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Prediction of air temperature distribution in buildings with a zonal model
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Abstract

This study presents a zonal model used for predicting the air temperature distribution inside a room. This model is original in the calculation
of mass air flows between two zones. To do so, we distinguish zones where the momentum is small and for which we calculate the flow rates
with the aid of a pressure field, and the driving zones described using appropriate specific flow laws. A comparison between experimental
results and those obtained with the model proves that they are fully consistent with each other. This allows us to consider the integration of

this type of model into a general building thermal code.
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1. Introduction

During the last two decades, considerable effort has been
made, when modelling the thermoconvective field of a room,
to overstep the notion of isothermal air volume which, though
a proper sizing tool, does not allow the problems of compar-
ison between the heating and ventilation systems, especially
with regard to thermal comfort, energy consumption and
indoor air quality. Though an approach to the problem
through the CFD codes proves highly serviceable [11], the
simplified model we present provides an alternative and inex-
pensive solution for engineers who could not use the CFD
method for their problem.

For this reason, the zonal model principle, which consists
in breaking up the indoor air volume into macro-volumes to
reach the desired objectives, has been much in use with var-
ying degrees of success. Mass and thermal balances are writ-
ten for each zone so as to calculate the indoor temperature
field. The main problem posed with this type of modelling is
the evaluation of mass transfers between the zones
considered.

A first approach [2,3] consists in fixing the air flow direc-
tion and settling the problem posed by specific flow laws such
as plumes and jets. This method yielded consistent results
[4,5] but also has a limited field of application owing to its
basic hypothesis, namely a fixed air flow pattern.

In other respects, another method [6,7] consists in calcu-
lating an indoor pressure field using a ‘degraded’ equation
for the momentum allowing a mass air flow between two
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zones to be connected to the corresponding pressure differ-
ential. Though this method has a more general field of appli-
cation, its limits become instantly evident when predicting
driving flows (plumes, jets, etc.) owing to the poor represen-
tation of the momentum for such flows.

A zonal model derived from the approaches we have briefly
described is presented in this paper. The model is based upon
arepresentation of the so-called current or low velocity zones
by a pressure ficld while the driving flows are described by
their behaviour laws. We thus obtain an increased generality
of the model.

2. Description of the model
2.1. General structure of the model

The domain under consideration is broken up into n iso-
thermal zones according to a parallelepipedic geometry. All
these zones are inter-connected by mass air flows and the
mass and thermal balances are given for each of them.

For the mass balance, we write:

Y my+ms;=Y my;+me, (1)
=1 =1

The thermal balance under steady state conditions, is
expressed by:

Zcpmu(Tl—r/)_*'Cpms:(Ti-Tst) +(pconvi=Pconvi (2)

j—1
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Fig. 1. Example of control volume.

Consequently, if we express the convective heat fluxes
exchanged along the walls as a function of air temperatures,
we have n independent equations for the thermal balance
associated to n — 1 equations for the mass balance. Generally
speaking, we, in fact, have n+n(n—1) that are unknown.
The difference between the number of available independent
equations and the number of unknown quantities is due to the
fact that we do not use the equations of momentum conser-
vation. To settle the problem and to obtain a rapid approxi-
mate method, we distinguish two types of zones:

(i) the current zones,

(i) the specific flow zones.

We thus choose a different procedure for each type of zone
to calculate the air mass flows exchanged between two zones.

2.2. Calculation of inter-zone flows

2.2.1. Case of current zones

If we use the finite volume method in association with a
staggered grid such as described in Fig. 1, it is shown [8]
that rendering discrete equations of momentum conservation
according to the directions x, y and z are written:

aeue=zanbunb+Ae(PP—PE) (3)
a'nvn = Ealnbvnb_+_‘4rl(1:'P__PINI) (4)
a",w,= Za"nbwnb"_At(PP_PT) - (pgA V)t (5)

In order to solve these equations by using, for instance, the
SIMPLER algorithm [8], a fine grid discretization of the
domain studied is required. We in fact propose using a sim-
plified method taking account of an important characteristic
of current zones, namely the uniformity and the low ampli-
tude of the velocities and, consequently, of the momentum.
One can therefore rightfully assume that the velocities are
mainly governed by variations in the driving pressure. We
have therefore developed the simplified method detailed
below on the basis of these remarks.

