
 

 

 

 

 

 

Natural ventilation in services buildings – a computational 

study 

 

 

Amrin Banu Taboleiros Ahmed Satar 

 

Thesis to obtain the Master of Science Degree in 

Mechanical Engineering 

 

Supervisors: Prof. Pedro Jorge Martins Coelho 

Dr. João Carlos Godinho Viegas 

 

 

Examination Committee 

Chairperson: Prof. Carlos Frederico Neves Bettencourt da Silva 

Supervisor: Prof. Pedro Jorge Martins Coelho 

Member of the Committee: Prof. José Manuel da Silva Chaves Ribeiro Pereira 

 

June 2018 



 

ii 
 

 

 

  



 

iii 
 

 

  



 

iv 
 

Agradecimentos 

Em primeiro lugar, gostaria de deixar o meu enorme obrigado ao professor Pedro Coelho por 

todo apoio e compreensão demonstrados. Nesta longa e árdua caminhada, a concretização deste 

projeto seria impossível sem os seus conselhos e sem a sua orientação. Sinto que foi um privilégio 

poder partilhar a sua imensa sabedoria, que tanto me motivou e incentivou a lutar por este objetivo. É 

um exemplo de pessoa e um docente de excelência, que recordarei para sempre com a maior 

admiração.  

Gostaria também de deixar uma palavra de carinho e gratidão à minha irmã, uma das pessoa 

mais importantes da minha vida. Queria agradecer-lhe pela, mesmo longe fisicamente, participação 

ativa e crucial no meu percurso académico. Obrigada pelas longas conversas motivacionais e pelo 

enorme apoio. 

Aos restantes membros da minha família, queria também deixar uma enorme palavra de 

gratidão e carinho, por tudo o que enquanto família temos passado juntos e por nunca terem deixado 

de acreditar em mim. Um grande e especial obrigado ainda à minha mãe, pela sua presença, 

dedicação, preocupação e amizade, fundamentais em toda a minha vida.  

 Não me poderia nunca esquecer dos meus amigos, entre eles, João, Ana, Tomás, Inês e 

Bruno. Deixo aqui a minha palavra de gratidão por fazerem parte da minha vida e por serem peças 

fundamentais deste puzzle que está quase completo. Os muitos momentos passados, as nossas 

conversas, os almoços em grupo encheram de alegria e cor os dias, que muitas vezes estavam 

carregados de stress e ansiedade. 

Finalmente, para o Rahil, o maior de todos os meus obrigados, pela sua energia, presença, 

boa disposição e forma inspiradora de ver a vida. Obrigado ainda por toda e incansável motivação e 

por todos os bons momentos que temos passado ao longo dos últimos tempos. 

 

 

 

 

 

 

 

 

 



 

v 
 

Abstract 

A numerical investigation of the convective flow in an enclosure was performed. The model is a 

two-dimensional simplification of a reduced scale model used to investigate the efficiency of natural 

ventilation and cooling techniques on reducing energy consumption in a building. Night ventilation is 

used to accomplish that goal since it allows the cold air to cool the building thermal mass reducing and 

delaying air and wall temperature peaks. As such an innovative solution focus on the use of the plenum, 

space between the slab and the suspending ceiling, is studied with the purpose of increasing the heat 

exchange between structural elements of the building and the zone that needs to be cooled. 

A commercial code was used to predict the temperatures distribution as well as the flow field 

inside the enclosure. In a first stage a sensitivity study was performed to investigate the influence of 

mesh, time step and modeling choices on the accuracy of the results. Subsequently, the use of the 

surface-to-surface radiation model and real model walls was tested to analyze the influence on the 

overall problem. 

The results show the need of using very small-time steps to obtain convergence of the initial 

natural convection flow. It was also found that the modeling of the walls in the numerical model reduces 

the temperatures in the domain. The results also show the effective use of night ventilation on reducing 

the next day temperature pick. 
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Resumo 

Foi realizada uma análise numérica do escoamento  de convecção dentro de um 

compartimento. O modelo é uma simplificação bidimensional de um modelo de escala reduzida, 

utilizado para investigar a eficiência de técnicas de arrefecimento e ventilação natural na redução do 

consumo de energia em edificios. A técnica escolhida é a ventilação noturna, que permite a entrada de 

ar fresco e consequentemente o arrefecimento da massa térmica do edificio, diminuindo e atrasando o 

pico de temperaturas tanto no ar como nas paredes. Para tal, o uso do espaço entre a laje e o teto falso 

surge como uma solução inovadora com o propósito de aumentar a transferência de calor entre o 

espaço que necessita de ser arrefecido e os elementos estruturais da sala. 

