in

temperature and relative humidity in the outdoor environment for each operating mode. The measured
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MRT values were similar for CASE-1 (baseline) and CASE-2 (without air blowing). However, CASE-
3 (less mist) and CASE-4 (without mist) were not similar because of solar radiation. On the other hand,
the temperature and relative humidity showed a significant difference in the mist spray environment.
However, unlike other environmental factors, the airspeed did not change significantly in other modes
of operation (p > 0.5).

However, changes in absolute humidity (mean = SD) of CASE-1 and CASE-2 were 0.7 £ 0.7 and
1.0 £ 0.5 (g / kg DA), respectively, indicating that water droplets make water droplets difficult to
evaporate. air. Thus, the sprayed water droplets at a height of 3.0 m above the ground escape faster in
the initial stage, cooling the ambient air in the air injection mode than in the air injection mode.
Therefore, since cold air has a lower partial vapor pressure than warm air, the total evaporation
(absolute humidity gap in Table 5-5) was greater in CASE-2 than in CASE-1 (p < 0.05). In addition,
if the mist droplets hit the same surface as the ground, the evaporative cooling effect can be reduced.
As aresult, it is essential to allow mist droplets to evaporate through the air in a short time [7]. Without
air blow operation, the evaporation time of mist droplets can be delayed until it reaches the ground.
On the other hand, when the mist is sprayed on the blowing fan, the air-cooling effect is increased by

forced convection heat transfer, and the evaporation phenomenon is relatively reduced.

40 . , 225 . . 100 . .
~ ¥ =
g s < wf :
= ~ =
g g E
g g =
= E| =
g o
3 2 2
+ = +
= = -~
=< 2 o)
Q =
<
Outdoor Mist Outdoor Mist Outdoor Mist
(Before mist) (After mist) (Before mist) (After mist) (Before mist) (After mist)
60 T T 0.8 T T
- 0.6
— ~
o g
o T 04
= g
g 2
< 0.2
0.0
Outdoor Mist Outdoor Mist
(Before mist) (After mist) (Before mist) (After mist)
I CASE-1 [ CASE-2 [ CASE-3 CASE-4 @ mean=+SD

Fig. 5-8. Results of environmental factors (mean + SD) in outdoor and mist spraying
environment for operation modes.

Table 5-5 shows the results of the environmental factors measured in the outdoor and mist spray

environments and the difference between the inside and outside of the mist spray environment. For
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CASE-1, the air temperature most varied from 32.9 + 2.6 °C outdoors to 29.3 + 2.5 °C in a mist spray
environment. The decrease in air temperature in CASE-2 and CASE-3 was not greater than CASE-1.
In the case of CASE-4, which did not spray mist, the temperature rose. In the mist spray environment
of CASE-1, the relative humidity change increased significantly from 58.7 + 6.1% of outdoor to 74.6
+ 7.1%. Although the change was not greater than that of CASE-1, the relative humidity of CASE-2
was larger than that of CASE-3. Absolute humidity was the largest in CASE-2 and the least in CASE-
4. This change in absolute humidity suggests that fog temperatures can evaporate faster at higher
ambient temperatures [104]. Therefore, the amount of spray mist is an important control variable to
lower the temperature in a hot outdoor environment. The presence of blowing also has a significant
effect on the air temperature drop and the increase in relative humidity.

A temperature drop in hot summer can improve thermal comfort, but an increase in humidity can
cause thermal discomfort. Therefore, the effect of the air blowing mode on the cooling efficiency of
the mist spraying system needs to be investigated by not only measuring environmental factors but
also analyzing subjective evaluations based on the results of the survey.

The MRT was about 1 °C lower inside the mist spraying environment than outside due to the low
surface temperature of the ground. The airspeed was not significantly affected by other modes of
operation. This can be inferred that air blowing does not affect the convective heat transfer on the
human body surface. However, in the mist spraying environment, subjects were aware of the different
air movements depending on the standing position, and the difference in air movement when the

blower fan was turned on and off.
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Table 5-5. Environmental factors in outdoor and mist spraying environments.

CASE-1 CASE-2 CASE-3 CASE-4
(baseline) (without air (less mist) (without mist)
blowing)
n = 65, Mean + SD (standard deviation)
Air outdoor 329+23 334+26 33.1+23 33.2+22
temperature mist 29325 30.5+£3.3 31.2+3.0 341+34
(°C) gapt -3.6+1.4 -29+1.2 -1.9+0.9 0.9+2.0
Relative outdoor 58.7+6.1 56.7 £ 6.6 57.6+54 58.2+4.3
humidity mist 746+7.1 70.4+10.2 66.6 £ 8.6 57.0+6.8
(%) gapt 159+ 4.7 13.7+5.0 9.1+4.4 1.2+5.1
Absolute outdoor 185+1.8 184 +1.7 184+1.8 188+1.9
humidity mist 19.2+1.9 19.3+1.8 19.1+2.0 19.3+2.0
(g/kg DA) gapt 0.7+0.7 0.9+05 0.7+0.9 0.5+0.6
MRT outdoor 36.8+17.6 37.3116.5 32.0+9.9 28.8+5.1
(°C) mist 35.6+17.1 36.3+16.5 31.7+10.9 29.5+6.2
gapt -1.2+0.6 -1.0+04 -0.3+1.1 0.7+1.8
Airspeed outdoor 0.44+£0.18 0.45+0.15 0.45+0.15 0.47+0.11
(m/s) mist 0.37+£0.12 0.38 + 0.08 0.38 + 0.09 0.41 +0.08
gapt -0.07 £ 0.11 -0.07 £ 0.10 -0.07 £ 0.09 -0.06 + 0.07

Note: gapt is difference between outdoor environment results and mist spraying environment
results (mist — outdoor).

5.4.2. Perspective on environmental index

ince the environmental index can express the complex thermal effects of the thermal environment
on the human body in a single value, there is an advantage that the thermal environment can be easily
identified. The outdoor and mist spray environments were evaluated and compared using SET*, PET
and UTCI, which are most widely used in outdoor environments. Fig. 5-9 shows the results of each
environmental index obtained using the measured environmental factors. Due to the continuous
change in outdoor environmental conditions, it was lower in CASE-3 and CASE-4 than in CASE-1
and CASE-2. This is because MRT was formed low in CASE-3 and CASE-4. Therefore, in order to
evaluate the cooling effect of the mist spray environment, it is necessary to confirm the difference
from the outdoor environment.

The difference between the outdoor environment and mist spraying environment showed the same
pattern in all environmental indices and showed the biggest change in CASE-1. The difference was in
the order of CASE-1, CASE-2, CASE-3, and CASE-4. However, since the existing environmental
indices do not consider the evaporative heat loss caused by the wetness of mist, the results in the mist

environment are considered to be lower.
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Fig. 5-9. Existing environmental indices in outdoor environment and mist spraying
environments (gap is difference of result of outdoor and mist spraying environments).

5.4.3. Mist wettedness

The mist wettedness calculated and averaged every minute for the purpose of the physiological
human model calculation. Strong winds make the mist droplets hard to reach the appropriate location
because of the open space. Therefore, the mist wettedness showed drastic change by the wind
condition. The result of mist wettedness on the surface of the heating globe thermometer was 0.25 =
0.086 (Mean + SD, n = 58). The skin temperature was calculated using the proposed physiological
prediction human model as mentioned in the previous chapter with the measured environmental factors

and mist wettedness and was validated by experimental results.

5.4.4. Review of spraying condition

The effect of spraying the amount of water and height of mist spraying was additionally reviewed.
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Scaffoldings were used for subjects' standing to reduce the relative distance between the spraying
nozzle and subject because the height of the spraying nozzle was hard to change as shown in Fig. 5-10.
The subject experiment (n = 5) was conducted on August 27, 2018. The spraying amount of water
was increased from 300 to 400 cm?/min compared to the baseline case (CASE-1) in the first additional
case. In the second additional case, the amount of water was set as 240 cm?/min as same as CASE-3.
The nozzle was changed 3 to 4 in both additional cases to make better uniform mist spraying
distribution. In addition, and the height of scaffoldings was 20 cm and it was used in both additional

cases (The relative distance between nozzle and feet was changed from 3 m to 2.8 m).

Fig. 5-10. Additional experiment was conducted with 20 cm scaffoldings, and subjects
were stood on there during experiment (n = 5).

The results of environmental factors outdoor and mist spraying environment in additional cases was
listed in Table 5-6. The results do not show significant differences compared to the baseline, because
the measurement point was not changed, and the outdoor environment was hotter compared to the
main experiment. Subjects reported that the mTSV, TSV, and CSV were significantly improved in

additional experiments than the main experiments as shown in Fig. 5-11.
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Fig. 5-11. Thermal sensation and thermal comfort results in outdoor and mist spraying
environments for different operation mode of mist spraying system.

Table 5-6. The results of environmental factors in additional experiment.

CASE-1 ADD-1
(baseline, (more mist,
300 cm?/min) 400 cm3/min)

Mean + SD (standard deviation)

ADD-2
(240 cm3/min)

Air outdoor 329+23 345+1.0 34.0+1.4
temperature  mist 29.3+25 321+1.1 31.3+1.9
(°C) gapt -3.6+1.4 -24+2.1 -2.6+0.5
Relative outdoor 58.7+6.1 185+0.1 18.0+1.9
humidity mist 74671 20.1+0.7 195+0.1
(%) gapt 15.9 + 4.7 1.6 +0.5 1.5+0.3
Absolute outdoor 185+1.8 53.6+3.4 53.8+5.3
humidity mist 19.2+1.9 66.3+2.0 67674
(g/kg DA) gapt 0.7+0.7 128+54 13.9+2.2
MRT outdoor 36.8+17.6 38.6+8.3 29.0+3.9
(°C) mist 35.6+17.1 37.8+10.1 27.8+4.3
gapt -1.2+0.6 -0.8+1.8 -1.2+0.4
Airspeed outdoor 0.44+0.18 0.81£0.15 0.49 £ 0.05
(m/s) mist 0.37+£0.12 0.56 £ 0.01 0.41 £ 0.04
gapt -0.07 £ 0.11 -0.25+0.15 -0.07 £ 0.01

Note: gapt is difference between outdoor environment results and mist spraying environment
results (mist — outdoor).

5.4.5. Subjective assessments

Fig. 5-12 shows the results of the survey before and after entering the spray environment. The first
column is mTSYV, the second column is TSV, and the third column is the result of CSV. Each row in
the figure represents the results in the operating mode of Table 5-1 of the mist spraying system. Except

for CASE-4, the mTSV and TSV decreased and the CSV increased after entering the mist spraying
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environment from the outdoor environment regardless of the operation mode, resulting in improved
thermal sensations and thermal comfort.

The standard deviation of mTSV and TSV resulted 0.7 to 1.2 and 0.9 to 1.5, respectively. This means
that the results of mTSV are more concentrated than TSV due to the different sensation scale. In the
baseline operation mode CASE-1, mTSV, TSV, and CSV varied from slightly hot (1.3 £ 0.7), warm
(1.7 £ 0.9), and slightly uncomfortable (—0.8 £ 1.1) to neutral (0.1 + 1.4), neutral (0.0 = 1.3) and
slightly comfortable (0.6 + 1.1), respectively. Also, mTSV and TSV after 10 min of entering the mist
spraying environment were lower than their corresponding results after 3 min. This implies that the
subjects were experienced continuous cooling for 10 min while standing inside the mist environment.
On the other hand, when the mist spraying system was controlled in the absence of mist (CASE-4),
mTSV (p=0.25), TSV (p=0.56), and CSV (p = 0.79), both before and after entering the mist spraying
system, were not significantly different. In this case, there is no evaporation, so the temperature does

not drop, and you cannot feel cool because the outdoor temperature is as high as the skin temperature.
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Fig. 5-12. Thermal sensations (mTSV, and TSV) and thermal comfort results in outdoor
and mist spraying environments. (outdoor: before entering the mist spraying system,
mists: 3 min. after entering the mist spraying system, mistio: 10 min. after entering mist
spraying environment)

Because the widths of each sensation scale in mTSV, TSV and CSV are different [105], comparing
the indexes with other scales may seem inappropriate, but comparative analysis of these indices is
another operation mode of the mist spraying system for human thermal sensation and thermal comfort.
This can be useful for estimating the mode.

Therefore, the results of mTSV, TSV and CSV compared the results before and after entering the
mist environment in each operating mode. In Fig. 5-13, the results of mTSV, TSV and CSV were

compared in the survey after 10 minutes of walking outdoors and after 10 minutes of experiencing the
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mist spraying environment. In CASE-1, mTSV, TSV and CSV showed a significant difference before
and after entering the mist environment compared to other operation modes. The difference of mTSV,
TSV and CSV before and after entering the mist spraying environments were —1.1 £ 0.7, 1.7 £ 1.3 and
1.4 + 1.2, respectively. In addition, while mTSV and TSV changed more than CASE-2 than CASE-3,
there was no significant difference in CASE-4. In each case, the difference between the mean and
standard deviation of TSV was greater than that of mTSV. Also, except for CASE-4, CSV did not show

significant changes in each case (p > 0.1).
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Fig. 5-13. Changes in Individual thermal sensations (mTSV and TSV) and thermal
comfort (CSV) in outdoor and mist spray environments.
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Table 5-7. Environmental factor results in outdoor and mist spraying environments. (baseline:
standard condition, without air blowing: mist only, less mist: less amount of mist spray,
without mist: air blowing only).

mTSV TSV Ccsv
n = 65, Mean * SD (standard deviation)
CASE-1 outdoor 1.3+0.6 1.7+0.9 -0.8+1.0
(baseline) mists 0.4+0.7 0.4+0.7 0.4+0.7
mistio 0.1+0.6 0.0+£1.3 06+1.1
gapt -1.1+0.7 -1.7+13 14+1.2
CASE-2 outdoor 14+0.8 1.9+0.9 -1.2+0.9
(without air blowing) mists 0.8+0.9 09+14 -04+12
mistio 06+1.0 05+15 00+1.3
gapt -0.8+0.9 -1.4+1.2 12+1.1
CASE-3 outdoor 15+0.8 1.8+1.1 -1.2+1.0
(less mist) mists 0.8+0.9 1.1+14 -0.3+1.3
mistio 0.8+0.9 08+1.4 0.0+15
gapt -0.7+0.9 -0.9+15 1.2+1.3
CASE-4 outdoor 15+£0.9 1.9+0.9 -1.2+0.8
(without mist) mists 1.4+0.8 1.8+1.0 -1.1+1.0
mistio 14+1.0 20+x11 -1.2+£1.0
gapt -02+1.2 01+1.1 0.0+0.9

Note: gapt is difference between results before entering mist spraying environment (outdoor)
and results after 10 min (mistio) entering mist spraying environment (mistio — outdoor).

To investigate the effect of control variables on improvement of the subject's thermal sensation and
thermal comfort, a gapf (the difference of mTSV, TSV, and CSV between before entering the mist
spraying and after 10 min of entering the mist spraying environment, mistio — outdoor) between before
entering the mist spray and after 10 minutes entered the mist spraying environment was confirmed.
The probability value (p-value) of this result was confirmed using the paired #-test analysis (Table 5-8).
In comparison results of CASE-1 and CASE-2, significant differences were observed in mTSV (p <
0.05), but not in TSV and CSV.

It implicates that the operation of air blowing mode can be distinguished by the mTSV scale in the
subjective assessment. In Table 5-5, the ambient temperature was lower in CASE-1 than in CASE-2,
and the airspeed showed a similar trend. Based on this fact, the control parameters of the air blowing
mode did not directly affect the body's convective heat transfer but lowered the air temperature inside
the mist spraying environment. Among the subjective assessment, the only mTSV was able to capture
these environmental factors change under activation of the air blowing mode. This means that the

mTSV scale is more sensitive than TSV scale.

The mTSV and TSV in CASE-1 and CASE-3 were quite different before and after entering the mist

spraying environment, but no significant difference was observed for CSV. In other words, the
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sensation scale of mTSV and TSV could reflect the different amounts of spraying water, but CSV did
not. Comparison of CASE-1 and CASE-4 shows that all sensory scales showed a highly significant
difference. This suggests that the mist spraying itself has a big impact on all sensations. In addition,
applying air blowing in the mist spraying system improves additional thermal sensations. Thus, the
basic operation of the mist spraying system tends to significantly improve subjective evaluation on all
sensations.

