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1. INTRODUCTION 

Air temperature, radiant temperature, humidity and air movement are the four basic 

environmental variables that affect human response to thermal environments and therefore 

his thermal sensation. Combined with the metabolic activity and clothing, they provide the 

six fundamental factors that define human thermal environments. They are used to calculate 

heat transfer to and from the human body. Actually, a person feels heat exchange not the air 

temperature or the air velocity. Radiative heat transfer between the human body and the 

surrounding has the same significance as the convective heat transfer influenced by the air 

temperature and the air movement. Heat is exchanged by radiation between all bodies, and 

there is a heat flow from a hot to a cold body depended on the temperature difference 

between the two bodies and to emissivity of the surfaces. 

Cabin of motor vehicle is a special environment due to confined space and possible 

occurrence of surfaces with high temperature, significantly higher that can be encountered in 

buildings. Therefore it is very important to include the radiative heat exchange in 

investigation of thermal conditions inside the vehicle cabin. In the case of cabin of 

passenger car, the interior thermal environment has significant impact on driver's 

performance, hence on driving safety. It must be bear in mind that even under moderate 

outside conditions the closed cabin act like green house and its closed interior could become 

unpleasant, unbearable and even dangerous [1], [2], [6], [8], [9]. The AC system is not able 

to directly change mean radiant temperature, except by decreasing the temperature of the 

inner surfaces, although very slowly. 

Experimental determination of local heat fluxes on human body surface demands 

the use of complex and expensive measurement equipment and test facilities [1], [3], [4], 

[6], [10]. The other way is to simulate these processes in virtual experiments. This paper 

focuses on numerical modelling of radiative heat exchange between the driver and 

passenger car cabin interior, but excluding the effects of the solar radiation transmitted 

through a cabin glazing. 

2. METHOD 

The simulations were done in CFD software STAR-CCM+. The software includes 

the Surface-To-Surface Gray Thermal radiation model for simulation of diffuse radiation 

independently of wavelength with non-participating media. With this model, radiation 

properties of the media and surrounding surfaces are considered the same for all 

wavelengths. The air that fills the space between the surfaces does not absorb, emit or 

scatter radiation. 
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The surface properties are emissivity, reflectivity, transmissivity and the surface 

temperature. In this case, for the thermal radiation analysis inside the vehicle cabin, all 

surfaces are considered as an opaque for the thermal radiation (zero transmissivity) and 

absorptivity is equal to emissivity (Kirchhoff’s law). 

2.1 Theoretical background 

Sensible heat exchange between the driver and the interior of the cabin directly 

contributes to the thermal sensation and takes place by convection, conduction and thermal 

radiation, including the solar radiation passing through glass of a cabin. To make thermal 

conditions comfortable, a driver is able to directly influence only the heat transfer by forced 

convection by changing modes of air flow over the surface of his body. This system changes 

the air temperature in the cabin by mixing ventilation. Indirectly, the temperature of interior 

surfaces will be changed too, although much more slowly [9]. 

When surrounded by surfaces with higher temperature than that of their skin and 

clothing (tsk, tcl), a person receives the heat by thermal radiation (qr). Thermal radiation flux 

from hot surrounding surfaces depends on the wall surface temperature and the emissivity of 

the wall (ε). The wall temperature and its emissivity are expressed by mean radiant 

temperature (tmr) and linear radiative heat transfer coefficient (hr) Error! Reference source 

not found., Error! Reference source not found.: 

 

 clmrclrr ttfhq  , W/m
2 (1) 

 

3

2
2.27388.2 







 
 mrcl

r

tt
h  , W/m

2
K (2) 

The mean radiant temperature is the uniform temperature of an imaginary 

enclosure in which radiant heat transfer from the human body is equal to the radiant heat 

transfer in the actual non-uniform enclosure [5]. This parameter has equal significance for 

heat exchange between the human body and the environment as an air temperature. It 

depends on surface temperatures, surface shapes and emissivity. The emissivity of non-

metallic surfaces is generally high, 0.9 and higher, just like the emissivity of the human skin 

and clothing [9]. 

2.2 The model 

The interior of the cabin is modelled on the shape and dimensions of middle class 

passenger hatchback car, with significant simplification of the cabin geometry. The model 

was made in CAD software CATIA. The interior of the cabin was discretized in about 

168,000 finite volumes and about 154,000 surfaces. Fig.1. 

The driver is modelled as a virtual thermal manikin. The virtual thermal manikin 

was developed on Faculty of Technical Sciences – University of Novi Sad (VTMFTS) [7]. 

The CAD model of the virtual thermal manikin (VTM) is a simplified humanoid in the 

sitting posture. Main body dimensions are adopted from CATIA database for a 50th 

percentile European male. According to the chosen sizes of the body, the VTM is 1.74 m tall 

and weighs 68 kg. The area of VTM body surface in sitting position is 1.796 m
2
. The 

manikin's body is divided into 18 segments, (head, neck, chest, back, etc.) in order to 

monitor the heat exchange on individual segments (Fig. 2). A method with constant 

temperature of the manikin’s body surface was used. The driver body surface is divided into 

about 13,800 surfaces. 
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Figure 1 Meshed model of the passenger car cabin with driver 

 

 

Figure 2 The virtual thermal manikin VTMFTS 

 

3. BOUNDARY CONDITIONS 

The manikin's surface temperature was 34°C for bare skin (head, hands and lower 

arms) and 30°C for the segments covered by clothing. In all virtual experiments only the 

driver was present.  

