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The influence of air humidity on human heat stress in a hot environment

Andrzej Sobolewski , Magdalena Młynarczyk ∗, Maria Konarska and Joanna Bugajska

Central Institute for Labour Protection – National Research Institute (CIOP-PIB), Poland

This article aims to present the physical adaptation capabilities of a human, seen as a response to extreme hot and dry or hot
and humid conditions. Adaptation capabilities are expressed as safe exposure time in two variants: at rest and during physical
activity. The study shows the results of calculations of the variability over time of the core temperature and skin temperature
as well as heat balance. Calculations were made according to Standard No. EN ISO 7933:2005 on the basis of assumed and
actual meteorological data. The results of the calculations show that in these conditions a hot but dry environment enables a
human (although to a limited extent) to stay and perform low physical activity, provided access to drinking water is ensured.
In contrast, a hot but humid environment causes more serious problems, due to the inability to reduce skin temperature by
evaporation of sweat from the skin surface.
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1. Introduction – human heat balance
The ‘heat’ sensation forms part of the range of human
subjective feelings that may be attributed to a variety of
reasons. High air temperature does not necessarily have to
be its direct cause because a heat sensation may be caused
by extreme physical effort in a low ambient temperature,
the same thermal sensation that is generated by strong emo-
tions or a health condition caused by an infection. From
a physiological point of view, the ‘warm’ or ‘hot’ sensa-
tion is associated with body heat accumulation, expressed
in joules, which is accompanied by an increase in human
body temperature.

This sensation takes place when the rate of heat gener-
ated in the human body exceeds the rate of its reception by
the environment. Every living warm-blooded organism of
a mammal or a bird strives to maintain a thermal balance
with the environment to maintain a relatively stable core
temperature (about 37 °C in humans) that keeps the opti-
mal course of physiological processes taking place in the
body and to protect the brain from overheating. The human
body can tolerate small deviations in the range of ±1 °C
without any adverse health consequences. Such deviations
are, however, reflected in the subjective perception of the
surrounding thermal environment [1–3].

In general, three causes of heat accumulation in the
body can be distinguished. Heat is accumulated when:

(1) the rate of energy produced in the body (the
metabolic rate) is so fast that the environment is
unable to take up all of the heat generated at one
time (endogenous heat load);

*Corresponding author. Email: m.mlynarczyk@ciop.pl

(2) the ambient temperature ta and/or the radiation
temperature tr outnumber the average skin surface
temperature tsk (exogenous heat load);

(3) the factors listed in (1) and (2) occur simultane-
ously.

Metabolic heat (endogenous heat load) can be dis-
sipated to the environment on condition that several
thermoregulation mechanisms have been started. Effec-
tiveness of such mechanisms depends on the envi-
ronmental conditions that are determined by ta (°C),
tr (°C), relative air humidity (RH , %) and air velocity
(V, m/s).

The process of heat exchange between the human
body and the environment is described by the conceptual
equation of thermal balance [1,2,4]:

M = W ± R ± C ± E ± RES + �S,

where M = density of the metabolic power flux of heat
production (W/m2); W = density of the power flow used
for work (power load) (W/m2); (R + C) = density of
power flux lost due to radiation and convection (W/m2);
E = density of the power flux lost as a result of evapora-
tion of sweat (W/m2); RES = density of the power stream
lost as a result of breathing (W/m2); �S = accumulation
of heat (W/m2).

Subjective assessment of a hot environment and its
gradation, e.g., slightly warm, warm or hot, depends on
the amount of thermal energy �S accumulated in the
body. Under given environmental conditions of a hot
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environment, the greater the mass of a human being, the
smaller the effect of heat accumulation occurring per unit
of time on the increase of the temperature of his body. The
relationship �S ≈ 300–350 kJ is considered a health-safe
level for heat accumulation in a 80-kg human body. This
translates into an increase in body temperature of about
1.0–1.3 °C

All components of the heat balance equation are
expressed in watts per square meter. The reason for this is
twofold: heat transfer takes place through the human skin
surface and the process takes place over time. In order to
obtain the value of �S measured in joules, it is necessary
to multiply the value expressed in watts per square meter
by the human body surface area in square meters and the
exposure time, expressed in seconds. The ‘±’ sign indi-
cates that the heat from the body can be not only dispersed
into the environment, but also taken up by the body from
the environment.

In a hot climate, it is desirable for a human body
to effectively transfer excess heat to the environment.
Given a wide variety of thermoregulatory mechanisms
included in the heat balance equation, the living organ-
isms have sufficient room for maneuver and can use
heat transfer mechanisms in various situations. The body
defends itself against harmful heat accumulation by try-
ing to release its excess to the external environment. If
the conditions are favorable and the skin surface tem-
perature (tsk) exceeds the air temperature (ta) and the
radiation temperature (tr), heat energy can be trans-
ferred outside via convection and radiation. Sweating
begins when air temperature exceeds 28–32 °C (or dur-
ing a significant physical effort regardless of the ambient
temperature) [1–4].

