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ABSTRACT 

To understand the thermal equilibrium of the human 

body in terms of thermal comfort, the investigation of 

associated human thermo-physiological processes is 

required. In this context several complex correlations 

need to be integrated, which leads to a conservation 

in terms of the energy equation. In this heat balance 

equation, heat transfer between the human body and 

its environment is described through sensible and 

latent heat losses. Existing studies mainly deal with 

one heat transfer coefficient to determine the whole 

body convection, not giving details about the various 

body segments. However, convective heat transfer 

coefficients vary significantly on human body 

segments in response to local air flow.  

Variable based convection coefficient correlations are 

developed for human body segments which 

characterizes most displacement ventilation flow 

regimes in rooms. The Computational Fluid 

Dynamics approach is used for modeling fluid flow 

and for predicting convective heat transfer between 

manikin surface elements and the environment. 

INTRODUCTION 

For detailed thermal comfort analysis in enclosed 

spaces, a detailed knowledge of thermal exchange 

between the human body and its environment is 

important. Thermal exchanges at the skin surface are 

responsible to reach the thermal equilibrium between 

the human body and its thermal environment. In order 

to predict the the total heat exchange, there is a need 

to combine models for evaporation, respiration, 

conduction, radiation and convection which calculate 

heat gains and losses from the human body to the 

environment. 

The thermal state of the human body is determined 

from a mathematical model describing the 

relationship between all the environmental and 

physiological factors (Fanger, 1982). The general 

human heat balance is expressed by a single heat 

balance equation describing the total heat exchange: 

M - W = E + R + C + K + S                                    (1) 

Where M is energy gained from metabolism, W is 

work accomplished, E is evaporative exchange, R is 

radiant exchange, C is convective exchange, K is 

conductive exchange, S is heat energy stored (for 

steady state heat balances, S = 0). For a detailed 

description of the terms in the heat balance equation 

it is referred to Fanger (1982) and Fiala (1998). For a 

nude person resting in still air at 20 ºC, 12 % of heat 

is lost by convection (Cooney, 1976). Therefore, in 

non-homogenious environments it is important to 

analyze accurately the convective heat transfer in 

order to understand the microclimates created around 

the human body. 

From basic physics all the functions in the equation 

(1) have measurable values with the exception of 

convective heat transfer coefficient. In order to 

describe the convective heat exchange (C), detailed 

numerical methods or linearized heat transfer 

coefficients can be applied. Firstly, the detailed 

numerical approach deals with sequential data 

exchange between a human thermoregulation solver 

and a finite volume solver through coupling 

techniques (Cook et al 2010., van Treeck et al., 

2009). Due to the micro time-scales of fluid solvers 

and the resulting computation times, a real-time 

coupling with Computational Fluid Dynamics (CFD) 

is not feasible unless high performance computational 

resources are available. Secondly, empirical 

convective heat transfer coefficient correlations are 

applied, which are either based on experiments or 

derived from CFD simulations (Silva et al., 2002, De 

Dear et al., 1997, Ishigaki et al., 1993). Experimental 

research using thermal manikins would provide 

valuable information, however, it is extremely 

difficult to predict convective heat transfer for non-

uniform conditions (Zhang et al., 2004, Nielsen et al., 

2003). Therefore, in this research the CFD approach 

is used for modeling convection and to further 

develop empirical models from series of CFD 

simulations for well-defined flow configurations. 

With the increasing details of human comfort studies, 

there is a need for prediction of human 

thermoregulatory and temperature-responses locally. 

In the literature, several studies proposed convection 

models which mainly deal with the whole body 

coefficient, not giving details about the various body 
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segments. In transient and non-uniform 

environmental thermal conditions there are variations 

in different parts of the body which reflect the 

variations in temperature of the skin. Convective heat 

transfer coefficients (chtc) vary significantly on 

human body segments in response to local air flow. 

Detailed convection models for different human body 

segments are needed in order to obtain a physically 

correct description of the total heat exchange. 

The main purpose of this research is to address the 

convective heat transfer between manikin surface and 

its surroundings by developing predefined chtc 

empirical models for individual human body 

segments  in order to remedy the time-consuming 

process of detailed CFD analyses. 

In this paper, we present the status of the current 

research, here explained the importance of modelling 

convection locally. Additionally, variable based 

convection coefficient correlations are developed for 

different human body segments which characterize 

most displacement ventilation flow regimes in rooms. 

