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Abstract  The purpose of this work is to study 

the combined effect of heat generation produced by a 
human being and the mixed turbulent convection 
with thermal radiation, as well as the CO2 produc-
tion from respiration. These factors are important to 
achieve healthy and pleasant indoor comfort condi-
tions and to optimize the energy use in buildings. 
Numerical results in a rectangular ventilated room 
(3.0 m x 2.5 m) were carried out considering temper-
atures on the vertical walls of 298 and 308 K (25 and 
35 °C) and the remaining walls were considered as 
adiabatic. The temperature surface of the human be-
ing was maintained at 307 K (34 °C). The inlet veloc-
ities were 0.05 m/s and 0.5 m/s, whereas the assumed 
emissivity values of the walls were 0.0 and 0.8. The 
mathematical model was solved numerically with 
software of Computational Fluid Dynamics. The 
flow patterns (streamlines), the temperature fields 
(isotherms) and CO2 concentration distributions are 
presented and discussed. Besides the heat transfer 
coefficients are reported. The results show that the 
natural ventilation reduces the average temperatures 
in the room between 4°C and 5.5°C, while the ther-
mal radiation increases the average temperature be-
tween 0.2°C and 0.4°C. 

Keywords  CO2 production, mixed convection, 
thermal radiation, ventilated, cavity, CFD. 

I. INTRODUCTION 
Growth in population, enhancement of building services 
and comfort levels, together with the rise in time spent 
inside buildings, have raised building energy consump-
tion to the levels of transport and industry. For example, 
the members of the Organization for Economic Co-
operation and Development (OECD) consume between 
15 and 25% of their primary energy in this sector and 
the developing countries a higher amount (Dzioubinski 
and Chipman, 1999). The emphasis on reducing energy 
consumption and the environmental consciousness have 
motivated researchers and designers to consider the po-
tential of natural ventilation, as a result new ventilation 
standards and guidelines have been written to reflect the 
importance of ventilation on the quality of indoor envi-
ronment (Awbi, 2003).  

The air quality problems have been associated with 
high concentrations of internally generated pollutants, 
like CO2, and low outdoor air supply rates (Robertson, 
et al., 1985), on the other hand forced and natural venti-
lations are two possible mechanisms of ventilation, un-
like forced ventilation, natural ventilation takes place by 

the wind and buoyancy effects, and it is an energy-
saving approach (Rahimi and Arianmehr, 2011).  

However the prediction of air movement and ther-
mal parameters in ventilated rooms is complex, because 
of the coupling of the heat transfer mechanisms inside 
the habitation. A good way to analyze air movement in 
ventilated rooms is through numerical studies using 
computational fluid dynamics (CFD), because the mod-
eling allows the prediction of the variables behavior in-
side the system. In the literature several numerical stud-
ies of air movement and heat transfer in ventilated cavi-
ties are reported, which can be categorized as (a) air 
movement and heat transfer in a ventilated cavities 
without contaminants and (b) air movement and heat 
transfer in a ventilated cavities with contaminants. Next 
the studies of air movement in ventilated cavities are 
briefly described. 
(a) Air movement and heat transfer in ventilated 

room without contaminants. 
Costa et al. 2000) studied a two-dimensional cavity to 
discuss the influences of the aspect ratio of the room, 
the air inlets, the wall temperatures, the heat-
ing/ventilation ratio and the maximum speed of the re-
turn flow. The authors emphasize that there is evidence 
that the ventilation requirements in non-industrial build-
ings involve flows in mixed convection regimen, where 
greater changes in flow patterns occur. Raji and 
Hasnaoui (2000) presented results of heat transfer by 
mixed convection in a two-dimensional rectangular cav-
ity with heat fluxes on a vertical wall and on the top 
wall, the authors also considered the radiative effect on 
the streamlines and isotherms. Results show that the 
configuration with inlet at the bottom and the outlet at 
the top is more useful to reduce the mean temperatures 
inside the cavity for Re 1000.  