Foi utilizado um código comercial para prever a distribuição de temperaturas e velocidades 

dentro do compartimento. Numa primeira fase foi feito um estudo de sensibilidade de forma a analisar 

a influência da mallha, intervalo de tempo e aproximações, nomeadamente na forma como o termo de 

impulsão é tratado, na precisão dos resultados. Posteriormente, o modelo de radiação S2S e a 

modelação fisíca das paredes no domínio compuaticonal foram testados de forma a analisar a sua 

influência nos resultados em geral.  

Os resultados mostram a necessidade do uso de intervalos de tempo reduzidos para obter 

convergência no escoamento de convecção natural inicial. Concluiu-se ainda que a adição de paredes 

ao dominío computacional leva a menores temperaturas no compartimento. Foi por último, possível 

observar a eficiência do uso de ventilação noturna na redução do pico de temperatura do dia seguinte. 
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1. Introduction 

1.1. Scope and motivation 

Before the existence of air conditioning systems, societies used natural heating and cooling methods 

such as shading, thermal mass, and natural ventilation to achieve thermal comfort. The search for 

thermal comfort goes as far back as 2000 BC when Babylonians used evaporative cooling to condition 

their dwellings. They would put spray water onto exposed surfaces at night and the combined 

evaporation and drop in night temperatures provided the necessary heat relief. Such methods have 

been used for thousands of years. Later on in the early 1900s the first mechanical cooling system was 

built, and in 1906 the first office building was designed for air conditioning. With the large scale and rapid 

development of homes after World War II mechanical systems became popular and widely used. Due 

to this and other achievements over the course of 20th century, mechanical air conditioning industry has 

grown and so the energy use in buildings.  

While the advent of air conditioning made it possible to have a comfortable indoor environment in 

any climate, it also led to design that completely ignored varying climatic condition leading to less 

efficient buildings that use more energy [1]. This, along with environmental concerns and the rising cost 

of energy, created a shift in buildings architecture towards more energy efficient designs. The major 

electricity concern, in the past decade, has been the increase in greenhouse gases, due to the 

increasing fossil fuel consumption for electricity generation and transportation [2]. Statistics in the work 

of Bernardo [3] show that buildings are one of the largest energy consumption sector in Europe 

representing approximately 40% of the total energy consumption, with heating and cooling energy 

representing the biggest slice of energy demand. However, in Portugal buildings have less needs of 

being cooled or heated, a percentage of less than 30% of the energy used for final consumption is used 

for this purpose. Being the majority of this energy, 55%, electric energy. Also, and related with the health 

of the occupants, research shows that the total number of bacterial particulates in air-conditioned room 

is much higher than that in outdoors and in naturally ventilated rooms. As a result, there is focus on 

reducing HVAC (Heating, ventilation and air conditioning) consumption as well as increasing its 

efficiency [4]. 

The potential of the energy economization in buildings is huge, 50% of the consumption can be 

reduced with energy efficiency measures. A reduction of this scale represents 400 million tons of carbon 

dioxide annual reduction, almost the totality of the goals stablished in the Quioto Protocol for the EU [3].  

Therefore, to reduce the electricity demand without reducing comfort, passive cooling and natural 

ventilation strategies are used in office buildings. Night ventilation or nocturnal convective cooling is a 

passive way to cool a building that is perfectly suited for offices because these are usually not occupied 

during the night [5]. This strategy consist on allowing cold air entering the building at night by natural 

ventilation with the purpose of reducing and delaying air and wall temperature peaks. It is only because 
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of the thermal mass present in the office, which buffers the heat released in the building during the day 

that this temperature reduction occurs.  