In Table 5-8, the p-value is displayed as “ns” (not significant). This means that no significant
difference was found in the mTSV, TSV and CSV results between the two cases under different
operating conditions. Even if the comparison in the two cases is “ns”, this does not mean that the

operation of the mist injection system itself did not affect the findings.

Table 5-8. Statistical analysis of effects of operation modes on thermal sensations and
thermal comfort. Statistical significance was confirmed by probability value (p-value) in paired
t-test. (CASE-1: baseline, CASE-2: without air blowing, CASE-3: less mist, CASE-4: without
mist)

Comparison (n = 65) Difference Significance (p-value)

mTSV TSV CSVv
CASE-1vs. CASE-2  Air blowing * ns ns
CASE-1vs. CASE-3  Amount of spraying water *rk *rk ns
CASE-1vs. CASE-4  Water spray *x ok ok

Significant indicator of probability value represents (ns: p > 0.05,*: p <0.05, **: p <0.01,
*xp <0.001).

5.4.6. Overall skin temperature changes

The mean and 95% confidence intervals (CI) of overall skin temperature of body changes measured
in the experiment are shown in Fig. 5-14. In each case, the initial overall skin temperature of all
subjects was not the same because the outdoor thermal environment was not constant. The mean initial
skin temperature in all cases was 33.8-34.1 °C. Except for CASE-4 (excluding the mist), the skin
temperature of the subject gradually increased during walking in the outdoor environment (0—10
minutes), and then gradually decreased during stayed in the mist spraying environment (10-20
minutes). However, the overall skin temperature in CASE-4 increased continuously from the start of
the experiment, regardless of the environment. This shows that there is no cooling effect on the human
body because only air blowing exists in the mist spraying environment. When the subjects experienced
a mist spraying environment, the average overall skin temperature varied greatly in the order of CASE-

1, CASE-2, CASE-3, and CASE-4.

Page 109



Chapter 5 Evaluation of mist spraying environment considering mist wettedness

CASE-1 (baseline , n = 65) 56,0 CASE-2 (without air blowing , n = 65)

Mean skin temperature ( Toperan)

Mean skin temperature ( Toperan)

w
b
=

w
-
5

w
-
o

Temperature (°C

w
w
3

@
I
=
w
b
o

CASE-3 (less mist ,n = 65) 56,0 CASE-4 (without mist ,n = 65)

Mean skin temperature ( Toperan) Mean skin temperature ( Toperan)

w
o
=

Temperature (°C)
w
g
ot

34.0
335 F ] 335 F ]
33.0 33.0
0 ) 10 15 20 0 5 10 15 20
Time (min) Time (min)

Fig. 5-14. The mean of overall skin temperature and 95% CI variations with different
operating conditions for the mist spraying system.

Fig. 5-14 presents the mean and 95% CI (lower 95% limit, the upper 95% limit) of overall skin
temperature variations of each body segment during the subjects’ stay in the mist spraying environment.
The skin temperature dropped maximally in the head in CASE-1 and CASE-3. But it was lowered the
most in the arm in CASE-2 (without air-blowing). The temperature variations, which were derived
from the mean overall skin temperature and temperatures of each body segment while the subjects
were staying inside the mist system, were —0.55 °C (95% CI: —0.63, —0.43), —0.39 °C (95% CI: —0.51,
—0.27), —=0.17 °C (95% CI: —0.29, —0.05), and 0.11 °C (95% CI: 0.00, 0.22) for CASE-1, 2, 3, and 4,

respectively.

5.4.7. Temperature differences in body segments

The skin temperatures on the upper parts of the body were lower in CASE-1 than in CASE-2,
indicating that the air blowing operation helped cool these parts. As shown in Fig. 5-15, the skin
temperature on the head was lower in CASE-1 than in CASE-2 even though the overall skin
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temperature variations had no significant difference between these cases. The skin temperature
variations in CASE-1 and CASE-2 were similar: —1.10 °C (95% CI: —1.41, —0.79) in CASE-1, and
—0.48 °C (95% CI: —0.63, —0.33) in CASE-2 as listed in Table 5-9. The face is the most sensitive part
among the human body segments in thermal sensations. People prefer to cool the head when they are
exposed to a hot outdoor environment [106]. According to the survey results in the field experiment,
the subjective assessment of CASE-1 was analyzed as better than that of CASE-2. Therefore, a
possibility exists that the improvement on the subjective assessment in CASE-1 could result from the
further cooling down in the thermally sensitive face area in CASE-1.

Between CASE-2 and CASE-3, no significant difference was found in the temperature change of
the head region before and after entering the mist spraying environment. However, in CASE-2, the
overall skin temperature was lowered with a wide range of temperature changes, resulting in a cooler
sensation was reported in CASE-2 than in CASE-3. In CASE-4, the skin temperature of all body parts
increased slightly even after the subject entered the fog system. The highest increase was recorded for

hands [0.28 °C (95% CI: 0.11, 0.45)] and lowest for the abdomen [0.06 °C (95% CI: —0.04, 0.16)].

CASE-1 (baseline , n = 65) CASE-2 (without air blowing , n = 65)
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Fig. 5-15. Skin temperature changes in each body segment after entering the mist
spraying environment.
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Table 5-9. The mean and 95% CI of the changes in skin temperature of each body
segment before and after entering the mist spraying environment.

Segment  CASE-1 CASE-2 CASE-3 CASE-4
(baseline) (without air (less mist) (without mist)
blowing)

Mean + SD (standard deviation) Temperature changes
(°C, mean (lower 95% limit, the upper 95% limit))

Head -1.10 -0.48 -0.53 0.19

(-1.41,-0.79) (-0.63, -0.33) (-0.71, -0.35) (0.07, 0.31)
Arm -0.89 -0.76 -0.37 0.20

(-1.05, -0.73) (-0.96, —-0.56) (-0.55, -0.19) (0.04, 0.36)
Hand -0.53 -0.41 -0.03 0.28

(-0.69, -0.35) (-0.56, —0.26) (-0.21, 0.15) (0.11, 0.45)
Abdomen -0.36 -0.21 -0.15 0.06

(-0.48, -0.24) (-0.31, -0.11) (-0.26, -0.04) (-0.04, 0.16)
Thigh -0.36 -0.29 -0.01 0.09

(-0.47, -0.25) (-0.45, -0.13) (-0.18, -0.16) (-0.04, 0.22)
Leg -0.64 -0.56 -0.18 0.04

(-0.77, -0.51) (-0.73, -0.37) (-0.34. -0.02) (-0.09, 0.17)
Foot -0.31 -0.38 -0.04 0.16

(-0.47, -0.13) (-0.66, —-0.10) (-0.25, 0.17) (0.04, 0.28)
Overall -0.53 -0.39 -0.17 0.11

(-0.63, -0.43) (-0.51, -0.27) (-0.29, -0.05) (0.00, 0.22)

5.4.8. Skin temperature changes in maximum evaporative cooling condition

In this chapter, the mist spraying system utilized mist spraying to cool the air and take advantage of
the evaporative heat loss by the mist on the human body surface. However, as the body is wet by the
mist too much, which may cause discomfort. Therefore, as another approach, mist spraying systems
that cool the body by making the ambient air as low as possible by mist spraying without wetting the
human body can be imagined. As listed in Table 1-1 of the introduction section, the evaporative cooling
effect of the mist spraying system can be obtained additionally until the relative humidity of the
surrounding air reaches 100%. However, the increase in relative humidity may cause a decrease in
latent heat loss on the body surface, which may cause thermal discomfort. Therefore, it is necessary
to investigate the thermal effect on the human body in conditions of the maximum cooling effect. 2NM
was used as a predictive model, and the calculation conditions are listed in Table 5-10. The skin
temperature changes for 10 min in mist spraying environments showed 0.38 degrees (Fig. 5-17). This
result shows that the cooling effect is inferior to the reference condition (CASE-1), and the control of

the mist spraying system focusing only on the cooling effect of the air temperature is not good.
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Table 5-10. Calculation conditions of 2NM in maximum possible temperature drop
condition by mist spraying system.

Factor Variables Value
Human Metabolic rate (met) 1.2
Clothing insulation (clo) 0.5
Initial mean skin temperature (°C) 33.7
Initial core temperature (°C) 36.8
Initial core temperature (°C) Thody = 0.1 T + 0.9 Teore
Neutral mean skin temperature (°C) Tg = 33.7
Neutral core temperature (°C) T2 = 36.8
Neutral body temperature (°C) Toody = 36.49, (0.1 Tg + 0.9 Teore)
Outdoor Mist spraying
environment* environment
Environment  Air temperature (°C) 32.9 26.7
Relative humidity (%) 58.7 100
MRT (°C) 36.8 36.8
Airspeed (m/s) 0.41 0.41

*Note: mean outdoor environment condition obtained from field experiment.
The calculation was considered that the subjects rested for 20 min in an indoor environment
(26 °C, 60% RH)
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Fig. 5-16. Correlation between air temperature and TSV in outdoor and mist spraying
environments.
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5.4.9. Overall skin temperature and thermal sensations

Since the thermal sensation (mTSV and TSV) reflects the thermal state of the human body, we
analyzed the correlation between skin temperature and thermal sensation. The Pearson correlation
coefficients and probability values have calculated and compared the results of the outdoor
environment (n = 260) and the mist spraying environment (n = 195) regardless of the operating
conditions of the mist spray system. The result of the correlation between systemic skin temperature
and thermal sensation is shown in Fig. 5-17.

Skin temperature and reported thermal sensations in the first (after 10 min walking in outdoor) and
third (after 10 min staying inside the mist, Fig. 5-3)vote were compared. The Pearson’s correlation
coefficients (r) between overall skin temperature and mTSV were 0.38 (n = 260, p < 0.001) and
0.61 (n =195, p <0.001) in outdoor and mist spraying environment, respectively. The r values
between overall skin temperature and TSV were 0.27 (n =260, p <0.001) in outdoor and 0.55 (n =
195, p <£0.001) in mist spraying environment. In conclusion, the overall skin temperature was more

highly correlated with mTSV than TSV in both outdoor and mist spraying environments.

Outdoor (n = 260) Outdoor (n.=.260)
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Fig. 5-17. Correlation between overall skin temperature and thermal sensations (mTSV
and TSV). Pearson’s correlation coefficient (r) and probability value (p) are represented.

The results of correlation analysis between skin temperature and thermal sensation of each body

part are listed in Table 5-11. As an empirical and psychological effect on the mist spray environment
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[107], it may be thought that subjects felt a cool sensation. However, a significant correlation between
skin temperature and the thermal sensation was confirmed which is the objective evidence that the
mist spray environment has a thermal effect on the human body. On the other hand, skin temperature
tended to have a higher correlation coefficient with mTSV than TSV in most body parts. It is also
suggested that the higher the value of the correlation coefficient (») for the mist environment, the more
the skin temperature of all body parts is affected than the outdoor environment. In particular, the
values of arms, hands, legs, and feet were relatively higher than the » values of other parts, while the
values of the abdomen were the lowest. It can be considered that parts of the body that has no thermal

resistance by clothing can be directly affected by the external environment.

Table 5-11. Mean and 95% CI of the changes in skin temperature of each body segment
before and after entering mist spraying environment.

Segment  Qutdoor Mist

(n =260) (n=195)

mTSV TSV mTSV TSV

r p r p r 14 r 14

Head 0.32 *kk 0.30 *kk 0.38 ok 0.35 ok
Arm 0.41 ok 0.31 ok 0.61 ok 0.56 ek
Hand 0.40 *kk 0.37 *kk 0.59 ok 0.54 ok
Abdomen 0.19 ** 0.11 ns 0.38 ok 0.34 ok
Thigh 0.35 ok 0.21 ok 0.55 ok 0.44 ek
Leg 0.38 *kk 0.25 *kk 0.60 ok 0.57 ok
Foot 0.35 *kk 0.32 *kk 0.61 ok 0.56 ok
Overall 0.38 ok 0.27 ok 0.61 ok 0.55 ek

Significant indicator of probability value represents (ns: p > 0.05,* p <0.05, **: p <0.01,
% <0.001).

5.4.10. Correlation between thermal sensations and thermal comfort

In relationship between thermal sensation and thermal comfort in non-uniform environment
research, it was confirmed that the thermal sensation change with time affects thermal comfort
significantly [108,109]. Fig. 5-18 and Fig. 5-19 are the correlation between the results of thermal
sensations (TSV and mTSV) and thermal comfort (CSV). Correlation analysis results in outdoor and
mist environments are shown, respectively. Moreover, the correlation analysis of TSV, mTSV, and
CSV was conducted before and after entering the mist spraying environment. The difference in the
correlation coefficient between CSV and TSV and CSV and mTSV was not significant. The linear
regression equations are listed in Equation (5-13)—(5-16). Meanwhile, the slope result of linear
regression with CSV was greater in mTSV than in TSV. In the same CSV change, it means that the
change of TSV is larger than mTSV.
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Fig. 5-18. Correlation analysis of survey results. Pearson’s correlation coefficient (r) and
probability value (p) are represented.

mTSV, yedoor = —0.60 CSVyyrdoor + 0.75 (5-13)
MTSV,pise = —0.50 CSVppise + 0.60 (5-14)
TSV, utdoor = —0.75 CSVyutdoor + 1.00 (5-15)
TSVyist = —0.80 CSVppise + 0.58 (5-16)

The linear regression equations for CSV, TSV, and mTSV before and after entering the mist spraying

environment are shown in Equation (5-17)—(5-19).
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CSVpist = 0.66 CSVyuedoor + 0.89 (5-17)
mTSVise = 0.55 mTSV,yqoor — 0.24 (5-18)
TSVise = 0.65 TSVyurdoor — 0.74 (5-19)

3Thermal comfort vs. Thermal sensations
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Fig. 5-19. Correlation between thermal sensations (MTSV and TSV). Pearson’s
correlation coefficient (r) and probability value (p) are represented.

5.4.11. Comparison with other outdoor researches

A study on the correlation analysis of the human body's thermal sensation and the UTCI index in
the outdoor environment was conducted by Pantavou et al. [110]. The result of the linear correlation

analysis is shown in Fig. 5-20. The results of UTCI and mean TSV in outdoor and mist spraying
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environments for each operation mode obtained in this chapter were compared. The results of the
outdoor environment tended to be very similar to the result of Pantavou et al. However, the TSV results
in the mist spraying environment showed lower than expected. This result is considered to be the effect

of evaporative heat loss by mist on the human body surface.

3.0 ! B .
2.0
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~ 10p I CASE-2
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)
= 1.0} O  Outdoor
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2.0
-3.0 i i i
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Fig. 5-20. Results of UTCIl and mean TSV in outdoor and mist spraying environments.

5.4.12. Perspective on adaptive thermal comfort

Comfort temperature in outdoor and mist spraying environments can be calculated using correlation
between air temperature and TSV as shown in Fig. 5-21. The regression equations can be expressed
in Equation (5-20) and Equation (5-21). The comfort temperatures were 18.8 °C for outdoor
environment and 27.9 °C for mist spraying environment. The mean air temperatures of outdoor and
mist spraying environment were 33.1 °C and 30.3 °C, respectively. This result represents peoples were

tolerated in the mist spraying environment than the outdoor environment.
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Fig. 5-21. Correlation between air temperature and TSV in outdoor and mist spraying
environments.

TSVoutdoor = 0.14 Ty outdoor — 2.63, (n = 222,7 = 0.40,p < 0.001) (5-20)

TSVimist = 0.31 Ty mist — 8.66, (n = 171,7 = 0.68,p < 0.001) (5-21)

However, in outdoor environments, the results of TSV are concentrated in hot feeling conditions,

resulting in abnormally low comfort temperatures. Therefore, the comfort temperature in outdoor

environments was derived using the Griffiths constant. Griffith constant of 0.5 /°C value is widely

used in thermal comfort researches. However, it is not clear whether it can be applied as it is to the

outdoor environment. Thus, the value of 0.31 /°C obtained from the mist spraying environment was

utilized. The comfort temperature using the Griffiths constant was calculated using Equation (5-22).
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The comfort temperature and mean air temperature in outdoor and mist spraying environment are

summarized in Table 5-12.