In a hot environment, body heat is mainly lost through
evaporation. The effectiveness of this process depends on
the vapor pressure contained in the air, i.e., indirectly on
the relative humidity and air temperature. In particularly
unfavorable conditions of a hot and humid environment,
evaporation is limited or may not occur at all, despite
the intense secretion of sweat from the body. The con-
tent of water vapor in a hot environment is essential for
the exchange of heat between the human body and the
environment.

To assess the thermal load of the human in a hot envi-
ronment (also in the mining industry), the wet bulb globe
temperature (WBGT) index is used [5,6]. More precise
is the predicted heat strain (PHS) model which has been
developed along with Standard No. EN ISO 7933:2005 [4].

The algorithms described in EN ISO 7933:2005 annex
were validated on a data base including 747 laboratory
experiments and 366 field experiments from eight research
laboratories lead by Malchaire [7–9]. Table 1 presents the
ranges of conditions for which the PHS model can be
considered validated.

Table 1. Ranges of validity of the predicted heat
strain model [4].

Parameter Range

ta (°C) 15–50
pa (kPa) 0–4.5
V (m/s) 0–3
M (W) 100–450
I cl (clo) 0.1–1.0

Note: I cl = thermal insulation of clothing;
M = metabolic rate; pa = partial pressure of water
vapor; ta = air temperature; V = air velocity.

The PHS program allows for tracking the response of
the human body to individual physical parameters of a hot
environment. Its aim is to assess thermal loads affecting a
human working in a hot environment, and in particular to
simulate thermal loads.

The assessment, according to the PHS program, is
based on the thermal balance and predicted values of
physiological variables resulting from calculations, which
determine the state of a human body after the lapse of a
specific amount of time. The following parameters are of
crucial importance for the thermal load assessment: core
temperature (tcr), the expected acceptable exposure time,
equivalent to the time needed to reach the temperature of
tcr = tre = 38 °C in the core (cr) or rectum (re) considered
to be a safe health exposure time, and mass of secreted
sweat. Calculations are based on the dataset containing
information on physical parameters of the environment
where work is to be performed and on the metric param-
eters of the employee to perform such work, including the
height and mass of the body, the metabolic rate and phys-
ical work (power load), thermal insulation of the clothing
used, etc.

It is assumed that physiological parameters of a person
who is to start work are set at the rest level, including the
body temperature tcr at about 37 °C and the mean skin sur-
face temperature tsk at about 34 °C. The results from the
calculations illustrate the variability of the selected phys-
iological parameters as a function of time influenced by
various combinations of changing safe values of micro-
climate parameters, the metabolic rate or clothing used.
The PHS program used for computational simulation in
this article was created as part of the RESCLO project
(in which the aim of the study was the problem of ther-
mal load of mine rescuers) based on the assumptions of
Standard No. EN ISO 7933:2005 and the authors’ own
research [10].

The purpose of this article was to show how the air
humidity modifies the time of performing work in a hot
environment. The calculation simulations of thermal bal-
ance (PHS model) are presented on the basis not only of
the selected condition (which showed a direction of the
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change) but also an extreme conditions climate using real
data from the literature.

2. Human heat exchange in a hot and dry
environment

Air temperature is considered the leading factor in the heat
exchange between the human body and the environment.
The curiosity about how long the human can withstand
high temperatures without detriment to health and what is
the upper borderline compelled some individuals to make
risky experiments.

2.1. How to stay alive in extreme thermal conditions
(Dr Ch. Blagden’s historical studies)

On 16 February 1774, at a meeting of the Royal Society in
London, Dr Charles Blagden gave a speech on the effects
of exposure to extremely high ambient temperatures on the
human body. He based his talk on a series of experiments
he conducted where he subjected himself and his dog to
enormously hot temperatures by staying for 45 min in a
room at 126 °C. The dog was resting in the basket to pro-
tect his paws from burning in case of direct contact with
the ground. In addition, Dr Blagden took a raw steak to
the study room. The experiment did not have any adverse
health effect on the researcher or his dog, while the steak
was cooked to the extent that it could be consumed [11,12].
Human tolerance of such high ambient temperatures has
been confirmed in detailed studies by modern physiolo-
gists. In one such experiment, producing a similar effect to
that performed by Dr Blagden, volunteers were subjected
to a temperature of 129 °C for 20 min. In the context of the
facts quoted here, the biblical story of the three youngsters
thrown at the instructions of King Nebuchadnezzar into the
fiery furnace seems to take on a real dimension [13].

What made it possible for the man and his dog to with-
stand such extreme temperatures without any detriment to
their health for so long? The answer lies in the physical
properties of the surrounding air. It can be stated with abso-
lute certainty that the air was very dry, and when air is dry,
it is a bad conductor of heat, but above all it creates excep-
tionally good conditions for the process of its reception,
especially efficient and used by some living organisms,
namely, perspiration.