Singh and Sharif, (2003) performed a numerical 
study about the mixed convection in two-dimensional 
cavities with differentially heated walls, the authors 
aimed to optimize the air inlet and outlet positions to 
identify the most effective way to remove heat from the 
cavity. Moraga and Lopez, (2004) presented a numeri-
cal analysis of the fluid mechanics and heat transfer for 
three-dimensional mixed convection in an air-cooled 
cavity. The air inlet is through a rectangular opening, 
with a cross section of L x L=15 and located at the top 
of the left vertical isothermal wall. Calculations were 
performed for air, Reynolds numbers in the range 
1≤Re≤500 and Richardson numbers between 0≤Ri≤18. 
The comparison between 3-D and 2-D simulations 
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showed that a 3-D model is needed to capture the fluid 
mechanics for Ri=10 when 10≤Re≤250 and to calculate 
the global Nusselt number when Re =500 for Ri<1. 
 Rahman et al. (2007) performed a numerical study 
on mixed convection in a two-dimensional vented en-
closure. Various inlet port configurations are extensive-
ly studied with the change of governing parameters. The 
streamlines, isotherms, average temperature and average 
Nusselt number of the heated wall were presented for 
Ri=0 to 10, Re=50, 100 and 200; Pr = 0.71, 7.5 and 50 
and different inlet position heights: Hi=0.05, 0.50 and 
0.95. It is found that with the increase of Reynolds and 
Richardson numbers the convective heat transfer be-
comes predominant over the conduction and the rate of 
heat transfer from the heated wall significantly depends 
of inlet port position. Saha et al. (2008) studied numeri-
cally the behavior of mixed convection in a two-
dimensional rectangular cavity with constant heat flux 
on a vertical surface, trying out four different inlet and 
outlet positions in the cavity and obtaining results for a 
Richardson number from 0 to 10 and Reynolds number 
of 100. The results show that the mean Nusselt number 
and the non-dimensional temperature of the heat source 
surface depend solely of the inlet and outlet position. 
(b) Air movement and heat transfer in ventilated 

room with contaminants. 
Soria et al. (1998) reported the results of a numerical 
study on the transient removal of a contaminant from a 
two-dimensional enclosure with one inlet and one out-
let. The influence of buoyancy forces due to thermal and 
concentration gradients, contaminant diffusivity, inlet 
velocity and outlet disposition over the cleaning-time 
are studied. For isothermal situations, the time required 
to remove the contaminant is studied parametrically as a 
function of the outlet position and the governing dimen-
sionless numbers (Reynolds number, Schmidt number 
and Rayleigh number). Buoyancy forces are found to 
have a strong influence over the flows and in conse-
quence over the cleaning times. Hyun and Kleinstreuer, 
(2001) studied the effect of transient breathing on trace 
gas ambient concentrations and ultimately the uptake by 
the subject for three different orientations with respect 
to the non-isothermal air stream and the location of the 
tracer gas source. The authors experimentally validated 
CFD simulations of transient turbulent non-isothermal 
flow with tracer gas transport in a personal exposure 
environment. Tian et al. (2006) investigated three turbu-
lence models: standard k– , re-normalization group 
(RNG) k–  and RNG-based large eddy simulation 
(LES) model, to simulate indoor contaminant particle 
dispersion and concentration distribution in a model 
room. The flow of contaminant particles (with diameters 
of 1 and 10 mm) is simulated within the indoor airflow 
environment of the model room. The RNG-based LES 
model has shown to yield the best agreement.  

