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Abstract

Predicting the air flow pattern with proper accuracy and speed inside a building with natural ventilation is one of the
important study topics of building design due to the economic importance of energy consumption. For this purpose,
in this study, a chamber with certain dimensions and with natural connection has been investigated as a study sample
to predict the air flow pattern and speed distribution with the help of regional models. Two air inlet and outlet valves
were considered for natural air ventilation. After researching the previous models, the three-dimensional zone model
coupled with heat transfer and air flow calculations (ZAER) was chosen as the basis for comparing the modeling
results. In the following, after zoning, to improve the flow coefficient factor model, which is assumed to be a constant
number, it was assumed to be variable and the results were recorded in different states. The behavior of the model
has been checked in the flow coefficients between 0.3 and 1 in order to obtain the most optimal coefficient for the
number of suitable cells. Comparing the results of the research with the results of other models and computational
fluid dynamics (CFD) showed that the three-dimensional behavior of the flow shows better compatibility with the
experimental researches.
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1 Introduction

In many countries, the building sector accounts for 40-60% of the total energy consumption [8]. Considering the
issues related to energy, it is necessary to develop suitable simulation tools for researching the movement of air flow
and the thermal stratification of the environment in large spaces, especially for projects where energy costs are impor-
tant. Building energy simulation software such as Energy Plus and DeST require functional computing modules and
improvements for large spaces [10, 17].

The first zonal models (Lebrun in 1970, Howarth in 1980, Inard in 1988) were developed based on previous infor-
mation of airflow patterns [13]. During several decades, three levels of modeling were developed to predict building
energy consumption or temperature distribution and flow displacement in the building: 1) nodal method (single-zone
and multi-zone model), 2) CFD computational fluid dynamics model, 3) zone model. Regional methods are based
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on dividing the room into a number of sub-areas and applying continuity and energy equations in each sub-area.
This method is an intermediate approach between the single-node method (one-zone and multi-part) and the CFD
model [14, 12]. Regional models ignore turbulence and conservation of momentum and instead consider the power
law equation as a function between pressure and flow. Allard and Inard [1] extensively studied the previous regional
models and examined the evolution of regional models. Recent developments and applications of regional models for
indoor environments have been reviewed.

Macroscopic or multi-zone infiltration air flow models such as COMIS and CONTAM have been widely used to
predict air flow in simple methods [5]. This method considers each room as a single area with a uniform temperature
and calculates the flow between the areas. These models are suitable tools for designing ventilation systems for com-
plex buildings; in such a way that they provide approximate shapes as input for thermal analysis tools. However, they
are not able to evaluate the stratification of the indoor air and the air velocity distribution inside the buildings.

Figure 1 summarizes the evolution of regional models from 1970 to 2020. In 1970, the basis of the zone model
for predicting thermal stratification in a room was presented. Earlier simple area models were gradually developed
over 20 years. Since 2000, various regional models have been developed keeping the original advantage (balance
between accuracy and efficiency) and overcoming the previous disadvantages of the models (by developing simplified
N-S equations). For example, in 2012, the VEPZO (Velocity Propagating Zonal) model of the forces acting on the
flow path was obtained in the form of an ordinary differential equation. The PLM (Power law model) method, as one
of the old methods, has been developed by researchers such as Foucquier, Bouia, Dalicieux and Wurtz since 1989 [10].

Figure 1: Time history of regional models in the last five decades [10]

Today’s regional models include a unified space with a limited number of regions (cells or control volumes); Typi-
cally, less than a thousand cells are considered for 3D flow. The air inside each area is completely mixed and its mass
and energy are assumed to be constant. These areas are connected with each other through the borders and through
this the air flow and heat flux are transferred. In this type of regional models, calculating the air flow rate between the
designated areas is the main problem in modeling [10]. One of the conventional methods of the regional model is the
POMA method; that many researches have been done on improving the results of this method in regional modeling.
For example, in one study, this model was rewritten and in the new POMA+ model based on the Navier-Stokes
energy equation, the three A terms in the POMA energy equation were replaced. By using this new heat transfer
expression in the POMA model, it is possible to improve the accuracy of the second order or higher depending on
how the expression of the first derivative of temperature is described. It should be kept in mind that in this model,
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the flow is considered constant [14]. One of the conventional methods of the zone model is the POMA (Pressurized
zone model with air diffuser) method; that many researches have been done on improving the results of this method in
regional modeling. For example, in one study, this model was rewritten and in the new +POMA model, based on the
Navier-Stokes energy equation, three terms ρV cp

(
u ∂T ai/∂x + v ∂T ai/∂y + w ∂T ai/∂z

)
were replaced with convection

heat transfer terms
∑n

j=1 ˙qij in the POMA energy equation. By using this new heat transfer expression in the POMA
model, it is possible to improve the accuracy of the second order or higher depending on how the expression of the first
derivative of temperature is described. It should be kept in mind that in this model, the flow is considered constant [14].