The maximum content of water vapor in the air
depends exponentially on its temperature. At full satura-
tion, i.e., 100% humidity, air temperature of 126 °C con-
tains 1298.5 g/m3 of water vapor, and its partial pressure
reaches 242.25 kPa. It can be assumed with high probabil-
ity that in the experimental conditions the relative humidity
of the ambient air was only about 1%. This corresponds to
the steam pressure of 2.4 kPa, i.e., 100 times less than in
the state of saturation; in 1 m3 of air there is 100 times less
water vapor, less than 13 g.

These conditions allow shedding of excess heat from
the human skin, although intense perspiration is hardly per-
ceptible as the skin appears to be dry. Energy necessary to
the perspiration process is provided by surrounding hot and
dry air. This is called exogenous heat coming from outside
the body. Let us assume that the surface skin tempera-
ture tsk of a person staying under these ambient conditions
changed over time from about 36 to 40 °C (tsk = 43 °C
is considered acceptable in a hot environment) and skin
humidity at its surface was 100% due to the sweating pro-
cess [4]. Then, the water vapor pressure on its surface
changed from 5.95 to 7.38 kPa. It was therefore 2.5–3 times
higher than the water vapor pressure in the ambient air,
which was 2.4 kPa. The difference in pressure between
the environment and the skin caused intensive evapora-
tion of sweat from the skin surface. This phenomenon was
triggered by a high energy necessary for this process to
occur.

The body of an average healthy person can secrete
between 1.0 and 1.25 L of sweat within 1 h. The total
evaporation of the sweat volume from the skin surface
within the hour absorbs power equal to 694–868 W. Over
the course of 45 min and in the thermal environment where
Dr Blagden’s experiment took place, evaporation of about
0.94 kg of sweat absorbed 2420 kJ/kg × 0.94 kg ≈ 2269 kJ
(heat of evaporation of sweat is 2420 kJ/kg). If this energy
was not used for evaporation of sweat, then the value by
which the temperature of a human body with a mass of,
e.g., 75 kg could increase by that time would amount to
2269 × 103 J/75 kg / 3490 J/(kg °C) = 8.7 °C. The value of
3490 J/kg °C expresses the value of the specific heat of the
body of the mammal. As already mentioned, an increase of
body temperature by 1.0–1.5 °C and keeping the internal
temperature at 38 °C is considered safe for health [1–4]. If
it was not for evaporative cooling, thermal energy from the
external environment deposited in the human body would
cause Dr Blagden’s death after about 31 min, assuming a
linear increase in body temperature. The body tempera-
ture would then reach approximately 43 °C. There remains,
however, the issue of the dog, which, as it is known, does
not sweat, but survived the experiment in health thanks to
the process of panting, i.e., heat loss in a hot environment
due to evaporation occurring from the respiratory tract and
a tongue wet with saliva.

This described case of the extreme impact of hot and
dry environment on living organisms corresponds to spe-
cial values of ambient temperature, which by far exceed the
body temperature of living beings and extreme conditions
of the natural environment in which they exist.

A human can be subjected to less spectacular cases of
extreme high temperatures in real life, namely in ambient
conditions of desert areas, which currently account for 12%
of the land area. But given global warming, such high tem-
perature areas may grow and, in the not too distant future,
also encompass some larger cities.
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2.2. Computational simulation for a human in a
resting state in desert conditions (hot and dry)

To illustrate how a human can adapt to the conditions of
the desert climate (hot and dry), calculations were made in
accordance with Standard No. EN ISO 7933:2005 [4].

The following environmental conditions were assumed:
air temperature ta = 50 °C, radiation temperature in shade
tr = 50 °C, partial pressure of water vapor p = 1.23 kPa,
relative humidity RH = 10%, air velocity V = 0.2 m/s.
The metabolic rate was assumed at M = 80 W/m2, which
corresponds to low physical activity in the sitting posi-
tion (resting state). Thermal insulation of clothing was
assumed at I cl = 0.6 clo (underwear, short-sleeved shirt,
light trousers, socks, shoes, headgear). The calculations
were made for the time interval of 0–480 min.

The results of the calculations made according to Stan-
dard No. EN ISO 7933:2005 [4] and presented in Figure 1
show that skin surface temperature tsk and core tempera-
ture tre stabilized over time, after about 50 min of expo-
sure to desert environment conditions. This shows that a
human body reached equilibrium with the environment,
as evidenced by the steady values of tsk = 35.1 °C and
tre = 37.24 °C that persisted over time. For the condition
of equilibrium to be maintained, it is necessary that a
human continues to have unrestricted access to drinks that
supplement sweat loss, stays in the shade, is exposed to
unchanged ambient conditions and refrains from physical
activity [14–16].

Figure 2 shows the analysis of heat exchange between
the human body and the environment based on the thermal
balance equation [1]. The metabolic rate transformations
occurring in the body are a source of endogenous

heat expressed by the power flux with a density of
M = 80 W/m2, corresponding to a resting state. The skin
surface temperature and the core temperature remain lower
than the ambient temperature, so the heat is delivered to the
body from the environment.

