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Abstract — Human thermal comfort is governed by six basic environmental and physiological parameters viz. air temperature, mean 

radiant temperature, air velocity, air humidity, thermal insulation of clothing and activity level of occupants. Thermal comfort can be 

achieved by many different combinations of these basic variables. The relative effect of these variables on thermal comfort is of great 

importance. It is impossible to consider the effect of any of these factors independently on thermal comfort as the effect of each of them 

and the necessary requirement depends on the level and condition of other factors. In order to investigate the relative effect of 

environmental and physiological parameters a human thermoregulatory model proposed by Fanger was employed as a tool. A detailed 

analysis was done by considering four different values of clothing insulation and two activity levels over varying environmental conditions. It 

was deduced that relative humidity made no insignificant effect on thermal comfort in the comfort zone. It was also found that under 

extreme hot and cold discomfort conditions, a small change in the climatic conditions made large effect on the thermal sensation. 

Index Terms—Air conditioning, Clothing, Environment control, Heat transfer, Model, Thermal comfort, Thermal sensation 
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1. INTRODUCTION                                                                     

HE term comfort air conditioning is referred to the 
process of controlling the environment in view of the hu-
man occupants. According to the ASHRAE standards, 

thermal comfort for a person is defined as “that condition of 
mind which expresses satisfaction with the thermal environ-
ment”. A comfortable, pleasant and healthy environment is 
essential for good living and efficient working of human be-
ing. Whenever artificial climate is created for human occu-
pants, the aim is that the thermal environment be adopted so 
that each individual is in thermal comfort. If a group of people 
is subjected to the same climate, it will not be possible due to 
biological variance to satisfy everyone at the same time. Effort 
is then made to provide and environment in which the highest 
possible percentage of the group is in thermal comfort. 
Thermal environment is a combined effect of the basic para-
meters viz. air temperature, mean radiant temperature, air 
velocity, air humidity, thermal insulation of clothing and ac-
tivity level of occupants. The first four parameters are known 
as the physical parameters while the last two are called the 
personal parameters. It is not possible to consider the effect of 
any of the parameters independently, as the thermal comfort 