In the first experimental research on the subject under investigation, measurements were made on a real-size ex-
perimental cell called Minibat CETHIL in 1998 by Castanet [16].

This test cell has parallel surfaces with a square base of 3.1 meters and a height of 2.5 meters. This cell is sur-
rounded by a technical vacuum; which keeps the temperatures of the inner surface constant. One of the vertical faces
of the cell (facing south) is made of glass and is exposed to weather changes; which makes the air temperature in
the range of -10 to 40 degrees Celsius, with high stability (±0.2 degrees Celsius). Next, in an experimental method,
with the help of PIV particle image velocity measurement, they modeled the air flow pattern in the building space
and compared it with the results of the zone model [11], which is used as a reference experimental work in this research.

In one of the latest researches, Yamasawa et al [18] presented the prediction of thermal and contaminant environ-
ment in a room with impinging jet ventilation system by zonal model. In another research, Hu et al. [6] investigated
inter-zonal heat transfer in large space buildings based on similarity and presented a comparison of two classified air
conditioning systems.

The zone model is based on dividing the room space or air volume inside the building into a limited number of
separate parallel control volumes (zones) and in them, the air state variables (temperature, density and pressure) are
considered constant. Next, the adjacent areas are connected by connections (borders) and through them, air flow and
heat are transferred. In this model, the unknowns of the problem are air flow rate and air condition variables [7].

According to the stated research background, in this article, the development of a zone model for investigating flow
patterns and temperature distribution in integrated spaces with natural convection was discussed. For this purpose, the
model of the ZAER (Zonal Aerial model) method, which is a simplified method (Bouia 1993) [2] was expanded. This
model uses the simplified form of conservation of momentum to determine the air mass flow rate and air temperature
inside a building in calculating the inside pressure distribution.
In the first part of this article, the description of ZAER model was discussed. Its results were compared for air speed
and temperature obtained from the Wurtz zone model, as well as experimental data and CFD analysis. Then, as the
main innovation of this research, the effect of selecting the value of Cd discharge coefficient on heat transfer and air
flow through large vents was measured and optimized by formulating the data. It was observed that by improving the
fixed values of Cd used in previous models, the results of the model are improved.

2 Mathematical modeling method and introduction of equations

In the ZAER method, the desired interior space is divided into a number of cells. The speed of the air flow between
two cells is created only by the pressure difference between the two centers of the cell and creates a flow with the
discharge speed at the border of the cells, which crosses the border between them with the discharge coefficient Cd

[4]. In this method, the mass flow rate at the boundary between two cells i and j for the vertical boundary (Figure 2)
is as follows:

ṁij =
√
2ρεijCdSij |∆Pij |

1
2 , (2.1)

where  ∆Pij = Pj − Pi,
|εij | = 1,
sign(εij) = sign(∆Pij).{
ρ = ρj , if εij = 1,
ρ = ρi, if εij = −1.
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Figure 2: Passage of mass flow in the vertical boundary Pj>Pi)

Of course, equation (2.1) is derived from the relation of flow through an orifice:

Q = CA
√

2∆Pρ. (2.2)

For the horizontal boundary (Figure 4), the equation for the mass flow from the cell boundaries is written as
follows:

ṁij =
√

2ρεijCdSij

∣∣∣∣∆Pij −
1

2
(ρighi + ρjghj)

∣∣∣∣ 1
2

, (2.3)

sign(εij) = sign(∆Pij −
1

2
(ρighi + ρjghj)).

Figure 3: Passage of mass flow in the horizontal boundary (εij)

It should be noted that the zone model introduced has the following assumptions:

� The 3D grid used is Cartesian; in which the cells are placed in parallel planes.

� Temperature and pressure are constant in each cell.

� Analysis is done in steady state.

� The speed of current passing through the boundary of a cell is a constant value.