However, every building is unique, and for that there is no simple universal solution that could fit all 

the designs, because each space has its own characteristics. Room dimensions and location, climate 

conditions, building structural characteristics, are among the factors that constitute the uniqueness of a 

building. Thus, the best way for each specific building design is to analyze its own airflow and provide 

particular ventilation solution. 

Numerical techniques such as computational fluid dynamics (CFD), appear as an alternative to this 

problem, allow the understanding of different design scenarios and natural ventilation parameters within 

acceptable time and accuracy. However, when it comes to natural convection in indoor environments, 

there are uncertainties on how to model correctly the problem, and this is where the subject of this work 

lies.  

 

1.2. Purpose 

As Lança et al. suggested in [6] and [7], one way of reducing the energy consumption in buildings, 

is to make the best use of natural ventilation and cooling techniques. They proposed the use of night 

ventilation on a real building to address the efficiency of this strategy on reducing the day peak indoor 

temperatures. Building thermal mass is essential to accomplish that goal because of is capacity to retain 

and dissipate heat. However, in modern constructions the amount of exposed thermal mass is kept to a 

minimum and elements like suspending ceilings represent an insulation between the thermal elements 

and the occupied zone. As such the focus of their study is the use of the plenum (space between the 

slab and the suspending ceiling) for an increase of heat exchange between the structural elements of 

the building and the zone that needs to be cooled. In order to investigate this, an experimental reduced 

scale model was constructed for experimental data evaluation [6] and numerical simulations were 

conducted on CFD program Fluent 14.0 [7]. To test this solution on decreasing the temperature in a 

room during the day experiments with the duration of 3 days were performed. They include two periods: 

the occupied room during the day, where powers of 30W or 50W are being emitted, and the night 

ventilation time where a fan is turned on, injecting into the room a specific air flow rate. 

With this in mind, the initial goal was to go further on the numerical modeling of the problem, more 

specifically, in the investigation of numerical parameters like time step and radiation influence on the 

results when compared with experimental data. However, when it comes to natural convection problems, 

difficulties in achieving convergence have long been reported, Linden et al. [8] and Cook et al. [9], and 

this problem was witnessed when starting the simulation process with the 3D CFD model. It was possible 

to see that the results are highly sensitive to modeling choices like boundary conditions and solver 

settings. 
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As such, a 2D model simplification of the problem was made to reduce the calculation cost and 

simplify the parametrical study on the flow field and heat transfer analysis. 

Hence, this works aims to provide further inside into the CFD modelling of the convective flows in 

enclosures. To achieve this, a sensitivity study consisting on two parts, was conducted. The first part 

focuses on fundamental modeling choices and investigates the influence of tree parameters: turbulence 

modeling, discretization and simulation time step. The second part on analyzing model simplifications, 

such as geometry or boundary conditions and the influence of radiation.  

 

1.3. Thesis structure 

The present thesis is organized into seven chapters, with the current introductory section being the 

first. The second chapter contains a general literature review on the subject of night ventilation and 

buoyancy driven flows in building as well as past CFD works performed around the same topics. The 

third chapter summarizes the equations that mathematically describe the physics of the problem in 

question as well as the approximations used in the computational study. A global description of the 

experimental model in which this work is inspired is also made in chapter 4. The fifth chapter 

comprehend a detailed characterization of the computational setup used. Chapter 6 presents the results 

obtained for the simulation runs, and their discussion. Finally, the seventh chapter sums up the 

conclusions that were taken from the work and suggests possible future work on the subject. 
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2. Related work 

2.1. Night ventilation 

As mentioned before, passive cooling techniques present a very important alternative to conventional 

air conditioning of buildings. Therefore, the need to investigate techniques like night ventilation is 

justified as it can significantly reduce the cooling load of air conditioning buildings and increase the 

thermal comfort levels of non-air conditioning building [10]. These goals are accomplished because of 

the way night ventilation works. It basically lies on the use of the cool ambient air as a heat sink, to 

decrease indoor air temperatures, as well as the temperature of the building structure [11]. An example 

is the results obtained by Shaviv et al. [12], which show that in a hot humid climate like that found in 

Israel a reduction of 3-6º is achieved on a heavy constructed building without operating on air 

conditioning unit.  As a consequence of this benefit, night ventilation techniques were applied on different 

buildings, and experimental studies have been reported in order to better understand the factors that 

affects the efficiency of this technique. 