Eqgs. (3)-(5) can be written as follows:

(%peue)ue=€qu5(PP_PE) (6)
1
(Epnyn)vn= eVCJf'(PP_PN) N

1
(EP:W:)W:= Gdei,( (Pp—Pr)— (pgh)r) (3)

with:
1
EpeueAe
Cd;= 9
a,— Eﬂnb'uLb'
1
EP"V"A"
Cd=r (10)
aln - z:a’rzbl}ﬁ
V’l
l%prerx
cd,= (1)

w,
” n Ynb
a ,—):.a nb

1

€,, €, and €,, of which absolute value is 1, make the signs of
the two members of each of Egs. (6)-(8) equal. Coefficients
Cd,, Cd, and Cd,, are analogous to discharge coefficients.
This formulation is such that the driving pressure deviation,
e.g. Pp— Pg between two adjacent meshes generates a dis-
charging velocity flow «#, which crosses the border between
those two meshes with a discharge coefficient Cd,. Eq. (6)
allows the mass flow rate associated to velocity u, through
the interface between the two zones centred in P and E (direc-
tion x) to be explained:

1/d
2|Pp~P
o= ancap [ Ll (12

We also obtain a similar relation which expresses the flow
exchange between two adjacent zones in the direction y:

1/2
2|Pp— P
Hp .N= evpnCdV‘“n(—l—pI)—_Nl) (13)

As regards direction z, the density must be taken into
account:

1/2
mp_,T=€wp,deA(2|(PP—P1:—(pgh)tl) (14)
with:

1
(pgh),=§((pgh)p+(pgh)T) (15)

As a general rule, we express the mass flow rate which
crosses a vertical border between two current zones i and j
by the following expression:

m; =€,y 2p;CdA;| P;—P;| ' (16)

In the case of a horizontal border between two current
zones, we write:
1/2

1
m; = €;V2p;CdA;|(P;— P;) — - (pighi + pigh;) (17)
2
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Egs. (16) and (17) are used to compute the mass flow
rate through the vertical and horizontal borders of the current
Zones.

The discharge coefficients Cd are empirical coefficients
including viscous effects and local contraction of the stream-
lines when the flow crosses an opening. These coefficients
have to be determined experimentally by the ratio between
the actual air mass flow and the theoretical flow. When there
are no solid borders and velocity flows are low, as in our
study, it is very difficult to obtain accurate experimental val-
ues of the discharge coefficients. Nevertheless, in order to
give a proper value to these coefficients and considering that
velocities within current zones are very slow (the high veloc-
ity flows are described by specific laws), the experimental
data obtained for air movement through doorways with nat-
ural convection flows were used [9]. In this way, the dis-
charge coefficient values were set to 0.8. Though this value
gives consistent results compared to the experimental data, it
is clear that more work is needed in order to obtain an accurate
discharge coefficient value.

As specified earlier, this approximate formulation of inter-
zone mass flow rates is justified only for low-velocity flows
but is not convenient for driving flows. The inter-zone mass
flow rate in the latter case is calculated by using laws that
govern specific flows.

2.2.2. Case of zones with specific flows

For the time being, we have integrated three types of spe-
cific flows into the model, namely:

(1) wall anisothermal horizontal jet,

(it) wall thermal plume derived from a local heat source,

(111) thermal boundary layer.

Provision has been made for integrating flow models such
as free thermal plume and wall anisothermal vertical jet.

The laws applied for each type of flow are as follows:

(1) Wall anisothermal horizontal jet— penetration length
[10]:

1Y
Xs=a,(A—D) (18)
—mass flow rate [ 11]:
m(x) =K,(£) (19)
ma bO

As Eq. (19) includes the discharge air of the jet nozzle, it
should be adequate for properly evaluating ambient air
entrainment in the jet even for high momentum flows.