An adaptive convection algorithm is implemented 

which adapts the range of influencing parameters and 

evaluates appropriate equations to each body 

segment. 

CONVECTION MODELLING 

Case study 

Sufficient amount of research work is conducted with 

computational fluid dynamics methodology and a 

computer simulated person (CSP) or virtual manikin 

to obtain more detailed non-uniformity information 

that cannot be easily obtained experimentally (Cong, 

2013). In this section we examine the importance of 

local convection modelling by conducting a case 

study. In this case study a parametric human manikin 

model with 48 body segments developed from an 

ergonomic model is used. This follows the surface 

segmentation according to the Fiala's model (Fiala, 

1998), here 48 patches (Figure 1). In previous work 

by the authors (Bolineni et al., 2010) more 

information in regarding this model is specified.  
 

 

Figure 1: Ergonomic RAMSIS model in CATIA V5 

(left), patches mapped onto thermophysiological 

model (centre) and surface mesh  for CFD (right) 

For this application, the manikin is placed in the 

centre of a displacement ventilated room with 

dimensions of 3.6 m x 3.6 m x 3 m (length x width x 

height) as shown in Figure 2. The room has one 

opening 0.8 m x 0.2 m near the floor level and in 

front of the manikin, the other opening of the same 

size located near the ceiling, these are defined as inlet 

and outlet. The air supply temperature in the room is 

set to 18 ºC and wall temperatures are modelled with 

a fixed temperature of 25 ºC. The manikin skin 

temperatures for the 48 surface patches were adapted 

from simulations using the thermoregulation model of 

Fiala. Figure 2 also shows the simulation setup 

addressing the natural and forced convection heat 

transfer between the manikin surface and a 

rectangular room.  
 

 

Figure 2: Local airflow pattern around the human 

manikin in the case of displacement ventilation 

system 
 

Whole body convection modelling 

For thermal comfort assessment in building design it 

is common practice to use statistical models to 

estimate the energy balance and to directly correlate 

ambient climate with thermal sensation. Based on the 

empirical work of Fanger, the PMV-model itself 

describes the total heat flux of the human body and 

calculates the thermal sensation votes of a person 

regarding the thermal environment. In this total heat 

flux, convective heat exchange between human body 

and environment can be calculated through two 

different approaches. The first approach involves 

predefined correlations, Fanger’s PMV model 

approximates chtc for the human body under forced 

convection by (ISO 7730): 

Hc = 12.1 * (V)
0.5

                                                    (2)  

which estimates a chtc value of 8.55 W/(m
2
 K) for the 

whole body in this case. Under forced convection De 

Dear (1997) estimated for a standing manikin in 

moving air by: 
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Hc = 10.3 * (V)
0.6

                                                    (3)  

and chtc for the whole body is calculated as 6.79 

W/(m
2
K). The second approach to estimate 

convective heat exchange is through conducting 

numerical analysis, applying the same settings, in this 

case the whole body chtc is predicted as 5.95 

W/(m
2
K). 

Local convection modelling 

In non-uniform conditions convection heat transfer 

varies from segment to segment on the human body 

with time in response to local air flow patterns. This 

in consequence effects the overall thermal sensation. 

From the above example, comparing the total heat 

flux calculated through whole body and locally 

estimated convective heat transfer coefficients as 

shown in Figure 3, the values of convective heat loss 

for lower body segments (i.e. thighs, legs and feet) 

are higher than the upper body segments (i.e. head, 

chest, hands etc). This results in comfort or 

discomfort on the thighs, legs and feet depending on 

the air temperature gradients. This imbalance is due 

to the non-uniform conditions and transient 

temperatures developed in the confined space, which 

effected convective heat exchange and subsequently 

total heat exchange. 
 

 

Figure 3: Total heat flux comparison with 

considering whole body and local chtc 
 

The patch-wise coefficients shown in Figure 3 

indicate that considering a whole body heat transfer 

coefficient for calculating overall thermal comfort is 

not accurate. In many inhomogeneous flow scenarios 

different modes of convection show up depending on 

the airflow conditions such as: natural convection, 

where the air movement is driven purely by thermally 

induced buoyancy forces; forced convection, which 

develops at higher air velocities, and mixed 

convection mode prevailing between other two 

modes. Thus this research focuses on developing chtc 

empirical models for different human body segments 

in several areas of application where non-uniform 

environmental conditions exist in indoor spaces, such 

as in aircraft, in the automotive field and in the 

building HVAC domain. 