is the combined effect of all variables. This fact constituted the 
idea of deriving the general comfort equation which combines 
the important governing parameters. As thermal comfort is 
the primary aim of most heating and air conditioning systems, 
considerable research is done over the years with the purpose 
of investigating comfort conditions. Thermal psychological 
models of the human body have great importance with the 
concept of local sensation and thermal comfort [12], [13]. The 
thermal sensation and comfort are mainly based on the local 
skin and core temperatures [14], [15]. 
A number of studies have been carried out as field experi-
ments, where the surrounding variables have been measured 
under practical condition and at the same time people have 
been asked to vote on their thermal sensation on suitable psy-
cho-physical scale [11]. Subsequently, results were treated sta-
tistically and most often the optimum ambient temperature 
was determined for the actual group. Thermal comfort studies 
are also carried out theoretically, by modeling the process ma-
thematically.  
To evaluate the thermal comfort and evaluate the acceptability 
of indoor environment, two nodes thermal regulation model 
was used by Azer [4] as a tool in assessing and identifying 
limits of acceptability of hot industrial environment. Lines of 
constant core temperature were plotted for one rest and three 
different industrial environments with constant clothing, ac-
tivity and air movement. Thermal sensation neutrality with 
different activities was plotted on psychometric chart for con-
stant clothing resistance and relative air velocity. Two addi-
tional categories were added by Azer et.al [3] to the thermal 
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sensation scale namely, very hot and very cold. Two new pa-
rameters namely, sweat wittedness factor and vasoconstriction 
factor were plotted and correlated with warm and cold sensa-
tion respectively. The results were plotted and correlated with 
the net number of mets and the predicted thermal sensation 
was compared with the experimental results of other research-
ers. The variation of core temperature and thermal sensation 
were plotted for different environmental conditions. 
The effect of garment design on thermal comfort under hot 
and humid condition was studied by Hasebe et al. [5]. Subjects 
were exposed to three different air velocities with three differ-
ent types of clothing ensembles in a controlled climate cham-
ber. Mean radiant temperature was equal to the air tempera-
ture and clo value was the same for all ensembles. Thermal 
sensation, mean skin temperature and evaporative heat loss 
were investigated. 
A simplified model was proposed by Burrati et al. [17] aiming 
to extend results in a wider range of clothing thermal insula-
tion (0.25 - 1.65 clo). This model was an improvement in the 
Rohles model developed in the seventies [18] which found a 
correlation between PMV, air temperature and relative humid-
ity, for sedentary activity and clothing thermal insulation 
equal to 0.6 clo. 
A more advance model was developed by Huizenga et al. [12] 
known as the UC Berkeley Thermo-physiological Comfort 
model (BTCM). The model included several improvements 
over the Stolwijk physiological model [16] from which it was 
derived. The BTCM model had 16 body segments whose areas 
correspond to a widely used electrical manikin. Each of these 
segments was simulated as four body layers (core, muscle, fat, 
and skin tissues) and a clothing layer. A separate series of 
nodes represented the transport of heat by blood flow between 
segments, including the effect of countercurrent heat exchange 
between paired arteries and veins in the limbs. 
A comprehensive review of vehicular thermal comfort models 
was done by Alahmer et.al. [19]. The study classified the in-
cabin modeling into two classes viz. human physiological and 
psychological perspectives in addition to the compartment 
zone and the human thermal manikin modeling. The effect of 
body posture and activity on thermal insulation of clothing 
was studied by Oleson et al. [7] to assign thermal insulation 
value to individual garments. The required clothing insulation 
as an analytical index of cold stress was studied and put forth 
by Holmer [8]. The index was presented to evaluate the ther-
mal stress of cold environments in terms of minimal required 
clothing insulation (Ireq) for the maintenance of an adequate 
heat balance. The minimal required clothing insulation was 
derived from a heat exchanger analysis based on heat transfer 
equations and physiological criteria available in the literature. 
The index provided an integrated measure of the combined 
effect of climate parameters and activity level and served as a 
guideline for the appropriate choice of an adequate insulation 
of clothing. The effect of air velocity on thermal comfort at 
moderate activity levels was studied by Jones et.al [6]. The 
experimental data was compared with thermal models and the 

results showed that the level of comfort that can be attained 
when exerting at 2.3 met activity levels are as high at elevated 
air velocity, than they are with relatively still air. The study 
also indicated that females are more sensitive to temperature 
than are males at the same activity level. 
In relation to the velocity of ambient air, of the important en-
vironmental parameters, study of ceiling fans as extenders of 
the summer comfort envelope, was done by Roles et.al [9]. The 
findings of the research showed that 75% comfort level is ex-
perienced at 29oC with a ceiling fan and also at 26oC at still air. 
The research concluded that the energy demand with a fan is 
equal to a difference of 3.3oC. With this approach, the use of 
ceiling fan will reduce the energy demand. 
The asymmetric thermal radiation effect on the human physio-
logical and psychological responses has been studied by Hari-
koshi [20]. Difference between right and left area operative 
temperature against the difference between right face and 
mean skin temperature were plotted. Moreover, area mean 
radiant and area operative temperature with thermal sensa-
tion vote were also plotted. 

2. MATHEMATICAL MODEL 

To develop a mathematical model of human thermoregulatory 
mechanism, the human body was represented by two concen-
tric cylinders. The inner cylinder represented the body core 
with a uniform temperature of 37oC (98.6oF) while the outer 
layer represented the clothing. The primary heat source in the 
body was metabolic heat. In addition to the conductance 
though skin and evaporation through sweat, the core also ex-
changed heat with the environment through respiration. 

 

Fig. 1: Various modes of heat flow for mathematical model of 

human thermoregulatory system 

2.1 Heat balance equations 

The heat exchange between human body and its surroundings 
may be described by the following equations. 
 

