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ABSTRACT
This paper presents the development of a zone model
adapted to the study of the influence of the sensor
position in building thermal control.
The temperature measured by the sensor of a room
temperature controller depends on its position in the
zone. The measured sensor temperature depends of the
convective coupling of the zone and its emitter and can
differ from the “mean air temperature”. Models,
currently used for control studies, are either too
simplified (well-mixed models) or are not generic
enough to provide a flexible and usable testing tool for
room controllers.
The important phenomena, to be represented in the
model, are analysed experimentally and by detailed
simulation. From this analysis, a detailed list of criteria
for the development of zone models is obtained. The
criteria are used to develop a new model.
The proposed model is able to distinguish between air
temperature and sensor temperature with time variation
depending on air movements. An application for a
zone conditioned by a fan coil unit illustrates the
model. Validations of the model are carried out in a
real test room.

INTRODUCTION
The aim of this study is the development of zone
models that shall be implemented in a toolbox of
dynamic models of HVAC components ([Hus97]).
Zone models exist with different levels of complexity:
from simple “well mixed” models with one air node
representing the whole air volume in the room to
complex computational fluid dynamic (CFD) models
solving the equations of conservation of mass,
momentum and energy. The aim is to find a model that
is adapted to the problems studied. The model should
unite simplicity on the parameter level and a correct
description of the internal zone conditions that are
important for control studies. The model must be valid
for different room sizes and room types (e.g.
heavy/light inertia).
Controllers are tested either by simulation or by
emulation (real controller). On the test bench, the link
between room temperature(s) and controller as well as
the data used for the assessment of controller
performance is not clearly defined (Figure 1).
Either the occupant or the sensor can be at different
positions in the zone. Depending on the emitter used

and the position of the sensor, there can be important
temperature differences between the air in the occupant
area and the air at the sensor of a controller.
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Figure 1: Scheme of a test bench for terminal controllers
(simulation / emulation)

Three main aspects have thus to be considered for the
model development [Rie01]. The zone model has:
• to be adapted to the test of controllers (modularity,

flexibility, parametering, simplicity)
• to provide the necessary data for the assessment of

the conditions in the zone
• to provide the necessary data for the link with the

sensor of a controller

In [Rie00], simple zone models have been tested for the
use in control applications. These models were a well-
mixed model and a second model with only two air sub
volumes. The applicability of these models for
controller tests has been shown. However three main
problems appeared while using these models:
• the difference between centre and sensor

temperature
• the validity of the models in cases with varying

emitter loads
• the sensor characterisation

In this paper, a more detailed model is presented taking
into account the mentioned criteria.

PHENOMENA IN A ROOM AND AROUND THE
SENSOR OF A CONTROLLER
The phenomena important for controller studies can be
divided into two parts, sensor phenomena and zone
phenomena.
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• Sensor phenomena
A zone model adapted to the study of control systems
has to provide all necessary information for the model
of controller (including sensor). It is thus important to
have a clear understanding of the physical quantities
measured by the controller sensor in order to model all
phenomena necessary for the controller.
The measurement depends on the heat exchanged by
convection, conduction and radiation between the
sensor and its environment. The partition of the heat
exchanges depends on the position of the sensor box,
the type of sensor or the position of the sensor in the
sensor box. The importance of a correct modelling of
convective phenomena in the room can thus not be
neglected.
The conductive and the radiative parts depend mainly
on the modelling of the wall structure of the zone
(which depends again on the modelling of the
convective phenomena). The convective phenomena
rely mainly on the modelling of the room air.

• General zone phenomena
The error while modelling radiative and conductive
phenomena is reduced by increasing the grid number in
the wall. Nevertheless the precision of the wall
modelling must be comparable to that of the internal air
volume. The modelling of convective phenomena (zone
air) depends on the convective coupling of the emitter
and the room air. These phenomena can vary strongly
from one emitter to another and even for different
emitter loads. The main concern in the following study
of zone phenomena will thus be the convective
phenomena.
Convective phenomena are mainly:
- Plumes (free plumes and wall plumes)
- Wall jets (free or mixed convection)
- Jets (horizontal and vertical, iso- and anisotherm)