17, -1V (5-22)

Table 5-12. Comfort temperature and mean air temperature in outdoor and mist spraying
environments

Mean TSV Comfort Mean air
temperature (°C) temperature (°C)
Outdoor environment 1.80 27.3 33.1
Mist spraying environment 0.47 27.9 30.3

A review of the correlation between comfort temperature and air temperature in outdoor and semi-
outdoor was conducted by Rijal [111]. Forty-nine studies were used to compare the comfort
temperature and monthly mean outdoor temperature as shown in Fig. 5-22. The higher the temperature,
the higher the comfort. Compared to the previous studies, the comfort temperatures in the outdoor and
mist spraying environments showed similar results, but the value of comfort temperature showed
relatively higher gaps in the outdoor environment than the mist spraying environment, which means
that the outdoor environment was more thermal discomfort than the mist spraying environment.
Additionally, because all conditions of the present study were controlled, it is difficult to compare

directly with adaptive thermal comfort researches.
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Fig. 5-22. Comparison with other outdoor thermal comfort studies.

5.5. Conclusion

The effects of control variables of the mist spraying system in the hot summer season on thermal
sensations, thermal environment, and skin temperature were investigated. In the field experiment, the
mist spraying system attaching an air blowing fan was devised. It was different from the conventional
mist system that does not consider the air blowing operation concurrently. The devised mist spraying
system was examined under four different operating conditions with different spraying water amounts
and the inactivation/activation of the air blowing mode: CASE-1 (baseline), CASE-2 (without air
blowing), CASE-3 (less mist), and CASE-4 (without mist). The influence of the control variables on
the cooling effect of the system was compared with the comparative case study. Moreover, thermal
sensations (mTSV, and TSV) were investigated by comparing subjects’ subjective assessments (n =

65) before and after entering the mist spraying system in each case. The measured environmental
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factors, including air temperature, humidity, MRT, and airspeed were analyzed and compared between
before and after the subjects entered the mist spraying environment. By evaluating variations in
environmental factors measurements, the cooling effect of the mist system of each operation mode
was confirmed. To estimate subjects’ physiological responses, skin temperatures on the surface of the
seven body parts were collected and correlations between the reported subjective assessments were

assessed. The major results obtained from this study can be summarized as follows:

e With the baseline operation of the mist spraying system, the air temperature dropped from
32.9 £ 2.3 °C to 29.3 £ 2.5 °C, relative humidity increased from 58.7 £ 6.1% to 74.6 +
7.1%. MRT in the mist spraying environment was approximately 1 °C lower than that in
the outdoor environment.

* In survey results (n = 65), mTSV, TSV, and CSV changed from slightly hot (1.3 + 0.6),
hot (1.7 £ 0.9), and slightly uncomfortable (—0.8 + 1.0) to neutral (0.1 £ 0.6), neutral (0.0
+ 1.3) and slightly comfortable (0.6 + 1.1), respectively due to the cooling effect of the
mist spraying system.

*  The overall skin temperature dropped by 0.53 °C [n = 65, (95% CI: 0.43, 0.63)] after 10
min of stay inside the mist spraying environment. Moreover, the skin temperature
decreased most significantly for the head: the average skin temperature decrease of this
part was 1.10 °C [n = 65, (95% CI: 0.79, 1.41)].

*  When the mist spraying system was controlled with an increased amount of spraying water,
both skin temperature and air temperature were lowered more; the thermal sensation was
also better improved. Moreover, this cooling effect was further maximized when the air
blowing mode was additionally activated.

* CSV was improved when subjects finished experiencing the mist spraying environment
regardless of the operating conditions. However, unlike mTSV and TSV, the sensation
scale of CSV did not show any significant correlation with the thermal sensation, which
the subjects reported differently when the amount of spraying water increased or the air
blowing mode was added (p > 0.1).

*  The overall skin temperature showed positive correlation with thermal sensations. The
correlation coefficients between overall skin temperature and TSV were 0.38 (n =260, p
< 0.001) in outdoor and 0.27 (n =195, p < 0.001) in the mist spraying environment. In
the case of mTSYV, the coefficients were 0.61 (n =260, p <0.001) in outdoor and 0.55 (n

=195, p <0.001) in the mist spraying environment.

In conclusion, the mist spraying system has been found effective in lowering skin temperature and

has been proven to improve thermal sensations (mTSV and TSV) and thermal comfort in hot outdoor
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environments. Physiological responses also showed a positive correlation with thermal sensation.
Based on these results, human thermal sensitivity can be estimated when skin temperature changes
can be predicted in a given outdoor and mist spray environment. If it is possible to properly predict
the skin temperature of the human body, correlation analysis can be used to estimate the thermal

sensations and thermal state of the human body in outdoor and mist spraying environments.
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Chapter 6. Physiological human model
considering mist wettedness

6.1. Background and objectives
6.1.1. Background and literature review

Mist spraying systems have been widely used to mitigate the heat stress in an outdoor hot
environment. Although there have been many kinds of mist spraying systems, several studies have
shown that mist spraying environments improve thermal sensations and thermal comfort in hot
weather [15—-17,112]. Some studies attempted to evaluate the mist spraying environment using
environmental indices by measuring environmental factors (air temperature, MRT [mean radiant
temperature], relative humidity, and wind speed) because survey research takes a long time and is an
expensive task that may be difficult to objectify [11,16,17,112]. The mist spraying environments have
water droplets in the air which might cause a cooling effect on the human body. However, evaporative
heat loss by mist droplets on the body surface—an additional environmental factor in mist spraying
environments—has not been reported despite its existence and has also been underestimated because
of the difficulties in the measurement. For this reason, thermal sensations and thermal comfort proved
to be cooler and more comfortable in mist spraying environment than the outdoor environment,
although the environmental index value was the same [27]. Therefore, it is necessary to measure and
quantify the evaporation heat loss from the surface of the human body surface due to the mist droplets.
By applying this heat loss to the physiological human model, existing environmental indices can be
extended to the mist spraying environment.

In regard to the physiological human model, Gagge and Nishi proposed the two-node model (2NM)
[75], which has two thermal nodes (the core compartment and skin compartment) from Stolwijk’s 25-
node model [113]. In addition, Gagge et al. suggested the new effective temperature (ET*) [36] and
standard effective temperature (SET*) [39] indices for evaluating thermal environment. The 2NM has
an advantage of predicting the thermal physiological state of the whole body considering physiological
responses such as shivering, sweating, and blood flow rate without any complicated multi-node model.
Zolfaghari and Maerefat proposed the three-node model (3NM) which has three thermal nodes [62] to
examine the temperature difference between bare and clothed body parts. The 2NM assumes that all
of skin is covered by a uniform clothing level. On the other hand, the skin node is separated into two
nodes in 3NM: bare parts and clothed parts. Therefore, the 3NM can confirm the skin temperature of
both the bare part and clothed part.

Thermal state of the human body is highly linked to the thermal sensations and thermal comfort.

Hence, most research conducted in the survey investigates the effects of mist spraying systems on
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humans, and several researchers have examined the skin temperature changes of body parts (the arm
and hand) [15,112]; but, thermal conditions of the whole body have not been sufficiently investigated.
Recently, Oh et al. reported the results of the whole-body skin temperature changes and corresponding
outdoor and mist spraying environmental conditions [114]. In addition, the prediction of skin
temperature changes in an outdoor environment was validated by Lai et al. [72] and Melnikov et al.
[115], but the feasibility of the physiological thermal state of the human body in the mist spray
environment has not been examined using prediction models. Moreover, existing models do not
consider heat loss by external causes such as rain or mist droplets. Therefore, it is inevitable to modify
the existing models to grasp the thermal sensations and thermal comfort in a specific environmental

condition such as the mist spraying environment.

6.1.2. Objectives of developing human model considering mist wettedness

A key aim of the present study is to develop a prediction model considering physiological responses
of the human body in the mist spraying environment. In addition, the physical phenomena between
the mist spray environment and the human body can be clarified with the prediction models. To achieve
this goal, evaporative heat loss from the body surface by mist droplets in a mist spraying
environment—which had been underestimated—was measured and applied to the prediction model of
physiological responses. Moreover, whether the existing models can be utilized in the mist spraying
environment for predicting the physiological thermal state of the human body was confirmed, and the
accuracy of the modified prediction model was verified by comparing it with the experimental result.
The thermal state of the human body, thermal sensations, and thermal comfort in the mist spraying
environment are expected to predict the outdoor environments and the mist spraying environments by

using the prediction model.

6.1. Methodology
6.1.1. Environmental factors

The effects of mist spraying systems on the outdoor hot environment conditions were conducted at
the Institute of Industrial Science, University of Tokyo from July 23—August 4, 2018 [114]. The results
of environmental conditions for outdoor and mist spraying experiments are displayed in Fig. 6-1. The
main experiment consists of two parts of environmental conditions: (b) the outdoor environment and
(c) mist spraying environment. Before starting the experiment, the subjects rested for 20 min in an
indoor environment and experienced hot outdoor and mist spraying environments for 10 min each.
The 65 datasets of environmental factors were able to be referenced, but the number of available

complete datasets were 58.
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Fig. 6-1. Result of environmental conditions in the experiment (mean and 95% CI
[confidence interval], n = 58). (a) air conditioning room, (b) outdoor environment, and
(c) mist spraying environment.

The schematic diagram and thermal resistance network diagram of the 2NM and 3NM considering
mist wettedness are described in Fig. 6-2. The following descriptions focused on the 3NM because the
2NM can be easily understood considering only the clothed parts of the 3NM. The energy balance

equations in each node can be expressed as Equations (6-1) to (6-3).
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(a) 2NM

(b) 3NM

Fig. 6-2. Schematic diagram and thermal resistance network diagram of physiological
thermal model considering mist wettedness. (a) 2NM with mist wettedness (b) 3NM with
mist wettedness. (Thermal resistance, which affects heat transfer and evaporative heat
loss is not the same, but it was simplified as a total resistance for easy understanding.)

Score =M-W - Qres -4 Qcore—sk,bare - (1 - A) Qcore—sk,clo

(6-1)
Ssk,bare = Qcore—sk,bare - (Qconv,bare + Qrad,bare + Esk,bare + Emist,bare) (6'2)
Ssk,clo = Qcore—sk,clo - (Qconv,clo + Qrad,clo + Esk,clo + Emist,clo) (6'3)

where Scores Sskbares and Sgi 1o are heat storage rate in the core, bare skin, and clothed skin in
W/m?. In the core compartment, the heat is produced by metabolism M, and some portions of it could

be used as external work W. In addition, the heat loss by respiration Q,.s and heat transfer from the
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core to skin (Qcore-skbare aNd Qcore-skclo) Occur. The heat transfer from the core to the skin is
calculated considering area ratio A of the bare segments of the human body by Equation (6-4) (q.v.
Appendix 4 and Appendix 5). Qcony and Qr,q are convective and radiative heat loss from skin,
respectively. Eg and Ee: are latent heat loss by regulatory sweating and natural diffusion of vapor
from skin and evaporative heat loss by mist droplets. The subscripts bare and clo correspond to the

segments where evaporation occurs.

_ Abare

A (6-4)

Atotal

Considering the heat capacity, the temperature change in each node according to the heat storage

can be derived using Equations (6-5) to (6-7).

Score =M-W - Qres -1 Qcore—sk,bare - (1 - A) Qcore—sk,clo (6'5)
Ssk,bare = Qcore—sk,bare - (Qconv,bare + Qrad,bare + Esk,bare + Emist,bare) (6'6)
Ssk,clo = Qcore—sk,clo - (Qconv,clo + Qrad,clo + Esk,clo + Emist,clo) (6'7)

where g is a mass fraction of skin compartment of the body and is determined by the blood flow
rate according to the thermal state of the body (Equation (6-8)) and is assumed 0.1 for physiological
thermal neutrality. Accordingly, (1 — ) is a mass fraction of the core compartment of the body.
m is total mass of the body in kg, Cppody is the specific heat of body (3500 J kg™ K™'), and Ap is
surface area of the body in m?. The temperatures of core, bare skin, and clothed skin nodes are
expressed Teore, Tskbare and Tgk o in that order. p is the mass ratio of the bare segments for the

total mass of the body and can be expressed in Equation (6-9) (q.v. Appendix 4).

=0.0418 + 0.745 6-8

sk = 5 3600 17y, + 0.585 (6-8)
_ Mpare _

p=—"— (6-9)
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The peripheral blood flow rate 1y, (L s™! m™2) depends on skin and core temperature deviations
from their physiological thermal neutral temperature (Equation (6-10)); neutral conditions were

considered as 36.8 °C for the core T¢oren and 33.7 °C for the skin Ty, [88].

B BFN + cqj (Tcore - Tcore,n)
Mp) =
3600 (1 + Str (Tsk_n - TSk,OV))

(6-10)

Tsk,ov =1 Tsk,bare + (1 - /1) Tsk,clo (6'1 1)

where overall skin temperature Ty o, Was calculated by area weighted average temperature of bare
skin and clothed skin (Equation (6-11)). The limitation of blood flow rate ranged from 0.5 to 90 (L
m 2 hr'!) due to vasoconstriction and vasodilation. For average persons, the coefficients BFN, cgj,

and S;, are 6.3, 50, and 0.5 [44,88].
The heat transfer from the core to skin compartment on each segment can be calculated using Equations

(6-12) and (6-13).

Qcore—sk,bare = (K + Phbl Cp,bl mbl) (Tcore - sk,bare) (6'12)

Qcore—sk,clo = (K + Prl Cp,bl mbl) (Tcore - Tsk,clo) (6'13)

where the effective conductance K between core and skin and was considered as 5.28 Wm 2 K,
and py, is density of blood (1.06 kg L™"). The specific heat of blood Cp1, was setas 4190 Jkg™' K™
Heat exchange by respiration Qs which caused by dry heat loss and latent heat loss can be

calculated using Equation (6-14).

Qres = 0.0014 M (34 —T,) + 0.0173 M (5.87 — P,) (6-14)

where p, is partial water vapor pressure in the air (kPa).

The total sensible heat transfer from bare skin to the environment is calculated using Equation (6-15).
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Qcore—sk,bare = (K + Prl Cp,bl mbl) (Tcore - Tsk,bare) (6'15)

where h. and h, are the convective and radiative heat transfer coefficient of the human body. The
heat transfer coefficients in each segment of the body for airspeed can be referenced to previous studies
[50,116,117]. T,, Tpt, and Tg are the air temperature, mean radiant temperature around the human
body, and skin surface temperature. f;. is the effective radiation area factors for the whole body: 0.70
for a sitting person and 0.73 for a standing person [35].

The total sensible heat transfer from clothed skin is calculated with Equation (6-16). In addition,
the total sensible heat transfer should be matched to the sum of convective and radiative heat loss from
clothing surface to the environment as Equation (6-17). Therefore, Equations (6-16) and (6-17) are

equal, and T, is determined by solving two equations using Newton’s method.

T. —T
Quic-cto =~ p—2 (6-16)
clo
st—clo = Qconv,clo + Qrad,clo = fclo [hc (Tclo - Ta) + fr hr (Tclo - Tmrt)] (6'17)

where f;, is the ratio of the clothing area to the whole-body surface area. T, and R, are
clothing surface temperature and clothing insulation.

The evaporative heat loss from the skin surface is a combination of the heat loss by the natural
diffusion of water through the skin Eg;f and the regulatory sweating E.g,, as expressed in Equation
(6-20). The maximum evaporative heat loss Ey,,x occurs when the skin surface is completely wet
(wskx = 1) and is proportional to the difference between saturated water vapor pressure at skin
temperature and partial water vapor pressure in the air. The natural diffusion of water through the skin

does not occur as much as the surface area is wetted by sweating in Equation (6-21).
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Wit = giff = 0.06 (6-18)
Wrsw = Emw (6-19)

Wsk = Wrsw + Wqiff (6-20)
Wgqife = 0.06 (1 — wrgy) (6-21)

Evaporation heat loss using mist wettedness under skin wettedness conditions can be considered as
shown in Fig. 6-3. The skin surface is wet as the value of skin wettedness as expressed in Equation
(6-22). The mist wettedness by the experimental method was obtained under a dry body surface
condition. The mist wettedness was obtained by the heating globe thermometer, and skin wettedness
was not considered in the experimental method. Therefore, evaporative heat loss by the mist
wettedness under given skin wettedness should be calculated. Even if the mist droplets are attached to
the wetted surface, it does not affect the total evaporation heat loss, and the area ratio affecting

evaporation heat loss by the mist wettedness can be expressed, as shown in Equation (6-23).

