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ABSTRACT. People’s perceptions of indoor air quality and thermal comfort are affected by air
speed and temperature. We have extended the three-dimensional zonal model, ZAER, to be able to
predict the temperature fields and the air distributions between and within rooms in the case of
natural convection. This paper presents an application of the new zonal model dealing with the
influence of a heated floor of one room upon the winter thermal comfort of an unconditioned
Tunisian dwelling. Coupling ZAER with a thermal comfort model allows the assessment of the
thermal quality of the dwelling through the prediction of a comfort indicator. The obtained results
show  that  a  heated  floor  can  be  a  useful  component  to  improve  thermal  comfort  in  the  Tunisian
context, even in another room.
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INTRODUCTION

Indoors – this is where we live. We are born indoors, we go to school indoors, we sleep indoors and
most of us work indoors… altogether, in many regions, we spend more than 80 percent of our time
indoors. It is natural that we have some expectations about the quality of indoor environment.
Generally we want an indoor environment that is healthy and comfortable, may be even inspiring.
Thus, the environmental control of buildings is becoming very important. Among the thermal
comfort indices proposed in the literature, the Fanger’s predicted mean vote (PMV) has become a
standard approach to assess the indoor thermal comfort, but evaluating PMV is only possible if the
air velocity and temperature distributions are well known.

discharge coefficient [-]
air specific heat [J/kg.K]
gravitational acceleration [m/s2]
zone or interface height [m]
convective heat transfer coefficient [w/m2.K]
molar mass of air [kg/mole]
gas constant [kg.m2/mole.s2.K]
border surface between i and j [m2]
zone air temperature [°C]
air mass flow rate from j to i [kg/s]
air density [kg/m3]
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Currently, multi-room and computational fluid dynamics (CFD) models are used extensively for
predicting indoor environmental conditions. Multi-room modeling is the simplest method. It takes a
room within a building as one homogeneous node that is connected to others by openings between
rooms and/or openings to the outside. This approach has the advantage of user friendliness in terms
of problem definition, straightforward internal representation and calculation procedure: it can be
easily incorporated into thermal simulation software. However, it cannot represent detailed
temperature  and  airflow  distributions  within  a  room  due  to  its  simplification  of  problem  domain
(Haghighat et al. 1996). The other extreme of modeling is to simulate the detailed intra-zonal
airflow and temperature distribution with a CFD method, which subdivides the volume of a single
room into thousands, if not millions, of nodes (Haghighat et al. 1992). Despite the richness of
results in terms of information regarding the airflow and temperature distributions within a room, it
suffers from a need for significant problem definition and computation effort by the user. Further,
this detailed method is very demanding in terms of power and computer process due to the fact that
a very fine grid is necessary to study the heat and mass transfer processes at the boundaries (Megri
et al. 2007). Thus, it is difficult to apply to situations involving a number of rooms in a building
over long periods of time.

A “Zonal model” is an intermediate approach between CFD and multi-room models. Such models
execute much faster than CFD calculations but give more accurate results than the multi-room
models and provide temperature and airflow distributions that are accurate enough to predict
thermal comfort. The basic idea of zoning is to divide the room air volume into several
homogeneous zones in which mass and heat conservation are obeyed. It should be relatively easy
for users to define the problem and it could easily be incorporated into building thermal analysis
software. Zonal models are promising way to predict air movement in a room with respect to
comfort conditions and gradient of temperature because they require extremely little computer time
and could easily be included in multizone air movement models (Jiru et al. 2004; Megri et al. 2005).
We  point  that  to  date;  there  is  no  commercial  program  or  software  based  on  the  zonal  modeling
approach.

In this context, Gharbi (2005) has developed a three-dimensional modular code of coupled heat
transfer and air flow, ZAER, which enables the evaluation of temperature field and air flow pattern
within a room in transient state under the action of real meteorological conditions. This simulation
tool is based upon the coupling of a zonal air flow model in temperature and pressure with a thermal
envelope model that computes the heat transfer conduction using a reduced order state model and
evaluates accurately the radiative exchanges. Previous studies (Gharbi et al. 2004; Gharbi 2005;
Boukhris et al. 2007) have shown the ability of this model to evaluate, satisfactorily, the
temperature stratification and the air flow pattern within a single room.

