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Abstract. A new model concep! is described to model the three dimensional energy and mass transfer in an
imperfectly mixed ventilated space. The concept consists of a model based on physical laws combined with a
mathemalical idemtification procedure. The physical laws are applied in the well mixed zones while a mathematical
identification procedure is used 1o ¢stimate energy and mass transfer to the woll mixed volume(s),
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1. INTRODUCTION

From previous work it can be stated that the
existing models on imperfectly mixed fluids have at
least one of the following shortcomings when used
for control purposes  (Christianson, 1989;
Murakami, 1992). They are based on the overall
assumption of a perfectly mixed airspace in which
no fluid flow pattem is considered; they assume that
the fluid flow rate is constant; they do not consider
the dynamic response of the process to variations of
the control inputs; they are not usable as a basis for
control strategies since they are not compact enough
lo be implemented in a controller; they are not
achievable for control purposes since they need {00
much calculation power and time; they are not
generally applicable since they need the values of
specific coefficients and boundary conditions.

2, OBJECTIVES

The objective of this paper is to present a model
concep! thal permits to model the process of micro-
environment in a non-perfectly mixed three-
dimensional fluid, in this case an imperfectly mixed
ventilated air space. In this concept: the existence of
three-dimensional fluid flow patterns in a non-
isothermal space is considered; the total (including
transient) response of the micro-environmental
variables to non-linear variations of the process
inputs is modelled; every parameter has a physical
meaning to gain deeper understanding; the dynamic
behaviour of fluid flow pattern should be modelled;

the model should be compact enough to be
implemented in a controller.

3. METHOD: MODEL CONCEPT

The total volume of the ventilated space is
considered {0 be a non-perfectly mixed air space.
Conscquently it is assumed that there is a three-
dimensional air flow pattern in the total volume and
gradients in the local micro-environmental variables
{temperature, humidity,...). The considered local
micro-environmental variables to be controlled are
inside temperature and inside humidity. Although
the building volume is a non-perfectly mixed air-
volume, it is always possible to definc a control
volume as being the maximum three-dimensional
volume in which, by definition, there is "perfectly
mixed air". This means that within this control
volume there are no gradients of temperature,
humidity, gas concentration, air velocity elc,
Consequently from the theoretical viewpoint this
control volume is supposed to be infinitely small. It
has been shown however by experimental results
that in reality this is not the case. When this concept
is applied in reality the theoretical "perfectly mixed
volume" indeed is a "better mixed zone" with
acceptable gradients. The definition of “acceptable
gradients” is depending on the application.

Accordingly 1o this definition the well mixed
volumes can be positioned anywhere in the global
non-perfectly mixed building volume. Since it is the
objective to achieve a model for control purposes we

Vol. 10— 317




consider the control volume which is positioned
around the sensor of the control system.

When fresh air enters the building velume much of
this air passes over, under, or alongside the control
volume. Only a part V., of the global ventilation
rate V enters the control volume {Figure 1). The rest
of this global ventilation rate V leaves the building
without ever passing through the considered control
volume at the specified position. Similar behaviour
is assumed for the internal moisture production by
the occupants. Only the part W, of the total
moisture production W in the building volume
enters the control volume. The same occurs with the
internal heat production @ where i has to be noted
that therc are three sources of heat production; the
internal heat production, the heating system to
supply additional " healing (or cooling) and the
building envelope. Only the part Q, of the fotal
heat production enters the defined control volume.
The remainder of the global heat production Q
leaves the building volume withoul passing through
the considered control volume. This means that Q,,
is considered to be the sum of the total heat flow
arising from the three different sources and entering
the three dimensional control volume.
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Figure [, Represenlation of the energy and mass flows in
the building volume and to the contrel volume
as modelled in this model concept

In this model concept there are two types of input
variables: "global inputs" and ‘"local inputs"
(Figures 1 and 2). Initially the global inputs are
ventilation rate V through the building volume and
the heat supply Q from the heating system to the
building volume. In addition to these, the local
inputs (o the control volume are the part Ve of the
global ventilation rate that cnters the control
volume, the part Qg of the total internal heat
production Q that enters the control volume and the
part Wy, of the total moisture production that enters
the control volume,

3.1 Equation for inside humidity in the control
volume (mass equation)

Applying the law of mass conservalion on the
control volume defined above results in the water
mass equation (Berckmans 1986):

@‘; r .c(:L'
m =e0 Vo Xjh o Ve, X - (D

With:

Qan @ Latent heat production or moisture
production (J/s)

Cey = W¢/Vol, : the volumetric concentration of
moisture production in the control volume by the
occupants (J/s 1113)

Yo : density of fresh air entering the control
volume {(kg/ m3)

Y; - density of inside air in the controt volume
(kg/m)

t: time (s)

Vey o Ventilation flow rate entering the control
volume (kg/s)

Vol . volumetric content of the control volume
(m3)

Voy = Ve/Vol., © volumetric concentration of
fresh air flow in the control volume (kg fresh
air/s.m3)

Xo 1 humidity ratio of the fresh air (kg H,O/kg
dry air)

X;  humidity ratio of the inside air in the control
volume (kg HyO/kg dry air)

o = YofY;

g; . heal of vaporisation of water at inside
temperature (J/kg HyO)

3.2 Equation for inside temperature (energy

cquation)