Agk
ﬁ = Wgk (6-22)
A .
T = (1~ wei) Omist (6-23)

Ap

The evaporative heat loss by skin wettedness can be determined by using Equation (6-24) for the

bare node and Equation (6-25) for the clothed node.

1
Esk,bare = Wgk (p;k,bare - pa)/(h_> (6'24)
e

1
Esk,clo = Wgk (p;k,clo - pa)/ (Re,clo + —> (6'25)
fclo he

where h, isthe evaporative heat transfer coefficient for the outer air layer of a bare or clothed body
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in Wm™2kPa™!, R, isthe evaporative heat transfer resistance of clothing in kPa m> W', and pj,
is saturated water vapor pressure at skin temperature.
The evaporative heat loss by mist wettedness can be determined by using Equation (6-26) for the

bare node and Equation (6-27) for the clothed node. Unlike skin wettedness, heat loss by mist droplets

does not consider clothing insulation.

1
Emist,bare = (1 - a)sk) Wmnist (p;k,bare - pa)/<h_> (6'26)
e
1
Emist,clo = (1 - wsk) Wnist (pclo,clo - pa)/(ﬁ) (6'27)
clo te

where pg, is saturated water vapor pressure at clothing temperature.

E;. E.

L diff wgp = =35 = 0.06

{ E
P k < max

¥ «

E L @ge=0.06 (1 — o)
< ! s Dgge = Opgyy + Dyify
' A

sweat A_sk Wy
D
Esk = WOy Emax
< Emist <
E : I‘“‘. Amist

mist = (1 — 0y) Oyt

4 L - y Ap
sweat Enist = (1 — @) O Enyax

mist droplets

Ap (m?) : surface area
Ay (m?) : wetted surface area

A (m?) : additional wetted surface area by mist droplets

Fig. 6-3. Evaporative heat loss concepts by skin wettedness and mist wettedness.
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6.2. Results and discussion
6.2.1. Skin temperature variations

The overall skin temperature was calculated by proposed 2NM and 3NM using measured
environmental factors. In addition, the results of the predicted skin temperature were compared with
the measured overall skin temperature as shown in Fig. 6-4. The measured overall skin temperature
was calculated as the area-weighted average of seven parts of body segments, which was suggested
by Hardy et al. [80]. The 65 overall skin temperatures were measured and calculated properly. The
experiment result showed that skin temperature gradually rose in the outdoor environment (b) and
decreased in the mist spraying environment (c). In the result of existing 2NM and 3NM which did not
involve mist wettedness, skin temperature rose in the outdoor environment. On the other hand, the
skin temperature did not steadily decrease in the mist spraying environment. Applying the mist
wettedness to 2NM and 3NM, the skin temperature showed continuously decreased in the mist
spraying environment. However, the skin temperature gap between measurement and prediction
showed 0.52 °C for 2NM and 0.56 °C for 3NM at the end of the experiment. When the human enters
the mist spraying environment, the body is not uniformly wet by the mist droplets (e.g. if the human
body is exposed to a mist spraying system which is sprayed the water from the side, the body's back
is not directly wet). Therefore, the effectiveness factor of the evaporative heat loss by mist wettedness

on the body can be considered.
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—_——— 3NM with mist wettedness (n = 58)

Fig. 6-4. Comparison of results of overall body skin temperature by experiment (n = 65)
and prediction (n = 58), (b) is for outdoor environment, and (c) is for mist spraying
environment.

6.2.2. Heat loss causes in outdoor and mist spraying environment

Heat loss causes were investigated to understand the thermal effects of outdoor and mist spraying
environments on the human body. Environmental conditions were selected as the mean value of
measured experiment data of outdoor and mist spraying environments (see Table 6-1). The heat losses
were calculated considering that the physiological thermal neutral condition of the body was exposed
to each environment for 10 min which was the same time as the experiment. The results showed that
the sweating was the most important factor to diffuse the heat from the body in outdoor environment,
and the mist wettedness was the most important role for heat loss on human body in mist spraying

environment as shown in Fig. 6-5.
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Table 6-1. Environmental factors for calculation of heat loss causes in outdoor and mist
spraying environments using 2NM and 3NM.

Environmental factor Outdoor Mist spraying
environment environment
Air temperature T, (°C) 32.9 29.3
Relative humidity RH (%) 58.7 74.6
Mean radiant temperature T, (°C) 36.8 35.6
Airspeed v (m/s) 0.41 0.35
Mist wettedness wpist - 0.25
= | I are | 3
50 E- 4) 3
e = 38.0 38.8 1) 3 -
”S 20 ;_ ©98) (89.7) )_; -Radlatl()‘n
E 20 E— 997 —E -Cénvcctlon
= = 1) 150 3 Skin wettedness
3 20 = 6.8 tl) 3 [ Mist wettedness
g 0E 0.0 (10:4) 0.0 E
T oE (0.0) (0.0) ! 3
E .3 . 3
E 9 | Y R R
Outdoor(2NM) Mist (2NM) Outdoor(3NM) Mist (3NM)

Fig. 6-5. Comparison of the results of heat loss by radiation, convection, evaporation on
the human body in outdoor and mist spraying environments considering mist

wettedness.

6.2.3. Effectiveness area factor of evaporative heat loss by mist droplets

The effectiveness factor of evaporative heat loss by mist wettedness 7,is¢ Was applied to 2NM

and 3NM and can be summarized in Table 6-2. Therefore, all kinds of evaporative heat losses at the

bare node and clothed node can be described as Equations (6-28) and (6-29). The summation of skin

wettedness and mist wettedness cannot exceed one.

Ebare = he (wsk + Nmist (1 - a)sk) wmist) (p;kk,bare - pa)

Wgk (p;k,clo - pa)
¢ fclo he Re,clo +1

Eclo = fao h

(6-28)

+ Nmist (1 - (‘)sk) Wmist (p:lo,clo - pa) (6'29)

The effectiveness area factor assumed constant value while the human body is in the mist spraying

environment. Skin temperature variations for the effectiveness factor value in the mist spraying

environment are calculated as shown in Fig. 6-6. The least skin temperature difference between the
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experiment and the prediction resulted when the effectiveness factor was 0.72 for 2NM and 0.64 for
3NM. Meanwhile, the initial skin temperature of the predicted result was different from the measured
value in the mist spraying environment. Therefore, when the initial skin temperature was adjusted to
the experimental value, the least skin temperature difference between the experiment and the
prediction occurred when the effect factor was 0.34 for 2NM and 0.32 for 3NM.

However, further research is necessary because the initial physiological thermal state of the body

should be matched in prediction and the experiment to gain an accurate value of mist wettedness.

Table 6-2. The evaporative heat losses in 2NM and 3NM.

Esk Emist
2NM . 1 . 1
Wgk (psk,clo - pa)/ (Re,clo + fl—h) nmist(l - wsk) Wist (pclo,clo - pa)/(fl h )
clo 'te clo ‘e
3NM . 1 . 1
(bare) Wsk (psk,bare - pa)/(h_) MNmist (1 - wsk) Wist (psk,bare - pa)/(h_)
e e
3NM

1 1
(clothed) Wk (psk,c]o - pa)/ (Re_clo + f—do he> Nmist (1 — ®sk) Omist (pclo,clo - Pa)/(fclo he>
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Fig. 6-6. Skin temperature variations for the effectiveness area factor of evaporative heat
loss by mist wettedness.

6.2.4. Heat loss causes considering effectiveness area factor

The heat loss from the body surface can be confirmed using the proposed prediction model. The
conditions of the outdoor and mist spraying environments used the mean of measured environmental
factors (Table 6-3), and heat losses were calculated considering that the physiological thermal neutral
condition of the body was exposed to each environment for 10 min. (a) and (b) display the ratio of

heat loss causes to total heat loss for effectiveness area factor in 2NM and 3NM, respectively. (c) and

Page 140



Chapter 6 Physiological human model considering mist wettedness

(d) show the results of the heat loss causes in outdoor and mist spray environments in 2NM and 3NM
when the effect factor is 0.5, respectively. The effectiveness area factor 7,;s¢ Was set as 0 to 1. The
results of heat losses on surface of the body are shown in Fig. 6-7. In the outdoor environment,
evaporative heat loss due to skin wettedness was the dominant cause of heat loss from the surface of
the human body. In contrast, in the mist spraying environment, the convective heat loss on the surface
of the human body was largest. In addition, evaporative heat loss due to mist wettedness showed a

significant effect on the total heat loss, corresponding to 37.4% for 2NM and 35.1% for 3NM.

Table 6-3. Environmental factors for calculation of heat losses causes in outdoor and
mist spraying environments using 2NM and 3NM.

Environmental factor Outdoor Mist spraying
environment environment

Air temperature T, (°C) 32.9 29.3

Relative humidity RH (%) 58.7 74.6

Mean radiant temperature T« (°C) 36.8 35.6

Airspeed v (m/s) 0.41 0.35

Mist wettedness wpist - 0.25

Effectiveness area factor st - Otol

Page 141



Chapter 6 Physiological human model considering mist wettedness

Two-node model (2NM)

=
=}

Three-node model (3NM)

g 10F g 10
< L 2 L

+= o +

V- IR B R AR B - oo fyoncon oo i o VB R BRSO AR B - o oo oo i
< i 1 < i 1
= [ E [

B 06t i B 0.6 i i i
wn - wn

3 3 ]

B 04 i b _ B 04 i _
= r i = r ]
(] (] r

< = L

E 02- TE 0.2 -_ ..... §
FR: 50

~ 0.0 &~ 0.0

_02 [ 1 1 1 1 1 1 1 1 _02 [ 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 0.7 08 09 1.0 0 01 02 03 04 05 06 0.7 08 09 1.0
Effectiveness area factor Effectiveness area factor
(a) (b)
60 Effectiveness area factor, nyist = 0.5 Effectiveness area factor, nyist = 0.5
E T T F T T
& 50F 38.0 3 o S0F 38.8 3
£ wk (89.8) E & pF (89.7) E
= 30E o 186,225 3 £ 30F 114194215 3
% a0k 134 (15. 233'3540-4)5 % a0k 13.0 { '234,2()37.9)5
P E B (33. 3 2 E E
s} E (31.5) E o) E (30.1) E
= 0F- 0.0 3 T O10E [ 0.0 : 3
£ 0f_=900 (0.0) 105 E $ op_=80 (0.0) _9 4 E
= 10 E (L) (S8.8) = 1o = Sbs) (=6.5)
Outdoor(2NM) Mist (2NM) Outdoor(3NM) Mist (3NM)
(c) (d)
Radiation Convection Skin wettedness Mist wettedness

Fig. 6-7. Comparison of the results of heat loss by radiation, convection, evaporation on

the human body in outdoor and mist spraying environments considering mist wettedness
and effectiveness area factor (the parentheses value is each heat loss percentage (%)
for the total heat loss). (a): Ratio of heat loss causes to total heat loss for effectiveness
area factor (2NM), (b): Ratio of heat loss causes to total heat loss for effectiveness area
factor (3NM), (c): Results of heat loss causes in outdoor and mist spraying environments
(2NM), and (d): Results of heat loss causes in outdoor and mist spraying environments

(3NM).

6.3. Conclusion

The verification of 2NM and 3NM in outdoor and mist spraying environments was confirmed by
the comparison with the experimental result of skin temperature. The mist wettedness was proposed
as a new environmental factor in the mist spraying environment. In addition, the mist wettedness was
measured using a heating globe thermometer and modified the existing prediction models for mist

spraying environment considering the mist wettedness. The results obtained from the present study

are listed below.
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*  The mist wettedness on the surface of the heating globe thermometer in the mist spraying
environment was measured as 0.25 + 0.086 (Mean + SD, n = 58).

* In the outdoor environment, the existing models predicted skin temperature with an error
0f 0.24 °C (2NM) and 0.3 °C (3NM) for 10 min, and the modified model showed the same
results.

* In the mist spraying environment, predicted skin temperature by existing models had
stabilized and did not reflect the continuously decreasing experimental results, but the
modified models reflected the continuously decreasing tendency with an error of 0.52 °C
(modified 2NM) and 0.56 °C (modified 3NM).

e  The effectiveness of evaporative heat loss by mist droplets 7,,;;; Was proposed and
expected a range of 0.34—0.72 for modified 2NM and 0.32-0.64 for modified 3NM.

*  The mist wettedness contributed to total heat loss from the body surface with 40.4% for
the modified 2NM and 37.9% for the modified 3NM and was found to be a very important

environmental factor (when 7,5 Was 0.5).

The physiological human model can be extended to the mist spraying environment by modified
models considering mist wettedness. In addition, the physical phenomena between environments and
the human body can be more clarified with prediction models. Moreover, the thermal state of the
human body, thermal sensations, and thermal comfort in the mist spraying environment are expected
to predict results in the outdoor and mist spraying environments by using the prediction model in

future research.
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Chapter 7. Proposal of new assessments for
outdoor and mist spraying environments

7.1. Proposal of O-PMYV index

A schematic diagram of deriving outdoor predicted mean vote (O-PMV) index is shown in Fig. 7-1.
In experiment, environmental factors such as air temperature, mean radiant temperature, relative
humidity, and airspeed were measured in outdoor and mist spraying environments. In addition,
subjective assessments were collected through survey research. The skin temperature of subjects was
measured to investigate the thermal state of the body. The skin temperature can be predicted using the
measured environmental factors. The physiological thermoregulation human model verified by

comparing the skin temperature between experiment and predicted results.

Environmental factors Thermoregulation human model
Air temperature (T,) 2 node model
Radiation (I;,,S t.,S1.L1T,L]) T, Ty RH, v, met,clo * Sweating

Relative humidity (R H )

e Shivering
Air speed (v) * Blood flow rate

Human factors Conventional index

Metabolic rate (met) SET*
Clothing insulation (clo) Validation PET
v

WBGT
UTCI

Physiological response

Skin temperature (T;)
Core temperature (T,

Estimated physiological response

Skin temperature (Zy;)

Core temperature (T,,,,)

Evaluation

(,Ul‘E)

Survey result
_ Wettedness (@)
Thermal sensation (mTSV) Heat storage (S)
Comfort sensation (CSV) New index

Fig. 7-1. Overall research flow for proposing new environmental index.

Fanger proposed PMV index by using the correlation between thermal sensation vote (TSV) and
heat storage (S) on human body as expressed in Equation (7-1). PMV can be able to use to evaluate

the thermal sensation of a thermal environment by simply measuring four basic environmental factors.

Ve STSV ¢
Y (7-1)

PMV = f(x) X S
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where, the TSV is the result of the thermal sensation vote results, and S is the heat storage rate.

However, since the PMV index does consider physiological responses, such as sweating, shivering,
and blow flow rate changes [118], it is not suitable to estimate the thermal sensation in extremely hot
environments, such as hot outdoor environments and mist spraying environments. It is also known that
the PMV index is suitable for almost comfortable indoor environments.

For this reason, instead of introducing the concept of PMV, the present study attempted to apply it
to special environments such as outdoor and mist spraying environments by further considering the
physiological response using a two-node model. The predictability of the two-node model was verified
by field experiments and the results are described in Chapter 5. To suggest a new environmental index,
2NM was used to calculate the heat storage rate in the human body in environmental conditions. In
addition, since the thermal sensation in the outdoor and mist spray environment is different from the
indoor environment, the thermal sensation (mTSV) obtained through the experiment was used

(Equation (7-2)).

opMy = TSV - S(2NM)
5S(2NM) 7-2)

0-PMV = f(x) X S

The SET* index proposed through 2NM calculation assuming a person exposed to the environment
for 60 minutes. However, since the heat storage rate converges to zero due to the thermoregulation of
the human body, the heat storage rate in the thermal equilibrium condition cannot be utilized.
Therefore, the heat storage rate was calculated when the human body was exposed to an outdoor and
mist spraying environment for 10 minutes at the same time as surveying time. Fig. 7-2 shows the heat
losses that occur inside and outside the mist spraying environments for a specific time (10 minutes).