(i1y Wall thermal plume derived from a local heat source—
mass flow rate [12]:

m(z) =K,0(2)' " (z—z,)* (20)
(iii) Thermal boundary layer— mass flow rate [13]:
m(z) =K AT'"?; (21)

Table 1 gives values for coefficients used in Egs. (18)—

(21).

Table 1
Values of specific flow coefficients

Plane wall jet a;=0.74b, b,=2/3 K;=025 a=05
Plane thermal plume  K,=0.009 B=1

Thermal boundary K3=0.004

layer

On the basis of the above-mentioned laws, we can evaluate
the ambient air induction rate within the specific flow consid-
ered and calculate the mass flow rate of air crossing a border
between the specific flow and a current zone.

Writing the mass and thermal balances for each zone is a
non-linear system we solve using Broyden’s method [14].
Solving this system allows us to know the pressure field (for
current zones) and the temperature field (for each zone).

To better understand the consistency of the model results,
it was necessary to compare them with the experimental
results. Experiments were made in two real-size test cells,
and the numerical and experimental results compared in two
stages. The first stage consisted in checking the model con-
sistency with basic cases, namely the cell which was ther-
mally driven (natural convection) and that heated by a linear
heat source (mixed convection). The model consistency was
then checked with cases closer to the reality, i.e. a cell ven-
tilated and heated by real heat emitters.

3. Comparison of the model with the experiment
3.1. Basic cases

Experiments were made in CETHIL’s MINIBAT test cell
of which a cross section is shown in Fig. 2.

This test cell consists of a 24 m® (3.1 X 3.1 X 2.5 m) single
volume of which the temperature is kept constant on five
faces owing to another volume used as a thermal guard. The
sixth face (facing south) is in contact with a climatic caisson
which allows us to obtain air temperatures ranging from — 10
to +40 °C with a very good stability ( £0.2 °C). An inso-
lation simulator made up of twelve 1100 W CSI lamps allows
reproduction of the effects of a direct insolation within the
cell, and electric films enable the ceiling heating simulation.
The cell is equipped with 200 temperature sensors distributed
within the volume and surface of the walls that are more
especially used to obtain an experimental isotherm field in
the cell mid-plane.

A detailed description of the MINIBAT test cell is given
in Ref. [15].

As specified earlier, tests were carried out in this cell for
two types of flows: natural convection and mixed convection.

3.1.1. Case of natural convection

Four basic cases were dealt with:

Case no. 1: one cold active vertical face;

Case no. 2: one cold active vertical face, the face opposite
being heated;
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Fig. 2. MINIBAT cell cross section. 1: External casing ( cellular concrete, 20 cm thick }; 2: glasswool (5 cm thick); 3: plywood (2.5 cm thick); 4: plaster (1
cm thick); 5: fiberboard (5 cm thick); 6: glazing (1 cm thick); 7: climatic caisson; 8: double-glazing (10-8~10 mm); 9: insulation simulator; 10: test cell; *:

position of ambient control temperature sensors.

Table 2
Values of average inside temperatures (°C) measured for case nos. 14

South North East West Ceiling Floor
Case no. 1 6.0 13.9 14.1 14.1 13.5 11.8
Case no. 2 16.9 33.0 269 273 285 259
Case no. 3 15.3 29.1 26.1 26.2 26.0 276
Case no. 4 11.2 238 235 237 42.1 211

Case no. 3: one cold active vertical face, the floor being
heated;

Case no. 4: one cold active vertical face, the ceiling being
heated.

Table 2 gives the values of average inside surface temper-
atures measured for each case.

Owing to the fact that the limit conditions are symmetrical
(the surface temperatures of east and west walls are persist-
ently very close), the experiments were modelled with the
aid of a 2D meshing with six meshes in the lengthwise direc-
tion and ten meshes over the height of the cell. Considering
the computational grid, we conducted a dependent study on
cell number. The results of this study showed that the com-
puted values are not very sensitive to the cell number in the
lengthwise direction and the widthwise direction of the cell
owing to low air temperature gradients along these coordi-
nates. On the other hand, we noticed a dependence of the
results on the cell number over the height. So, the grid was
carried out in order to properly represent both specific flows
as thermal boundary layers and experimental vertical air tem-
perature profiles.