Liu et al. (2008) reported the results of a numerical 
study on removal of two contaminants from a three-
dimensional enclosure with one inlet, one exhausting 
port and one returning port. The influence of inlet veloc-

ity, fresh air ratio, recirculating air filtered removal effi-
ciency and contaminant property is investigated. The re-
sults show that the Reynolds and Schmidt number have 
complex influence to indoor contaminant removal. Sa-
linas et al. (2008) carried out a study that shows the re-
lationship of the transport of heat and mass (double) in a 
rectangular cavity caused by a forced and natural con-
vection. The parameters studied were: 10 ≤Re≤150, 
N=2.5, Pr=7.0, GrT=104, Le=100, A=2. The results 
show that the conjugated phenomena is only visible 
(flow alteration) for mixed flows with a low Reynolds 
number. Xamán et al. (2009) obtained results from the 
analysis of the heat and mass transfer of an air-carbon 
dioxide mixture (CO2) inside a two-dimensional venti-
lated cavity in laminar flow regime. Different configura-
tions of the cavity were analyzed regarding the location 
of the mixture outlet gap, and three different values for 
the CO2 contaminant source (1000, 2000, 3000 ppm) 
were studied. The inlet air velocity is a function of the 
Reynolds number (10 ≤Re≤ 500). Based on the results, 
from a thermal comfort point of view and air quality, 
configuration D (outlet on right of the top wall of the 
cavity) shows the best performance in the interval 
10≤Re≤100, with an exception for the case when a con-
taminant source of 1000 ppm is present where configu-
ration C (outlet at the middle of the top wall) is recom-
mended. 
 The literature review indicates that there are no re-
ported numerical studies considering the combined ef-
fect of heat generation produced by a human being, 
mixed convection and the CO2 production from respira-
tion in naturally ventilated cavities with turbulent flow. 
Considering the above, this paper presents a numerical 
analysis of the interaction between the heat transfer 
mechanisms (convection and thermal radiation) and 
CO2 distribution in a ventilated two-dimensional cavity 
with a heat source. The numerical results were obtained 
considering two velocities of air inlet (0.05 and 0.5 
m/s). The study was performed considering a turbulent 
flow regimen. The flow patterns (streamlines), the tem-
perature fields (isotherms) and CO2 concentration dis-
tributions are presented and discussed. Besides the heat 
transfer coefficients are reported. 

II. PHYSICAL PROBLEM AND 
MATHEMATICAL MODEL 

The study of the air movement and heat transfer in a 
ventilated cavity (3.0 m x 2.5 m) with a heat source 
(human being) and CO2 production, was carried out as 
shown in Fig. 1. It was considered the natural and 
forced convection coupled with the thermal radiation 
exchange among the walls and heat source. The left and 
right vertical walls were assumed isothermal, whereas 
the remaining walls were considered as adiabatic and 
diffuse emitters. The heat source was maintained at 
34°C by considering the mean skin temperature of nude 
body at an ambient temperature of 30°C (Awbi, 2003). 
The thermal fluid is air and it is not involved in 
radiative heat transfer. The fluid flow is assumed as tur-
bulent. The coordinates of the outlet and inlet positions 
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are (0,2.1≤y≤2.3) and (3.0,0.2≤y≤0.4), respectively. 
Two different wall emissivity values were considered: 
0.0 and 0.8, the air. The =0.8 value was chosen, since it 
corresponds to a painted surface. Because the recom-
mended outdoor air supply rates are 8 to 10 l/s for inside 
office spaces, office conference rooms and classrooms, 
thereby an exceeded air velocity inlet was chosen (0.5 
m/s) to reach an adequate ventilation rate required for a 
given room to satisfy both health and comfort criteria 
(ASHRAE Standard 62, 1999). The air inlet temperature 
was considered as Tin=25°C. However the CO2 produc-
tion of an average sedentary adult is about 0.005 l/s (18 
l/h) and the expired air contains about 4% by volume of 
CO2. Besides, the maximum CO2 concentration allowed 
for 8 h occupation is 0.5% (Awbi, 2003), although it has 
been reported that concentrations below 0.1 % are re-
quired to avoid discomfort and headache (Sundell, 
1982). The above criteria were taken into consideration 
to specify the boundary condition of the human respira-
tion. 

