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Abstract 

The radiant air conditioning system, possessing the characteristics of draft less and small temperature gradients in the 
occupied zone, is becoming increasingly attractive in recent years, due to its advantage of providing more 
comfortable indoor environment with low energy consumption against the conventional convective air conditioning 
system. In order to master the features of the radiant air conditioning system and improve its design process, the 
interrelation among the human thermal comfort and the heat exchange between human body and its surroundings 
subject to the radiant air conditioning system is investigated in this paper. Based on Fanger’s thermal comfort model, 
the PMV (Predicted Mean Vote) is used to evaluate the human thermal comfort. To calculate the heat loss from 
human body, the human thermal balance and heat release characteristics under radiant cooling system are discussed 
in detail. The CFD model in terms of different cooling ceiling temperatures and air supply temperatures is simulated 
and analyzed by Airpak . The relationship between the heat loss from human body and thermal comfort is achieved 
based on the simplified formula for the heat loss and the PMV value obtained from numerical results. For human 
body under radiant air conditioning system, numerical results showed that the sensible heat loss from human body is 
approximately linear to the PMV under all simulated conditions. The simplified PMV model, directly from the 
respect of human heat balance instead of complicated environmental parameters, is finally proposed. 
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1. Introduction  

Recently, radiant air conditioning system is becoming increasingly attractive due to more comfortable 
and energy saving than traditional convective air conditioning system [1]. The main difference between 
conventional and radiant air conditioning systems is the mechanism of heat transfer. The former is based 
only on the convection, but the latter employs both radiation and convection. Therefore, it is necessary to 
make clear why the radiant air conditioning system is superior to the convective air conditioning system.  

Generally, the PMV is used as the thermal comfort index, and Fanger [2] developed a relationship 
among six environmental factors and the predicted mean vote. Loveday et al. [3] found that Fanger’s 
model for thermal comfort [4] is valid for sedentary occupants in combined chilled ceiling/displacement 
ventilation environments, which means that the PMV could be used for the assessment of thermal comfort 
under radiant air conditioning system. Based on the PMV, Atmaca et al. [5] studied the effect of radiant 
temperature on the human thermal comfort and Arslanoglu and Yigit [6] investigated the effects of 
radiation heat flux on thermal comfort. Fitzner [7] also reported that the hybrid system, which is 
composed of cooling ceiling and displacement ventilation system, possesses the characteristics of draft 
less and small temperature gradients. In addition, Simmonds [8] explored that the traditional design 
criteria, such as dry-bulb temperature and operative temperature, are not always sufficient and the mean 
radiant temperature has an important influence on the human thermal comfort. It has been concluded that 
if the surface temperature difference is large enough, the effect of the radiation heat transfer on the human 
thermal comfort should be considered [9].  

Based on the above discussion, it could be learned that most of the existing researches focused on the 
effects of environmental factors, such as radiant temperature, air temperature and air velocity on the 
human thermal comfort. However, in this paper, the relationship between the heat loss from human body 
and the human thermal comfort other than complex environmental parameters is studied. The heat 
exchange between human body and its surroundings under radiant air conditioning system is discussed in 
detail and the simplified PMV model is also proposed in order to put forward some guidance for the 
design of the radiant air conditioning system. 

2. Human thermal comfort  

In this paper, the Fanger’s PMV model is employed to predict the thermal comfort and the human 
conditions are assumed to be near-sedentary and stationary. Fanger [10] related the PMV to the imbalance 
between the heat loss from human body and the heat release rate required for optimal comfort at a 
specified activity by Eq. (1): 

                                                      [0.303exp( 0.036 ) 0.028]PMV M L                                               (1) 

where M is the metabolic heat generation and L is the thermal load, defined as the difference between 
human heat generation and heat loss. To keep the human thermal balance, the human body employs the 
complex physiological processes to change the heat exchange between human body and its environments. 
The general heat balance equation is expressed as Eq. (2): 

                                                     res resM W K C R E C E S                                                (2) 

where W is the mechanical power, W∙m-2; K, C, R are the heat loss by conduction, convection and 
radiation, respectively, W∙m-2; E is the evaporative heat loss, W∙m-2; Eres, Cres are the respiratory heat loss 
by evaporation and convection, respectively, W∙m-2; S is the heat storage rate, W∙m-2.  
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For human body under near-sedentary conditions, W and S are both zero and K could be neglected 
[11]. In addition, it is reasonable to consider E, Cres and Eres as constants when discussing thermal comfort 
[12], and for human body under near-sedentary conditions, M is a constant, then, combining Eq. (1) with 
Eq. (2), the PMV may be estimated from the following equation: 

                                                                  ( )PMV b C R d                                                                  (3) 

where b and d are constants. Based on Eq. (3), it can be observed that the PMV is linear with the heat loss 
of human body by radiation and convection. Based on above discussion, unlike conventional researches, 
the effect of the heat loss from human body on thermal comfort is investigated in this paper. 

3. Methods  

3.1. The room model and simulation methods  

The CFD model, a room with dimensions 4.72 m × 3.55 m × 2.75 m, is illustrated in Fig. 1. In this 
study, the surface temperatures of cooling ceiling are varied from 16.9 oC to 24 oC and the rest walls are 
considered to be adiabatic. In addition, the air humidity and velocity are set as 50% and 0.21 m∙s-1, 
respectively. All the simulated conditions are summarized in Table 1.  