Most heat is delivered to the body via radiation (R). The
radiation stream/flux has a power density of −48.5 W/m2.
The minus sign means the flow of heat from the envi-
ronment to the human body. Slightly less heat is gained
by the phenomenon of convection, C = −39.4 W/m², i.e.,
the inflow of heat coming from the air at a tempera-
ture of ta = 50 °C surrounding a relatively cooler human
body. As a result of breathing in air with a temperature
higher than the air temperature in the lungs, the body
receives heat with a power density of Cres = −1.8 W/m².
Together with the endogenous heat of M = 80 W/m²,
the body is supplied with power from the outside of
(M ) 80 W/m² + (R) 46.5 W/m² + (C) 39.4 W/m² + (Cres)
1.8 W/m² = 167.7 W/m² of the skin surface. Thus, the
body can achieve the state of thermal equilibrium with
the environment if the heat flow with a power density of
167.7 W/m² is dispersed into the environment due to evap-
oration of sweat and evaporation of water from the respi-
ratory tract. Low humidity in the surrounding dry desert
environment (partial pressure of water vapor 1.23 kPa;
RH = 10%) creates favorable conditions for evaporation
of water. The calculation of the heat balance shows that
the density of the power flow needed for the available
amount of sweat to evaporate equals E = 160.4 W/m², and
the heat loss due to evaporation of water from the airways
is Eres = 7.3 W/m², which balances out the amount of heat
entering the body.

Figure 1. Core temperature (tre, °C) and skin surface temperature (tsk, °C) variability over time for a human body in a hot environment
at a temperature ta = tr = 50 °C, RH = 10%, V = 0.2 m/s, at resting state M = 80 W/m2, in clothing with thermal insulation
I cl = 0.6 clo, having unrestricted access to drinks.
Note: Authors’ own simulation by the predicted heat strain program. M = metabolic rate; RH = relative humidity; ta = air
temperature; tr = radiation temperature; tre = rectum core temperature; V = air velocity.
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Figure 2. Variability of the thermal balance components over time of C (convection), R (radiation), Cres (convection through
respiration), Eres (evaporation by respiration) and E (evaporation) of a human body in a hot environment with temperature
ta = tr = 50 °C, RH = 10%, V = 0.2 m/s, at rest M = 80 W/m2, in clothing with thermal insulation I cl = 0.6 clo, having unrestricted
access to drinks.
Note: Numerical values for: C, R, Cres, Eres and E (W/m²) are shown on the right edge of the figure (authors’ own simulation by the
predicted heat strain program). M = metabolic rate; RH = relative humidity; ta = air temperature; tr = radiation temperature; V = air
velocity.

2.3. Computational simulations for a physically active
human in desert conditions (hot and dry)

In order to check the preservation of the adaptation capa-
bilities of a human performing physical activity in desert
conditions, the metabolic rate was increased and assumed

to be M = 130 W/m2, which corresponds to marching
without load on a flat terrain at a speed of 2.5 km/h. The
environmental conditions and clothing are the same as in
the previous example. An artificial assumption has been
made that the air temperature is equal to the radiation

Figure 3. Variability/variations over time in rectum core temperature (tre, °C) and skin surface temperature (tsk, °C) of a human body
in a hot environment with temperature ta = tr = 50 °C, RH = 10%, V = 0.2 m/s, with the metabolic rate at M = 130 W/m2, in
clothing with thermal insulation I cl = 0.6 clo, having unlimited access to drinks.
Note: Authors’ own simulation by the predicted heat strain program. M = metabolic rate; RH = relative humidity; ta = air
temperature; tr = radiation temperature; V = air velocity.
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temperature. The calculations were made for the time
interval of 0–480 min.

The results of the calculations are shown in Figure 3.
There is an increase over time in the skin surface tem-
perature tsk and core temperature tre, due to the thermal
imbalance of the human body with the environment.

After exposure to the desert environment for 130 min,
the core temperature reached the threshold value of
tre = 38 °C, despite unlimited access to drinks that sup-
plement the loss of sweat. In this case, the heat loss due
to the evaporation of sweat is not sufficient to maintain
the heat balance with the environment. Given an increased
metabolic rate resulting from a greater physical activity
and increased secretion of endogenous heat, the body heat
accumulation is faster than the rate of its dispersion into the
environment. In this case, thermal balance can be restored
after physical exertion has been reduced, i.e., lowering the
metabolic rate and having a rest in the shade or moving
to a cooler environment [14–16]. In natural desert condi-
tions, usually tr > ta. Therefore, the increase in tsk and tre
in time would be higher in real conditions than shown in
Figure 3, and the time of reaching tre = 38 °C would be
shorter.

3. Heat transfer in a hot and humid environment
The process of heat emission to the environment caused
by evaporative cooling is stopped when the water vapor
pressure on the skin surface becomes equal to the water
vapor pressure in the environment. If the conditions in the
room were those from the 1774 experiment (air tempera-
ture set at 126 °C) and the partial water vapor pressure was
5.59 kPa (RH = 2.5%) or 7.38 kPa (RH = 3%), the sweat
evaporation process from Dr Blagden’s skin surface would
have been effectively blocked. The experiment would have
lasted only several dozen seconds or a few minutes, with
the possible effect of scalding the surface of the exposed
skin of the researcher.