In a separate study, the convective phenomena in a
zone, equipped with different heating or cooling
systems, were analysed ([Rie01], [Rie00]) for the
following systems:
- Radiator and convector
- Fan coil unit (heating and cooling)
- Ceiling (heating and cooling)
- VAV system (heating and cooling)
The study was divided into two parts: observation of
characteristic airflow patterns in the room and
measurements of the internal room temperatures. Figure
2 and Figure 3 show as an example the airflow pattern
for heating systems and for a fan coil unit (cooling
mode).
The main attention in the observation of airflow pattern
was paid to the airflow at the internal walls, where the
controller sensor is placed.
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Figure 2: Observed airflow pattern in a room equipped with
radiator, convector or fan coil unit (cooling case)
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Figure 3: Observed airflow pattern in a room equipped with fan coil
unit (heating case)

• Convective phenomena at the internal walls
The airflow near the internal walls is observed to be
either a phenomenon of free or of mixed convection.
There exist two principal cases:

Case 1: Heated or cooled air arrives at ceiling or floor
of the zone and is, at the internal walls, pushed
upwards/downwards as a negatively buoyant wall jet.
This wall jet reaches a point where the flow inverses
due to the negative buoyant forces. This phenomenon is
observed for all kind of systems emitting convective
heat. The temperature profile in these cases is
qualitatively shown in Figure 4 :

zone 1:
wall jet

Temperature

Height

zone 2:
transition

zone 3:
free convection

centre
profile

sensor
profile

Figure 4: Qualitative temperature profiles at centre and near walls
for the example of a heating system
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Three typical zones of the vertical temperature profile
near walls (sensor profile) are observed ([Rie01]):
• Isothermal zone of wall jet
• Transition zone – end of wall jet
• Boundary layer zone – free convection
In standard rooms the sensor is generally placed in
zones 1 or 2, in high rooms or halls in zone 3. This has
an important effect on the temperature response of the
air around a sensor and thus on the control
performance.
For cooling systems, the same phenomenon is observed
in the case where the direction of the airflow in the
boundary layer of free convection at the internal walls
is not opposed to the wall jet.

Case 2: When the emitter is turned off and that the
temperature differences between internal surfaces and
the room air are small, boundary layers dominated by
free convection are observed at the internal walls. This
case is important as well since the models have to
guarantee good results in dynamic conditions (e.g.
ON/OFF controller).

The effects of the observed phenomena can have a
major impact on the assessment of the performance of a
controller. The development of a model taking into
account the observed phenomena shall give more
information about their importance on thermal room
control.

STATE OF THE ART OF ZONE MODELS
To date, mostly “well mixed” models are used for
control studies ([Klin99], [Rou97], [Lar80], [Hav98],
[Os96], [Kast98]). They are not able to provide detailed
information about the room conditions. [Rie00a]
showed problems that appeared while using these
models.
In some cases, zonal models or, rarely, CFD models are
used ([Peng96], [Rat98]). However, these models are
not generic and can hardly be reused for other zones or
emitters.
The simple models on the one hand are commonly used
to study the energy consumption in buildings
([TRN96], [DO89]).
CFD models, on the other hand ([PHO91]), are used for
comfort studies and the prediction of airflow in rooms
as they provide detailed conditions in the room. Since
CFD calculations are very time consuming, they are
mostly used for static problems. To date, transient
phenomena are rarely studied ([Rat98]).
Different authors have integrated convective
phenomena in their modelling. [Peng96] developed a
zone model for a fan coil application based on pre-
simulations using CFD calculations. Since the sensor
was, in his case, placed at the air extraction of the fan
coil unit, it was not necessary to model convective
phenomena around the sensor (wall jet). The main
assumption in his modelling was that the airflow in the

zone is a function of the fan speed of the fan coil only,
even for different boundary conditions. This type of
model cannot be generalised.
[Ina88], [Dur94] or for example [Bou93] developed
zonal models for different emitter systems. However,
no phenomena of mixed convection at the internal walls
are considered in these models since the main concern
was the assessment of comfort in rooms.

In this study, simple but generic models shall be
developed including the main phenomena in the room.
The user shall be able to simulate similar cases simply
by changing the parameters of the model (e.g. slightly
different room geometry).
The chosen model type is the zonal model approach.
This permits the representation of the important
phenomena while keeping a minimum level of
complexity. Starting with a general structuring of the
zonal model in the Matlab-Simulink environment, the
implementation of all phenomena is shown.