𝑀𝑐𝑟 . 𝐶𝑐𝑟
𝑑𝑇𝑐𝑟

𝑑𝑡
=  𝑀 + 𝑊 −  𝐸𝑟𝑒𝑠 − 𝐾𝑠 𝑇𝑐𝑟 − 𝑇𝑠𝑘   (1) 

𝑀𝑠𝑘 . 𝐶𝑠𝑘
𝑑𝑇𝑠𝑘

𝑑𝑡
= 𝐾𝑠 𝑇𝑐𝑟 − 𝑇𝑠𝑘  ±  𝑅 + 𝐶 − 𝐸𝑠𝑘    (2) 

387

IJSER



International Journal of Scientific & Engineering Research Volume 5, Issue 10, October-2014                                                                                  
ISSN 2229-5518 

 

IJSER © 2014 
http://www.ijser.org  

Where the symbols have their usual meanings as given in the 
nomenclature. 
 

2.1.1. Sensible and latent respiration heat loss (Eres) 

The sensible and latent respiratory energy exchange with the 
environment (Eres) is a combination of latent respiration heat 
loss (EresL) and dry respiration heat loss (EresD) and can be 
evaluated as follows [1]. 
 

𝐸𝑟𝑒𝑠 = 𝐸𝑟𝑒𝑠𝐿  + 𝐸𝑟𝑒𝑠𝐷      (3) 

The two terms in equation (3) can further be written as [1]. 

𝐸𝑟𝑒𝑠𝐿 = 0.0023𝑀(44 −  𝑅𝐻 𝑃𝑎𝑠 )    (4) 

𝐸𝑟𝑒𝑠𝐷 = 0.0014𝑀(34 − 𝑇𝑎 )    (5) 

 
2.1.2. Dry heat exchange (R+C) 

The dry heat flow by conduction through the clothing and by 
radiation and convection to or from the ambient can be calcu-
lated from the following equation found in literature [2]. 
 

 𝑅 + 𝐶 = ℎ. 𝑓𝑐𝑙  𝐹𝑐(𝑇𝑠𝑘 − 𝑇𝑜)    (6) 
 

Where h is the combined convective and radiative heat ex-
change coefficient, Fc is thermal efficiency of clothing and fcl 
is the ratio of the surface are of clothed body to that of the 
nude body. 

 

2.1.3. Skin evaporative heat loss (Esk) 

The evaporative heat loss from the skin (Esk) is governed by 
water vapor diffusion through the skin (Ediff), sweat secretion 
from the body core and the skin (SW) and maximum evapora-
tive heat loss (Emax). Water vapor diffusion through the skin 
can be calculated as follows [1]. 
 

𝐸𝑑𝑖𝑓𝑓 = 0.408(𝑃𝑠 −  𝑅𝐻 𝑃𝑎𝑠 )    (7) 
 

Where RH is the relative humidity ratio, Ps is the saturated 
water vapor pressure at skin temperature and Pas is saturated 
vapor pressure at ambient air temperature. 
The thermoregulatory sweat control (SW) is measured as 
sweat wittedness factor [3] as follows. 
 

𝑆𝑊 = ∅
 260 𝑇𝑐𝑟 −36.9 +26 𝑇𝑠𝑘−33.8  

 𝑇𝑠𝑘 −33.8 

8.5

1+0.05 33.37−𝑇𝑠𝑘  0.24   (8) 

 

Where, ∅ is the suppression factor due to skin wettedness. All 
bracketed terms in equation (8) must be positive, negative 
values are assigned a zero value. 
The maximum evaporative heat loss (Emax) from the skin sur-
face to the ambient occurs when the skin surface is 100% wet 
due to regulatory sweating and can be estimated from the fol-
lowing equation [2]. 

𝐸𝑚𝑎𝑥 = 2.2𝐹𝑝𝑐𝑙 ℎ𝑐[𝑃𝑠 −  𝑅𝐻 𝑃𝑎𝑠 ]    (9) 

 
Finally, the total evaporative heat loss from the skin (Esk) can 
be estimated as follows: 

 
𝐸 = 𝑆𝑊 + (1 − 𝑊𝑆𝑊)𝐸𝑑𝑖𝑓𝑓  if SW ≤ Emax              (10)  
 

𝐸𝑠𝑘 = 𝐸𝑚𝑎𝑥    if SW > Emax              (11)  
 

Where WSW = SW/Emax 

 

2.1.4. Skin blood flow and skin conductance (Ks) 

The skin conductance represents an overall contribution of 
thermal conductance and peripheral blood flow. Its value is 
not directly measurable but can be calculated indirectly from 
the energy balance equation. The following expression can be 
used to calculate skin conductance [3]. 