 Although every one of these extensive evaluations are different, because they analyzed different 

buildings, design ventilation, and climate characteristics, there are several conclusions that can be 

drawn to efficient use of night ventilation in reducing cooling load of office buildings in the summer.  

Geros et al. [11] discovered that night ventilation cause a delay and decrease in the peak indoor 

temperatures during the day period, being that delay a function of buildings thermal mass, ambient 

temperature amplitude and the applied flow rate during the night period. In order words the efficiency of 

cooling a building during the night is strongly related to three main parameters: the relative difference 

between indoor and outdoor temperature during the night period, the useful air flow rate applied during 

the night period and the thermal capacity of the building [11].  

Regardless to the first parameter, Blondeau et al. [13] present temperature differences between 

outside and inside of the building as the driving potential of night-time ventilation energy removal from 

the building, the lower the ambient temperature the higher is the efficiency of night ventilation. With 

respect to the air flow rate used in the procedure, it was shown that the higher the fresh air supply the 

better is the results obtained [11], [12]. 

 Additionally, the existence of important thermal-structural mass increases the efficiency of the 

technique since the inertia of the building is increased and the effect of the night ventilation is observed  

in the next day’s indoor temperature profiles (lower and delay peak indoor temperature) [11].  Thermal 

mass is commonly used to signify the ability to store significant amounts of thermal energy and delay 

heat transfer through a building component. This delay leads to moderate temperatures indoor 

fluctuations under outdoor temperature swings, reduced energy consumption to that for a similar low-

mass building, and it moves building energy demand to off peak periods because energy storage can 

be controlled to correct sizing of the mass and interaction with HVAC systems [14]. 
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The effective use of building structural thermal mass for thermal energy store as pointed out by 

Kalogirou et al. [14], depends on: 

• The physical characteristics of the structure 

• The dynamic nature of the building load 

• The coupling between the mass and occupation region 

• The strategies for charging and discharging the stored thermal energy 

With that said the interior planning of the building plays a very important role, determining the flow of air 

through the interior [11].  

On the type of night ventilation used, Kolokotroni et al. [5] mentioned that choosing between 

single sided, cross and stack ventilation can only be done considering building design features, such as 

opening areas, available flow paths and prevailing external wind and temperatures conditionings. Also 

Mechanical night ventilation was also studied by Geros et al. [11], Kolokotroni et al. [5] and Pfafferott et 

al. [15], and it was found that when monitoring carefully a plant capacity reduction and energy savings 

are accomplished. 

As such the problem when assessing the exact contribution of night ventilation for a specific building, 

a combination of various parameters must be taken into consideration: 

• Building structural and design characteristics 

• Climate conditions and buildings site layout 

• The air flow rate applied 

• Efficient coupling of air flow rate and thermal mass of the building 

• Present operational conditions 

Appropriate design of night ventilation systems requires then exact consideration of all the 

parameters mentioned above and optimization of the procedure witch can be done by performing 

thermal and air flow simulations [11].  

On relevant computational work Leenknegt et al. [16] performed a 2D CFD simulations to get a clear 

insight in the local and transient behavior of the air-mass system during night ventilation with focus on 

surface convection. They found that the study of the transient behavior of night ventilation was of great 

important for the design of the systems and that the results obtained were influenced by the chosen 

modeling choices.  In addition to this, they were able to identify 3 different regimes from the moment the 

cold air enters the room to full stabilization of the flow: a first regime dominated by buoyancy, a second 

transient regime and a final one characterized by purely forced flow. The timing of these regimes is 

strongly influenced by model simplifications: near wall treatment, discretization, turbulence model, 

radiation, conjugate heat transfer and geometry by varying inlet/outlet location. Important conclusions 

were derived by the authors that suggests the use of enhanced wall treatment, because without this an 

overestimated cooling rate is observed with the absence of the transition regime, and a recommendation 

of RGN 𝑘 − 휀 turbulence model. The RNG model predicted an earlier transition into forced flow and 

therefore a deeper cooling. Without any validation works the authors suggest the use of this model as it 

is recommended by literature for indoor air flow.  As for the radiation modeling is was found that an 

increase of surface cooling is observed because of the extra heat transfer modus. Regarding to the time 



 

21 
 

step an initial 0.1s is recommended for the initial period followed by a 2s time step which was proved 

sufficiently accurate. To conclude a boundary layer mesh of 𝑦𝑝 minor than 0.5mm is recommended for 

mesh insensitivity.  