It was presumed that the emissivity of all interior surfaces as well as of human 

body is 0.95. This value is taken as a typical value for materials involved in radiative heat 

exchange inside vehicle cabin (glass, polymers, clothing and human skin) [9]. 

Boundary conditions for the virtual experiments are given in Table 1. Moderate 

conditions are the conditions where the air temperature is 26°C, while in hot conditions it is 

assumed that the air temperature is 34°C. In moderate and hot conditions all surfaces have 
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the same temperature, equal to the air temperature. In non-uniform conditions some of the 

surfaces are on the higher temperature due to solar radiation or heat gain from the 

powertrain. The surface temperatures are chosen according to boundary conditions proposed 

by relevant standards combining with empirical data [1], [8], [9], [11], [12], [13]. 

 

Table 1 Temperatures of the cabin interior surfaces (°C) 

 moderate 

moderate  

non-uniform hot 

hot  

non-uniform 

windshield 26 34 34 42 

instrument panel 26 34 34 42 

firewall 26 34 34 42 

side window 26 26 34 34 

seat 26 26 34 34 

ceiling 26 34 34 42 

other interior surfaces 26 26 34 34 

 

4. RESULTS AND DISCUSSION 

The thermal radiation heat flux on individual segments of the driver's body and 

mean radiant temperatures are the main results obtained by the simulations post-processing. 

In Fig. 3 the thermal radiation heat fluxes are graphically presented. The negative values 

indicate heat gain by the thermal radiation. Values on the line portion between two body 

segments have no meaning, of course. 

It can be noted that even under the uniform conditions the highest heat exchange is 

on segments that are directly exposed to the surrounding surfaces (head, arms and hands). 

The non-uniformity of the temperatures of the surrounding surfaces under chosen conditions 

obviously has less influence than the total heat transfer by thermal radiation. Thermal 

radiation flux on the driver's body in moderate uniform conditions and in hot non-uniform 

conditions are shown in fig. 4 and 5, respectively (Note: the sign of the flux is opposite to 

that in the graph in Fig. 3). Strong thermal radiation on head and lower legs due to high 

temperature of surrounding surfaces can be noticed on fig. 5.  

Mean radiant temperatures for individual segments of the driver's body are given 

on graph in Fig. 6. Distributions of mean radiant temperature on the driver's body in 

moderate uniform and in hot non-uniform conditions can be seen on Fig. 7 and Fig. 8. For 

the same boundary conditions, the distribution of local mean radiant temperature is more 

uniform than thermal radiation heat flux. The cause is difference in values of linear radiative 

heat transfer coefficient between individual body segments (Eq. 2). 
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Figure 3 The thermal radiation heat flux on individual segments of the driver's body 

 

 

Figure 4 Visualisation of thermal radiation flux on the driver's body in moderate uniform 

conditions 
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Figure 5 Visualisation of thermal radiation flux on the driver's body in hot non-uniform 

conditions 

The values mainly correspond to the temperature of the surrounding surfaces, due 

to high value of emissivity. In the experiments performed by Ružić [6] and Agošton [1] 

under the hot outdoor conditions with solar radiation, the values of mean radiant 

temperatures that are encountered inside the cabin of passenger car were in the range of 35 

to 45°C. 

The relationship between the thermal radiation heat flux and mean radiant 

temperature is given in Eq. 1. Under the chosen boundary conditions, average values of 

linear radiative heat transfer coefficient for whole body are in range from 5.1 to 6.6 W/m
2
K. 

This value is slightly higher than the values for typical indoor temperatures [4], [5], [7], 

[10], [14]. Because of specific environment, the values can be taken as an appropriate for 

the purpose of research of thermal conditions inside the vehicle cabin. 
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Figure 6 Mean radiant temperatures on individual segments of the driver's body 

 

 

Figure 7 Visualisation of mean radiant temperature on the driver's body in moderate 

uniform conditions 
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Figure 8 Visualisation of mean radiant temperature on the driver's body in hot non-

uniform conditions 

 

 

4. CONCLUSIONS 

 

The influence of boundary conditions on thermal radiation between a driver and 

vehicle interior was analysed using the CFD software STAR-CCM+. The highest heat 

exchange occurs on segments that are directly exposed to the surrounding surfaces with high 

temperatures. Those body segments are head, arms and hands, i.e. the segments that are not 

covered by the clothing. The non-uniformity of the temperatures of the surrounding surfaces 

under chosen conditions obviously has less influence than the total heat transfer by thermal 

radiation. 

In modelling of thermal radiation, correct data about surface emissivity and 

temperature are very important for accurate simulations. The values of linear radiative heat 

transfer coefficient obtained by the simulation post-processing are slightly higher than the 

values for typical indoor temperatures given in the literature, but because of specific 

environment, the values can be taken as an acceptable making the method suitable for 

further research of thermal conditions inside the vehicle cabin.  

The advantages of the simulation method presented in this paper are the simplicity 

and independence from other modes of heat transfer. Although the gray thermal radiation 

model was used, the radiation can be modelled as spectrum-dependent. 

For achieving accurate prediction of thermal radiation by simulations it is crucial to 

have comprehensive data about radiative properties of materials and boundary conditions. In 

any case, the numerical values obtained from the simulations should be considered for 

comparison purposes only, and validation of the numerical model must be done by physical 

experiment. 
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