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Abstract: The energy consumption of buildings in urban areas is one of the greatest source of energy wasting and, consequently, 
ofincreasing of CO2 emission. Research is currently focused on the reduction of this consumption through the use of passive 
air-conditioning systems, that can be integrated with conventional systems and give rise to the so-called hybrid systems. Historically, 
these passive systems were developed in the Mediterranean and Middle East area. The research approach on this topic involves the 
application of design strategies and the development of computational tools and control systems. The development of the hybrid 
systems is the result of the synergy between current scientific knowledge, advanced manufacturing and information technology. In this 
study, a modular housing system has been investigated under different conditions. Simulations have been repeated, in order to identify 
the configuration that provides the highest indoor comfort. The analysis of the different conditions has been carried out using a CFD 
(computational fluid dynamic) software. The paper shows the results developed by the Dipartimento di Architettura of the Università di 
Palermo in the analysis of the natural ventilation effect on the indoor comfort.  

 
Key words: Building, CFD simulation, passive systems, energy saving. 
 

1. Introduction 

The indoor comfort mainly depends on climatic 

conditions and, particularly, on climatic conditions of 

urban areas, where almost the 50% of the world 

population lives. 

Temperature, humidity and wind circulation patterns 

are affected by the presence of an urban area. For a 

medium-sized city, the temperature difference between 

centre and rural areas ranges from 0.5 °C to 3 °C with 

significant variations in microclimate [1]. 

These variations can be determined by the following 

factors: 

(1)  In urban areas building materials have different 

thermal properties (capacity and thermal conductivity) 

and radiative properties (albedo and emissivity) if 

compared with building materials used in rural areas; 

                                                           
Corresponding author: Antonio De Vecchi, professor, 

research fields: building construction and sustainability. E-mail: 
antonio.devecchi@unipa.it. 

(2)  The lack of natural evaporative surface and 

vegetation; 

(3)  In urban areas, the exposed surface is greater if 

compared to a flat surface, because of the presence of 

buildings; 

(4)  The heat produced by human activities and 

energy consumption; 

(5)  The air pollution, that can affect the radiative 

properties of the atmosphere, reducing the incoming 

solar radiation and the outgoing infrared radiation. 

Natural ventilation can be an effective strategy to 

be adopted in regions with warm climate, improving 

the internal conditions of comfort, especially during 

the summer and the afternoon when the heat is 

stronger. 

This research starts from the need to improve the 

conditions of indoor comfort in buildings using 

instruments that exploit the natural climatic 

conditions. 

D 
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2. Natural Ventilation in the Traditional 
Urban Construction 

Since about one third of world population lives in 

hot-dry or warm-moist climatic conditions, passive 

systems started to be developed. And also most of the 

internal continental areas show, during summer, 

temperatures exceed the level of comfort.  

Formerly, many cities of the east were originally 

built with empirically developed passive systems of 

cooling. 

These systems make use of natural ventilation, 

evaporative cooling, control of solar radiation, thermal 

mass of the building and heat exchange with the 

ground [2]. At the moment, passive systems are 

becoming the key element of sustainable design in all 

weather conditions. 

In the traditional building construction, ventilation 

was induced by natural forces able to generate 

dynamic (wind) and thermal (temperature difference) 

airflows. 

The wind effect produces a positive pressure on the 

side of the building affected by the current and a 

negative one on the opposite side. 

These pressure differences generate an air flow 

going from one side to another through the openings. 

This phenomenon can be added to the convective air 

flow due to the difference in temperature and, 

consequently, in air density: the less dense warm air 

moves upward carrying cooler air from below. 

Most of the traditional passive systems, including 

wind towers and rooms with different temperatures 

(Fig. 1), using these physical principles. The wind 

towers, used for the collection and capture of the air, 

are composed of architectural elements configured as 

vertical chimney, higher than the roofs; their openings 

are properly oriented, designed to capture the flow of 

wind, convey it inside the building and facilitate the air 

movement, in order to cool off the living spaces. 

Thecentral spacehigher is a natural ventilation 

system, probably of Turkish origin, composed by 

different parts (Iwan-Durqa’a- Iwan). 

 
Fig. 1  The scheme shows, in a typical oriental house, the 
natural ventilation activate by the difference of temperature. 
 

This kind of system is common in densely urbanized 

cities, characterized by a slower outward movement of 

air, that makes impossible the ventilation through 

windows.  

The ventilation process is activated by the pressure 

difference between different areas and between indoor 

and outdoor. 

The air, getting inside from the lower levels, is first 

channeled into the Iwan and, once it arrives in in 

central and higher space, tends to go up. 

This effect is due to the temperature difference in the 

highest part of the central room corresponding to the 

lantern, that is open during the summer. 

This temperature difference is able to generate the 

air flow even in absence of wind [3]. 

3. Application to a Case Study—The Choice 
of a Module 

The case study analyzed refers to a modular housing 

system applicable to different situations (Fig. 2).  