The governing equations (mass conservation, mo-
mentum, energy and species), in time averaged tensor 
notation, for the steady state with the Boussinesq ap-
proximation are as follow:  
Continuity: 
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where xi and xj are the Cartesian coordinates of the sys-
tem (i=x,y and j=x,y), u  is the mean velocity, P  is the 
mean dynamic pressure, T  is the mean temperature, g 
is the gravitational acceleration. μ , , , Cp, DAB, are  
 

 
Figure 1 Physical model of the ventilated cavity. 

the dynamic viscosity, density, the coefficient of ther-
mal expansion, the specific heat at constant pressure and 
mass diffusivity, respectively. 

The above set of equations is not complete, due to 
the presence of the Reynolds stress tensor ( '

j
'
iuu ) in 

the momentum equation and the turbulent heat flux vec-
tor ( ''

jP uTC ) in the energy equation. In the family of 
eddy viscosity models (EVM), the Reynolds stress ten-
sor is established through the Boussinesq hypothesis as: 
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The model of high Reynolds number (HRN) considers 
that the turbulent viscosity ( t) is given by: 
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where C  is a constant. The turbulent heat fluxes are ex-
pressed as: 
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where T is the turbulent Prandtl number. 
The turbulent kinetic energy (kt) and the dissipation 

of the turbulent kinetic energy ( t) are obtained from 
their transport equations by using the kt- t model (Ince 
and Launder, 1989): 
Turbulent kinetic energy (kt): 
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Dissipation of the turbulent kinetic energy ( t): 
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In above equations, Pkt represents the generation of the 
turbulent kinetic energy caused by velocity gradients 
and Gkt is the generation of turbulent kinetic energy due 
to the buoyancy force. The terms C1  and C2  are coeffi-
cients; whereas k and  are the turbulent Prandtl num-
bers for the equations of kt and t respectively. In math-
ematical form: 
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The radiative energy transfer in a non-isotropic me-
dium which absorb, emits and scatters radiation, is de-
scribed mathematically by the radiative transfer equa-
tion (RTE): 
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where I  is the intensity of radiation, s is the geometric 
path length, iŝ  is the unit vector in a given direction, Ib  
is the blackbody intensity, ŝ  is the propagation direc-
tion, k  is the absorptivity, β  is the coefficient of ex-
tinction, σs  is the scattering coefficient and Ωi is the 
solid angle. However because it is considered the air as 
non-participating media, the Eq. (12) becomes: 

0
ds
dI

                                    

(13) 

The Eq. (13) indicates that the intensity of radiation is 
constant along a given path length and that the radiation 
heat transfer occurs through radiative exchange among 
the walls and the heat source of the cavity. 

At an opaque surface, the leaving intensity (also 
called radiosity) is composed of the emitted intensity 
and the reflected irradiation and is given by: 

π2
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where  and  are the emissivity and reflectivity respec-
tively. 

The net radiant heat flux of a surface is the differ-
ence between the radiosity and irradiation: 
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The hydrodynamic boundary conditions were ob-
tained by assuming non-slip condition on the walls, 
therefore the velocity components are equal to zero. Be-
cause the air was considered to enter perpendicularly to 
the opening, the x-component of the velocity had a con-
stant value whereas the remaining components are equal 
to zero. For the outlets a fully developed flow was as-
sumed, therefore the diffusive transport is negligible. 
The turbulent kinetic energy and the dissipation of the 
turbulent kinetic energy for the incoming air were ob-
tained by applying the empirical correlations (Nielsen, 
1990): 
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The thermal boundary conditions used in this study are 
as follows: 

T(3.0,0≤y<2.1 2.3<y≤2.5)=Th       (18) 
T(0,0≤y<0.2 0.4<y≤2.5)=Tc          (19) 

1r
0y3,x0

q
y
T

                  

 (20) 

2r
5.2y3,x0

q
y
T

               

 (21) 

Tin = 298 K                       (22) 
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where qr1 and qr2 are the net radiative heat fluxes of the 
corresponding adiabatic surface. 