In this paper the numerical analysis with 

displacement air distribution system and the influence 

of different air flow patterns on the human geometry 

with respect to convective heat transfer is addressed. 

METHODOLOGY 

There are in general many air diffusion systems used 

for room ventilation. For example, displacement air 

distribution system and mixing air distribution are 

methods to bring the supply air to the occupied 

spaces. Displacement air distribution systems have 

become increasingly favourable in providing better 

indoor air quality, which are based on wall-mounted 

velocity diffusers. Thermal displacement ventilation 

principle is based on the air supply with a diffuser 

located at floor level and the resulted stratified air 

due to buoyancy forces is extracted at ceiling level.  

Due to grouping complexity, the task to develop 

single models for predicting body segments 

convection coefficients for all possible flow regimes 

encountered within indoor spaces is not feasible. In 

order to develop adaptive convection heat transfer 

models for human responses in displacement 

ventilation applications, primary parameters which 

can affect chtc are varied throughout the case study. 

However, there are other important parameters which 

could influence the flow patterns for the displacement 

ventilation systems. For example, variation of inlet 

sizes, the locations of the furniture and other internal 

sources. The following main parameters are included 

in the design of empirically fitted regression 

functions of (hc). 

1. Air velocity: The ranges cover natural (free), 

forced convection and mixed mode convective 

regimes. The parametric analysis therefore range 

from (0 < V <= 2 m/s). 

2. Body posture: Standing and seated manikins are 

considered. 

3. Flow direction: Investigated four flow directions, 

starting with 0° (manikin facing the flow), 90° 

(flow source positioned on right to the manikin), 

180° (flow directed towards the back of the 

manikin), 270° (flow source positioned on left to 

the manikin). 

4. Aspect ratio of rooms: To study the effect of 

aspect ratio of rooms on convective heat transfer 

coefficients, numerical computations have been 

carried out for different room sizes. Table 1 

summarizes the room sizes included in this study. 

Figure 4 shows the two body postures considered in 

the study, placed in the centre of a displacement 

ventilated room, i.e. representing a small size room. 

The standing and sitting body postures represents an
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Figure 4: Standing and sitting human manikins in the case of the displacement ventilation system 
 

average person with a body surface area of 1.8 m
2
 

and 1.81 m
2
 respectively. The sensitivity studies are 

conducted for the below specified different size 

rooms. For each room numerical computations have 

been done by  changing  the other three parameters. 

The CFD approach is adopted in the present study for 

the thermal analysis of a parametric multi-segmented 

human manikin model. In cases where thermal 

comfort prediction is done through numerical 

analysis, the body should be divided into many 

segments with each segment having its own boundary 

condition. 
 

Table 1: 

Room sizes considered for parametric study 
 

LENGTH [L] WIDTH [W] HEIGHT [H] 

3.6 m 3.6 m 3 m 

4.6 m 3.6 m 3 m 

5.6 m 3.6 m 3 m 

3.6 m 4.6 m 3 m 

3.6 m 5.6 m 3 m 
 

CFD simulations, in which manikin skin temperatures 

for the 48 surface patches were adapted from the 

thermoregulation model of Fiala, were conducted by 

employing the SST k-ω turbulence model. This 

model was chosen for its certainty in resolving flow 

field variables within the thermal boundary layer 

around the human body (Menter, 1994). Steady-state 

simulations have been carried out to model air flow 

and heat transfer by using the commercial CFD code 

ANSYS Fluent. 

Estimation of convective heat transfer coefficients 

At different temperatures, flow of heat from the body 

surface to (or from) a surrounding fluid (usually air) 

is often given by convective heat transfer coefficient 

(hc). This is generally defined as: 

qc = hc * (Ts - Tf)                                                     (4) 

where qc is the convective heat flux and Ts is the 

surface temperature of the body segment. When 

modelling the convective heat transfer coefficients 

finding the most accurate value of reference fluid 

temperature (Tf) is crucial. In the literature commonly 

air inlet temperature or mean value between inlet and 

outlet is used as a reference temperature (Gao et al., 

2005). However, in this research to consider dynamic 

effects around the human body, local fluid 

temperatures outside the thermal boundary layer for 

different body segments are taken as reference fluid 

temperatures. 