3.1. The case of the silver and gold mines in Naica
In April 2000, miners working in the former silver and
gold mine at Naica in Mexico accidentally discovered the
Crystal Cave [17]. It lies almost 300 m below the sur-
face of the Earth and contains unique selenite crystals.
The largest crystals are over 11 m long and weigh approxi-
mately 55 tons. The environmental conditions where crys-
tals are present, in a form that does not change over time,
are lethal for people. The temperature reaches 65.5 °C
and air humidity is 100%. The entrance to the cave has
been secured with steel gates. This precaution has been
put in place to keep environmental conditions unchanged,
and to protect the crystals against their destruction but
also for fear of attempts to steal them. Despite this pro-
tection, one of the miners entering such an ‘aggressive’
environment probably did not realize the consequences of

his deed. His body, much colder than the environment,
became the object on which the vapor contained in the air
began to condense rapidly. At 65.5 °C and relative humid-
ity RH = 100%, the water vapor pressure is 25.6 kPa,
whereas inside the human lungs, at a temperature of about
38 °C and 100% saturated with water vapor, it reaches
6.6 kPa. Thus, the pressure of water vapor in the environ-
ment exceeded 3.9 times the vapor pressure in the air filling
the lungs. The intensive condensation of water vapor in the
lungs was probably the main cause of the rapid death of the
miner. One could say that the miner drowned in his own
breath.

This described situation clearly shows that a hot and
humid environment creates more serious problems for liv-
ing organisms compared to the dry environment and the
lack of access to drinking water. This is due to the fact
that in a hot environment, high humidity impairs the trans-
fer of heat from the human body. Such thermal conditions
pose a particular hazard to workers in the hot working
environment of deep mines [18–21].

3.2. Computational simulations for a human in a
resting state in conditions with low air flow (hot
and humid)

Thermal values ta = tr = 50 °C were used to calculate the
heat balance, the same as in the example discussed in
Section 2.2. However, the relative humidity was increased
from RH = 10% to RH = 70% (water vapor pressure
pa = 8.6 kPa). The values of the other parameters did
not change, i.e., V = 0.2 m/s, M = 80 W/m2 and thermal
insulation of clothing I cl = 0.6 clo.

An increase of the relative air humidity from 10 to
70% upsets thermal equilibrium between the body and the
environment. Such imbalance of thermal conditions effec-
tively blocks sweat evaporation. As shown in Figure 4,
the body temperature reached tre = 38 °C, hence the safe
exposure time for human health is 23 min. In such ther-
mal conditions, fluid supplementation is irrelevant for the
heat balance between the human body and the environment
because sweat exuded in profuse quantities will not evap-
orate and the water loss from the body will be small at this
time.

Metabolic changes in the body are a source of
endogenous heat, expressed by the power flux with
a density of M = 80 W/m². The surface skin temper-
ature and the core temperature remain lower than the
ambient temperature and increase over time, because
exogenous heat is delivered to the body. At the 35th
minute of exposure to the environment under con-
sideration, a human body is affected by heat flux
with a density of R = −40.3 W/m², C = −33.0 W/m²,
Cres = −1.2 W/m² and Eres = −1.5 W/m² (Figure 5).
Together with endogenous heat of 80 W/m², a ther-
mal power flux density is supplied to the body:
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Figure 4. Variability over time of core temperature (tre, °C) and skin surface temperature (tsk , °C) of a human in a hot environment at a
temperature ta = tr = 50 °C, RH = 70%, V = 0.2 m/s, at rest M = 80 W/m2, in clothing with thermal insulation I cl = 0.6 clo, having
unrestricted access to drinks.
Note: Authors’ own simulation by the predicted heat strain program. M = metabolic rate; RH = relative humidity; ta = air
temperature; tr = radiation temperature; V = air velocity.

Figure 5. Variability over time of the thermal balance components of C (convection), R (radiation), Cres (convection through
respiration), Eres (evaporation by respiration) and E (evaporation) for a human in a hot environment with temperature ta = tr = 50 °C,
RH = 70%, V = 0.2 m/s at rest M = 80 W/m2, in clothing with thermal insulation I cl = 0.6 clo, having unrestricted access to drinks.
Note: On the right edge of the figure there are numerical values for C, R, Cres, Eres and E (W/m²) (authors’ own simulation by the
predicted heat strain program. M = metabolic rate; RH = relative humidity; ta = air temperature; tr = radiation temperature; V = air
velocity.

(M ) 80 W/m² + (R) 40.3 W/m² + (C) 33.0 W/m² + (Cres)
1.2 W/m² + (Eres) 1.5 W/m² = 156 W/m². A human body
would be able to achieve the state of thermal equilibrium
with the environment by the 35th minute of exposure if
the heat flux supplied to the body with a power density
of 156 W/m² could be dispersed into the environment by

evaporation of sweat and evaporation of water from the
respiratory tract. Meanwhile, heat losses associated with
evaporation are E = 0 W/m², while Eres is −1.5 W/m².
High humidity in the surrounding environment RH = 70%
prevents evaporation of sweat and moisture from the respi-
ratory tract.
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3.3. Computational simulations conducted for a
physically active human in conditions with low air
flow (hot and humid) – Amazon Rainforest

Conditions specific for the forested regions of the Amazon
Rainforest were adopted to make computational simula-
tion of the thermal balance, i.e., ta = 37 °C, pa = 4.43 kPa,

RH = 70.6%, V = 0.2 m/s, M = 150 W/m2, W = 30 W/
m2 and thermal insulation of clothing I cl = 0.4 clo [22].