Air flow through windows, doorways and other large internal openings are significant ways in
which air, pollutants and thermal energy are transferred from one zone of a dwelling to another. For
this reason, we have extended the zonal model ZAER to enable predictions of air flow within a
dwelling with any number of rooms. The new model was validated by comparing its predictions
with experimental measurements from the Minibat test cell of INSA Lyon for different cases of
partitioned dwellings in natural convection. Simulation results were also compared with numerical
data obtained from the StarCD CFD program and another zonal model (Boukhris et al. 2008). The
results obtained have shown the ability of this model to predict satisfactorily the temperature
stratification and the air flow pattern between and within rooms.
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Its coupling with a thermal model developed by Ghrab (1991) allows evaluating the thermal quality
of the dwelling by the prediction of the PMV and therefore the percentage of persons satisfied
(PPS).

This paper presents an application of ZAER dealing with the influence of a heated floor of only one
room upon the winter thermal comfort of an unconditioned Tunisian dwelling. We do particularly
take interest to the thermal sensation of the occupants.

DESCRIPTION OF THE MODEL

The principle of the zonal model, ZAER, is to divide the dwelling indoor air volume into a finite
number of discrete parallelepiped control volumes (zones) set side by side (Figure 1), in which state
variables of the air (temperature, density and pressure) are assumed to be constant. Adjacent zones
are connected by interfaces through which circulate air flow and heat flux. The unknown quantities
of the problem are the air flow rates and the air state variables.

This model is based on the simplified method initiated by Bouia (1993). It lies in calculating the
indoor pressure field using a ‘degraded’ form of momentum conservation for determining the air
mass flow rates and the air temperatures inside a given building. This method is founded on an
important characteristic of the current zones i.e. the uniformity and the low amplitude of the air
velocities. It is assumed that the air velocities through the interfaces are only generated by the
pressure difference on both sides. This means that the pressure differential between two adjacent
low velocity zones generates a discharging velocity flow that crosses the border between them with
a discharge coefficient Cd.
The discharge coefficients Cd are empirical coefficients including viscous effects and local
contraction of the stream-lines when the flow crosses an opening (Inard et al. 1996).

The mass flow rate ijm across a border from current zone j to current zone i has the following

expression, for a vertical border (see Figure 2):

1
2

ij ij d ij ijm 2 C S P (1)

Figure 1. Geometry of a zone in ZAER
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with:

ijP j iP P

ij 1 , sign ij( ) = sign ij( P )

j  if ij 1 and i  if ij 1

For a horizontal border, only the expression of ijP is different:

ijP j i i i j j
1P P ( gh gh )
2

By assuming that heat conduction in the air is negligible, that there is no internal heat source and
that the air is incompressible, the mass balance equation, the thermal balance equation and the
perfect gas law are respectively written for each zone i of the dwelling ,as:
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i,walls
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The global system of non linear equations constituted by (2), (3) and (4) is solved by a block
iterative method, which necessitates the convergence of each subsystem to guarantee the coherence
of each subsystem to guarantee the coherence of each block solution with the solution of the global
system. The numerical resolution is achieved according to the following stages:

1. Air pressures are derived from the non-linear system given by the mass balance equations
(2). The numerical resolution is carried out by the Broyden method (Press et al. 1992).

2. The air temperature field is obtained by the resolution of the linear system given by the
thermal balance equations (3) with a classic iterative Gauss method.

Zone i Zone j

Pi Pj

Figure 2. Vertical border (Pj>Pi)

(2)

(3)

(4)
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3. Knowing air temperatures and pressures, air densities are calculated directly from the perfect
gas law (4).

4. To ensure the coherence of the simulation results, temperatures and pressures obtained after
convergence of the thermal and the air flow subsystems, are introduced into a global
equation system that will be simultaneously solved by the Broyden method.

In order to evaluate the thermal quality of the unconditioned dwelling, we have coupled ZAER with
a  thermal  comfort  model  (Ghrab  1991).  The  coupled  simulation  tool  was  used  to  predict  the
Predicted Mean Vote (PMV). This index, the PMV, predicts the average value of subjective
reactions of a significant group of persons (ASHRAE, 1989).

Program  execution  times  are  linked  directly  to  the  size  of  the  simulated  dwelling  and  number  of
considered zones. For the problem presented in this paper execution time is in the range of a few
minutes on a fast Dual Core-based PC.

APPLICATION TO A TUNISIAN DWELLING

In the studied example, we want to know whether a heated floor of one room, is efficient to heat an
adjacent room, if there is an open door between the two rooms.