Applying the gencral law of total energy
conservation (internal, kinctic and potential energy)
results in a temperaturc equation to be written as
{Berckmans, 1986):

dTi w
"a-t‘=-[3.\-'W.Ti+;3.vC‘..To+ﬁ 2)

With:
clj : specific heat of inside air (J/kg °C)
Y;i : density of inside air (kg/m3)
Ty ! inside temperature in control volume (°C)
Tj : outside temperature in control volume (°C)
Wey © volumetric concentration of total sensible
heat flow in the control volume (J/s m?)
f3 . physical constant
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Figure 2. Schematic representation of the two mode! parts

Greek Symbols: Physieal constants

C, volumetric concentration of moisture fiow in the control volume
{Jrs, n13}; \'r: volumetric concentration of fresh air flew rate in the
controf volume (1133Is. m3); Wc: volumetric concentration of {otal
sensible heat flow in the control volume (s, m3); t: time (s); Qo
animal heat production (W}, E, . 1 animat moisture production (W),
Q : iwat supply from the heating element to the building volume
(s, n13}; V: ventifation rate through the building (1:;3.’5); Ty inside
temperature in control volume (°C), T
contrel volume (°C), Xy humidity ratio of inside air in control

outside temperature in

volume (kg water/kg dry air), X 1 humidity ratio of outside air in
control volume (kg water/kg dry air)

3.3 Physical meaning of this model concept

The passage of the ventilation rate Vi, through the
control  volume  pgencrates the  volumetric
concentration of fresh air flow v, in the control
volume. Similar behaviour is assumed for the
internal heat and moisture production in the
building volume. In this way there is generated the
Veys Weys Cey Which consequently have a physical
meaning in the eguation (1) and (2). In these
equations the Greek symbols a and b are well-
known physical constants such as density, specific
heat, heal ol vaporisation ctc,

The equations deduced in the previous sections and
figure 1 can be represented schematically as in
figure 2. The model part describing the control
volume is based on physical laws. It has three
unknown paramelers Vg, Wey. Coy Whose physical
meaning have been explained. As concentration
variables there value is directly related 1o the so
called input variables as explained above.

3.4 Parameter estimation

The value of these three unknown variables vy,
Weys Cgy  has to be determined before they can be
used to model the process outputs T; and X; (figures
1 and 2). Since neither the size nor the shape of the
control volume is known, these three unknown
paramcters can never physically be measured,

The process outputs, inside temperature T; and
inside moisture Xj, however can be measured as
well as the process inputs, ventilation rate V
through the buiiding volume and the heat supply Q
by the heating element (fipure 2),

The problem can now be split up into two steps.

1. Determination of the values of the
variables Vews Wew Gy Slarling from measurement
results of Tj, Xj, Ty, X, This is a problem of
parameter eslimation of the model given by
equations {1) and (2).

2. Determination of the relationship
between the total process inputs V and Q and the
three variables vgy, Wy, Cgy - This is a problem of
mathematical identification of the physical system
that relates the total process inputs and the local
CONCENtTHIONS Vi, Wy Coy - 1N Other words the
modelling of the energy and mass transport by the
fluid in the three-dimensional space to the control
volume,

4, RESULTS

The reasoning behind this model concept is that
within every imperfectly mixed fluid space zones of
acceplable mixing can be considered. This more
general part can be modelled by equations based on
physical laws (figure 1 and 2). This pant describes
the dynamic behaviour of the micro-environmental
variables of interest. A sccond part is the
relationship between the control inputs and the
paramelers 10 be used in the first mode! of the {more
general) control volume. This relationship consists
of a complex physical process and is changing
constantly as a function of time and of space. This
physical process is too compiex to be modelled in an
accurate or useful way by a model based on physical
laws. The specific model part is modelled with an
(on-line) mathematical identification procedure,
The combination of the model based on physical
equalions {equation {!) and (2)) with the
malhematical identification procedure resulfs in a
model concept that models the dynamic response of
the physical micro-environment to variations of the
process control inputs,

In this way the relationship between the control
inputs V and Q on the one side and v, w, and ¢,
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on the other side is calculated at every time step. It
can be shown that these relationships between local
and global inputs allow modelling of the transient
behaviour of air flow patiern (Berckmans et al.
1986, 1989) (Figure 3).
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Figure 3. The relationship between local and global
inpuls as a measure for the air flow pattern.

In experimental work in a commercial livestock
building and in a laboratory test instaliation this
model concept has been validated. It has been
shown that the inside temperature and humidity can
be modelled with an accuracy of 0.5°C and 0.005 kg
water/kg dry air (Berckmans et al,, 1989).

5 CONCLUSIONS
It can be concluded that;

1. A model concept has been presented to
model the dynamic response of physical micro-
environmental variables (air temperature and air
humidity), to variations of the control inputs
ventilation rate and heat supply.

2. The model concept is based on a
mathematical model based on physical laws in
combination with a mathematical identification
procedure. The genecral part of the air space is
described by cquations based on physical laws: an
energy-equation (lemperature) and a mass-equation
(moisture). The more specific physical process of
energy and mass (ransport related to the individual
fluid space is modeilled by a mathematical
identification procedure,

3. Although the model concept is partly
based on an identification technique, every
parameter has a physical meaning. Consequently a
decper physical understanding of the process is
generated and wider application of the concept is
possible,

4. The concept applies to imperfecty
mixed gases and liquids and can be applied to
different variables (dusl, gas concentration, etc.).
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