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У статті наведено математичну модель терморегуляції людини у теплій воді і результати впливу теплої води на людину 
в умовах спокою та фізичного навантаження. Розглянуто діапазон занурення у воду від 35 °C до 38 °C. Модель реалізовано 
у вигляді зручного для користувача комп’ютерного симулятора. Модель дає прогнози на основі даних про людину, швидко-
сті метаболізму, умов навколишнього середовища та біофізики одягу. За результатами моделювання зроблено висновок, 
що занурення людини в теплу воду — це стрімкий, швидкий за часом процес, що вимагає жорсткого контролю. Порівняння 
результатів моделювання з вимірами на добровольцях підтвердило ці дані. Показано, що динаміка нагріву людини істотно 
залежить від температури води та часу занурення. Під час короткочасного занурення навіть за високої температури води 
немає загрози перегрівання людини, однак тривалість занурення може призвести до перегрівання.
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Background. This paper describes the mathematical model for human thermoregulation in warm water and demonstrates 

results for impact of warm water immersion in man during resting conditions and exercises. The purpose of the work is to 
describe a mathematical model of human thermoregulation in warm water and demonstrate the effects of immersion in 
warm water on a person under conditions of rest and exercise.

Materials and methods. Model is realized as friendly user computer simulator. The model makes prediction based on 
the human data, metabolic rate, environmental conditions and clothing biophysics. 

Results. Modeling resulted in the conclusion that human immersion in warm water is the rapid time process demanding 
severe control. Comparison of modeling results with measurements in volunteers approved these data. It was demonstrated 
that dynamics of human heating is highly sensitive to residence time in water. Model predicted main significant effect 
of human exercises on thermoregulatory responses and human temperatures in different warm water. Physical activity 
in warm water accelerates the time processes and gains human heating. Additional metabolic heat producing during 
performance in warm water elevates core temperature significantly.

Conclusions. Modeling showed that steady state depends on human time in water. During short time of immersion even 
at high water temperature it could be no danger of human overheating, however as human stays in water the danger of 
overheating become critical.
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Introduction. Models for prevention of health risk 
during immersion. Immersion in water is considered 
as an extreme challenge for human body. Thermal 
processes of cooling in cold water or heating in warm 
water happen rapidly. It is often critical for human 
health. The main reason of intensive dynamic changes 
of thermoregulatory processes for human in water is 
thermal productivity of water that is 25 more than air 
physical parameter.

The most of modeling researches are directed to 
study effect of immersion in cold water as it is great 
risk health [1-7]. 

Now the interest to learn impact of warm water im-
mersion is motivated in the context of global warming 
[8]. Military actions, sport events and professional 
activity demand new view to avoid overheating in 

warm water. Besides hydrotherapy is used immersion 
in warm water for healthy people [9]. 

The practical help to avoid danger for human health 
in extreme environments is mathematical modeling. It 
provides preliminary prediction of thermal responses 
for man. The most of models are related to assessment 
of hot air environmental conditions [10-12], effect of 
protective clothing [13, 14] and cold air impact in man 
[1, 15] The particular interest and the significance is 
related to modeling of human water immersion in cold 
water [4, 5]. 

Theoretical approach is based on use of mathematical 
empirical [11, 13, 16, 17] and rational models [4, 15]  
that allow to predict main physiological behavior of 
man in different environment. 

МОДЕЛИРОВАНИЕ ТЕПЛОВЫХ РЕАКЦИЙ ЧЕЛОВЕКА  
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В статье представлена математическая модель терморегуляции человека в теплой воде и приведены результаты воз-
действия теплой воды на человека в условиях покоя и физической нагрузки. Рассмотрен диапазон погружения в воду от 
35 °C до 38 °C. Модель реализована в виде удобного для пользователя компьютерного симулятора. Модель дает прогнозы 
на основе данных о человеке, скорости метаболизма, условий окружающей среды и биофизики одежды. По результатам 
моделирования сделан вывод, что погружение человека в теплую воду — это стремительный, быстрый по времени про-
цесс, требующий жесткого контроля. Сравнение результатов моделирования с измерениями на добровольцах подтвер-
дило эти данные. Показано, что динамика нагрева человека существенно зависит от температуры воды и времени по-
гружения. При кратковременном погружении даже при высокой температуре воды нет угрозы перегрева человека, однако 
длительность погружения может привести к перегреву.

Ключевые слова: биофизика, физиология, терморегуляция, погружение в воду, физическая нагрузка.

Fig. 1. Model approximation of human body
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Development and application of mathematical mod-
els is the one of possible ways to evaluate possible 
danger during immersion in warm water. 

The purpose of the work is to describe a mathemat-
ical model of human thermoregulation in warm water 
and demonstrate the effects of immersion in warm 
water on a person under conditions of rest and exercise.

Material and methods. Health risk prediction 
(HRP) model for water immersion.

Mathematical description for metabolic heat 
production, heat transferring and heat - exchange with 
environment. Human body is approximated by multi-
layered cylinders [6]. Every ij-layer (compartment) 
is related to specific organ of human body. Model 
accounts for 39 compartments (Fig. 1). 