On the outside and inside the mist system, the sensible heat losses (Mean + SD) were 22.6 + 13.1
W/m? and 52.0 £ 6.1 W/m?, the latent heat losses (Mean = SD) were 28.0 £ 6.9 W/m? and 12.3 £2.3
W/m?, and the total heat losses (Mean + SD) were 50.6 + 6.2 W/m? and 64.3 + 4.3 W/m?, respectively.
In the paired t-test analysis of the sensible (» <0.001), latent (p < 0.001), and total heat loss (p < 0.001)
from the body between outside and inside the mist spraying environment, a probability value (p-value)
was shown as less than 0.05. Therefore, it can be inferred that heat losses from the body are

significantly different between staying in outdoor and mist spraying environment.
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Fig. 7-2. Heat loss in outdoor and mist spray environments (10 minutes). The statistically
significant differences between outside and inside the mist spraying environment was
analyzed by paired t-test.

To determine the relationship between the heat storage rate and mTSV, Pearson's correlation
coefficient was calculated. (cf. The null hypothesis of Pearson's correlation analysis is that there is no
statistically significant relationship between the comparison variables). Fig. 7-3 shows the result of
the correlation between heat storage rate and mTSV in outdoor and mist spraying environments. The
linear regression equations are represented by equation (7-3), which can be used as a new
environmental index (O-PMV) to evaluate outdoor and mist spraying environments.

Pearson's correlation coefficient () was 0.31 in outdoor and 0.28 in the mist spraying environment,
respectively. In order to generalize the O-PMV index, it is necessary to update the correlation by
measuring the thermal sensation and environmental factors in a wider range of environmental
conditions. However, this study is limited in sample size and requires additional experiments to obtain
more robust regression equations for O-PMV. According to the O-PMYV results, it has been observed
that even at the same heat storage rate, humans can feel colder in mist spraying environments than in

normal outdoor environments.

0-PMV,yq0or = 0.05 S + 0.51, (7= 72, r=0.31, p< 0.01)
(7-3)
0-PMV, = 0.06 S — 0.13, (n = 60, r = 0.28, p < 0.05)

Subjects reported that even at the same heat storage rate, they were cooler in the mist spraying

environment than in the outdoor environment, which may be due to evaporation from the human
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surface by the mist. Therefore, further studies must be conducted to clearly understand the thermal

interactions between the human body and the thermal environment in a mist spraying environment.

outdoor ®  mist spraying environment
3 [ T ST+ T
() 5<n<10
FO 1<n<5

—2 EmTSViigoor =0.05S + 0.51 (r = 0.31,p-<-0.01)]
TSV, =0.06S — 0.13 (r = 0.28,p < 0.05)

S 3 N E N B P S

10 0 10 20 30 40

Heat storage rate, S (W /m?)

i 1

Fig. 7-3. Correlation between heat storage rate and mTSV (nis 72 for outdoor environment
and 60 for mist spraying environment, r is the Pearson’s correlation coefficient, and p is
probability value).

The O-PMYV index was proposed using experimental data in 2017 [27]. However, due to the shortage
number of subject’s data, the proposed O-PMV index was necessary to be updated by applying
additional experimental results. A further experiment was conducted in 2018 as explained in Chapter
5. The summation of data that was used in the updated O-PMV was 294 in the outdoor environment

and 231 in the mist spraying environment, as listed in Table 7-1.

Table 7-1. Utilized number of data for O-PMV index.

Environment condition 2017 experiment 2018 experiment Total
(sunshade) (without sunshade)

Outdoor environment 72 222 294

Mist spraying environment 60 171 231

The updated O-PMYV result is showed in Fig. 7-4. As a result, the range of heat storage rates was

wider and Pearson's correlation coefficient was larger than before. In addition, the probability value

Page 150



Chapter 7 Proposal of new assessments for outdoor and mist spraying environments

became smaller which was indicating a higher significant correlation between the heat storage rate

and mTSV. Equation (7-4) shows the result of the updated O-PMV.

® outdoor mist spraying environment

—2 tmTSViutgoor =0.04.5 + 0.38 (r = 0.34, p-<-0.001

mTSV, =0.065 —0.43 (r = 0.53,p < 0.001) ]

—10 0 10 20 30 40
Heat storage rate, S (W /m?)

Fig. 7-4. Correlation between heat storage rate and mTSV (n is 294 for outdoor
environment and 231 for mist spraying environment, r is the Pearson’s correlation
coefficient, and p is probability value).

O-PMV, ytd00r = 0.04 S + 0.38, (n =294, r = 0.34, p < 0.001) 74)

O-PMV,;; = 0.06 S — 0.43, (n = 231, r = 0.53, p < 0.001)

7.2. Proposal of SET** index

The SET* index assumes the human body with the physiologically thermoneutral condition is
exposed to a given environmental condition for one hour. The air temperature of the standard
environment conditions which makes the same skin temperature and wettedness of the results of 2NM
is the SET* value. The SET* considers the basic 4 environmental conditions (air temperature, radiation,
humidity, and airspeed). Thus, SET* in a mist spraying environment is difficult to utilize due to
additional thermal influence exists. To overcome these problems, measuring the additional thermal
effects in a mist spraying environment, mist wettedness meter was developed and measured as
explained in Chapter 5. In addition, physiological human models were revised considering mist
wettedness as described in Chapter 6.

From these results, it is possible to propose environmental factors that consider the five
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environmental factors in the mist spraying environment which are the all environmental effects of the
thermal environment on a human body. As shown in Fig. 7-5, we suggest the SET** index that

considers mist wettedness.

tSk\ Mi%Emisl
Esk \‘\— Esk

@mist

Sweat } @ wswgﬁ' Sweat

(Tcore)
SET* SET**
(Sweat) (Sweat+Mist)

Fig. 7-5. Concept of SET** index considering skin wettedness and mist wettedness.

The SET** is an environmental index considering mist wettedness such as inside the mist spraying
environment, which value is perfectly consistent with SET* for without mist wettedness conditions.
The correlation results of SET* and SET** between in outdoor and mist spraying environments are
expressed in Fig. 7-6 and its regression results are Equation (7-5). The SET* and SET** changes of
an outdoor environment by mist spraying system can be estimated using the results of regression
analysis. For example, in an outdoor environment where SET* is 30 °C, SET* and SET** becomes
28.7 °C and 26.9 °C in a mist spraying environment. This result implicates that the cooling effect by

mist wettedness which is not considered in SET* is about 1.8 °C.
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Fig. 7-6. Correlation between results of SET* and SET** in outdoor and mist spraying
environment.

SET} e = 1.04 SET \1q00r — 2:52 (r =0.62, p < 0.001)

7-5
SET* mist = 1.10 SET!1q00r — 6:06 (r = 0.64, p < 0.001) (73)

Fig. 7-7 shows the correlation results of mTSV to SET* and SET** and linear regression results are
shown in Equation (7-6). The thermal sensation (mTSV) corresponding to the measured environment
can be predicted and evaluated using the results of regression equation, when SET* or SET** is
calculated by measuring environment factors in outdoor and mist spraying environments.

The results of SET* and SET** in the mist spraying environment differed depending on the
consideration of the mist wettedness, and the difference was 2.2 °C under the same thermal sensation

(mTSV).
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Outdoor Mist(SET**) @  Mist(SET*)

F (O 20<n<2
O 15<n<20

mTSV

—1 ._ ........ .’... ........... ........... _.
MTSVoudoor =0.05SET* + 0.03 (r = 0.32, p < 0:001)

—2f  mTSVu =0.09SET™ — 1.84 (r = 0.64,p < 0.001) 4
mTSVyi = 0.09SET* — 2.03 (r = 0.62, p < 0.001)
_3111111
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SET* and SET** (°C)

Fig. 7-7. Correlation results of mTSV to SET* and SET**.

mMTSV, yedoor = 0.05 SET* + 0.03 (r =0.32, p < 0.001)
mTSV,isr = 0.09 SET* — 1.84 (r = 0.64, p < 0.001) (7-6)

mTSV,yis; = 0.09 SET* — 2.03 (r = 0.62, p < 0.001)

Fig. 7-8 shows the correlation results of TSV to SET* and SET** and linear regression results are

shown in Equation (7-7). The thermal sensation (mTSV) corresponding to the measured environment

can be predicted and evaluated using the results of regression equation, when SET* or SET** is

calculated by measuring environment factors in outdoor and mist spraying environments.

The results of SET* and SET** in the mist spraying environment differed depending on the

consideration of the mist wettedness, and the difference was 2.0 °C under the same thermal sensation

(TSV).
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Fig. 7-8. Correlation results of TSV to SET* and SET**.

TSV, utdoor = 0.05 SET* + 0.29 (r = 0.28, p < 0.001)
TSV i = 0.13 SET* — 3.07 (r = 0.60, p < 0.001) (7-7)

TSVyise = 0.13 SET* — 3.33 (r = 0.58, p < 0.001)

7.3. Proposal of mPMYV index

The main reason why the PMV index cannot be applied directly to the mist spraying environment
is that the thermal sensation is different from the results of PMV due to unusual environmental
conditions. Therefore, a new environmental index (modified predicted mean vote (mPMV)) can be
proposed by following the same calculation manner of PMV with replacing the corresponding thermal
sensation (mTSV) for the heat storage rate results of the environmental conditions. PMV has been
proposed from the correlation between thermal sensation and heat storage rate. Heat storage rate can
be calculated using the Fanger's heat balance Equation (7-8). The heat storage rate S on the human
body in the mist spraying environment calculated using measured environmental factors. The heat

storage is the difference between the left and right side of Equation (7-9).
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Sbody =M-W)- Esk — Qres — Qrad — Qconv

M~—-W =396-10"° fclo [(Tclo + 273)4 + (Tmrt + 273)4] + fclo hc (Tclo - Ta)
+3.05 [5.73 — 0.007 (M — W) — p,] + 0.42 [(M — W) — 58.15]
+0.0173 M (5.87 — pay) + 0.0014 M (34 — Tyyy)

(7-8)

(7-9)

The activity and clothing insulation levels were set at 1.2 met and 0.5 clo. The environmental factors

and thermal sensations inside (n = 222) and outside (n = 222) the mist spraying environment which

were obtained from the field experiments in 2018 were used for correlation analysis. Fig. 7-9 shows

the correlation between heat storage calculated using PMV method and mTSV in outdoor environment

and mist spraying environments, and the results of linear regression equations are listed in (7-10).

............... oo Coon ]
—25 0 25 50 75 100 125 150 175
Heat storage rate, S (W /m?)
Mist (n = 222)
et e @ @

Outdoor (n = 222)
e

~ (r=0.54, p <0.001)

—-25 0 25 50 75 100 125 150 175
Heat storage rate, S (W /m?)

-3

Number of data
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O 10<n<20

O 5<n<10
............... Gl s ci005 1 o 1<nss
—=25 0 25 50 75 100 125 150 175 o n=1

Heat storage rate, S (W/m?)

" (r =050, p < 0.001)

Heat storage rate, S (W/m?)

—-25 0 25 50 75 100 125 150 175

Fig. 7-9. Correlation between heat storage (PMV method) and thermal sensations (mTSV
and TSV) in outdoor environment and mist spraying environments.
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MTSV, yedoor = 0.004 Spyy + 1.157 (r = 0.25, p < 0.001)

mTSV,is; = 0.012 Spyy + 0.174 (r = 0.54, p < 0.001)

7-10
TSV, utdoor = 0.004 Spyy + 1.561 (r = 0.20, p < 0.001) (7-10)

TSVpist = 0.017 Spyy + 0.039 (r = 0.50, p < 0.001)

The thermal sensation evaluation using the PMV calculation method showed a similar level of
correlation results with O-PMV index, and it is easier to use because the calculation method is simpler
than O-PMV index. However, there is a disadvantage that the thermal state of the human body,

physiological responses, and environmental factors causing the thermal sensations are unknown.

7.4. Comparison of proposed different environmental indices

As a practical example, three proposed environmental indices were calculated and compared (Table
7-2). The environmental conditions of outdoor and mist spraying environments were utilized the
average values obtained from the field experiments as shown in Table 6-3. The SET* index showed
32.05 °C in the outdoor environment and 30.48 °C in the mist spraying environment. Considering the
mist wettedness in the mist spraying environment, the SET** value showed 27.23 °C. As a result of
mTSV predicted by different environmental indices, the results of O-PMV and SET** were almost
the same in the outdoor environment, and mPMV and SET** were similar in the mist spraying
environment. However, O-PMV in the mist spraying environment showed about 0.5 higher thermal

sensation than that of SET** and mPMYV in the mist spraying environment.

Table 7-2. Comparison of three different environmental indices.

mTSV TSV Temperature (°C)
Index Outdoor Mist Outdoor Mist Outdoor Mist
O-PMV 1.64 1.16 - - - -
SET*® 1.63 0.71 (0.61%) 1.89 0.63 (0.461) 32.05 30.48 (27.231)
mPMV 1.39 0.67 1.79 0.75 - -

tNote: values were calculated considering mist wettedness (mist wettedness and effectiveness
area factor of mist wettedness were considered 0.25 and 0.5, respectively).

1.5. Conclusion

This chapter contains proposed three environmental indices to evaluate the thermal sensations in

outdoor and mist spraying environments. O-PMV index is a method to evaluate the thermal sensation
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only by measuring four basic environmental factors. The result shows that human feels cooler in a
mist spraying environment than an outdoor hot environment at the same conditions of heat load. Table
7-3 shows the summary of proposed new indices for outdoor and mist spraying environments.

SET** index is calculated using a modified 2NM which considers the mist wettedness. In general
environments, SET** shows the same value at the SET* index and has been proposed to extend the
applicability to the mist spray environment. As the SET** index expressed in a temperature value, it's
easy to use and understand. SET** shows the cooling effect of mist wettedness is 2.1 °C. Meanwhile,
to obtain SET** in mist spraying environment, it is necessary to measure the mist wettedness value.

Finally, as a thermal sensation evaluation method using the most widely used PMYV, we proposed
an index (mPMV) that is the simplest to calculate and can be evaluated by measuring only four basic

environmental factors of outdoor and mist spraying environments.

Table 7-3. Summary of proposed new indices for outdoor and mist spraying
environments

Index Necessary Physiological Expression Note
environmental responses
factors estimation
O-PMV  Air temperature Applicable mTSV Mist wettedness cannot be
MRT measured
Relative humidity
Airspeed
SET** Air temperature Applicable Temperature Most recommended
MRT / mTSV
Relative humidity [ TSV
Airspeed

Mist wettedness
mPMV Air temperature Not applicable mTSV/TSV Mist wettedness cannot be

MRT measured, and the
Relative humidity prediction of physiological
Airspeed responses is not necessary

Page 158



Chapter 8 Conclusion and further research

Chapter 8. Conclusion and further

research

Page 159



Chapter 8 Conclusion and further research

Page 160



Chapter 8 Conclusion and further research

Chapter 8. Conclusion and further research

In the present study, new three environmental indices were proposed to evaluate the thermal
sensations in outdoor and mist spraying environments as summarized in Fig. 8-1. Through the present
study, the improvement of thermal sensations and thermal comfort was confirmed in hot outdoor
environments by the utilization of mist spraying systems in summer. In addition, the cooling effects
of the mist spraying system were investigated by measuring environmental factors and skin
temperatures inside and outside of the mist spraying environment. Moreover, the effects of operating

conditions of the mist spraying system on thermal sensation and cooling performance also investigated.

Experiment 1 (Chapter 3) Experiment 2 (Chapter 4) Experiment 3 (Chapter 5)

Achievements Achievements Achievements
* Improvement of mTSV * Validation of 2NM * Development of Mist
and CSV * Environmental factors wettedness meter
* Validation of existing outdoor and mist * Many subject's
indices environments were fully physiological data
Issue measured * Effects of different
* Existingindices are not Issue operation modes
appropriate * Sunshade condition
* Environmental factors * Insufficient subjects' data
was not measured in * Mist wettedness does not
outdoor environments considered

Prediction model

Environmentalindices I:!,_ (Chapter 6)
(Chapter 7) 0-PMV Achievements

* Mist wettedness meter

mPMV * Many subject's

physiological data
* Effects of different
SET** operation modes

Fig. 8-1. Summary of research flow.

Since the outdoor environment is an open space, the heat exchange phenomenon with the
surrounding environment occurs continuously. Therefore, a high-efficiency cooling system such as a
mist spraying system is useful. The humidity increases rapidly, and the air is supersaturated when the
mist spraying system applied to an indoor environment, thereby the cooling performance decreased,
and condensation risks increased. The control variable of the mist spraying system that has the greatest
influence on the cooling effect and the thermal sensation was an amount of spraying water. The cooling
effect was drastically decreased when the amount of spraying water was reduced. Therefore, it is
necessary to spray a sufficient amount of water in a hot environment. However, if the spray amount is

too large, it is likely to cause discomfort, so it is necessary to control it appropriately. In the present

Page 161



Chapter 8 Conclusion and further research

study, the size of mist spray particles was adjusted to about 10 m. The larger mist particle size, the
evaporation rate becomes slow, and the body is easy to wet. In addition, when the air blowing operation
additionally applied, the mist particles evaporate fast, and the cooling effect also increased.