First, as an example, we present the computed air mass
flows for case no. 2 (see Fig. 3). We observe a downward
thermal boundary layer along the cold (south) wall and an
upward flow along the hot (north) wall. Then, these flows
create an upward movement in the lower part of the cell and
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Fig. 3. Calculated air mass flows (case no. 2).
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CASE N°2
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Fig. 4. Isotherms measured in the cell mid-plane (case nos. 1-4).
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Fig. 5. Calculated isotherms (case nos. 1-4).

a downward flow in the higher part. Lastly, the boundary
layers are alimented from the core of the cavity by a slow
recirculation satisfying mass continuity.

Isotherms measured in the cell mid-plane and those cal-
culated by the model are noted in Fig. 4 and Fig. 5.

In these figures, we can see that the calculated values of
the temperatures are always very close to those measured. It
is also interesting to note that the model gives a true repre-
sentation of the thermoconvective field inside the cell what-
ever the thermal loads. We thus see for case nos. 1 and 2, a
steady stratification of the inside volume which is close to the
‘window problem’ especially in case no. 2. Case no. 3 shows
by experiment an almost perfect isothermy of the inside air
volume while the calculation gives a slightly higher gradient.

Lastly, in case no. 4, we can see both experimentally and
numerically a very high thermal gradient at the top which
tends to stop the air flow in the cell zone.

3.1.2. Case of mixed convection

With a view to minimising the influence of the heat emitter
characteristics, we chose to use for the present study a system
which best reproduces a linear heat source with mainly con-
vective emission.

Fig. 6 shows a cross section of the device used.

We thus built three 1 m long heating elements which can
be supplied separately and are located along the south wall.
Each element is made up of a cylindrical electric heating bar.
Of interest also was to see the influence of the heat source
concentration over the inside thermoconvective field. For this
reason we dealt with two cases:

(i) case no. 5: three electric resistances in service (cold
wall fully compensated),

(ii) case no. 6: only the middle electric resistance in service
(cold wall partly compensated).

Owing to the configurations dealt with, case no. 5 was
simulated with a 2D (6 X 1 X 10 zones ) meshing and case no.
6 with a 3D (6 X3 X5 zones) meshing.

As an example, Fig. 7 shows the computed air mass flows
for case no. 5. We can notice that the main driving flow is
the plume of the linear heat source. When the thermal plume
impinges on the ceiling, it spreads on this surface and creates
a slow downward flow in the core of the cell which feeds the
thermal plume.

InFig. 8 and Fig. 9, we have noted the isotherms measured
in the mid-plane and those computed by the model.
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Fig. 6. Heat source cross section, 1: Electrical resistance; 2: alumina insu-
lating ring; 3: aluminized coating; 4: aluminium support; 5: insulator (4 cm
thick). Dimensions in cm.
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Fig. 7. Calculated air mass flows (case no. 5).

CASE n°6

Fig. 8. Isotherms measured in the cell mid-plane (case nos. 5 and 6).
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Fig. 9. Calculated isotherms (case nos. 5 and 6).

Table 3
Total and convective heat powers of the emitters

Fr ontage temperature

12°C 15°C

P (W) Peom (W) P (W) Peoay (W)
COF 644 592 501 458
PAN 528 272 435 221
HFL 628 269 468 193

There again, we see that the model properly reproduces the
physical reality of the phenomena. When the heat source, in
fact, fully compensates the cold wall (case no. 5) we obtain
an almost isothermal inside air volume both experimentally
and numerically. On the contrary, when only the middie resis-
tance 1s in service (case no. 6) the inside air volume is

regularly stratified with horizontal isotherms practically in
the whole central volume. This fact is properly reproduced
by the model with calculated and measured temperatures
which are very consistent.