Airpak adopted in this paper is one of the most convenient software to simulate indoor thermal 
environment. The flow is assumed to be steady state, incompressible and turbulent. Therefore, the RNG 
κ-ε model is adopted to solve the turbulent viscosity and the discrete ordinate model is used to solve the 
radiation heat transfer. 

 

 

Fig. 1 CFD model 

Table 1 Summary of simulated conditions 

Case 1 2 3 4 5 6 7 8 9 10 

Cooling ceiling (oC) 16.9 17.6 20 21 21 21 21 21 21 24 

Supply air (oC) 24.6 26 26.5 26.5 27 28 29 30 31 29 

3.2. Calculations and analysis  
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In this paper, 27 points, uniformly distributed in the XY plane at three typical heights (0.1m, 1.1m and 
1.7m), are selected to analyze the thermal comfort of the occupied zone for each case. For each analyzed 
point, ta (the ambient air temperature, oC) and tr (the mean radiant temperature, oC) can be easily obtained 
from numerical results, and then, C and R could be calculated by following equations [13]: 

                                                              ( )cl c cl aC f h t t                                                                       (4) 

                                                             ( )cl r cl rR f h t t                                                                        (5) 

where hc and hr are the convective and radiative heat transfer coefficients (W·m-2·K-1), respectively; fcl is 
the clothing area factor, approximated as 1 + 0.3Icl with Icl being the intrinsic clothing ensemble insulation 
in clo; tcl is the clothed body's mean surface temperature. The value hr = 4.7 W·m-2·K-1 has been widely 
accepted for general purposes [13], and the value of hc is commonly estimated at 4.4 W·m-2·K-1 [14]. The 
value Icl = 0.5 clo is typical for summer clothing. Then, following equations could be obtained: 

                                                      =4.4( ) 4.7( )cl a cl rQ C R t t t t                                                (6) 

where Q is the total sensible heat loss from skin surface, W∙m-2. The skin surface temperature is assumed 
to be 33 oC in this study and for human body under near-sedentary conditions, 76% of the metabolic heat 
is transferred through the clothing [15]. Then, the value tcl = 29.6 oC can be obtained, and the total 
sensible heat loss from the skin surface can be further expressed as Eq. (7): 

       269.36 4.4 4.7a rQ t t                                                            (7) 

In addition, combining Eq. (6) with Eq. (3), the following equation can be obtained: 

                                                                 PMV bQ d                                                                      (8) 

Based on Eq. (7) and Eq. (8), the linear fitting is adopted for simulated results to analyze the 
relationship between thermal comfort and sensible heat exchange between the human body and its 
surroundings. 

4. Results and discussions  

4.1.  Validation of numerical simulation 

The validation is focused on the air temperature difference between the experimental data and 
numerical results. The simulated results are compared with the experimental data on three positions along 
z direction of the test room, at heights of 0.1 m, 1.1 m and 1.7 m, respectively. To present the validation 
concisely, only the difference between experimental data and numerical data is showed here, i.e., the 
maximum relative error is 1.2% and the average relative error for the three analyzed points is only 0.8%.  

4.2. The relationship between the PMV and the sensible heat loss from human body 

 The fitted linear formulas of the PMV for all simulated conditions are shown in Table 2, and both the 
numerical data and the linear fitting lines for Case 1 and Case 2 are shown in Fig. 2. It can be seen that a 
straight line fits the data well for each condition. With this linear relationship, the thermal comfort limits 
could be put forward for the assessment and design of indoor thermal environment based on the human 
thermal balance instead of complex environmental factors widely adopted in traditional studies. 
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Table 2 Summary of the linear fitting formulas  

Case Linear fitting formula R2 

1 PMV = -0.0427 Q + 1.669 0.9812 

2 PMV = -0.04 Q + 1.4633 0.9377 

3             PMV = -0.0439 Q + 1.6902 0.9707 

4 PMV = -0.0416 Q + 1.536 0.9721 

5 PMV = -0.041 Q + 1.5145 0.9643 

6 PMV = -0.0411 Q + 1.5418 0.9008 

7 PMV = -0.0371 Q + 1.3801 0.9178 

8  PMV = -0.0352 Q + 1.3426 0.9042 

9  PMV = -0.0303 Q + 1.2079 0.8873 

10 PMV = -0.038 Q + 1.4265 0.9138 

 

 

Fig. 2 Thermal comfort index, the PMV, as a linear function of the sensible heat loss from human body, Q, for Case 1 and 2 

5.   Conclusions  

In this study, the thermal balance and thermal comfort for human body subject to radiant air 
conditioning system are discussed with numerical simulations. The numerical model is validated by the 
experimental data and different boundary conditions are simulated in this paper. The relationship between 
thermal comfort and the sensible heat loss from human body is also investigated. For the body under 
radiant air conditioning system, the PMV model can be simplified with the sensible heat loss from human 
body, and the sensible heat loss from human body is approximately linear with the PMV adopted to 
evaluate the human thermal comfort. Based on the studied results, it is possible to improve the design 
process and load calculation method for radiant air conditioning system. In other words, the human 
thermal comfort can be evaluated directly from human thermal balance instead of complex environmental 
factors, which may provide some guidance for the design of radiant air conditioning system to meet the 
human thermal comfort in terms of the sensible heat loss from human body. 
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