As a result of evaluating thermal sensations in a mist spraying environment using existing
environmental indices (SET*, WBGT, PET, and UTCI), these environmental indices did not properly
reflect the thermal sensations. Because there is an additional thermal effect on a human body in the
mist spraying environment except for the four basic environmental factors, people feel cooler than the
general outdoor environment. Therefore, it was not appropriate to evaluate the thermal sensations in a
mist spraying environment using conventional environmental indices. Based on the results of
environmental factors and surveys, the new environmental indices which can be applied to outdoor

and mist spraying environment were suggested as below.

The O-PMV index was derived from the correlation between predicted physiological responses in
2NM and survey results of thermal sensations. The validation of the prediction model was confirmed
by comparing it with skin temperatures of 12 subjects. Predicted skin temperature which was
calculated from the 2NM using only measured four basic environmental factors (air temperature,
radiation, humidity, and airspeed) showed high accuracy in outdoor and mist spraying environments.
In addition, the predicted physiological response well reflected the thermal sensations in outdoor and
mist spraying environments. The results of O-PMYV showed that the mist spraying environment made
a person cooler than the outdoor hot environment at the same heat load condition.

Skin temperature steadily decreased in a mist spraying environment with sunshade, and the results
of the prediction model showed the tendency of decreasing skin temperature too. However, in a mist
spraying environment without sunshade, the skin temperature dropped, but the prediction model could
not predict the decreasing skin temperature, because the prediction model does not consider the
evaporative heat loss (mist wettedness) on the body surface by mist droplets.

Since there has not been studied mist wettedness measuring method in mist spraying environment,
mist wettedness meter was newly developed and physiological human models were also revised to
consider the cooling effect of mist wettedness. In addition, to verify the revised physiological
prediction model, 65 subjects participated in the experiment and skin temperatures were measured. As
input variables of the prediction model, environmental factors in outdoor and mist spraying
environments were recorded simultaneously. The improved predictive model, which considers the
mist wettedness, the skin temperatures were predicted well with an error of 0.5 degrees even in mist
spraying environment without a sunshade.

By the way, since the mist is not uniformly distributed inside the mist spraying environment, the
degrees of wet skin by mist droplets are different for the position. In our approach, it is difficult to

determine the effect on the whole body because seven environmental factors must be measured to
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determine the mist wettedness of a single point. Therefore, the mist wettedness effects on the overall

body are necessary to be studied in further research.

In the present study, SET** was proposed in consideration of heat loss when the surface of the
human body was wet by external causes so that SET* could be extended to the mist spraying
environment. In addition, SET** can be easily used as an environmental index to understand the
thermal environment because it is expressed in temperature. The difference of SET* and SET** results
in mist spraying environments was 2.1 degrees, which corresponds to the cooling effects of mist
wettedness. Moreover, the thermal sensation can be evaluated in both outdoor and mist spraying
environments under any conditions by correlation analysis between the SET** and the survey results.
The thermal state of the human body and physiological responses can be estimated using the revised
prediction model. Although it had not possible to quantify the effects of environmental factors on the
human body in the mist spraying environment, the revised predictive model was able to determine the
influence of each environmental factor. Temperature drops and mist wettedness in mist spraying

environment have proven to be important environmental factors.

However, due to the difficulty of measuring mist wetting and the complexity of the 2NM calculation,
it is not easy to obtain SET** results in the experiment. Therefore, we proposed another approach to
assess thermal sensation in outdoor and mist spraying environments using only four basic
environmental factors by the correlation analysis between the heat load of the human body by PMV
calculation and the thermal sensation by questionnaire. The correlation coefficient results showed
similar to that of O-PMV. However, there is a disadvantage that cannot confirm the thermal state and

physiological response of the human body.

For further studies, it is necessary to investigate the extent of mist wettedness on the whole body in
the mist spraying environment which was insufficient in the present study. In addition, due to the
difficulty of measuring mist wettedness, it is important to study the prediction of mist wettedness
according to outdoor environmental conditions. It is expected that the proposed thermal sensation
evaluation indices can be used for the optimal control of the mist spraying system for the weather

conditions.
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Appendix 3. The result of the research ethics committee review for the subject experiment.
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Surface area fraction and mass fraction of each segment of the human body are listed in Appendix

4 (These values were referenced by the previous research (Tanabe et al. [63])).

Appendix 4. Surface area fraction and mass fraction of each segment of body.

i Segment Area Mass Presence of clothing
(i) Summer Winter

1 Head 0.075 0.054 X X
2 Cheat 0.093 0.168 o o
3 Back 0.086 0.148 o o
4 Pelvis 0.118 0.236 o o
5 Left shoulder 0.051 0.029 o o
6 Right shoulder 0.051 0.029 o o
7 Leftarm 0.034 0.018 x o
8 Right arm 0.034 0.018 X o
9 Left hand 0.027 0.005 X o
10 Right hand 0.027 0.005 X X
11 Left thigh 0.112 0.094 o X
12 Right thigh 0.112 0.094 o o
13 Left leg 0.060 0.045 X o
14 Right leg 0.060 0.045 X o
15 Left foot 0.030 0.006 o o
16 Right foot 0.030 0.006 o o

Total 1.000 1.000 - -

Note: Standard clothes for the summer season considered short sleeve shirts and short pants.

Convective heat transfer coefficients of each segment of body for the sitting and standing posture
in different wind speed (v) are listed in Appendix 5 (These values were referenced by the previous

research (de Dear et al. [116])).
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Appendix 5. Convective heat transfer coefficients for the sitting and standing posture of
thermal manikin.

i Segment (i) Natural convective heat transfer Natural convective heat transfer
(v <0.1m/s, Wm?K? (Wm2K1)

Sitting Standing Sitting Standing

1 Head 3.7 3.6 4.9 073 3.2 v0Y7
2 Cheat 3.0 3.0 9.1 v%5° 9.1 v%5°
3 Back 2.6 2.9 8.9 1063 8.9 1063
4 Pelvis 2.8 3.4 8.2 v06° 8.8 v%>?
5 Left shoulder 3.4 2.9 11.2 v0e2 11.2 v062
6 Right shoulder 3.4 2.9 11.6 v066 11.6 v066
7 Leftarm 3.8 3.7 11.6 v062 11.6 v062
8 Right arm 3.8 3.7 11.9 v063 11.9 p063
9 Left hand 4.5 4.1 14.3 poel 14.3 060
10 Right hand 4.5 4.1 12.6 1060 12.6 1060
11 Left thigh 3.7 4.1 8.9 1060 10.1 v%52
12 Right thigh 3.7 4.1 8.9 1060 10.1 v%52
13 Leftleg 4.0 4.1 12.9 056 12.7 v%50
14 Right leg 4.0 4.1 13.4 v%58 13.1 v%51
15 Left foot 4.2 5.1 12.8 v%55 11.9 %50
16 Right foot 4.2 5.1 13.0 v%54 12.1 v949
Total 3.3 3.4 10.1 po6! 10.4 v%56

Note: Standard clothes for the summer season were considered short sleeve shirts and short pants.
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Appendix 6. Matlab code for 2NM calculation considering mist wettedness and effective
area factor.

[T, Q, B, E, Wet, SET_Var] = Func_e2NM(TA, TR,VEL RH,WetMist, InitialSKIN, Initial CORE, Eff)

%
% Two-node model (2NM) Input model
%
% TA = 35;

% TR = 35;

% VEL =0.25;

% RH =50;

% WetMist = 0;

% InitialSKIN = 0;
% Initial CORE = 0;

% Eff = 1;

SUBJECT.MET =1.2; % Metabolic rate [MET]
SUBJECT.CLO =0.5; % Clothing level [CLO]
SUBJECT.CLOTHING = 'Summer’, % type of clothing

Facl =1+ 0.3 * SUBJECT.CLO; % Clothing area factor

Rcl = 0.155 * SUBJECT.CLO; % Resistance of clothing
SUBJECT.WEIGHT = 69.9; %[ka]
SUBJECT.HEIGHT = 1.7; %[m]
SUBJECT.AREA = 0.202*SUBJECT.WEIGHT”"0.425*SUBJECT.HEIGHT"0.725; %[m2]
SUBJECT.WORK =0; % External work [W/m2]
SUBJECT.POSTURE = 'Standing’;

METFACTOR = 58.2; %[W/m2]
Const.P0 =101.3273; %Atmospheric pressure [kPa] 1atm = 101.3273kpa

Const.P =101.3273; %Atmospheric pressure [kPa] 1atm = 101.3273kpa

Const.SBC = 5.6697 * 10°(-8); %Stefan-Boltzmann constant[W/m2K4]
Const.LR = 16.5; %Lewis ratio

Q.M = SUBJECT.MET * METFACTOR;
Q.W = SUBJECT.WORK * METFACTOR,;
%

% Physiological thermal neutral condition

% Experimental results by Stolwijk JA and Hardy JD

%

Neutral. SKIN = 33.7; %[C]
Neutral. CORE = 36.8; %[C]
Neutral.Alpha = 0.1; % mass fraction of skin compartment

Neutral. BODY = Neutral.Alpha*Neutral. SKIN  + (1 - Neutral.Alpha) * Neutral. CORE;
%

% Initial Condition

%

% Storage Statement ------------------------

COEFF = Func_Human(SUBJECT.CLOTHING,SUBJECT.POSTURE,0);

T.SKIN(1) = Neutral.SKIN; %lnitial Value
T.CORE(1) = Neutral. CORE; %lnitial Value

T.BODY/(1) = Neutral.Alpha * T.SKIN(1) + (1 - Neutral.Alpha) * T.CORE(1);
ALPHA = Neutral.Alpha;
length(TA) ==
TIME = 60;
ENV.TA = TA * ones(TIME,1);
ENV.TR = TR * ones(TIME,1);
ENV.VEL = VEL * ones(TIME,1);
ENV.RH = RH * ones(TIME,1);
Wet.MIST = WetMist * ones(TIME+1,1);

TIME = length(TA);
ENV.TA=TA;
ENV.TR=TR;
ENV.VEL = VEL;
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%

ENV.RH = RH,;

InitialSKIN == 0 && Initial CORE ==

T.SKIN(1) = Neutral.SKIN;
T.CORE(1) = Neutral. CORE;

T.SKIN(L) = InitialSKIN;
T.CORE(1) = Initial CORE;

length(WetMist) == 1

Wet.MIST = WetMist * ones(TIME,1);

Wet.MIST = WetMist;

%

i=1LTIME

Vapor.Partial = ENV.RH(1)/100*Func_Ps(ENV.TA(i));

ENV.VEL(i) = max(ENV.VEL(i), 0.1);

COEFF = Func_Human(SUBJECT.CLOTHING,SUBJECT.POSTURE,ENV.VEL(i));

COEFF.HR = 4.0 * Const.SBC * (T.SKIN(i)/2.0 + 273.15)*3 * COEFF-.Fr;

COEFF.HT = COEFF.HR + COEFF.HC;

Ra = 1.0/(Facl * COEFF.HT);

HE = Const.LR * COEFF.HC;

(SUBJECT.CLO <=0)

WCRIT = 0.38*(ENV.VEL(i))"(-0.29); %Maximum Wettedness by wind
ICL =1.0; %Vapor permeability of clithing

WCRIT = 0.59*(ENV.VEL(i))(-0.08);
ICL = 0.45;

Rea = 1.0/(Const.LR*Facl*COEFF.HC); = %Evaporative resistance of air layer
Recl = Rcl/(Const.LR*ICL); %Evaporative resistance of clothing (icl=.45)
Ret = Rea + Recl; %Total Evaporative resistance of clothed body

% ----------- Cold and warm temperature receptor -----------
SIG.WARM_SKIN = max(0,T.SKIN(i) - Neutral.SKIN);
SIG.WARM_CORE = max(0, T.CORE(i) - Neutral. CORE);
SIG.WARM_BODY = max(0, T.BODY((i) - Neutral. BODY);
SIG.COLD_SKIN = max(0, Neutral.SKIN - T.SKIN(i));
SIG.COLD_CORE = max(0, Neutral. CORE - T.CORE(i));
T.BODY(i) = ALPHA * T.SKIN(i) + (1 - ALPHA) * T.CORE(i);

Wet.SK(i) = Func_PWET(SIG.WARM_BODY, SIG.WARM_SKIN, WCRIT, T.SKIN(i), Vapor.Partial, Ret);

% —-mmmmmmmmmmem Estimating cloth temperature -----------------
TOP = (COEFF.HR * ENV.TR(i) + COEFF.HC * ENV.TA(i)) / COEFF.HT;
T.CLO = TOP + (T.SKIN(i) - TOP) / (COEFF.HT * (Ra + Rcl));
FLUX1 = 100; FLUX2 = 50;
abs(FLUX1 - FLUX2) > 0.001
Q.CONV(i) = Facl * COEFF.HC * (T.CLO - ENV.TA(i));
Q.RAD(i) = Facl * COEFF.HR * (T.CLO - ENV.TR(i));
E.SKIN(i) = Wet.SK(i) * (Func_Ps(T.SKIN(i)) - Vapor.Partial) / (Recl +1 / (Facl * HE));
E.MIST(i) = Wet.MIST(i) * (Func_Ps(T.CLO) - Vapor.Partial) / (1 / (Facl * HE));
E.MIST(i) = Eff * (1 - Wet.SK(i)) * Wet.MIST (i) * (Func_Ps(T.CLO) - Vapor.Partial) / (1 / (Facl * HE));
E.ALL(i) = E.SKIN(i) + E.MIST(i);
E.MAX = Func_Ps(T.SKIN(i) - Vapor.Partial) / Ret;
E.ALL(i) = min(E.ALL(i), EEMAX * WCRIT);
FLUX1 = Q.CONV(i) + Q.RAD(i) + E.ALL(i);
T.CLO = T.SKIN(i) - Rel * FLUXZ,;
FLUX2 = (T.SKIN(i) - T.CLO) / Rcl;

Q.RES(i) = 0.0014 * Q.M * (34- ENV.TA(i)) + 0.0173 * Q.M * (5.85 - Vapor.Partial);
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%
%
%
%
%
%

%

%

B(i) = Func_Blood(SIG.WARM_CORE, SIG.COLD_SKIN)*3600;
F(i) = (5.28 + 1.06 * 4190 * Func_Blood(SIG.WARM_CORE, SIG.COLD_SKIN)) * (T.CORE(i) - T.SKIN(i));

MSHIV = Func_Shiv(SIG.COLD_SKIN, SIG.COLD_CORE);
% ---m-m-mmmmmmee e Heat storage ---------------=--------
S.CORE(i) = Q.M - Q.W + MSHIV - Q.RES(i) - F(i);
S.SKIN(i) = F(i) - (Q.CONV(i) + Q.RAD(i) + E.ALL(i));

SamplingTime = 60; %1 min.