 

𝐾𝑠 =
5.3+6.75+42.45 𝑇𝑐𝑟 −36.98 +8.15 𝑇𝑐𝑟 −35.15 0.8(𝑇𝑠𝑘−33.8)

1+0.4(32.1−𝑇𝑠𝑘 )
              (12) 

 
 

2.1.5. Thermal Sensation (TS) 

As a measure for the thermal sensation the commonly used 
seven point psycho-physical ASHRAE scale [1] was modified 
by adding two additional categories [3]. The final scale is 
shown as under. 
 

Very Cold -4 

Cold -3 

Cool -2 

Slightly Cool -1 

Neutral 0 

Slightly Warm 1 

Warm 2 

Hot 3 

Very Hot 4 

 
To calculate the thermal sensation for different activities and 
environmental conditions, it is related best with vasoconstric-

tion factor (vc) for cold thermal sensation and with wetted-

ness factor (wsw) for warm sensation [3]. The actual skin 
conductance and actual wettedness can be determined by 
solving thermoregulatory model using a suitable numerical 
scheme like RK4. Using above equations, the sweat wetted-
ness and vasoconstriction factor can be related to thermal sen-
sation as follows. 
 
If Ks ≥ Kso, the thermal sensation is in hot side and can be 
calculated as: 

TS
+
 = (5.0 – 6.56(RH - 0.5)wsw                (13) 
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If Ks < Kso, the thermal sensation is in cold side and can be 
calculated as: 
 

TS
-
 = -1.46 )vc + 3.75 vc

2
 - 6.19 vc

3
                (14) 

 

3. RESULTS AND DISCUSSION 

The present work was related to the study of variation of 
thermal sensation with change in environmental conditions 
clothing and activity level. These parameters were studied 
through a numerical model of human temperature regulation 
system. The thermoregulatory model was solved using Runge-
Kutta 4 numerical scheme. Although thermal sensation is a 
combined effect of all parameters, it is necessary to know the 
effect of individual parameters. In this view, three activity 
levels were chosen viz. light activity (M=60 W/m2) medium 
activity (M=110 W/m2) and high activity (M=160 W/m2). 
 

 
Fig. 2: Comparison of model results with experimental data 
 
Plots of variation of air velocity, relative humidity and opera-
tive temperature were drawn for four different clothing. The 
clothing were chosen as nude (Icl=0.0), light clothing (Icl=0.5), 
medium clothing (Icl=1.0) and heavy clothing (Icl=1.5). 
The numerical results from the present model were compared 
with the field study data by Brager [10] as shown in Fig. 2. In 
this study survey was conducted in ten San Francisco area 
buildings at moderate activity during and winter seasons. Re-
sults were compared with the Gagge’s PMV and the comfort 
equation of Fanger. Results from the present model showed a 
good agreement with the measured field data. 
 

3.1. Effect of Relative Air Velocity 

Effect of relative air velocity can be seen in Fig. 3 for three ac-
tivity levels and for different clothing insulation values. The 
air velocity is responsible for convective heat transfer from 
body. 

 
 

 
 

 
 

 
 

Fig. 3: Effect of Air Velocity on thermal sensation at various 
clothing insulations for Low, Medium and High activity at  

RH = 40% and To = 20oC 
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The results showed that increase in air velocity shifted the 
thermal sensation towards the cold side. Moreover, the effect 
of velocity was most significant when the subject was nude. 
The reason was obvious that for a nude body, almost whole of 
the body came in contact with the surrounding air, conse-
quently, the evaporative heat transfer was high and a slight 
change in velocity lead to a high change in thermal sensation. 
As the clothing value increased the effect of velocity change 
decreased due to increased thermal insulation of body by 
clothing. It was interesting to note that at medium activity 
level, for bare body the thermal sensation was around zero, 
the change in air velocity did not make much difference. This 
is true for other parameters also when the conditions are met 
for thermal neutrality. 