The boundary conditions for CO2 are: 

CCO2-in=0.0                                (24) 

mCO2-human= 0.000012 kg/s          (25) 

0
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To generalize the results, the non-dimensional 
Reynolds (Re) and Rayleigh (Ra) numbers, were de-
fined as follows: 
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where g is the gravity, Ly is the height of the cavity, 
inU  is the inlet velocity,  and  are the thermal diffu-

sivity and the kinematic viscosity of the fluid respec-
tively. The non-dimensional heat transfer parameters are 
explained next. 

The local convective Nusselt number is defined as 
the ratio between the heat flux by natural convection 
and the heat flux due to conduction only:  
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The average convective Nusselt number was ob-
tained by integrating the local Nusselt number over the 
area of an isothermal wall: 
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where h  is the average convective heat transfer coeffi-
cient and  is the thermal conductivity of the fluid. 

The radiative Nusselt number is defined as the ratio 
between the radiative heat flux and the heat flux due to 
conduction only, then:  
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The average radiative Nusselt ( rNu ) number was 
obtained integrating the radiative Nusselt numbers over 
the isothermal wall, by the following mathematical rela-
tionship: 

yL

0
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The total average Nusselt number ( tNu ) was calculated 
by summing the average convective Nusselt number and 
the average radiative Nusselt number. 

III. NUMERICAL METHOD OF SOLUTION 
The numerical results were obtained using the CFD 
software Fluent 6.3, which is based on the finite volume 
method in order to solve the governing equations of the 
fluid dynamics. For the coupling of the momentum and 
continuity equations the SIMPLEC algorithm were 
used. The convective terms were discretized applying 
the Power Law scheme (Patankar, 1980). The conver-
gence was achieved when the weighted residue of each 
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Table 1 Nusselt number comparison between Radhakrishnan 
et al. (2007) and Fluent. 

Re Fluent Radhakrishnan et al. (2007) % 
9000 37.8 41.8 9.55 
7000 36.4 37.2 2.09 
5000 31.3 30.0 4.35 
3000 21.5 22.8 5.72 

of the governing equations was 10-3. The radiative heat 
transfer Eqs. (12-14) were solved with the discrete ordi-
nate method, which subdivides the solution domain into 
a number of control volumes. Also the directions of 
propagation of the radiative intensity are discretized and 
the integrals taking into account the scattering are ap-
proximated as appropriately weighted sums. For exam-
ple the radiative transfer equation at a discrete direction 
for one-dimensional problems can be written as  

L

1l

llll
b

l
l

l wI
4

II
dz
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where lw  are the quadrature weights (there is no solid 
angle integration). However quadrature sets (ordinate 
directions and angular weights) are generated to inte-
grate the radiant energy and scattering terms accurately 
(Sanchez and Smith, 1992).  

To determinate the appropriate mesh size for the 
parametric study on the two-dimensional cavity; a mesh 
independence study was carried out considering a veloc-
ity inlet of 0.5 m/s. A non-uniform mesh with greater 
node density on the heated and isothermal wall was 
placed. The averaged Nusselt number value on the cold 
isothermal wall was independent of the mesh size when 
150 nodes on the horizontal direction and 150 nodes on 
the vertical direction were used (29 260 cells). 

In order to validate the numerical code, a compari-
son between experimental results from a ventilated cavi-
ty of Radhakrishnan et al. (2007) was carried out. The 
results were compared with the ones obtained with Flu-
ent, with a mesh size of 50900 nodes and the turbulent 
kt- t standard model. The heat power of the source was 
kept at 10.1 W and the Reynolds numbers was varied 
between 3000 and 9000. In Table 1, the Nusselt number 
percentage differences are calculated, showing that the 
maximum absolute difference was 9.55 % for a 
Re=9000, meanwhile the minimum difference was 2.09 
for Re=7000. 