THE ZONAL MODEL AND ITS IMPLEMENTATION
IN MATLAB-SIMULINK ENVIRONMENT
In a zonal model, the internal zone air volume is
divided in several sub-volumes ([Bou93], [Wur95],
[Pen96]). Contrarily to CFD models only the equations
of conservation of mass and of energy are solved. The
Navier-Stokes equations are not considered. The
airflow between the sub-volumes has to be calculated
by correlation or other simplified method (pressure
calculation). Figure 5 represents the different types of
heat and mass exchange for a general case.
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Figure 5: Heat and mass transfer in a zonal model

The following energy transfers appear in a zonal
model:
- Airflow between sub-volume i and sub-volume j
- Convective heat exchange of sub-volume i with

adjacent surface Ak

- Airflow between sub-volume i and external
conditions (fresh air supply or ventilation)

- Heat source in sub-volume i
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The inter-zonal air flow rates are obtained by the use of
one or both of the following principles:
- pressure laws ([Bou93],[Wur95])
- Correlations for convective phenomena (Laret

[Lar80], During [Dur94], Horwarth [Hor83])

• Structuring of the model by the state space
approach

The energy balance for a sub-volume i can be written
as:
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with:
l :   number of sub-volumes
m :   number of internal surfaces
s :   number of ventilations or extractions
q :   number of convective heat sources

Equation (1) can easily be represented by the state
space equation (2).
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The corresponding state vector and the disturbance
vector in equation (2) are:

[ ]T
liX ϑϑϑ ::1=    (3)
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qpsextrextextmAkAAU ΦΦΦ= −−−−−− ::,::,:: 111 ϑϑϑϑϑϑ   (4)

The matrix A is a variable and is given by:

)( 4321
1 AAAACA −−−= −  (5)

with the matrices:
- A1 is the transposed matrix of the airflow matrix
- A2 is the diagonal matrix of airflow leaving sub-

volumes i
- A3 is the diagonal matrix of heat exchange

coefficients between the sub-volume i and surfaces
in contact with the sub-volumes i

- A4 is the diagonal matrix of airflow leaving the
sub-volumes i to the outside

The matrix C is the diagonal matrix with the thermal
mass of the sub-volume i.

The matrix B is also variable given by:

[ ][ ][ ][ ]3
1

2
1

1
1 BCBCBCB −−−=  (6)

with the matrices:
B1: matrix of heat exchange coefficients at m surfaces
B2: matrix of fresh air supply into sub-volumes i
B3: matrix of heat sources in each sub-volume i

The matrix D in equation (2), diagonal in this case, is a
matrix defining the outputs of the system,.

• Implementation of convective phenomena into
the model

In the first chapter the principal convective phenomena
in a room are shown by experiment. They have to be
implemented in the developed structure. As seen in
Figure 1, the interesting points are the temperature
profile at the centre as well as the temperature profile
near the walls. The latter can be either a wall jet or a
boundary layer of natural convection. Figure 6 shows
the convective phenomena to be implemented in the
zonal model.

Internal walljet

Emitter jet/plume

AIR FLOW
ENGIN

Main Zones

AIR FLOW
RESULT

Gain plume

External walljet

To
Controller

To Performance
Assessment

OUTPUT
VALUES

Figure 6: Convective phenomena in a zone

The “engines” of the airflow in the room are the
plume/jet of internal gains and emitters as well as the
boundary layer at the external walls/windows. These
engines can cause a wall jet at the internal walls and
influence the conditions at the main zones (zones with
low air velocities) of the room.
Corresponding to Figure 1 the conditions around the
controller sensor as well as the conditions at the main
zones are used for the link to the controller as well as
for the performance assessment of the controller.

The general main structure of the model is developed.
This permits to implement all kind of emitters or
ventilation systems into the general basis. In this
general basis the phenomena modules corresponding to
Figure 6 are implemented:
• Module 1: Main air sub-volumes: Horizontal air

layers at centre part of the room
• Module 2: This is an air distribution volume either

at floor or at ceiling and represents the distribution
of warm air at ceiling or cold air at floor

• Module 3: Emitter plume/jet sub-volumes: Sub-
volumes of plumes or jets (horizontal or vertical)

• Module 4: Gain plume sub-volumes: Sub-volumes
representing plumes from occupants or equipment

• Module 5: External wall jet sub-volumes: Sub-
volumes representing free convection boundary
layer at external surfaces

• Module 6: Internal wall jet sub-volumes: Sub-
volumes representing free or/and mixed
convection boundary layer at internal surfaces
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Module 2, one of the sub-volumes at floor or ceiling, is
integrated in order to reduce the necessary number of
air layers while representing the important phenomena.