The analysis presented in Figure 6 shows a lack of
thermal balance between the human body and the environ-
ment. Given that the core temperature of tre = 38 °C was
reached, the exposure time should be limited to 73 min.

Figure 6. Variability over time in rectum core temperature (tre, °C) and skin surface temperature (tsk, °C) of a human in a hot and
humid environment (Amazon Rainforest) with a temperature ta = tr = 37 °C, RH = 70.6%, V = 0.2 m/s, with the metabolic rate
M = 150 W/m2, load 30 W/m2, in clothing with thermal insulation I cl = 0.4 clo, with unlimited access to drinks.
Note: Authors’ own simulation by the predicted heat strain program. M = metabolic rate; RH = relative humidity; ta = air
temperature; tr = radiation temperature; V = air velocity.

Figure 7. Course of variation/variability over time of the rectum core temperature (tre, °C) and skin surface temperature (tsk , °C) of a
human in a hot and humid environment (Amazon Rainforest) with a temperature ta = tr = 37 °C, RH = 70.6%, V = 1.5 m/s, with the
metabolic rate M = 150 W/m2, load 30 W/m2, in clothing with thermal insulation I cl = 0.4 clo, with unlimited access to drinks.
Note: Authors’ own simulation by the predicted heat strain program. M = metabolic rate; RH = relative humidity; ta = air
temperature; tr = radiation temperature; V = air velocity.
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Figure 8. Variability over time in rectum core temperature (tre, °C) and skin surface temperature (tsk, °C) for a human in a hot and
humid environment (Ghana) with temperature ta = 31.8 °C, tr = 49.8 °C, RH = 69.4%, V = 1.9 m/s, with the metabolic rate
M = 150 W/m2, power load 30 W/m2, in clothing with thermal insulation I cl = 0.4 clo, having unrestricted access to drinks.
Note: Authors’ own simulation by the predicted heat strain program. M = metabolic rate; RH = relative humidity; ta = air
temperature; tr = radiation temperature; V = air velocity.

Under these conditions, employees should be given unlim-
ited access to drinks.

3.4. Computational simulations conducted for a
physically active human in conditions with
noticeable air flow (hot and humid) – Amazon
Rainforest

For more intensive air flow in the condition charac-
teristic of the Amazon Rainforest climate, the follow-
ing environmental conditions were adopted: ta = 37 °C,
pa = 4.43 kPa, RH = 70.6%, V = 1.5 m/s, M =
150 W/m2, W = 30 W/m2 and thermal insulation of cloth-
ing Icl = 0.4 clo [22].

The analysis presented in Figure 7 shows the ther-
mal balance between the human body and the environ-
ment. An increase in the air velocity from V = 0.2 m/s
to V = 1.5 m/s effectively improved working conditions.
The exposure time under these conditions can last up to
480 min. However, employees must be given unlimited
access to drinks.

3.5. Computational simulations for a physically active
human in conditions with higher air flow (hot and
humid) – Ghana

Environmental conditions specific for Ghana and described
by McNeill [23] were adopted to make computa-
tional simulations. These were as follows: ta = 31.8 °C,
tr = 49.8 °C, pa = 3.26 kPa, RH = 69.4%, V = 1.9 m/s,
M = 150 W/m2, W = 30 W/m2 and thermal insulation of
clothing I cl = 0.4 clo (Figure 8).

The analysis of variability over time of the core temper-
ature and the surface skin temperature tsk (Figure 8) shows
the thermal equilibrium between the human body and the
environment. The exposure time under these conditions
can be considered unlimited, i.e., 8 h, since the threshold
value of tre = 38 °C is not reached. However, employees
must have access to drinks.

4. Summary
This article places special emphasis on the significance
of the impact of air humidity expressed by water vapor
pressure (not only by relative humidity) in relation to the
value prevailing inside the human lungs. The computa-
tional simulations presented in the article were developed
on the basis of the PHS program according to Standard No.
EN ISO 7933:2005 [4]. They illustrate the human body
response to the extreme conditions of hot and dry or hot
and humid environments.

Table 2 summarizes the input data and results of simu-
lation calculations carried out using the PHS program.

4.1. Hot and dry environment
In desert conditions at an ambient temperature of 50 °C,
with low air movement (V = 0.2 m/s), the skin surface
temperature tsk and the core temperature tre of a human in
the resting state (M = 80 W/m2) (Table 2, no. 1) stabilized
over time at a health-safe level already after about 50 min
of exposure to a desert environment. This indicates that
the human body reached thermal balance with the envi-
ronment. To maintain such a condition of equilibrium, a
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Table 2. Summary of simulation calculations according to the predicted heat strain program.