IV. RESULTS 
The numerical results for the ventilated cavity were ob-
tained considering the parameters of Table 2. The in-
coming air velocities considered (0.05 and 0.5 m/s) are 
equivalent to Reynolds numbers of 636 and 6364, 
whereas the Rayleigh number was fixed at 3.72x107. 
Case 1. Heat transfer dominated by natural convec-
tion. 
In order to analyze the influence of natural convection 
on the flow pattern, temperature field and CO2 distribu-
tion, the thermal radiation was suppressed by setting an 
emissivity value of zero and the forced convection was 
considerably reduced by considering a low Reynolds 
number (Re=636). On Fig. 2 the results of heat transfer 

dominated by natural convection are shown. The 
streamlines on Fig. 2a indicate that the flow of the fluid 
occurs in counterclockwise direction, with velocity 
magnitudes between 0.05 m/s and 0.15 m/s. The hot 
 

Table 2 Considered cases for parametric study. 

Case Description Parameters 

1 
Heat transfer dominated by natu-

ral convection 
(Th=308 K and Tc=298 K)  

=0.0 
Re=636 

Ra=3.72x107 

2 
Combined natural and forced 

convection 
(Th=308 K and Tc=298 K) 

=0.0 
Re=6364 

Ra=3.72x107 

3 
Combined natural convection 

and thermal radiation 
(Th=308 K and Tc=298 K) 

=0.8 
Re=636 

Ra=3.72x107 

4 
Combined natural and forced 

convection with thermal radia-
tion (Th=308 K and Tc=298 K) 

=0.8 
Re=6364 

Ra=3.72x107 
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Figure 2 Heat transfer dominated by natural convection: a) 
Flow pattern (streamlines and velocity magnitude), b) Tem-
perature field (isotherms) and c) CO2 distribution (% volume). 

Tmean= 31.4 °C 

CO2-mean= 0.57 % 
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wall heats the fluid, then the air raises driven by the 
buoyancy force and descends near the cold wall moving 
towards the human, rising again and continuing to go 
upwards to the outlet. In the upper right corner a counter 
clockwise vortex is observed, however on the right side 
of the human a vortex moving in clockwise direction 
can be noted. In the temperature field can be observed 
(Fig. 2b) that low temperature predominance exists on 
the lower part of the left side of the room (≈28°C) and 
higher temperatures (between 30-33°C) can be observed 
near the top and the right side of the room. The mean 
temperature of the room was 31.4°C. The CO2 concen-
tration field in volume percentage is shown in Fig. 2c, 
where can be observed that the concentration of CO2 is 
about 1.0 % in the room, except near the CO2 outlet 
(human) where it is 2.4 % and near the air inlet where is 
between 0.0-0.5%. The mean volume percentage of CO2 
in the room is 0.57%. 
Case 2. Combined natural and forced convection. 
Figure 3 presents the results for combined natural and 
forced convection. In Fig. 3a velocity magnitudes be-
tween 0.05 m/s and 0.5 m/s are observed, besides a big 
vortex on the left side and three medium vortexes on the 
right side of the room are formed. The direction on the 
vortexes is influenced by the incoming air, except the 
one on the upper right corner, which is influenced by 
the nearby hot wall and it circulates in counterclockwise 
direction. In the temperature field can be observed (Fig. 
3b) that the low temperature area is influenced by the air 
that enters the room, and the hot temperature area is lo-
cated near the cold wall, where almost no influence of 
the incoming cold air can be noticed. Thermal stratifica-
tion cannot be observed for this case, only a small influ-
ence of natural convection in the upper right side of the 
room, near the hot wall. The Tmean in the room for Case 
2 is 26.8°C. In Figure 3c, the CO2 concentration (%) 
field is shown, for this case most of the room has 0 % of 
CO2, except near the CO2 human outlet and the mean 
CO2 percentage in the room is 0.01%. 
Case 3. Combined natural convection and thermal 
radiation. 
On the Fig. 4 the results for natural convection with ra-
diation are shown. On the Figure (4a) the flow pattern is 
alike to the observed for Case 1, nevertheless a bigger 
vortex located on the superior part of the room is appre-
ciated. In Figure 4b, also a similar behavior as the Case 
1 (almost pure natural convection) is observed, the low-
er temperature values are located on the lower left part 
of the room and higher temperatures can be observed 
near the hot wall as well as near the human. However 
the thermal radiation causes that the overall tempera-
tures on the room become lower than the ones for Case 
1. Furthermore Tmean=31.4 °C for Case 1, meanwhile 
Tmean=31 °C for Case 3. In the CO2 concentration field 
shown in Figure 4c can be observed that the CO2 distri-
bution on the room is almost homogeneous. Only 
around the CO2 outlet (human) is where higher concen-
trations can be observed, the lower concentrations are 