HRP model relies on dynamic heat balance equations 
to account for exchange between cylinders, water and 
air environment. 

Metabolic heat rate, heat flows transferring by con-
duction and blood flows inside of human body, effect 
of water convection on human body, heat-exchange 
with air environment through convection, radiation and 
evaporation are based on series of dynamic equations 
where the general equation is: 

  (1)

where c – specific heat, kcal/(kg·°C), m – tissue 
mass, kg; T – temperature, °C; t – time, h; M – 
metabolic rate, kcal/h; a – thickness, m; λ –specific 
heat conductivity, kcal/(m·°C·h); ρ – density, kg/m3;  
w – blood flow, l/h; A – surface area, m2; hC – convection 
coefficient, kcal/(m2·°C·h); hR – radiation coefficient, 
kcal/(m2·°C·h); hE – evaporation coefficient, kcal/
(m2·kPa·h); P – saturated water vapour pressure, kPa; 
φ – relative humidity, %; hwater – water convection 
coefficient, kcal/(m2·°C·h); indices: i – body part,  
j – layer, b – blood, air – air, water – water, N – number 
of body parts, K – number of layers. 

Metabolic heat rate (Ma) during exercise in water is 
specific to activity level and exercise efficiency during 
human immersion in water: 

  (2)
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where M* – basal metabolic rate, kcal/h; Ma – activity 
level, kcal/h; η – exercise efficiency.

Modeling of water immersion demands additional 
description of heat exchange of human body and water 
environment [6]. 

Water convection is specific to water convection 
coefficient:

  (3)

where λwater – thermal conductivity of water, kcal/
(m·°C·h); Nu – Nusselt number; d – compartment 
diameter, m.

Equation for blood temperature is specific to heat 
flows transferring by blood flows of ij-compartments, 
cardiac output and respiratory heat loss: 

 
 (4)

where Vb – blood volume, l; Wb – cardiac output, 
l/h; V  – pulmonary ventilation, l/h; L – specific heat 
of vaporization, kcal/kg; y – humidity ratio; indices: 
ex – expired air; in – inspired air. 

Thermoregulatory responses in warm water.Ther-
mo regulatory responses account for increase of skin 
blood flow and sweating. 

In model skin blood flow is specific to core body 
and mean skin temperatures: 

  (5)

where Wsk – skin blood flow, l/h; S1 – regulator sensi-
tivity to Tbr change, l/(h·°C); S2 – regulator sensitivity 
to Tsk change, l/(h·°C); indices: * – initial value; br – 
brain; sk – skin. 

Local skin blood flows are specific to relation of 
ij-compartment surface to total body surface:

   (6)

where wij – blood flow, l/h; A –surface of ij com-
partment, m2.

During immersion in warm water sweating takes 
place but without regulatory effect as there is no 
condition to sweat evaporation. Sweat rate is specific 
to the required evaporation (E) and specific heat of 
vaporization (L).
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  (7)

where F – sweat rate, kg/h; L – specific heat of va-
porization, kcal/kg.

Theoretically required sweat evaporation preventing 
overheating in warm water is specific to core body and 
mean skin temperatures:

  (8)

where E – sweat evaporation, kcal/h; E* – insensible 
evaporation, kcal/h; S3 – regulator sensitivity to Tbr 
change, kcal/(h·°C); S4 – regulator sensitivity to Tsk 
change, kcal/(h·°C).

,EF
L

=

( ) ( )* * *
3 4 , 37.5 ,br br sk sk brE E S T T S T T T C− − − − ≥ °=

Total water losses (WL) are specific to immersion 
duration:

  (9)

where WL – water losses, kg; l – duration of resi-
dence in water, h.

Input data. Model is realized as friendly user com-
puter simulator. The model makes prediction based 
on the human data, metabolic rate, environmental 
conditions and clothing biophysics. 

According to purpose of work modeling researches 
were implemented in the following design. 

Modeling was performed for man in rests conditions 
(standing in water 140 kcal/h) and for different levels 
of physical activity in water (250 kcal/h; 350 kcal/h). 

0

( ) ,
l

WL F t dt= ∫

Fig. 2. Computer simulator: input data

Clothing is swimming shorts. Water temperature is 
35 °C, 36 °C, 37 °C and 38 °C. Duration of immersion 
is 60 min. Fig. 2 demonstrates screenshot of computer 
simulator for input data. 

Results. Effect of water temperature for human 
in rest conditions. Model predicted significant 
effect of water temperature on heating of man during 
immersion. Human immersion in warm water results 
in rapid changes of thermoregulatory responses and 
body temperatures. 

Core temperature increases according to the rise 
of water temperature and residence time. Dynamics 
of internal organs temperature for man immersed in 
warm water at temperatures of 35 °C, 36 °C, 37 °C 
and 38 °C during 60 min in rest condition is shown 
in Fig. 3. To the end of exposure internal organs tem-
perature elevated to +0.09 °C at 35 °C, + 0.29 °C at 
36 °C, + 0.78 °C at 37 °C, +1.53 °C at 38 °C of water 
temperatures. 