2.2. Suspended ceiling 

 As it was mentioned before, the interior arrangement of the office plays an important role in the 

effective use of structural thermal mass as it determines the flow of air through the building. With this in 

mind other physical characteristics of the building or office, such as carpeting, ceiling plenums, interior 

partitions and furnishings, affect thermal storage and the coupling of the building with the occupation 

space [14]. An exposed concrete ceiling for example would increase energy benefits [5], [17]. Artmann 

et al. [18] used a building energy simulation program to address the influence of building construction 

type in night ventilation. The study shows that an exposed concrete ceiling in direct contact with the 

room air reduces overheating (number of hours with indoor temperatures above 26º) when compared 

to an office with the presence of a suspended ceiling. Besides the suggestion on avoiding suspending 

ceiling, a CFD analysis was recommended to clear up the effect of indoor air temperature and velocity 

distribution. 

Modern constructions unfortunately were not design to night ventilation application, and is it 

common to find a suspended ceiling below the slab which exhibit an incorrect exposure of the slab for 

cooling purposes. As such there has been efforts done on using this structural element as part of a 

thermal storage system. What Koschenz et al. proposed in [19] , was the use of phase change materials 

(PCMs) in the suspending ceiling because of their capacity to store or release substantial quantities of 

heating or cooling energy. In this study the cooling mechanism is provided by an integrated water pipe 

system that freezes over the night, without the need of ventilation, and simulations were carried out on 

TRNSYS software to evaluate the performance of the thermally activated ceiling panel when integrated 

in a standard office building with high thermal loads.  They concluded that a thermally activated ceiling 

system ensures that the room temperature remains within a comfortable range even when outdoor 

temperatures are high. On the other hand a ventilated cooling ceiling with PCM was also investigated 

in Weinläder et al. [20].  The air was able to flow above the suspending ceiling at night to address the 

regeneration of the PCM material. The investigation showed that the PCM system reduced the maximum 

operative room temperature by 2K compared to a similar reference room.  

The concept of diffuse ceiling ventilation was experimentally studied by Hviid et al. [21]. They 

make use of the plenum, space between the suspending ceiling and the slab, in a classroom 

environment to quantify the efficiency of this system both as moderate radiant cooling ceiling and air 

distribution device. The conclusions are drawn to an evident radiant cooling potential as well as the low 

pressure drop and air change efficiency, which reduces the necessary fan power in comparison with 

conventional mixing ventilation. However, suggestions are made in the sense of a more detailed 

comprehension of the fluctuating air movements deduced from air velocities measurements. The 

author’s suggestions are directed to numerical simulations for a better understanding of the transient 

behavior witnessed. Later on, Fan et al. [22] compared experimental results with CFD calculations to 
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investigate the performance of a new design of diffuse ceiling ventilation systems in providing high air 

quality and comfortable environment. Both experimental and numerical results lead to the same 

conclusions with differences between measured air temperatures and velocities related to CFD model 

simplifications.  

2.3. Natural Ventilation 

With the aim to construct low-energy, cost effective buildings which also provide a satisfactory 

environment for occupants in terms of indoor air quality and thermal comfort requirements, natural 

ventilation strategies here been incorporated and increasingly studied [23]. As a result, and in order to 

address the acceptability of this technique, analytical and experimental methods have been developed 

throughout the time. However, analytical calculations are limited in their applicability as it assumes a 

variety of simplifications [24]: they cannot account for the impact of building forms, surroundings and 

interior spaces on ventilation performance of a building [25]. Although experimental results are valuable 

in determining how a specific process behave, they are limited to simple cases of flow since it is difficult 

to change the design of an experimental setup. In order to overcome this problem numerical solutions 

arose as a research method that allows the modeling of a wider array of flow phenomena and 

optimization of the various natural ventilation parameters during a building design. Before continuing on 

reviewing the computational studies that have been done, a brief explanation of natural ventilation 

practices is made. 