close to the air inlet, whereas the mean CO2 percentage 
in the room is 0.80%. 
Case 4. Combined natural and forced convection and 
thermal radiation. 
Figure 5 shows the results for combined natural convec-
tion and forced convection with thermal radiation. In the 
streamlines (Fig. 5a) three vortexes appear on the right 
side of the room, two of them rotate in the clockwise di-
rection because the incoming air flow, but the vortex on 
the upper right corner is moving in opposite direction, 
due to the buoyancy force caused by the closeness to the 
hot wall. However on the left side a big vortex near the 
cold wall appears with counterclockwise direction. The 
flow patterns in the cases where forced convection is 
considered (3 and 5) are comparable, because it domi-
nates the air movement. In this case the velocity magni-
tudes are within 0.05 m/s and 0.15 m/s. However the 
temperature field observed in Figure 5b, shows a similar 
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Figure 3 Combined natural and forced convection: a) Flow 
pattern (streamlines and velocity magnitude), b) Temperature 
field (isotherms) and c) CO2 distribution (% volume). 

Tmean= 26. 8 °C 

CO2-mean=0.01 %  
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Figure 4 Combined natural convection and thermal radiation: 
a) Flow pattern (streamlines and velocity magnitude), b) Tem-
perature field (isotherms) and c) CO2 distribution (% volume). 

behavior as the case considering natural and forced con-
vection (Case 2), nevertheless, with the incorporation of 
the radiative effect, a minor rise of temperatures on the 
room is caused (0.2°C). Nevertheless, the temperature 
field pattern is alike. In Figure 5c, the CO2 concentra-
tion (% volume) field is shown, for this case most of the 
room has a 0.0 % of CO2, except near the CO2 outlet 
(human), the mean CO2 percentage in the room is 
0.01%. This behavior is noted for all cases including 
forced convection (Cases: 3 and 5). 
Heat transfer analysis. 
In Table 3 are presented the average Nusselt numbers 
on cold isothermal wall (convective, radiative and total). 
It can be observed that the Nusselt numbers decrease 
with the Reynolds number. Besides the higher average 
convective Nusselt numbers are observed when natural 
convection without forced convection is considered. 
When thermal radiation is present (Cases 3 and 4), can 
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Figure 5 Combined natural and forced convection with ther-
mal radiation: a) Flow pattern (streamlines and velocity mag-
nitude), b) Temperature field (isotherms) and c) CO2 distribu-
tion (% volume). 
be noted that the lowest percentage contribution of the 
radiative heat transfer is for Case 3 (57%) and the high-
est for Case 4 (73%). However an increase of 137 % on 
the total Nusselt number ( tNu ) between Case 1 (almost 
pure natural convection) and Case 3 (almost pure natu-
ral convection and thermal radiation) is observed. 
Meanwhile the total Nusselt numbers grows 333 % 
when Case 2 (natural and forced convection) is com-
pared with Case 4 (natural and forced convection with 
thermal radiation). 

Table 3 Average Nusselt numbers. 
Case cNu  rNu  tNu  

1 149.19 ----- 149.19 
2 55.32 ----- 55.32 
3 150.77 196.39 347.16 
4 64.73 175.04 239.77 

 

Tmean= 31 °C 

CO2-mean=0.80 % 

Tmean= 27 °C 

CO2-mean=0.01 % 
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V. CONCLUSIONS 
In this work the numerical study of heat transfer by 
convection and thermal radiation in a ventilated room 
with human heat generation and CO2 production is pre-
sented. From the results we can conclude the following: 
1. The flow pattern is strongly influenced by forced 

convection, whereas the presence of thermal radia-
tion slightly varies the flow pattern. 