� Conduction of heat in the air is ignored and it is assumed that there is no internal heat source in the space.

With these assumptions, the mass and heat balances and the perfect gas law for each cell i of the room are expressed
as follows:

∑
j

ṁij = 0, (2.4)

∑
j,ṁij>0 ṁijCpTj +

∑
j,ṁij<0 ṁijCpTi+∑

w hci,wSi,w(Tw − Ti) = 0
, (2.5)
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Pi − ρi
RTi

M
= 0, (2.6)

The system of equations formed by equations (2.4), (2.5) and (2.6) is non-linear and it is difficult to solve all the
equations at the same time and it is not easily solved. To solve this problem, a numerical and iterative method in block
form was chosen. The main advantage of this method is to reduce the number of equations and its implementation is
numerically easier. Finally, the numerical solution is obtained according to the following steps.

Solving the nonlinear system, which is obtained by the mass balance equation (2.4), is performed by Broyden’s
method [16]. The power law used to represent the mass flow between cells is non-linear. To solve the problem, the
power law becomes linear in the range 10−4 to 10−8) Pa.

|∆P |
1
2 =


−(∆P )

1
2 ∆P ≤ −ε

ε−
1
2 |∆P | − ε ≤ ∆P ≤ ε

(∆P )
1
2 ε ≤ ∆P

(2.7)

After obtaining the pressure distribution, the mass flow rate between the cells is calculated. This mass flow rate
will be the input of the thermal block. The temperature distribution can be obtained using the mentioned equations.
The solution of the linear system obtained by the heat balance equations (2.5) is performed by the classical method
of Gauss iteration [15].

Considering that the compressive term is applied in the Y direction, the Z direction equations will be the same
as the X direction equations. The dimensions of the space are variable; However, in the Y direction, the compressive
term ρighi is effective. At the inlet and outlet, velocity, mass flow rate, temperature and pressure are constant values.
that’s mean:

ṁij =
√

2ρεijCdAi |∆Pij |n . (2.8)

Here n = 0.5 and A = S is the cell surface in Y direction. As a result, we reach the same equation (2.1) and the
equations are the same in X and Z directions. The mass flow rate in the Z direction is:

ṁij =
√
2ρεijCdSij |∆Pij |

1
2 ∆Pij = Pj − Pi

|εij | = 1
sign(εij) = sign(∆Pij)

,

{
ρ = ρj if εij = 1
ρ = ρi if εij = −1

(2.9)

After solving the equations in the Z direction, the perfect gas and energy balance equations for natural convection
are modeled so that the temperature distribution in the desired space can be obtained. So, like the X direction, for
the Z direction, we can also write: ∑

j,ṁij>0 ṁijCpTj +
∑

j,ṁij<0 ṁijCpTi+∑
w hci,wSi,w(Tw − Ti) = 0

(2.10)

Pi − ρi
RTi

M
= 0 → Pi = ρiRaTi (2.11)

where Ra is the air constant. The sum of inputs and outputs around a cell is solved using equations (2.9), (2.10)
and (2.11) and mass flow rate and velocity distribution are obtained.

3 Simulation

A large indoor space was modeled by coding in MATLAB software environment. As shown in Figure ??, an inlet
opening and an outlet opening were considered as air flow ventilation. In order to validate the improvement made on
the zone model, the experimental results of a recent research were used [9]. In the mentioned research, an experimental
sample with a smaller size and conditions similar to the real sample has been designed and tested. We matched the
model in terms of geometry and conditions in order to determine the accuracy of modeling by comparing the results.

The assumptions of experimental research simulation are as follows:
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Figure 4: Zoning structure in simulation [9]

� A simple rectangular building (made of Plexiglas with a thickness of 10 mm) with dimensions of 500 mm (length)
× 700 mm (width) × 1000 mm (height) with air fluid is available.

� Two entrance and exit openings on two opposite walls with dimensions of 60 mm × 40 mm are designed to
simulate windows near the floor and ceiling surfaces and help ventilation.

The flow characteristics are specified as boundary conditions. The ventilation flow rate at the orifice is 0.001 kg/s
for the simulated and experimental model. Inside the space, the maximum air temperature deviation is -0.16 degrees
Celsius and the root mean square temperature error is 0.21 degrees Celsius.