The comparison of the experimental and numerical results
given above is satisfactory for the cases handled. However,
as the model we developed is to be integrated into a more
general calculation code for predicting the building’s thermal
behaviour, this comparison should be extended to more real-
istic cases, namely to a room ventilated and heated with real
emitters.

3.2. Room ventilated and heated with real emitters

The experiments performed were carried out within the
framework of the Groupe de Recherche sur les Emetteurs de
Chaleur (GREC) (Heat Emitter Research Group) estab-
lished by the Agence de I’Environnement et de 1a Maitrise de
I’Energic (ADEME) (Environment and Energy Manage-
ment Agency), from Jan. 1990 to Jan. 1995.

The tests we present in this document were performed in
the EREDIS test cell of the Building Scientific and Technical
Centre (CSTB). All the vertical walls, except for the front-
age, and the ceiling are strongly insulated so that the fluxes
conducted through them are very low. The floor is fitted with
a water circulation system to simulate a floor water heating
system. Lastly, the frontage consists of water panels which
allow an inner surface temperature to be imposed so as (o be
able to reproduce different outside conditions. The frontage
includes a 1 m high breast-wall made up of a 2 cm layer of
insulating material.

A detailed description of the EREDIS test cell is given in
Ref. [16].

The cell is ventilated by the fresh air supplied at the top of
the frontage and in the cell principal plane. Air is exhausted
at the bottom of the wall across the frontage. The air change
rate is fixed at 0.5 ach given a fresh air temperature of 4 °C.
The frontage temperature is fixed at 12 and 15 °C,
respectively.

For the purpose of applying a convective load upon the
inside air volume non-continually three types of emitters were
chosen, namely:

(i) an electric convector with front air delivery (COF),

(ii) a water heater of the single panel type (PAN),

(iii) a water heating floor (HFL.).

Table 3 gives the values of the total and convective powers
injected into the room for the two frontage temperatures and
the three types of emitters.

According to Table 3, it seems that, given a total emitted
power of the same order of magnitude, the convective fraction
of the electric convector is about twice that of the other two
emitters. In addition, the single panel and the heating floor
have convective powers fairly equivalent though the mode of
emission (local and distributed) differs.

In this case, we compared the vertical temperature profiles
measured and calculated in the middle of the cell (see
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Fig. 10. Vertical air temperature profiles measured and calculated.

Fig. 10). It can be seen that the electric convector establishes
a thermal gradient higher than the other emitters which is
induced by a higher convective power. Nevertheless, the air
temperature differences observed are lower than those rec-
ommended by the ISO standard on thermal comfort [17].
Additionally, owing to its low convective power and to its
mode of heat emission, the heating floor generates an inside
thermoconvective field which is practically isothermal.

It is interesting to point out that the model reproduces these
tendencies accurately. The maximum deviation thus seen
between the measured and the calculated values is about 0.6
°C, which proves that the numerical and the experimental
results are consistent.

4. Conclusions

In this study, we have presented a zonal model with a wide
range of applications owing to the calculation of a pressure
field for the zones where the momentum is small and to the
use of the behaviour laws for the driving flows.

A comparison of the numerical results and the experiment
for the basic cases as well as for configurations close to those
of dwelling units has proven that the model gives a satisfac-
tory reproduction of the thermoconvective field in a heated,
ventilated room.

5. Nomenclature

Ay surface of the border between two zones i and j
Ar, Archimedes’initial jet number
b, initial width of jet

cd discharge coefficient
Cp air specific heat

g acceleration of gravity

h zone height

m; mass flow rate between two zones i and j
me exhausted air mass flow rate

ms supplied air mass flow rate

m, jet discharge air mass flow rate
P zone pressure

P...,  convective heat power of emitter
P total heat power of emitter

Q(z)  heat flow in thermal plume

T zone air temperature

Ts supplied air temperature

w,v,w  velocity components
x,y,Zz  coordinates
Zo virtual origin of thermal plume

Greek symbols

D, convective heat flux exchanged along a wall
P air density
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