2. The temperature pattern is greatly influenced by the 
consideration of forced convection, nevertheless, 
near the hot wall; the influence of natural convection 
is always noticeable.  Furthermore the natural venti-
lation reduces the average temperatures in the room 
between 4°C and 5.5°C, while the thermal radiation 
increases the average temperature between 0.2°C 
and 0.4°C. 

3. The CO2 concentration in percentage is only influ-
enced by the forced convection inclusion, noting that 
it causes 98% of decrease on the % of CO2. 

4. The higher average convective Nusselt numbers are 
observed when natural convection without forced 
convection is considered. Besides the inclusion of 
the thermal radiation causes an increase on the total 
Nusselt number ( tNu ) of 137 % (when almost pure 
natural convection is considered) and 333% (when 
natural and forced convection are considered).  
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NOMENCLATURE 
inCO2

C  Concentration of CO2 at inlet, mole/l 

C  Averaged concentration of species, mole/l 

Cp Specific heat, J/kg K 
C1  Turbulent model coefficients 
C2  Turbulent model coefficients 
DAB Mass diffusivity, m2 s 
g Gravity, m/s2 
Gkt Generation of turbulent kinetic energy due to 

the buoyancy force, m2/s3 
h  Average heat transfer coefficient, W/m2 K 

Ib    Blackbody intensity, W/m2 
I   Intensity of radiation, W/m2 
kt  Turbulent kinetic energy, m2/s2 
kin Inlet turbulent kinetic energy, m2/s2 
k    Absorptivity, non-dimensional 
Lx  Length of the cavity, m 
Ly  Height of the cavity, m 
Lin Inlet height, m 
Nu  Local Nusselt number, non-dimensional 

cNu    Average convective Nusselt number, 
cNu = h L/k 

rNu    Average Radiative Nusselt number, 
ychrr L/TT/qNu , non-

dimensional 
tNu   Average total Nusselt number 

rct NuNuNu , non-dimensional 

Pr Prandtl number, non-dimensional 
Pkt    Generation of the turbulent kinetic energy by 

velocity gradients, m2/s3 
Ra   Rayleigh number, Ra=gβΔTL3/υ·λ, non-

dimensional 
Re   Reynolds number, Re =UinH/v, non-

dimensional 
s   Geometric path length, m 

iŝ    Unit vector in a given direction, m 
ŝ    Propagation direction, m 
Tc  Cold wall temperature, K 
Th  Hot wall temperature, K 
Tin  Inlet temperature, K 
Tmean  Average temperature, K 
ui'  Instant velocity fluctuation on i direction, m/s 
Uin   Inlet velocity, m/s 
ūi   Time averaged velocity on i direction, m/s 
 
Greek symbols 

  Thermal diffusivity, m/s 
  Coefficient of thermal expansion, 1/K 
β    Coefficient of extinction, 1/m 
ε   Emissivity, non-dimensional 
εt   Turbulent kinetic energy dissipation, m2/s3 

in  Inlet turbulent kinetic energy dissipation, m2/s3 
  Dynamic viscosity, kg/m·s 
t  Turbulent viscosity, kg/m·s 
  Density, kg/m3 
Ωi   Solid angle, sr 

k   Turbulent Prandtl numbers for the equation of 
kt, non-dimensional 

   Turbulent Prandtl number for the equation of 
t, non-dimensional 

σs    Scattering coefficient, 1/m 
 Kinematic viscosity, m2/s 

 
 
 
Received: March 26, 2012 
Submitted to Subject Editor: May 11, 2012 
Accepted: February 11, 2013 
Recommended by Subject Editor: Rubén Piacentini 
 
 
 