ALPHA =0.0417737+0.7451833/(Func_Blood(SIG.WARM_CORE, SIG.COLD_SKIN) * 3600 + 0.585417);
dT.CORE = S.CORE(i) * SUBJECT.AREA/ (1 - ALPHA) / SUBJECT.WEIGHT / 3500;

dT.SKIN = S.SKIN(i) * SUBJECT.AREA / ALPHA / SUBJECT.WEIGHT / 3500;

T.CORE(i+1) = T.CORE(i) + dT.CORE * SamplingTime;

T.SKIN(i+1) = T.SKIN(i) + dT.SKIN * SamplingTime;

T.BODY/(i+1) = ALPHA * T.SKIN(i+1) + (1-ALPHA) * T.CORE(i+1);

% ----------- Definition of ASHRAE Standard Environment  -----------
HSK = Q.CONV(i) + Q.RAD(i) + E.ALL(i); %Total heat loss from skin
W = Wet.SK(i);

PSSK = Func_Ps(T.SKIN(i+1));
COEFFS.HR = COEFF.HR;
%Definition of ASHRAE standard environment
if SUBJECT.MET < 0.85
COEFFS.HC =3.0;
else
COEFFS.HC =5.66*(SUBJECT.MET-0.85)"0.39;
COEFFS.HC = max(COEFFS.HC,3.0);
end
COEFF = Func_Human(SUBJECT.CLOTHING,SUBJECT.POSTURE,0);
COEFFS.HC = COEFF.HC;
COEFFS.HT = COEFFS.HC + COEFFS.HR;
% ASHRAE Standard 2013
RCLOS =1.52 / (SUBJECT.MET - SUBJECT.WORK / METFACTOR + 0.6944) - 0.1835;
% Nishi Y. and Gagge, A.P. 1977, Effective temperature scale useful for hypo- and hyperbaric environments.
RCLOS =1.33/ (SUBJECT.MET - SUBJECT.WORK / METFACTOR + 0.74) - 0.095;
RCLS =0.155 * RCLOS;
KCLO =0.25;
FACLS =1.0 + KCLO * RCLOS;
FCLS =1.0/(1.0 + 0.155 * FACLS * COEFFS.HT * RCLOS);
IMS = 0.45;
ICLS = IMS * COEFFS.HC / COEFFS.HT * (1 - FCLS) / (COEFFS.HC / COEFFS.HT - FCLS * IMS);
RAS = 1.0/((FACLS * COEFFS.HT);
REAS = 1.0/(Const.LR * FACLS * COEFFS.HC);
RECLS = RCLS/ (Const.LR * ICLS);
HD_S =1.0/(RAS + RCLS);
HE_S = Const.LR * COEFFS.HC;
HE_S=1.0/(REAS + RECLS); %SET determined using Newton's iterative solution
DELTA =.0001;
dx =100.0;
SET_OLD = T.SKIN(i+1) - HSK/HD_S; %Lower bound for SET
abs(dx) > .01
ERR1 = (HSK - HD_S * (T.SKIN(i+1) - SET_OLD) - W * HE_S * (PSSK - 0.5 * Func_Ps(SET_OLD)));
ERR2 = (HSK - HD_S * (T.SKIN(i+1) - (SET_OLD + DELTA)) - W * HE_S * (PSSK - 0.5 *
Func_Ps((SET_OLD + DELTA))));
SET =SET_OLD - DELTA * ERR1/ (ERR2 - ERR1);
dx = SET - SET_OLD;
SET_OLD = SET;

SET_Var(i+1) = SET,;

T.SET = SET_Var(TIME+1);
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%% Saturated Vapor Pressure in Specific Temperature
[SaturatedVaporPressure] = Func_Ps(T) % (Celsius & kPa)
T>=0
SaturatedVaporPressure = 0.6105 * exp((17.269 * T) / (237.3 + T));

SaturatedVaporPressure = 0.6105 * exp((21.875 * T) / (265.5 + T));

% SaturatedVaporPressure = 0.61121*exp((18.678-T/234.5)*(T/(257.14+T)));

%% Sweat production
[PWET] = Func_PWET(WARMB,WARMSK,WCRIT,Temperature,Pa,Ret)
CSW =170; %Driving coefficient for regulatory sweating [170g/(m2hr)]

ERSW = CSW*WARMB*exp(WARMSK/10.7);
ERSW = min(ERSW,670);
ERSW = 2430000/1000/3600*ERSW; %Phase change 2430000J/kg
EMAX = (Func_Ps(Temperature)-Pa)/(Ret);
PRSW = ERSW/EMAX; %Wettedness by Sweat
PWET = 0.06+0.94*PRSW;
PWET > WCRIT
PWET = WCRIT,;
PRSW = WCRIT /(1 - 0.06);
ERSW = PRSW * EMAX;
EDIFF =0.06 * (1 - PRSW) * EMAX;
PWET = (ERSW + EDIFF) | EMAX;

EMAX <0

EDIF = 0;

ERSW = 0;

PWET = WCRIT;
%% Blood flow rate

[SkinBloodFlow] = Func_Blood(WARM_CORE, COLD_SKIN)

SkinBloodFlowNeutral = 6.3; %[Liter/m2hr]
CDIL =200; %Driving coefficient for vasoconstriction
CSTR =0.5; Y%vasoconstriction

SkinBloodFlow = (SkinBloodFlowNeutral+CDIL*(WARM_CORE))/(1+CSTR*(COLD_SKIN));
SkinBloodFlow = max(0.5,min(90,SkinBloodFlow));
SkinBloodFlow = SkinBloodFlow/3600; %L.iter/s m2

%% Human's bared fraction of segments
[Answer] = Func_Human(Season,Posture,VEL)
stremp(‘'Summer’, Season) ==
i=1;
stremp('Winter', Season) ==
i=2;

stremp('Sitting’, Posture) ==

=1
Answer.Fr =0.70; %Radiation effective area factor
stremp('Standing', Posture) ==
i=2
Answer.Fr =0.725; %~Radiation effective area factor
% Tanabe et al.

% 1st column : Area fraction, 2nd column : Mass fraction
Human = [0.075 0.054; 0.093 0.168; 0.086 0.148; 0.118 0.236; 0.051 0.029; 0.051 0.029;
0.034 0.018; 0.034 0.018; 0.027 0.005; 0.027 0.005; 0.112 0.094; 0.112 0.094;
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0.06 0.045; 0.06 0.045; 0.03 0.006; 0.03 0.006];
% 1st column : Summer, 2nd column : Winter
% 0:Bared, 1:Clothed
Clothed_segment = [0 O; %Head

11; %?2Chest

11; %3Back

11; %4Pelvis

11; %5Lshoulder

11; %6Rshoulder

01; %7Larm

01; %8Rarm

00; %9Lhand

00; %210Rhand

11; %11L thigh

11; %12Rthigh

01; %13Lleg

01; %14Rleg

11; %15L foot

11]; %16Rfoot
Bared_Fraction = Human.*(1-Clothed_segment(:,i));
Answer.MassFraction = sum(Bared_Fraction(:,1)); % Bared area fraction
Answer.AreaFraction = sum(Bared_Fraction(:,2)); % Bared mass fraction
% de Dear et al.

% 1st column : Sitting, 2nd column : Standing

COEFF.HNC =[3.73.6;3.03.0; 2.6 2.9; 2.8 3.4;3.42.9; 34 2.9;3.83.7;3.83.7;454.1; 45 4.1,
3.74.1;3.74.1;404.1;404.1;425.1; 4.2 5.1];

COEFF.HFC_a=[4.93.2;9.175;897.7;8.28.8; 11.29.9; 11.6 10.2; 11.6 12.7; 11.9 12.4; 14.3 15.4;
12.6 13.4;8.910.1;8.910.1; 12.912.7; 13.4 13.1; 12.8 11.9; 13.0 12.1];

COEFF.HFC_b =[0.73 0.97; 0.59 0.66; 0.63 0.63; 0.65 0.59; 0.62 0.61; 0.66 0.64; 0.62 0.53; 0.63 0.55;
0.60 0.51; 0.60 0.60; 0.60 0.52; 0.60 0.52; 0.56 0.50; 0.58 0.51; 0.55 0.50; 0.54 0.49];

BARED = Human(:,1).*(1-Clothed_segment(:,i));

CLOTHED = Human(;,1).*(Clothed_segment(:,i));

COEFF.HNC_BARED = sum(COEFF.HNC(:,j).*BARED)/sum(BARED);

COEFF.HNC_CLOTHED = sum(COEFF.HNC(:,j).*CLOTHED)/sum(CLOTHED);

COEFF.HNC_OVERALL = (sum(COEFF.HNC(:,j).*BARED) + sum(COEFF.HNC(:,j).*CLOTHED)) /
(sum(BARED) + sum(CLOTHED));

COEFF.HFC_BARED = sum(COEFF.HFC_a(:,j).*VEL.*"COEFF.HFC_b(:,j).*BARED)/sum(BARED);

COEFF.HFC_CLOTHED = sum(COEFF.HFC_a(:,j).*VEL."COEFF.HFC_b(:,j).*CLOTHED)/sum(CLOTHED);

COEFF.HFC_OVERALL = (sum(COEFF.HFC_a(:,j).*VEL."COEFF.HFC_b(:,j).*BARED) +
sum(COEFF.HFC_a(:,j).*VEL.*"COEFF.HFC_b(:,j).*CLOTHED)) / (sum(BARED) +
sum(CLOTHED));

VEL >0.2
Answer.HC = COEFF.HFC_OVERALL;

Answer.HC = COEFF.HNC_OVERALL;
%% Shivering

[Shiv] = Func_Shiv(COLDSK, COLDCORE)
Shiv = 19.44*COLDSK*COLDCORE;

Appendix 7. Matlab code for 3NM calculation considering mist wettedness and effective

area factor.

[T, Q, F, E, Wet, SET_Var] = Func_e3NM(TA, TR,VEL,RH,WetMist, InitialSKIN, Initial CORE, Eff)

% Three-node model (3NM) Input model
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%
% TA =35;

% TR = 35;

% VEL =0.25;

% RH = 50;

% WetMist = 0.2;
% InitialSKIN = 0;
% Initial CORE = 0;

% Eff =1;

SUBJECT.MET =1.2; % Metabolic rate [MET]
SUBJECT.CLO =0.5; % Clothing level [CLO]
SUBJECT.CLOTHING = 'Summer’; % type of clothing

Facl =1+ 0.3 * SUBJECT.CLO; % Clothing area factor

Rcl =0.155 * SUBJECT.CLO; % Resistance of clothing
SUBJECT.WEIGHT = 69.9; %[ka]
SUBJECT.HEIGHT =1.7; %[m]
SUBJECT.AREA = 0.202*SUBJECT .WEIGHT"0.425*SUBJECT.HEIGHT"0.725; %[m2]
SUBJECT.WORK =0; % External work [W/m2]
SUBJECT.POSTURE = 'Standing’;

METFACTOR =58.2; %[W/m2]
Const.P0 =101.3273; %Atmospheric pressure [kPa] 1atm = 101.3273kpa

Const.P =101.3273; %Atmospheric pressure [kPa] 1atm = 101.3273kpa

Const.SBC = 5.6697 * 10"(-8); %Stefan-Boltzmann constant[W/m2K4]
Const.LR = 16.5; %Lewis ratio

Q.M = SUBJECT.MET * METFACTOR;
Q.W = SUBJECT.WORK * METFACTOR,;
%

% Physiological thermal neutral condition

% Experimental results by Stolwijk JA and Hardy JD

%

Neutral. SKIN = 33.7; %[C]
Neutral. CORE = 36.8; %[C]
Neutral.Alpha =0.1; % mass fraction of skin compartment

Neutral. BODY = Neutral.Alpha*Neutral. SKIN  + (1 - Neutral.Alpha) * Neutral. CORE;
%
% Initial Condition
%
% Storage Statement ------------------------
COEFF = Func_Human(SUBJECT.CLOTHING,SUBJECT.POSTURE,0);
T.SKIN_CLOTHED(1) = Neutral.SKIN; %Initial Value
T.SKIN_BARED(1) = Neutral.SKIN;
T.SKIN_OV(1) = COEFF.AreaFraction * T.SKIN_BARED(1) + (1 - COEFF.AreaFraction) *
T.SKIN_CLOTHED(1);
T.CORE(1) = Neutral. CORE; %Initial Value
T.BODY(1) = Neutral. Alpha*T.SKIN_OV(1) + (1 - Neutral.Alpha) * T.CORE(1);
ALPHA = Neutral.Alpha;
length(TA) ==

TIME = 60;

ENV.TA =TA * ones(TIME,1);

ENV.TR = TR * ones(TIME,1);

ENV.VEL = VEL * ones(TIME,1);

ENV.RH = RH * ones(TIME,1);

Wet.MIST = WetMist * ones(TIME+1,1);

TIME = length(TA);
ENV.TA=TA;
ENV.TR =TR;
ENV.VEL = VEL;
ENV.RH = RH;

InitialSKIN == 0 && Initial CORE ==

T.SKIN(1) = Neutral.SKIN;
T.CORE(1) = Neutral. CORE;
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T.SKIN(1) = InitialSKIN;
T.CORE(1) = Initial CORE;

length(WetMist) == 1

Wet.MIST = WetMist * ones(TIME,1);

Wet.MIST = WetMist;

%

i=1LTIME
Vapor.Partial = ENV.RH(1)/100*Func_Ps(ENV.TA(i));
ENV.VEL(i) = max(ENV.VEL(i), 0.1);
COEFF = Func_Human(SUBJECT.CLOTHING,SUBJECT.POSTURE,ENV.VEL(i));
COEFF.HR_CLOTHED = 4.0 * Const.SBC * (T.SKIN_CLOTHED(i)/2.0 + 273.15)"3 * COEFF.Fr;
COEFF.HR_BARED = 4.0 * Const.SBC * (T.SKIN_BARED(i)/2.0 + 273.15)"3 * COEFF.Fr;
COEFF.HR_OVERALL = COEFF.AreaFraction * COEFF.HR_BARED + (1 - COEFF.AreaFraction) *
COEFF.HR_CLOTHED;
COEFF.HT_BARED = COEFF.HR_BARED + COEFF.HC_BARED;
COEFF.HT_CLOTHED = COEFF.HR_CLOTHED + COEFF.HC_CLOTHED;
COEFF.HT_OVERALL = COEFF.HR_OVERALL + COEFF.HC_OVERALL;
Ra = 1.0/(Facl * COEFF.HT_OVERALL);
HE = Const.LR * COEFF.HC_CLOTHED;
(SUBJECT.CLO <=0)
WCRIT = 0.38*(ENV.VEL(i))"(-0.29); %Maximum Wettedness by wind
ICL =1.0; %Vapor permeability of clithing

WCRIT = 0.59*(ENV.VEL(i))(-0.08);
ICL = 0.45;

Rea = 1.0/(Const.LR*Facl*COEFF.HC_CLOTHED);%Evaporative resistance of air layer
Recl = Rcl/(Const.LR*ICL); %Evaporative resistance of clothing (icl=.45)
Ret = Rea + Recl; %Total Evaporative resistance of clothed body

% ----------- Cold and warm temperature receptor -----------

SIG.WARM_SKIN_CLOTHED = max(0,T.SKIN_CLOTHED(i) - Neutral. SKIN);

SIG.WARM_SKIN_BARED = max(0, T.SKIN_BARED(i) - Neutral.SKIN);

SIG.WARM_SKIN_OV = max(0, T.SKIN_OV(i) - Neutral.SKIN);

SIG.WARM_CORE = max(0, T.CORE(i) - Neutral. CORE);

SIG.WARM_BODY = max(0, T.BODY (i) - Neutral. BODY);

SIG.COLD_SKIN_CLOTHED = max(0, Neutral. SKIN - T.SKIN_CLOTHED(i));

SIG.COLD_SKIN_BARED = max(0, Neutral.SKIN - T.SKIN_BARED(i));

SIG.COLD_SKIN_OV = max(0, Neutral. SKIN - T.SKIN_OV(i));

SIG.COLD_CORE = max(0, Neutral. CORE - T.CORE(i));

T.SKIN_OV(i) = COEFF.AreaFraction * T.SKIN_BARED(i) + (1 - COEFF.AreaFraction) *
T.SKIN_CLOTHED(i);

T.BODY/(i) = ALPHA * T.SKIN_OV(i) + (1 - ALPHA) * T.CORE(i);

Wet.SK_CLOTHED(i) = Func_PWET(SIG.WARM_BODY, SIG.WARM_SKIN_CLOTHED, WCRIT,
T.SKIN_CLOTHED(i), Vapor.Partial, Ret);

Wet.SK_BARED(i) = Func_PWET(SIG.WARM_BODY, SIG.WARM_SKIN_BARED, WCRIT,
T.SKIN_BARED(i), Vapor.Partial, Rea);

Wet.SK_OV/(i) = COEFF.AreaFraction * Wet.SK_BARED(i) + (1 - COEFF.AreaFraction) *
Wet.SK_CLOTHED(i);

% ---m-mmmmmeme- Estimating cloth temperature -----------------
TOP = (COEFF.HR_CLOTHED * ENV.TR(i) + COEFF.HC_CLOTHED * ENV.TA(i)) /
COEFF.HT_CLOTHED;
T.CLO = TOP + (T.SKIN_CLOTHED(i) - TOP) / (COEFF.HT_CLOTHED * (Ra + Rcl));
FLUX1 = 100; FLUX2 = 50;
abs(FLUX1 - FLUX2) > 0.001
Q.CONV_CLOTHED(i) = Facl * COEFF.HC_CLOTHED * (T.CLO - ENV.TA(i));
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%