In order to accelerate the convergence of the calculations, first a reasonable and non-zero flow velocity was estimated
at the outlet. Then, the velocity at the inlet was calculated with the air mass balance in the space. In the following,
the convergence criteria of temperature and pressure 10−6 and flow rate 10−4 were considered. Also, the flow velocity
at the inlet was assumed to be 0.25 m/s, the ambient temperature was 22.4 degrees Celsius, and the ambient pressure
was assumed to be 1 atmosphere. Finally, the space was divided into 120 areas (3 (length) × 5 (width) × 8 (height)
=120). The results of the three-dimensional simulation in the present study are shown in Figure 5.

As can be seen in Figure 5, the incoming and outgoing currents affect the cells close to it, and the farther a cell is
from the incoming or outgoing current, the weaker the current is. For example, in cells close to the x = 0 axis, there
is almost zero current (compared to other cells). Also, it can be seen that the flow on the side walls is almost zero,
which shows a good prediction of the flow state. For a better investigation, two-dimensional slices of the simulated
volume are needed. In order to better investigate, a section of Figure 5 was selected at the center of the room and the
place where the flow enters and exits and was compared with the results of the research done by Lu et al. [9].

As can be seen in Figure 6, the behavior of the flow near the walls does not fully match the reality. In the following,
the results of the previous research are shown in Figure 7 in the form of two-dimensional cuts.

As can be seen in Figure 7, the flow behavior near the walls is in better agreement with the existing reality. For
example, at height Z < 0.5 and length X < 0.1667, the differences in different levels of the flow are well defined and
the vortexes created by the flow can be seen. In the following, the ambient temperature changes according to the
height from the floor of the test room are as follows:

As can be seen from Figures 8 and 9, the pattern of temperature changes in terms of height obtained in this research
has a similar behaviour to what was mentioned in the research and reached from approximately 25◦C to 40◦C. The
difference in the graphs (which is mainly due to the linearity and existing fractures) is due to the difference in the
number of considered meshes and numerical solution iterations, and both graphs follow the same overall behaviour.
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Figure 5: A view of the three-dimensional simulation of the flow with real values in the proposed model

Figure 6: The flow pattern in a two-dimensional cut in the research of Lu et al. [9]

3.1 Investigating the effect of flow coefficient

In the following, the flow coefficient parameter is discussed and the behaviour of the model in the flow coefficients
between 0.2 and 1 has been checked in order to obtain the most optimal coefficient for the number of suitable cells.
In this regard, Figure 10 shows a section of the room space in the direction of the intersection of the inlet and outlet
of the flow for two different values of the flow coefficient and it is enlarged to show its important parts.

According to the results obtained from Figure 10, increasing the flow rate for the inlet and outlet sections has
resulted in opposite results. This means that at the entrance, with the increase of the flow coefficient, the flow rate
has also increased; While this phenomenon has been a decrease in output. Practically, a higher flow coefficient leads
to a higher flow rate in cells further away from the inlet and outlet. With the obtained results, the importance of this
coefficient in flow modeling is shown and it corrects the statement that: ”increasing the flow coefficient necessarily
increases the flow rate”.
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Figure 7: The flow pattern in a two-dimensional cut with the method introduced in this the present research

Figure 8: The pattern of temperature changes according to the height in [9]

4 Discussion and conclusion

The study of convection in an indoor place with natural convection is important, and large internal vents play
an important role in heat transfer between rooms and even in indoor air quality and thermal comfort. ZAER three-
dimensional zone model has been developed for this purpose. Comparing the results between the ZAER model, the
Wurtz zone model and experimental measurements for the studied sample, which has a natural connection, showed that
the ZAER model is a suitable tool for evaluating the layering of temperature and air flow between and inside the rooms;
While, the time required for its calculations does not exceed five minutes. Further, the investigations determined that
the distribution of pressure and speed of air flow from large internal valves depends on the selection of Cd coefficients.
This research showed that it is possible to significantly improve the results of air speed and temperature by choosing
variable and non-constant flow coefficients for each of the cells. With the above interpretations, the improved model
in this research can be introduced as an optimized zone model.
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Figure 9: The pattern of temperature changes according to height in the present study

Figure 10: Comparison of flow pattern Cd = 1 and Cd = 0.2

5 Symbols

i Density (kg/m3)
Cd Flow coefficient
Ti Temperature in cell i (◦C)
V speed (m/s)
X length (m)
S area (m2)
Y width (m)
P Pressure (Pa)
Z height (m)
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