Input data Output data

No.
Section in
this article ta (°C) tr (°C) pa (kPa) RH (%) V (m/s) M (W/m2) W (W/m2) I cl (clo) Time to reach tre = 38 °C (min)

1 2.2 50.0 50.0 1.23 10.0 0.2 80 – 0.6 480 (tre = 38 °C not reached)
2 2.3 50.0 50.0 1.23 10.0 0.2 130 – 0.6 130
3 3.2 50.0 50.0 8.63 70.0 0.2 80 – 0.6 23
4 3.3 37.0 37.0 4.43 70.6 0.2 150 30 0.4 73
5 3.4 37.0 37.0 4.43 70.6 1.5 150 30 0.4 480 (tre = 38 °C not reached)
6 3.5 31.8 49.8 3.26 69.4 1.9 150 30 0.4 480 (tre = 38 °C not reached)

Note: I cl = thermal insulation of clothing; M = metabolic rate; pa = partial pressure of water vapor; RH = relative humidity; ta = air
temperature; tr = radiation temperature; tre = rectum core temperature; V = air velocity; W = work power.

human needs to have access to drinks to supplement sweat
loss, stay in the shade, refrain from physical activity and
be exposed to unchanged conditions of the surrounding
microclimate.

In conditions of a desert climate, but during physi-
cal activity corresponding to marching without any load
(M = 130 W/m2) (Table 2, no. 2) that causes an increase
of endogenous heat, the body heat accumulation grows
at a rate faster than can be dispersed into the environ-
ment. After 130 min of exposure to the desert environ-
ment, the core temperature reached the threshold value of
tre = 38 °C, despite unlimited access to drinks that supple-
ment the loss of sweat. In this case, the heat loss due to
the evaporation of sweat is not sufficient to maintain the
heat balance of the body with the environment and a return
to thermal equilibrium is possible either after reduction of
the physical effort, i.e., a reduction of the metabolic rate
and rest in the shade or after changing the environment to
a cooler one.

4.2. Hot and humid environment
In an ambient air temperature of 50 °C, low air flow
velocity (V = 0.2 m/s) and relative humidity of 70%, the
safe exposure time for a resting human (M = 80 W/m2)
(Table 2, no. 3) is only 23 min. Such a short time limit
is caused by lack of evaporation of sweat, as evaporative
cooling is blocked under these conditions. In the case of
hot climate conditions (37 °C) with RH = 70.6% and low
air flow velocity (V = 0.2 m/s) (Table 2, no. 4), the expo-
sure time for a human with metabolic rate M = 150 W/m2,
loaded with W = 30 W/m2, is 73 min. This is the time
limit before the body temperature safety limit (38 °C) is
reached. High humidity in the surrounding environment
(RH = 70%) blocks evaporation of sweat and water from
the respiratory tract.

At an unchanging ambient temperature of 37 °C, an
increase of the airflow velocity from 0.2 m/s (Table 2,
no. 4) to 1.5 m/s (Table 2, no. 5) effectively improved the
working conditions. The exposure time under these con-
ditions can last up to 480 min. However, with ambient air

temperature at 31.8 °C, 69.4% humidity and air velocity
at 1.9 m/s (Table 2, no. 6), a physically active human
(150 W/m2) will need about 50 min to reach thermal equi-
librium with the environment. The stabilization of the core
temperature indicates that the exposure time under these
conditions (480 min) can be considered unlimited pro-
vided there is constant access to drinks and microclimate
parameters remain unchanged.

5. Conclusions
A hot and dry environment, demanding and difficult as
it is, creates the possibility of moderate physical activity
(with unrestricted access to drinking water) with no health
hazards. The results of the calculations show that a hot
and dry environment (50 °C air temperature and 10% rela-
tive humidity) allows physical activity (with metabolic rate
130 W/m2) for over 120 min.

Despite access to drinking water, a hot and humid envi-
ronment causes more serious problems to living organisms
than a dry environment. The results of the calculations
show that a hot and humid environment (50 °C air tem-
perature and 70% relative humidity) allows low physical
activity for only 23 min.

The high partial pressure of water vapor contained in
the air has a decisive influence on the heat exchange condi-
tions in a hot environment. It limits or prevents lowering of
the body temperature by the most effective heat exchange
process in these conditions, namely, evaporation of sweat
from the skin. In these circumstances, any chance of phys-
ical activity is only possible in conditions of intense air
flow.

The results of the described observations, tests and sim-
ulations can be important in the development of a system
to improve working conditions in deep mines, which are
characterized by high temperature and humidity.
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University of Technology; 2017. p. 19–20.