Q.RAD_CLOTHED(i) = Facl * COEFF.HR_CLOTHED * (T.CLO - ENV.TR(i));

E.CLOTHED_SKIN(i) = Wet.SK_CLOTHED(i) * (Func_Ps(T.SKIN_CLOTHED(i)) - Vapor.Partial) /
(Recl +1/ (Facl * HE));
E.CLOTHED_MIST(i) = Wet.MIST (i) * (Func_Ps(T.CLO) - Vapor.Partial) / (1 / (Facl * HE));

E.CLOTHED_MIST(i) = Eff * (1 - Wet.SK_CLOTHED(i)) * Wet.MIST(i) * (Func_Ps(T.CLO) -
Vapor.Partial) / (1 / (Facl * HE));

E.CLOTHED(i) = E.CLOTHED_SKIN(i) + E.CLOTHED_MIST(i);

E.CLOTHED_MAX = Func_Ps(T.SKIN_CLOTHED(i) - Vapor.Partial) / Ret;

E.CLOTHED(i) = min(E.CLOTHED(i), E.CLOTHED_MAX * WCRIT);

FLUX1 = Q.CONV_CLOTHED(i) + Q.RAD_CLOTHED(i) + E.CLOTHED(i);

T.CLO = T.SKIN_CLOTHED(i) - Rel * FLUX1;

FLUX2 = (T.SKIN_CLOTHED(i) - T.CLO) / Rcl;

Q.RES(i) = 0.0014 * Q.M * (34- ENV.TA(i)) + 0.0173 * Q.M * (5.85 - Vapor.Partial);

Q.CONV_BARED(i) = COEFF.HC_BARED * (T.SKIN_BARED(i) - ENV.TA(i));

Q.RAD_BARED(i) = COEFF.HR_BARED * (T.SKIN_BARED(i) - ENV.TR(i));

E.BARED_SKIN(i) = Wet.SK_BARED(i) * (Func_Ps(T.SKIN_BARED(i)) - Vapor.Partial) / (1/HE);

Q.CONV(i) = COEFF.AreaFraction * Q.CONV_BARED(i) + (1 - COEFF.AreaFraction) *
Q.CONV_CLOTHED(i);

Q.RAD(i) = COEFF.AreaFraction * Q.RAD_BARED(i) + (1 - COEFF.AreaFraction) * Q.RAD_CLOTHED(i);

% E.BARED_MIST(i) = Wet.MIST(i) * (Func_Ps(T.SKIN_BARED(i)) - Vapor.Partial) / (1/HE);

E.BARED_MIST(i) = Eff * (1 - Wet.SK_BARED(i)) * Wet.MIST(i) * (Func_Ps(T.SKIN_BARED(j)) -
Vapor.Partial) / (1/HE);

E.BARED(i) = E.BARED_SKIN(i) + E.BARED_MIST(i);

E.BARED_MAX = Func_Ps(T.SKIN_BARED(i) - Vapor.Partial) / Rea;

E.BARED(i) = min(E.BARED(i), E.BARED_MAX * WCRIT);

E.MIST(i) = COEFF.AreaFraction * E.BARED_MIST(i) + (1 - COEFF.AreaFraction) *
E.CLOTHED_MIST(i);

E.SK(i) = COEFF.AreaFraction * E.BARED_SKIN(i) + (1 - COEFF.AreaFraction) * E.CLOTHED_SKIN(i);

F.CLOTHED(i) = (5.28 + 1.06 * 4190 * Func_Blood(SIG.WARM_CORE, SIG.COLD_SKIN_OV)) *
(T.CORE(i) - T.SKIN_CLOTHED(i));

F.BARED(i) = (5.28 + 1.06 * 4190 * Func_Blood(SIG.WARM_CORE, SIG.COLD_SKIN_OV)) * (T.CORE(i)
- T.SKIN_BARED(i));

MSHIV.CLOTHED = Func_Shiv(SIG.COLD_SKIN_CLOTHED, SIG.COLD_CORE);

MSHIV.BARED = Func_Shiv(SIG.COLD_SKIN_BARED, SIG.COLD_CORE);

MSHIV.OVERALL = COEFF.AreaFraction * MSHIV.BARED + (1 - COEFF.AreaFraction) *
MSHIV.CLOTHED;

% =-mmmmmmmmmemeeenaeees Heat storage ---------------=--------

S.CORE(i) = Q.M - Q.W + MSHIV.OVERALL - Q.RES(i) - COEFF.AreaFraction * F.BARED(i) - (1-
COEFF.AreaFraction) * F.CLOTHED(i);

S.SKIN_CLOTHED(i) = F.CLOTHED(i) - (Q.CONV_CLOTHED(i) + Q.RAD_CLOTHED(i) +
E.CLOTHED(i));

S.SKIN_BARED(i) = F.BARED(i) - (Q.CONV_BARED(i) + Q.RAD_BARED(i) + E.BARED(i));

S.SKIN_OV(i) = COEFF.AreaFraction * S.SKIN_BARED(i) + (1 - COEFF.AreaFraction) *
S.SKIN_CLOTHED(i);

SamplingTime = 60; %1 min.
ALPHA =0.0417737+0.7451833/(Func_Blood(SIG.WARM_CORE, SIG.COLD_SKIN_OV) * 3600 +
0.585417);

dT.CORE = S.CORE(i) * SUBJECT.AREA/ (1 - ALPHA) / SUBJECT.WEIGHT / 3500;

dT.SKIN_CLOTHED = S.SKIN_CLOTHED(i) * (1 - COEFF.AreaFraction) * SUBJECT.AREA / (1 -
COEFF.MassFraction) / ALPHA / SUBJECT.WEIGHT / 3500;

dT.SKIN_BARED = S.SKIN_BARED(i) * COEFF.AreaFraction * SUBJECT.AREA / COEFF.MassFraction /
ALPHA / SUBJECT.WEIGHT / 3500;

T.CORE(i+1) = T.CORE(i) + dT.CORE * SamplingTime;

T.SKIN_CLOTHED(i+1) = T.SKIN_CLOTHED(i) + dT.SKIN_CLOTHED * SamplingTime;

T.SKIN_BARED(i+1) = T.SKIN_BARED(i) + dT.SKIN_BARED * SamplingTime;

T.SKIN_OV(i+1) = COEFF.AreaFraction * T.SKIN_BARED(i+1) + (1 - COEFF.AreaFraction) *
T.SKIN_CLOTHED(i+1);

T.BODY(i+1) = ALPHA * T.SKIN_OV(i+1) + (1-ALPHA) * T.CORE(i+1);
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% ----------- Definition of ASHRAE Standard Environment  -----------
HSK = COEFF.AreaFraction * (Q.CONV_BARED(i) + Q.RAD_BARED(i) + E.BARED(i))
+ (1 - COEFF.AreaFraction) * (Q.CONV_CLOTHED(i) + Q.RAD_CLOTHED(i) +
E.CLOTHED(i)); %Total heat loss from skin
W = Wet.SK_OV(i);
PSSK = Func_Ps(T.SKIN_OV/(i+1));
COEFFS.HR = COEFF.HR_OVERALL;
%Definition of ASHRAE standard environment
% if SUBJECT.MET <0.85

% COEFFS.HC = 3.0;

% else

% COEFFS.HC = 5.66*(SUBJECT.MET-0.85)"0.39;
% COEFFS.HC = max(COEFFS.HC,3.0);

% end

COEFF = Func_Human(SUBJECT.CLOTHING,SUBJECT.POSTURE,0);
COEFFS.HC = COEFF.HC_OVERALL;
COEFFS.HT = COEFFS.HC + COEFFS.HR;
% ASHRAE Standard 2013
% RCLOS =1.52/ (SUBJECT.MET - SUBJECT.WORK / METFACTOR + 0.6944) - 0.1835;
% Nishi Y. and Gagge, A.P. 1977, Effective temperature scale useful for hypo- and hyperbaric environments.
RCLOS =1.33/ (SUBJECT.MET - SUBJECT.WORK / METFACTOR + 0.74) - 0.095;
RCLS = 0.155 * RCLOS;
KCLO =0.25;
FACLS = 1.0 + KCLO * RCLOS;
FCLS=1.0/(1.0 +0.155 * FACLS * COEFFS.HT * RCLOS);
IMS = 0.45;
ICLS = IMS * COEFFS.HC / COEFFS.HT * (1 - FCLS) / (COEFFS.HC / COEFFS.HT - FCLS * IMS);
RAS = 1.0/(FACLS * COEFFS.HT);
REAS = 1.0/(Const.LR * FACLS * COEFFS.HC);
RECLS = RCLS/ (Const.LR * ICLS);
HD_S =1.0/(RAS + RCLS);
HE_S=1.0/(REAS + RECLS); %SET determined using Newton's iterative solution
DELTA =.0001;
dx =100.0;
SET_OLD = T.SKIN_OV(i+1) - HSK/HD_S; %Lower bound for SET
abs(dx) > .01
ERR1 = (HSK - HD_S * (T.SKIN_OV(i+1) - SET_OLD) - W * HE_S * (PSSK - 0.5 *
Func_Ps(SET_OLD)));
ERR2 = (HSK - HD_S * (T.SKIN_OV/(i+1) - (SET_OLD + DELTA)) - W * HE_S * (PSSK - 0.5 *
Func_Ps((SET_OLD + DELTA))));
SET =SET_OLD - DELTA * ERR1/ (ERR2 - ERR1);
dx = SET - SET_OLD;
SET_OLD = SET;

SET_Var(i+1) = SET;

T.SET = SET_Var(TIME+1);

%% Saturated Vapor Pressure in Specific Temperature
[SaturatedVaporPressure] = Func_Ps(T) % (Celsius & kPa)
T>=0
SaturatedVaporPressure = 0.6105 * exp((17.269 * T) / (237.3 + T));

SaturatedVaporPressure = 0.6105 * exp((21.875 * T) / (265.5 + T));

% SaturatedVaporPressure = 0.61121*exp((18.678-T/234.5)*(T/(257.14+T)));

%% Sweat production
[PWET] = Func_PWET(WARMB,WARMSK,WCRIT, Temperature,Pa,Ret)
CSW =170; %Driving coefficient for regulatory sweating [170g/(m2hr)]
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ERSW = CSW*WARMB*exp(WARMSK/10.7);
ERSW = min(ERSW,670);
ERSW = 2430000/1000/3600*ERSW; %Phase change 2430000J/kg
EMAX = (Func_Ps(Temperature)-Pa)/(Ret);
PRSW = ERSW/EMAX; %Wettedness by Sweat
PWET = 0.06+0.94*PRSW;
PWET > WCRIT
PWET = WCRIT;
PRSW = WCRIT /(1 - 0.06);
ERSW = PRSW * EMAX;
EDIFF = 0.06 * (1 - PRSW) * EMAX;
PWET = (ERSW + EDIFF) / EMAX;

EMAX <0
EDIF =0;
ERSW =0;
PWET = WCRIT;

%% Blood flow rate

[SkinBloodFlow] = Func_Blood(WARM_CORE, COLD_SKIN)
SkinBloodFlowNeutral = 6.3; %[Liter/m2hr]
%SkinBloodFlow = SkinBloodFlowNeutral;
CDIL =200; %Driving coefficient for vasoconstriction
CSTR=0.5; %vasoconstriction
SkinBloodFlow = (SkinBloodFlowNeutral+CDIL*(WARM_CORE))/(1+CSTR*(COLD_SKIN));
SkinBloodFlow = max(0.5,min(90,SkinBloodFlow));
SkinBloodFlow = SkinBloodFlow/3600; %L iter/s m2

%% Human's bared fraction of segments
[Answer] = Func_Human(Season,Posture,VEL)
stremp('Summer’, Season) ==
i=1;
stremp(‘Winter', Season) ==
i=2;

stremp('Sitting’, Posture) ==

=y
Answer.Fr =0.70; %~Radiation effective area factor
stremp('Standing’, Posture) ==
i=2
Answer.Fr =0.725; %Radiation effective area factor
% Tanabe et al.

% 1st column : Area fraction, 2nd column : Mass fraction

Human = [0.075 0.054; 0.093 0.168; 0.086 0.148; 0.118 0.236; 0.051 0.029; 0.051 0.029;
0.034 0.018; 0.034 0.018; 0.027 0.005; 0.027 0.005; 0.112 0.094; 0.112 0.094;
0.06 0.045; 0.06 0.045; 0.03 0.006; 0.03 0.006];

% 1st column : Summer, 2nd column : Winter

% 0:Bared, 1:Clothed

Clothed_segment = [0 O; %Head

11; %2Chest

11; %3Back

11; %4Pelvis
11; %5Lshoulder
11; %6Rshoulder
01; %7Larm

01; %8Rarm

00; %9Lhand
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00; %10Rhand

11; %11Lthigh

11; %12Rthigh

01; %13Lleg

01; %14Rleg

11; %?15L foot

11]; %16Rfoot
Bared_Fraction = Human.*(1-Clothed_segment(:,i));
Answer.MassFraction = sum(Bared_Fraction(:,1)); % Bared area fraction
Answer.AreaFraction = sum(Bared_Fraction(:,2)); % Bared mass fraction
% de Dear et al.

% 1st column : Sitting, 2nd column : Standing

% COEFF.HR=[3.94.1;3.445;464.4;484.2;485.2;4.85.2;524.9;524.9;3.94.1;394.1,..

% 4643;464.3;5453;5453;4.23.9;4.23.9];

COEFF.HNC =[3.73.6;3.03.0; 2.6 2.9; 2.8 3.4;3.4 2.9; 3.4 2.9; 3.8 3.7; 3.83.7; 454.1; 45 4.1;
3.74.1;3.741;404.1,404.1;425.1;4.251],

COEFF.HFC_a=[4.932;9.175;897.7;8.288;11.29.9; 11.6 10.2; 11.6 12.7; 11.9 12.4; 14.3 15.4;
12.6 13.4,8.910.1; 8.9 10.1; 12.912.7; 13.4 13.1; 12.8 11.9; 13.0 12.1];

COEFF.HFC_b =[0.73 0.97; 0.59 0.66; 0.63 0.63; 0.65 0.59; 0.62 0.61; 0.66 0.64; 0.62 0.53; 0.63 0.55;
0.60 0.51; 0.60 0.60; 0.60 0.52; 0.60 0.52; 0.56 0.50; 0.58 0.51; 0.55 0.50; 0.54 0.49];

BARED = Human(:,1).*(1-Clothed_segment(:,i));

CLOTHED = Human(:,1).*(Clothed_segment(:,i));

COEFF.HNC_BARED = sum(COEFF.HNC(.,j).*BARED)/sum(BARED);
COEFF.HNC_CLOTHED = sum(COEFF.HNC(.,j).*CLOTHED)/sum(CLOTHED);
COEFF.HNC_OVERALL = (sum(COEFF.HNC(:,j).*BARED) + sum(COEFF.HNC(:,j).*CLOTHED)) /
(sum(BARED) + sum(CLOTHED));
COEFF.HFC_BARED = sum(COEFF.HFC_a(.,j).*VEL.ACOEFF.HFC_b(:,j).*BARED)/sum(BARED);
COEFF.HFC_CLOTHED = sum(COEFF.HFC_a(.,j).*VEL.ACOEFF.HFC_b(.,j).*CLOTHED)/sum(CLOTHED);
COEFF.HFC_OVERALL = (sum(COEFF.HFC_a(.,j).*VEL.A"COEFF.HFC_b(.j).*BARED) +
sum(COEFF.HFC_a(.,j).*VEL.ACOEFF.HFC_b(.,j).*CLOTHED)) / (sum(BARED) +
sum(CLOTHED));
VEL >0.2
Answer.HC_BARED = COEFF.HFC_BARED;
Answer.HC_CLOTHED = COEFF.HFC_CLOTHED;
Answer.HC_OVERALL = COEFF.HFC_OVERALL;

Answer.HC_BARED = COEFF.HNC_BARED;
Answer.HC_CLOTHED = COEFF.HNC_CLOTHED;
Answer.HC_OVERALL = COEFF.HNC_OVERALL,

%% Shivering
[Shiv] = Func_Shiv(COLDSK, COLDCORE)
Shiv = 19.44*COLDSK*COLDCORE;
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