3.2. Effect of Relative Humidity 

Relative humidity in the environment also plays an important 
role in determining thermal sensation for human subject. Ef-
fect of relative humidity at three activity levels and various 
clothing insulation is shown in Fig 4. It was observed that at 
low velocity level and less clothing, the relative humidity did 
not play and significant role in determining the thermal sensa-
tion. This is particularly true when the environmental condi-
tions are such that the subject feels comfortable, however, in 
the hot discomfort high humidity would make it more dis-
comfortable. In fact humidity limits are specified not for ther-
mal comfort but for the probable impact on indoor air quality. 
 
 
 

 
 

 
 

Fig. continued... 

 
 
 

 
 

Fig. 4: Effect of relative humidity on thermal sensation at vari-
ous clothing insulations for Low, Medium and High activity at 

V = 0.2 m/s, and To = 20oC 
 

 

3.3. Effect of Operative Temperature 

The effect of operative temperature on thermal sensation at 
various clothing and activity level is shown in Fig 5. It is evi-
dent from the plots that operative is thermal sensation is a 
direct function of operative temperature and is greatly af-
fected with its change. An increase in operative temperature 
always shifted the thermal sensation towards hotter side. It 
was interesting to note that when conditions are met for ther-
mal neutrality (thermal comfort), the curves tend to flatten 
around the thermal neutrality (PMV = 0.0). This is true for 
cold thermal sensation only and is attributed to the fact when 
the conditions for thermal comfort are met, the occupants 
were found to be less sensitive to any small change in the en-
vironmental conditions. 
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Fig. 5: Effect of operative temp. on thermal sensation at vari-
ous clothing insulations for Low, Medium and High activity at 

RH=40%, V=0.2 m/s 

4. CONCLUSIONS 

The present study aimed at the investigation of the effect of 
environmental and physiological parameters on thermal com-
fort of human body. It was observed that relative air velocity 
and operative temperature had a significant effect on thermal 
sensation and shifted the value towards cold side. However, 
relative humidity had little effect on thermal sensation as the 
humidity control is a requirement for indoor air quality. Rela-
tive air velocity had the most significant effect on thermal sen-
sation when the subject had no clothing. As a general observa-
tion it was also concluded that when the human body was in 
thermal comfort, any small change in environmental parame-
ters did not make significant effect on thermal sensation, this 
is particularly true for cold side. In the extreme discomfort 
condition, any small change in environmental parameters 
greatly affected thermal sensation. 

 

NOMENCLATURE 
Ccr Avg. specific heat of body core (W hr/kgoC) 
Csk Specific heat of skin (W hr/kgoC) 
Eres Sensible and latent respiratory energy exchange with 

the environment (W/m2) 
Esk Total evap. energy loss from skin (W/m2) 
Emax Maximum evaporative heat loss (W/m2) 
Fc Thermal efficiency of clothing 
Fcl Clothing area factor 
h Combined radiative and convective heat exchange 

coefficient (W/m2oC) 
Ks Overall skin conductance (W/m2oC) 
M Metabolic rate (W/m2) 
Mcr Core mass/unit body surface area (kg/m2) 
Msk Skin mass/unit body surface area (kg/m2) 
Pas Sat. vapor pressure at air temp. (mmHg) 
Ps Sat. vapor pressure at skin temp. (mmHg) 
(R+C) Dry energy exchange by radiation and convection 

(W/m2) 
RH Relative humidity ration 
Sw Heat loss by sweat evaporation (W/m2) 
Ta Ambient air temperature (oC) 
Tcr Core Temperature (oC) 
To Operative temperature (oC) 
TS Thermal sensation 
Tsk Skin temperature (oC) 
W External mechanical work (w/m2) 
  
Greek Symbols 

vc Vasoconstriction factor 

wsw Wettedness factor 
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