RESULTS 

In the following sections, results based on sensitivity 

studies conducted for examining the influence of the 

primary parameters on convective heat transfer are 

discussed.  

Effects of air velocity 

Figures 5 and 6 graphically represents the whole 

body and few individual body segments chtc of a 

standing and seated manikin. These results are based 

on varying air supply velocities in a standard room 

(3.6 m length, 3.6 m width and 3 m height), where the 

flow is directed towards the manikin from front (0°). 

In the figures, only few segments are shown and 

segments representing lower body are combined to 

legs and feet. 

Firstly, the calculated area weighted whole-body chtc 

for the two body postures, varied linearly with 

increasing velocities. Values of hc range between 4 to 

7.5 W/(m
2
K). As seen in both figures, the head and 

other few upper body segments of the both standing 

and seated manikin experienced only natural 

convection, seeing very little influence with 

increasing velocities. Standing manikin´s head 

experienced slightly higer values than the seated 
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manikin, this effect was due to the air movement near 

the head level from floor. Values of derived hc for 

head experienced 10 to 15 % lower than the 

corresponding whole-body hc. In the case of hands 

convective heat loss is slightly higher than whole-

body hc, experienced mixed convection with 

increasing air speed. Finally, the standing and sitting 

manikin´s legs and feet experienced stronger forced 

convection, varied linearly for air speeds approaching 

from front. The chtc values estimated for these body 

segments have double the convection than the whole-

body heat transfer coefficients.  
 

 

Figure 5: Segmental and whole body convective heat 

transfer coefficients (Standing posture, Flow angle – 

0°, Standard room) 
 

 

Figure 6: Segmental and whole body convective heat 

transfer coefficients (Sitting posture, Flow angle – 

0°, Standard room) 
 

Effects of flow direction 

The following analyses are based on the results 

presented in the figures 7 and 8. An example from the 

sensitivity analysis conducted with the effects of 

airflow direction on chtc is considered. Values of hc 

predicted with varying inflow velocity, for only 

sitting manikin posture, where the flow directed 

towards the left (90°) and right (270°) of the manikin 

placed in a standard room is shown. 

It is recognized that the whole-body heat transfer 

coefficient varies linearly with velocities irrespective 

of the flow direction, as we can see from the figures 

6, 7 and 8 for flow angles 0°, 90° and 270° 

respectively. Hc values generally range in between 4 

to 7 W/(m
2
K). Both right and left legs showed higer 

convection with greater difference in between them, 

when the flow approached directly from left and right 

side of the manikin and viceversa (Figures 7 and 8). 

This assymetric effect was not shown when the flow 

is directed from front (0°) and back (180°), i.e. the 

lower body segments facing the air speed experienced 

same amount of convective heat loss. The head, with 

the buoyancy driven flow which is quite similar to 

that obtained with the above results doesn´t have 

much influence with increasing velocities. There 

occurs transition in the flow regime to mixed 

convection for some body segments (chest, pelvis, 

back...).  

In this section, the flow directional effects of hc for 

body segments of the standing manikin posture are 

not shown here. 
 

 

Figure 7: Convective heat transfer coefficients 

(Siting posture, Flow angle – 90°, Standard room) 
 

 

Figure 8: Convective heat transfer coefficients 

(Sitting posture, Flow angle – 270°, Standard room) 
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Effects of aspect ratio of rooms 

To study the effect of aspect ratio of rooms on local 

convective heat transfer coefficients, numerical 

computations have been carried out for five 

differently sized rooms, which are summarized in 

Table 1. For each room sensitivity analyses have been 

done with changing supply air parameters. However, 

for comparison, only the results obtained with three 

different room sizes varied in length as given below 

are presented. 

 AR 1: 3.6 m*3.6 m*3 m (L*W*H) 

 AR 2: 4.6 m*3.6 m*3 m (L*W*H) 

 AR 3: 5.6 m*3.6 m*3 m (L*W*H) 

Figures 9 and 10 graphically represent the whole 

body and legs chtc of a standing and seated manikins. 