Internal organs temperature increases during the res-
idence time in water. Transient processes do not finish 
in 60 min at 36 °C, 37 °C, 38 °C of water temperature. 
The exception is immersion in water of 35 °C where it 
is achieved steady-state to the end of exposure. 

Skin temperature follows water temperature sharply. 
Dynamics of skin temperature in different warm water 
temperatures is shown in Fig. 4. In all water condi-
tions of human immersion skin temperature is closed 
to water temperature: +35.4 °C at 35 °C, + 36.3 °C at 
36 °C, + 37.0 °C at 37 °C, +37.9 °C at 38 °C of water 
conditions. 

The main physiological response of thermoregula-
tory system for human in warm water is the increase 
of skin blood flow. Thermal response prevents human 
body from overheating during immersion in warm 
water. Heat based by skin blood flow performs transfer 
of core metabolic heat to body surface. 
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Fig. 3. Dynamics of core temperature during human immersion in warm water of 35 °C, 36 °C, 37 °C, 38 °C in rest 
conditions 

Fig. 4. Dynamics of skin temperature during human immersion in warm water of 35 °C, 36 °C, 37 °C, 38 °C in rest 
conditions

Fig. 5. Dynamics of skin blood flow during human immersion in warm water of 35 °C, 36 °C, 37 °C, 38 °C in rest conditions
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Fig. 6. Effect of human physical activity on core temperature during immersion in water of 38 °C

Twater

Heart rate,
beats/min Total water losses, g

35 °C 84 88

36 °C 88 123

37 °C 98 528

38 °C 114 1055

Table 1
Heart rate and water losses during human immersion in resting conditions. Time – 60 min

Human responses in warm water during exercise. 
Model predicted main significant effect of human 
exercises on thermoregulatory responses and human 
temperatures in different warm water. Physical activity 
in warm water accelerates the time processes and gains 
human heating. Additional metabolic heat producing 

Fig. 5 shows modeling predictions of skin blood 
flow for human during immersion at 35 °C, 36 °C, 
37 °C and 38 °C of water temperature. It is resulted 
in significant change of skin blood flow from 44 l/h at 
35 °C, 93 l/h at 36 °C, 181 l/h at 37 °C and to 334 l/h 
at 38 °C of water temperatures. 

During immersion in warm water sweating takes 
place too however it does not perform thermoregulatory 
effect as there are no conditions for sweat evaporation. 
Dripping sweat over skin depends on water temperature 
and increases in proportion to elevation of water 

temperature. Significant water loss takes place during 
human residence in warm water. 

Model predicted total water loss to the end immersion 
in resting conditions is 88 g at 35 °C, 123 g at 36 °C, 
528g at 37 °C and 1055 g at 38 °C (Table 1). Sweat 
evaporation takes place only from human face as head 
out of the water. The heat losses are small and equal 
to13 kcal/h at 38 °C. 

Water temperature has significant main effect on 
peak of heart rate. It increases from 84 beats/min at 
35 °C to 114 beats/min at 38 °C of water temperature 
during 60 min of residence in water (Table 1). 

during performance in warm water elevates core tem-
perature significantly. 

Fig. 6 demonstrates comparative dynamics of core 
temperature rise for rest conditions and exercises of 
250 kcal/h, 350 kcal/h in extremely warm water of 
38 °C. 
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Twater

Intensity, 
kcal/h

Core
temperature, °C ΔT core,°C

35 °C

Rest 37,03 + 0,09

250 37,33 + 0,38

350 37,65 + 0,71

36 °C

Rest 37,24 + 0,29

250 37,68 + 0,74

350 38,05 + 1,11

37 °C

Rest 37,72 + 0,78

250 38,22 + 1,28

350 38,64 + 1,70

38 °C

Rest 38,47 + 1,53

250 38,96 + 2,01

350 39,38 + 2,44

Table 2
Effect of physical activity (t = 60 min)

Table 2 presents modeling data for increase of core 
temperatures during physical activity in different water 
conditions. It is shown significant effect of physical 
activity and its level on elevation of core temperature 
during immersion time. 

Fig. 7. Dripping sweat rate. Twater = 38 °C

It is important to underline on water loss that take 
place during immersion in warm water. Sweat rate 
depends as on water temperature as the activity level 
in water. Fig. 7 shows elevation of sweat rate from 
1526 g/h in rest conditions, 1942 g/h at 250 kcal/h to 
2312 g/h at 350 kcal/h. 
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Conclusions and discussion. Modeling resulted in 
the conclusion that human immersion in warm water 
is the rapid time process demanding severe control. 
Comparison of modeling results with measurements 
in volunteers approved these data [18]. 

First: human temperature is highly sensitive to water 
conditions and small rise of water temperature effects 
on elevation of body temperature.

Second: physical activity in water amplifies transient 
and steady state processes. Fig. 8 demonstrates human 

Fig. 8. Internal organs temperatures in different water conditions and different activity level. Immersion time is 60 min
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