Module 1 and 2 represent the basis of the zonal model.
The other modules are integrated the rules imposed by
this basis.
Figure 7 demonstrates the division into zones for the
example of three horizontal air layers. The number of
air layers is a parameter of the model so that the model
can be adapted to each emitter system (after
comparison with other data).
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Figure 7: Example for a division into zones in the zonal air model

Since the model is only divided into horizontal air
layers the calculation of the air flow rates is simple and
as follows:
The airflow in all engine zones is determined by
correlations ([All87], [Ina88], [Bou93], [Mus99])
describing the flow rate in the convective phenomenon.
Then, from these known flow rates the other flow rates
are obtained by simple mass balances. The advantage
of this principle is, that no iteration has to be carried
out for pressure calculations ([Fau85]). However, the
model is structured to have the possibility, if this is
wished, to implement higher zone discretisation and
calculation of flow rates by pressure laws.
The separation of the diverse convective phenomena
has the advantage of a complete modularity. The
model can be used from a very simple form to a more
detailed form by adding or removing the modules of
phenomena.
Attention is paid in this model on the determination of
the zone conditions near the internal walls.

• Modelling of the module “internal wall jet”
The airflow in the sub-volumes of the internal wall jet
is strongly dependent on the airflow engines in the
room. Depending on these engines, either correlations
for mixed convection (with engine) or natural
convection (no engine) are used. In Figure 8 their use is
shown for the example of zone heating and a model of
three air layers. The two cases (mixed or natural
convection) are explained in the following.

calculated jet
penetration

Jet zone

Zone
end jet

Zone of
boundary

layer

Ceiling zone

Main zone
layer 3

Main zone
layer 2

Main zone
layer 1

A

B

C

Figure 8: Modelling of the internal wall jet zones (3 air layers)

Case of mixed convection (A-B):

A correlation, developed for the study of fires in
buildings, can be used for the model ([Gold86]):
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This correlation describes the maximum penetration δp

of a negatively buoyant wall jet in a room as a function
of the initial jet thickness D and the Archimedes
number, defined as Gr/Re2. The penetration δp is used
to define the point where the flow inverses. From the
air sub-volume of the wall jet corresponding to this
height, all airflow of the jet is injected to the main air
sub-volumes at the centre of the room that is at a
similar temperature as the air in the jet (in general the
upper air layer).
The boundary conditions in the experiments where the
correlations have been established are characterised by
higher temperature differences as well as higher air
velocities as in the case of room heating. A parametric
study has thus been carried out in order to prove the
adaptability and sensibility of this correlation for the
case of room heating or cooling [Rie00b]. The
parameters studied were the initial jet thickness D, the
initial jet flow rate, the initial temperature difference
between jet and room air, the estimated length of the
wall jet (around the internal walls) and the summation
of all possible errors. The result is that the correlation
is well adapted for a heated/cooled room with a
restriction in the minimum height of a horizontal air
layer.
Using the obtained flow rates, the temperature of the
jet volumes is calculated.

Case of natural convection / boundary layer (B-C):

The wall jet is, in this case, a classic boundary layer. A
correlation for turbulent flow is used after comparison
with other correlations [All87]. The correlation
calculates the airflow in the boundary layer. A thermal
balance on the volume gives the temperature in the
boundary element.
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VALIDATION OF THE DEVELOPED ZONE
MODEL
The validation of the model is carried out for he
example of an electric convector. The developed
convective zone model is coupled with an adapted and
validated model of the envelope [Rie00c] and the
model of an electric convector. The results shall be
compared for two cases of heat emissions (700W and
1700W) of the convector. A step is carried out in each
test from 0 to 100% of the indicated value of heat
emission. The test cell is described in [Rie01].
For the comparison, the number of air layers is chosen
to 3. Figure 9 visualises the division in sub-volumes of
the air model used for the validation:
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Figure 9: Temperature slices through the air volume of the room
(convector -1700W) – zone is cut at symmetry plane

The model shall be able to represent the stratification in
the room for the assessment of the controller
performance. Then, considering that the sensor is
placed at one of the internal walls, the difference
between the centre and sensor air temperature profiles
shall be in agree with the measurements. The validation
is thus divided into two parts that are treated as follows.