Firstly, for low velocities, when the body self 

convection is important, the curves follow a similar 

pattern. Secondly, in both postures and in all the 

room sizes, whole body chtc values becomes greater 

with increased air velocity. At the extreme parts of 

the human body, i.e. average legs values are about 23 

% higher than the average whole body value and 

reaches a maximum difference of 35 % at higher 

velocity. In both figures, when compared these 

extreme parts with varying room lengths (AR 1 to 3), 

predicted hc values are relatively comparable for 

cases calculated in AR 2 and AR 3. This is due to the 

velocity decay which is very fast in both the rooms 

when compared to the standard room. It is also 

recognized that the chtc values of some body 

segments which experience only buoyancy driven 

flow is quite similar to that obtained with all the room 

sizes.  
 

 

Figure 9: Whole body and legs convective heat 

transfer coefficients (Standing posture, Flow angle – 

0°, Three room sizes) 

 

Figure 10: Whole body and legs convective heat 

transfer coefficients (Sitting posture, Flow angle – 

0°, Three room sizes) 

 

CONVECTION ALGORITHM 

In this research the main aim is to develop an 

empirical model database that approximates the chtc 

of different body segments for indoor flow responses. 

This pre-calculated database includes a number of 

chtc correlations under different types of flow 

regimes.  

From the sensitivity analysis, by considering various 

primary parameters, predictive formulas of 

convective heat transfer coefficients for different 

human body segments were then developed as a 

function of supply air velocity. To date, the most 

commonly implemented method in modelling area 

weighted whole-body chtc is through power 

regression equation, i.e general form of the equation 

is defined as hc = x*(v)
y
. In the present work, the best 

fitting of calculated hc values for the body parts are 

achieved with third order polynomial functions 

instead of the power regression type. All the 

empirical models for individual body segments 

interpret a coefficient of determination of r
2 

greater 

than 90 %. Very few segments registerd a lower r
2
 of 

less than 80 %. 

In actual flow response problems, the challenge is 

often in identifying the suitable type of convection 

equations. By the type of input parameters specified, 

we follow a method for classifying the cataloged 

convection correlations within the database and 

therefore assign appropriate chtc correlations for 

human body segments. Its basis is first identification 

of the penetration depth of the wall mounted air 

supply jet, followed by the estimation of ranges from 

the manikin, this ranges defines natural, forced and 

mixed convection zones. The most important non-

dimensional numbers where the flow penetration in 

principle depends, are Archimedes number (Ar), 

Grashof number (Gr) and Reynolds number (Re), that 

govern the flow are adopted as the characteristic 

variables to differentiate the cases. 
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Pd = (A / Ar)
0.5

 * C                                                 (5) 

Ar  = Gr / Re
2
                                                          (6) 

where Pd is the penetration depth, A is the area of the 

inlet and C is the constant.  

By following the theory of these numbers and the 

influence of penetration depth of the supply air, 

correlate the input parameters in an empirical model 

database. 

CONCLUSIONS AND FURTHER WORK 

With the increasing details of human comfort studies, 

understanding of local convection heat transfer 

phenomenon around the human body will contribute 

to the development of thermal sensation/comfort 

model in non-uniform environmental conditions. 

From the examplary case study, the patch-wise 

coefficients indicate that considering whole body heat 

transfer coefficient for calculating overall thermal 

comfort is not accurate. In this regard adaptive flow 

response convection heat transfer models for different 

human body segments in displacement ventilation are 

developed. According to the results presented in this 

work, it is argued that: 

1. By varying air supply velocities, the calculated 

area weighted whole-body chtc for the two body 

postures, varied linearly with increasing 

velocities and the values of hc range between 4 to 

7.5 W/(m
2
K). Few upper body and lower body 

segments of standing and sitting postures 

experienced pure natural and forced convection 

respectively. 

2. Values of hc predicted with varying effects of 

airflow direction, both right and left legs showed 

higer convection with greater asymmetry in 

between them. This assymetric effect was not 

shown when the flow is directed from front (0°) 

and back (180°). 

3. Distance from the flow source to the manikin 

position has a significant effect on heat balance 

of individual body segments, these effects are 

shown by varying length and width of  the 

rooms. 

From the results of the parametric study, predictive 

formulas of convective heat transfer coefficients for 

different human body segments were then developed 

and catalogued. Finally, a method was followed to 

evaluate the coefficient correlations. 

This present study covered several possibilities for 

displacement ventilation scenarios. Furthermore, we 

intend to extend our database for mixing ventilation 

systems. A part from the building sector, the 

prediction of thermal comfort is relevant for a 

number of other industrial areas such as automotive 

and aviation applications where dynamic effects 

under non-homogeneous conditions become 

significant. 
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