The simulated dwelling is formed by two parallelepiped rooms. Each one has an area of (3 x 3) m2

and a height of 2.8 m. The two adjacent rooms are separated by a partition containing a 1 m wide x
2.2 m high doorway (Figure 3). Except the floor of the first room which is assimilated to a heated
floor at 28 °C, all the other walls are maintained at 17 °C. The relative humidity amounts to 50 %.
We assume that each room is occupied by a person of 1.7 m height having a light activity (1.2 met);
the thermal resistance of her clothes is 0.9 clo, which corresponds to winter clothes.

The dwelling is subdivided into 108 zones with a 6 x 3 x 6 grid, in an arrangement which gives five
zones at each side of the opening. The adopted partitioning is:

- x direction: cells of 1.0, 1.0, 1.0, 1.0, 1.0, 1.0 m
- y direction: cells of 1.0, 1.0, 1.0 m
- z direction: cells of 0.2, 0.475, 0.475, 0.475, 0.575, 0.6 m
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Figure 3. Shape and dimensions of the cell
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The surface heat transfer is assumed to be linear in surface-to-air temperature difference, with
constant convective heat transfer coefficients, hc, of 4.0, 5.0 and 6.0 W m-2 K-1 at the floor, ceiling
and vertical walls, respectively.

The discharge coefficient is constant for the whole grid, with a value of 0.64, expect in the doorway
where it takes a value of 0.37 (Boukhris et al. 2008).

Figure 4 presents the computed air mass flows and temperatures in the median plane x-z (y=1.5 m).

DDiissttrriibbuuttiioonn ooff tteemmppeerraattuurree ((°°CC))

DDiissttrriibbuuttiioonn ooff aaiirr ffllooww ((kkgg //hhrr))

Figure 4. Distribution of air mass flow and temperature in the median plane x-z
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In this configuration, natural convection is brought about by the difference in air density caused by
the temperature difference between the heated floor and the other walls. ZAER’s results give a
satisfactory prediction of the physical phenomena.
These results indicate that the air temperature in the heated room is consistently higher than that of
a  similar  dwelling  without  heated  floor.  Moreover,  they  show  that  the  air  temperature  in  the
unheated room (right one) is also higher than the temperature of a similar dwelling without any
heated floor; this is due to the heat transferred by natural convection from the heated room to the
unheated one.

We observe an obvious horizontal and vertical stratification of the temperature field, mainly in the
heated room. The air temperature near the left wall of the first room being 2.4 °C higher than the
temperature near the doorway and about 3.64 °C higher than that near the right wall of the second
one. Also, deviation of air temperature between zones near the floor and those near the ceiling reach
2.94 °C in the first room and about 1.5 °C in the unconditioned one.

In each room, the air  flow is actuated by a revolving movement.  We see also a bidirectional flow
from the bottom to the top of the doorway denoting the presence of only one neutral plane occurring
at the heights, between 1.15 m and 1.625 m, at which the horizontal air velocity in the opening is
equal to zero.

In the case of the same dwelling, but without heated floor, the PPS amounts to 62 % which
corresponds to a poor thermal quality. The corresponding PMV is equal to -1.28 denoting a cool
sensation. Whereas when the first room is equipped with a heated floor, the thermal sensation of the
dwelling occupants which depends on their positions is notably improved. In order to evaluate more
precisely the thermal comfort inside the dwelling, the iso-values of the comfort votes and the
corresponding PMV in the median plane x-z (y=1.5 m) are plotted (Figures 5 and 6).

We see that in most zones of the first  room, the PPS is between 80 % and 86 % and the PMV is
greater than -0.8.  However,  in the unheated room the PPS is amounting to 74 % and the PMV is
about -1.1.

66 6668

68 68
68

68

68

68

70

70

70
70

70

70

70

72

72
72

72
72

72

72

74
74

74
74

74
74

74
74

76
76

76
76

76

76

76
76

78
78

78

78
78

78

80

80

80

80

80
80

82

82

82
82

82
82

84
84

84
84

84

86

86

86

84

82

80

78

76

74

72

70

68

66

Figure 5. Iso-comfort votes (%) in the median plane x-z
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CONCLUSION

We have studied with the three-dimensional zonal model ZAER the influence of a heated floor of
one room on the distribution of air temperature and velocities in an unconditioned partitioned
dwelling. Its coupling with a thermal comfort model allows the assessment of the thermal quality of
buildings  through  the  prediction  of  a  comfort  indicator,  without  excessive  calculation  time  or
machine capacity.

The obtained results have shown that a heated floor can be used to improve thermal winter comfort
in the Tunisian context, even in another room.

We intend to achieve further work to apply this zonal model to buildings naturally ventilated and to
model the emission, transport and concentration of indoor pollutants and moisture.
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