• Comparison of centre air temperature profile
The comparison is carried out for two heat emissions,
700W and 1700W. Since the number of air layers is
three, the temperature in the three main air layers shall
be compared with the measurement results. Therefore
the measurement data is interpolated in order to get the
measurement temperature at the corresponding height.

The temperatures are validated for the first 60 minutes
of the test since they are of high importance for control
problems. The temperatures agree well for the upper
zone (height = 2m) in the two test cases, the high heat
emission and the low emission (Figure 10 and Figure 11).
For the mean height and for the low height differences
are observed. The model responds faster than the
measurements (diff. 2-3 minutes). The temperature
response shows some slight differences as well (2-4

minutes difference). However the results are in good
agreement with the measurements.
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Figure 10: Temperature evolution at the main sub-volumes
(convector 700W)
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Figure 11: Temperature evolution at the main sub-volumes
(convector 1700W)

• Comparison of the difference between centre
and sensor temperature profile

The aim of this part is not the validation of the sensor
air temperature. This would not make sense since there
is already a difference between the measured and
simulated centre temperatures. The important thing for
controller studies is the difference that exists between
the temperature of the air near the walls and the air at
the centre. This difference is thus compared as follows
for the two test cases. Figure 12 and Figure 13 show this
temperature difference at a time of 20 minutes after the
step in the heat emission of the convector. The three
different zones (jet zone, transition zone and boundary
layer zone) should be well represented by the model.

The profile is in good agreement with the
measurements. In the upper zone the difference is quite
small for the measurement as well for the simulation
case. In the mean zone the effect of the wall jet is well
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Sensor zones are isotherm
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represented by the model. Theoretically, the result
could be improved by increasing the number of
horizontal air layers, but at the same time the height of
one air layer should not be reduced to values smaller
than the incertitude of the wall jet correlation
([Rie00b]).
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Figure 12: Temperature difference between sensor (wall) and centre
profile for the convector at 700W
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Figure 13: Temperature difference between sensor (wall) and centre
profile for the convector at 1700W

CONCLUSION
The air temperature at the position of a controller
sensor and at the centre of a room can differ in its
static as well as in its transient behaviour.
Differences have been observed regarding height and
position in the room. For the development of
controllers it is important to know where the sensor of
a controller is placed. At the same time the assessment
of controller performance has to be obtained at a
reference position in the room.
An adapted model for controller studies should thus
represent well the stratification as well as the
difference between the centre temperature and the
temperature near the walls, where the controller is

placed. The dynamic behaviour of the model is of
major importance.
The zonal model approach is chosen to model these
phenomena, since the model is easy to parameter and
the simulation times is short compared to detailed
CFD models (that are, to date, rarely used for dynamic
cases).
A general representation in a graphical programming
environment has been developed. A general basis as
well as separated modules modelling the governing
convective phenomena permits the easy addition of
different emitter types.
The model is able to distinguish between sensor and
centre air temperature as a function of height in the
room and time. It is thus well adapted for the analysis
of the position of a controller sensor in a room
regarding height and position (wall – centre).
The simplicity concerning their parametering and their
use makes them interesting for manufacturers of
controllers as well as for research laboratories
carrying out studies in the control field.
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NOMENCLATURE
English letter symbols:
m� Flow rate [kg/s]
A surface [m²]
Ar Archimedes number (Gr/Re) [-]
cp Thermal heat capacity of air [J/(kg*K)]
D Thickness [m]
Gr Grashof number [-]
h Convective heat transfer coefficient [W/m²/K]
Re Reynolds number [-]
t Time [s]

Greek letter symbols:
δp Penetration of jet [-]
Φ Heat flux [W]
ϑ Temperature [°C]

Matrices
A Matrix of heat loss of sub-volumes by heat

and mass flow (A1 – A4)
B Matrix of heat gain of sub-volumes by heat

and mass flow (B1 – B3)
C Matrix of thermal masses of the sub-volumes
D Matrix defining the outputs of the system
X State vector
Y Output vector

Subscripts:
conv convective
ext external
i current air sub-volume number
j sub-volume adjacent to sub-volume i
surf surface
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