[11] Blagden C. Experiments and observations in a heated room
by Charles Blagden, M.D.F.R.S. Philos T R Soc London.
1775;65:111–123. Available from: http://www.jstor.org/sta
ble/106183. doi:10.1098/rstl.1775.0013

[12] Blagden C. Further experiments and observations in
a heated room by Charles Blagden, M.D.F.R.S. Phi-
los T R Soc London. 1775;65:484–494. Available from:
http://www.jstor.org/stable/106218. doi:10.1098/rstl.1775.
0048

[13] Book of Daniel, Chapter 3 [Internet]. [cited 2019 Dec 12].
Available from: https://www.bible-studys.org/Bible%20
Books/Daniel/Daniel%20Chapter%203.html

[14] Havenith G, van Middendorp H. The relative influence
of physical fitness, acclimatization state, anthropomet-
ric measures and gender on individual reactions to heat
stress. Eur J Appl Physiol. 1990;61:419–427. doi:10.1007/
BF00236062

[15] Havenith G, Coenen JM, Kistemaker L, et al. Rele-
vance of individual characteristics for human heat stress
response is dependent on exercise intensity and climate
type. Eur J Appl Physiol Occup Physiol. 1998;77(3):231–
241. doi:10.1007/s004210050327

[16] Parson KC. Human thermal environments. The effect of hot,
moderate and cold environments on human health, com-
fort and performance. 3rd ed. New York (NY): CRC Press;
2014.

[17] Lovgren S. Giant Crystal Cave’s mystery solved. National
Geographic [Internet]; 2007 Apr 6. Available from:
http://news.nationalgeographic.com/news/2007/04/070406
-giant-crystals.html

[18] Havenith G, Luttikholt VGM, Vrijkotte TGM. The rel-
ative influence of body characteristics on humid heat
stress response. Eur J App Physiol. 1995;70:270–279.
doi:10.1007/BF00238575

[19] Wacławik J, Branny M. Numerical modeling of heat
exchange between a human body and the environment. Arch
Min Sci. 2014;49:223–251.

[20] Roghanchi P, Karoly C, Kocsis KC, et al. Sensitivity anal-
ysis of the effect of airflow velocity on the thermal comfort
in underground mines. J Sust Min. 2016;15(4):175–180.
doi:10.1016/j.jsm.2017.03.005

[21] Sunkpal M, Roghanchi P, Kocsis KC. A method to protect
mine workers in hot and humid environments. Safety Health
Work. 2018;9(2):149–158. doi:10.1016/j.shaw.2017.06.011

[22] Dessureault P. Heat stress in Amazonia. In: Malchaire J, edi-
tor. BIOMED ‘Heat’. Proceedings of the conference of the
Evaluation and Control of Warm Thermal Working Con-
ditions; 1999 Jun 14–15; Barcelona. Brussels: Université
catholique de Louvain; 1999. p. 15–16.

[23] McNeill M. Investigation into heat stress in subsistence
agriculture in Ghana. In: Malchaire J, editor. BIOMED
‘Heat’. Proceedings of the conference of the Evaluation
and Control of Warm Thermal Working Conditions; 1999
Jun 14–15; Barcelona. Brussels: Université catholique de
Louvain; 1999. p. 17–18.

http://orcid.org/0000-0002-8088-3215
http://orcid.org/0000-0002-9218-9781
http://orcid.org/0000-0002-9218-9781
http://orcid.org/0000-0002-2902-575X
http://orcid.org/0000-0003-3102-8869
https://www.cdc.gov/niosh/docs/2016-106/default.html
http://www.deparisnet.be/chaleur/Livres/Malchaire%20symposium%20Barcelone%20abstracts.pdf
https://doi.org/10.1007/s004200050420
https://doi.org/10.1016/S0003-4878(00)00030-2
http://www.jstor.org/stable/106183
https://doi.org/10.1098/rstl.1775.0013
http://www.jstor.org/stable/106218
https://doi.org/10.1098/rstl.1775.0048
https://www.bible-studys.org/Bible%20Books/Daniel/Daniel%20Chapter%203.html
https://doi.org/10.1007/BF00236062
https://doi.org/10.1007/s004210050327
http://news.nationalgeographic.com/news/2007/04/070406-giant-crystals.html
https://doi.org/10.1007/BF00238575
https://doi.org/10.1016/j.jsm.2017.03.005
https://doi.org/10.1016/j.shaw.2017.06.011

	1. Introduction -- human heat balance
	2. Human heat exchange in a hot and dry environment
	2.1. How to stay alive in extreme thermal conditions (Dr Ch. Blagden's historical studies)
	2.2. Computational simulation for a human in a resting state in desert conditions (hot and dry)
	2.3. Computational simulations for a physically active human in desert conditions (hot and dry)

	3. Heat transfer in a hot and humid environment
	3.1. The case of the silver and gold mines in Naica
	3.2. Computational simulations for a human in a resting state in conditions with low air flow (hot and humid)
	3.3. Computational simulations conducted for a physically active human in conditions with low air flow (hot and humid) -- Amazon Rainforest
	3.4. Computational simulations conducted for a physically active human in conditions with noticeable air flow (hot and humid) -- Amazon Rainforest
	3.5. Computational simulations for a physically active human in conditions with higher air flow (hot and humid) -- Ghana

	4. Summary
	4.1. Hot and dry environmentQ21
	4.2. Hot and humid environment

	5. Conclusions
	Disclosure statement
	Funding
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