The examined module is a 5 × 15 m rectangle, 5 m 

high aligned north/south lengthwise. The south-side of 

the module has a large revolving opening with a front 

arcade, 5 m wide. On the northward part of the roof, 
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Fig. 2  Simpl
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The first three terms on the right side of equation 

represent energy transfer due to conduction, species 

diffusion, and viscous dissipation, respectively.  

It includes the heat of chemical reaction, and any 

other volumetric heat defined sources. 

The used models are the RSM (reynolds stress 

model) and radiation model.  

Reynolds stress model RSM is the most elaborate 

type of turbulence model. The RSM closes the 

Reynolds-averaged Navier-Stokes equations by 

solving transport equations for the Reynolds stresses, 

together with an equation for the dissipation rate.  

4.1 Reynolds Stress Transport Equations 

The exact transport equations for the transport of 

the Reynolds stresses, , may be written as 

follows: 

   

   

Local Time Derivative  Cij≡ Convection  DT,ij≡Turbulent Diffusion 

 

 
DL,ij≡ Molecular Diffusion  Pij≡ Stress Production  Gij≡BuoyancyProduction 

    2  

Φij≡ Pressure Strain  ϵij≡ Dissipation 

2                     (2) 

Fij≡ Production by System Rotation  User-Defined Source Term 

Between the various terms in these exact equations, 

Cij, DL,ij, Pij, and Fij do not require any modeling. 

However, DT,ij, Gij, Φij and ϵij need to be modeled in 

order to close the equations. The following sections 

describe the modeling assumptions required to close 

the equation set. 

4.2 The DO Model Equations 

The DO (discrete ordinates) model considers the 

RTE (radiative transfer equation) in the direction as a 

field equation. Thus equation is written as: 

 ,  ,

 ,  ,         (3) 

CFD software also allows the modeling of non-gray 

radiation using a gray-band model. 

The RTE (3) for the spectral intensity can be 

written as: 

 , ,

 ,  ,        (4) 

Here λ is the wavelength, ay is the spectral 

absorption coefficient, and Iby is the black body 

intensity given by the Planck function. The scattering 

coefficient, the scattering phase function, and there 

fractive index n are assumed independent of 

wavelength. The non-gray DO implementation divides 

the radiation spectrum into N wavelength bands, 

which need not be contiguous or equal in extent. The 

wavelength intervals are supplied by the user, and 

correspond to values in vacuum (n = 1).  

The RTE (3) is integrated over each wavelength 

interval, resulting in transport equations for the 

quantity Iλ∆λ, the radiant energy contained in the 

wavelength band ∆λ. The behavior in each band is 

assumed gray. The black body emission in the 

wavelength band per unit solid angle is written as: 

0  0     (5) 

where  TnF 0  is the fraction of radiant energy 

emitted by a black body in the wavelength interval 

from 0 to λ at temperature T in a medium of refractive 

index n. λ2 and λ1 are the wavelength boundaries of 
the band. The total intensity  srI


,  in each direction 

s


at position r


 is computed using: 
,  ∑  , ∆                (6) 

where the summation is over the wavelength bands. 

Boundary conditions for the non-gray DO model 

are applied on a band basis. The treatment within a 

band is the same as that for the gray DO model. 

To carry out the CFD (computational fluid dynamic) 
simulations boundary conditions have been set 

according to a dynamic thermal simulation [8]. 
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In order to check the efficiency of the system, the 

effects generated on the same model with the same 

outside conditions, but with different configurations, 

were examined. These configurations are: 

 Closed module (Fig. 4); 

 Module with a revolving panel (black aluminum 

skin) opened on the roof and the window opened in 

front (Fig. 5); 

 Module with a revolving panel (white aluminum 

skin) opened on the roof and the window opened in 

front (Fig. 6). 

The study was essentially developed through three 

phases: 

 First phase: defining the boundary conditions 

(material, temperature, wind speed, etc.), the flow 

model, the solar parameters, etc.; 

 Second phase: it is the calculation step, in which 

the time steps, the number of iterations, etc., have 

been defined and the simulations have been started up; 

 Third phase: plans and views have been set and 

the characteristics of the airflow (temperature, 

velocity, pressure, etc.) have been displayed.  

4.3 Boundary Conditions 

In order to obtain the boundary conditions, 

simulations were conducted with a thermodynamic 

software. The study was carried out referring to the 

hottest summer day in Rome (August 7) at 1:00 p.m. 

(34 °C) (Fig. 7). In particular, the temperature inside 

the module, at different times of day and the exposure 

to solar absorption values for each wall bounding   

the building, has been calculated. In the computational
 

 
Fig. 4  Air temperatures distribution (°C): closed module. 
 

 
Fig. 5  Air temperatures distribution (°C): open panel on the roof (white aluminum side). 
 

 
Fig. 6  Air temperatures distribution (°C): open panel on the roof (black aluminum side). 
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model the panel has been considered inclined of 45°. 

The temperature increase of outside surfaces, due to the  

proportion of absorbed solar radiation, has been 

calculated using the following equation [9]: 

SOS RGTT  0             (7) 

where Ts (K) is the surface temperature, T0 (K) is the 

outside temperature, G (W/m2) is the global irradiance, 

α is the absorption coefficient which mainly depends 

on material and surface color, RSO (m2K/W) is the 

threshold level of surface thermal resistance. 

The G × α has been calculated by a thermodynamic 

software. From the above formula, the temperature 

values in Tables 1 and 2 were obtained. 

4.4 Calculation Phase  

The model analyzed by CFD was created defining 

the surfaces that enclose the domain of fluid to be 

examined. For the flow analysis, a model consisting of 

two volumes of air, one inside and one outside the 

module, has been imported. The model is divided in 

elements of a triangular or tetrahedral mesh (Fig. 8). 

The dimensions of the mesh are: 

 Min size : 5.7103 e-002 m; 

 Max face size: 5.71030 m; 

 Max tet size: 11.4210 m; 

 Smoothing: medium; 

 Transition: slow; 

 Span angle center: fine; 

 Curvature normal angle: 0.314160 rad; 

 Growth rate: 1, 2; 

 Min edge length: 1.0097 e-002 m. 

The used software separates the model into faces. 

Therefore, a certain number of cells and nodes is defined.  

The characteristics of materials and their 

temperatures, derived from thermal simulation, have 

been attributed to the outside boundary of the model. 

For the volume of outside air, the temperature was set 

equal to 34 °C and the air speed equal to 1 m/s 

(maximum value for the indoor comfort). 

4.5 Flow Analysis  

In the third phase of the study, the distributions of 

temperature and air velocity were shown. 

In the closed module, the inner temperatures are 

considerably higher. The model with open panels 

develops a process of natural ventilation, due to air 

circulation, with a consequent decrease in temperature 

of about 1.3 ° C (from 36.5 °C to 35.2 °C). 

A black panel placed on the roof, and tilted open, 

will act as a sensor that decreases the density of air 

when it gets warm, drawing fresh air from the inside 

and allowing a greater cooling of the building. In this 

case, it is possible to observe a decreasing of the inside 

temperature of 1.2° C (35.2° C to 34° C). 
 

 
Fig. 7  Climate data (August 7, Rome, Italy). 
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Table 1  Threshold level of surface thermal resistance. 

 
External horizontal surfaces 
(very exposed) 

Roof (normal exposure) 
Inclined panel (very 
exposed) 

Vertical walls (normal 
exposure) 

RSO (m2K/W) 0.02 0.04 0.02 0.06 
 

Table 2  Surface temperatures. 

 Roof Closed aluminum panel Open black panel Open white panel East wall North wall West wall South wall

Ts (°C) 46.30 46.30 71.62 43.48 36.04 36.04 37.6 40.00 
 

 
Fig. 8  Mesh visualization. 
 

The presence of the black panel, in the described 

conditions, causes an increase of the speed and a 

decrease of the pressure, triggering a greater air draft 

and drawing fresh air in rooms, but with air speed 

always lower than 1 m/s. 

5. Conclusions—Result Evaluation and Future 
Development 

Simulation results showed, in adverse weather 

conditions, in time and in the hottest day of the year, a 

decrease in temperature. It is possible to observe a 

decrease of the inner temperature of 2.5° C (from 36.5° 

C to 34° C); the temperature, under conditions of 

closed model (Fig. 6), is equal to 36.5 °C and, under 

conditions of open model with black panel on the roof, 

and tilted open, and the frame open in front, is equal to 

34.0 °C (Fig. 8). 

Inside the model, it is also possible to observe an 

increase of the air flow speed of about 0.2 m/s. Under 

the conditions of black panel (Fig. 9) the inner speed 

ranges from 0.22 m/s to 0.45 m/s, while, under the 

conditions of open model with aluminum panel (Fig. 

10) the inner speed ranges from 0.00 m/s to 0.22 m/s. 

The presence of the black panel, (Fig. 9) in the 

described conditions, causes an increase of the speed, a 

decrease of the pressure, triggering a greater air draft 

and drawing fresh air in rooms, but with air speed 

always lower than 1 m/s. 

These conditions allow, under normal conditions of 

use, to increase the thermal differential and the relative 

pressure, increasing thereby the flow rate of the natural 

flow of air and generating a greater thermal comfort 

inside the model.  

This substantial decrease in temperature can 

contribute to energy savings by integrating a series of 

conventional air conditioning system with the adopted 

passive system. 

The CFD is a valuable aid in the design since it 

allows one: 

 according to the geometric and spatial configurations, 
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Fig. 9  Air speeds distribution (m/s): open panel on the roof (black aluminum side). 
 

 
Fig. 10  Air speeds distribution (m/s): open panel on the roof (white aluminum side). 
 

positioning in the soil, latitude and prevailing climatic 

conditions; 

 to evaluate indoor flows (temperature, pressure 

and speed parameters); 

 to change the size and shape of the openings 

according to the comfort conditions; 

 to carefully design plant engineering and 

technological elements; 

 to change buildings size and shape in relation to the 

indoor comfort. 

A future development of this work could include an 

application to a residential area, in which smaller cells 

could be considered as a habitation module, that can be 

assembled side by side or overlapped.  

In this case, the two openings can be suitably 

controlled through thin slits slats. 
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