There are two major types of natural ventilation: cross and single-sided ventilation. Single sided 

ventilation occurs when the building communicates with the outdoor environment through one or more 

openings located on the same exterior wall,  but a more effective distribution of fresh air is seen in a 

cross ventilated room [26]. In both cases air is driven in/out of the building due to pressure differences 

across the openings, which result from the combined action of wind and buoyancy driven forces. In a 

buoyancy driven flow the pressure differences are generated by the temperature differences, and hence 

density, between the outdoor and indoor air. A wind driven flow is driven by the induced pressure 

differences across the openings. For a more detailed discussion of natural ventilation due to buoyancy 

assisted by wind a computational and laboratory investigation of cross ventilated rooms [27] and single 

sided ventilation [24] rooms can be consulted.   

An example of buoyancy driven flow is displacement ventilation in which buoyancy forces are 

produced by naturally occurring heat sources such as occupants and equipment. Even so, as pointed 

out by Cook et al. [28] buoyancy driven flows are notoriously difficult to model using CFD. There are 

uncertainties regarding how to accurately model turbulence, the flow is implicitly specified (sources of 

buoyancy are specified from which the program must calculate a velocity field) and small driving forces 

lead to numerical instabilities. Consequently, and to evaluate the ability of the codes to model such 

flows, the majority of the computational studies are associated with validation work. These studies go 

as back to 1997 when [9] used CFX-F3D CFD package to model a buoyancy driven displacement 

ventilation flow. They employed RNG 𝑘 − 휀 and standard 𝑘 − 휀 to performed steady state calculations 

and found that the resulting flow pattern agreed well with theoretical and experimental results.  
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Later on in 2003 Allocca et al. [24] conducted an investigation with commercial software program 

PHOENICS using the RNG model and found reasonable buoyancy-driven airflow patterns and 

temperature distribution. They also find that CFS is particularly sensitive to boundary conditions for 

buoyancy-driven flows. A follow up study [29]  compared a full-scale experiment and CFD methods to 

investigate buoyancy driven single-sided natural ventilation. The study found that the air temperature, 

air velocity and ventilation rate predicted by the LES models were in better agreement with 

measurements that than those computed by standard 𝑘 − 휀 model, and that mean flow fields play a very 

important role in buoyancy driven, single sided ventilation. 

The selection of an appropriate turbulence model is one of the critical factors that influences the 

application of CFD for studying air distribution. In [30] a review of turbulence models ranging from RANS 

to LES, that have been used for CFD predictions of air distribution in enclosed environments is made.  

Conclusions are directed to the pros and cons of each model that can only be chosen taking into account 

the accuracy needed and computing time afforded. The study found that LES model provides more 

accurate predictions for indoor airflows, but requires a high computing time, while standard 𝑘 − 휀 model 

and RNG 𝑘 − 휀 provides also good results with less necessity on computational cost. A second 

investigation [31] used CFD software FLUENT version 6.2 to simulate the distribution of airflow, air 

temperature, and turbulence in four different enclosed environments: natural convection in a tall cavity, 

forced convection in a model room with partitions, mixed convection in a square cavity and strong 

buoyancy flow in a model fire room. The models accuracy was analyzed by comparing predicted results 

with experimental data. They also found that LES provides the most detailed flow features, and 

mentioned RNG 𝑘 − 휀 has one of the RANS models with superior performance for all the four studied 

cases. Later, Teodosiu et al. [32] mentioned the superior performance of realizable 𝑘 − 휀 turbulent model 

when compared with classical 𝑘 − 휀 models for flows including boundary layers under strong adverse 

pressure gradient, separation or recirculation. Despite of that, RNG 𝑘 − 휀 model is still the most common 

turbulence model used in buoyancy driven indoor flows recent in studies [33], [34].  

The rising popularity of natural ventilation techniques drove attention to CFD modeling of more and 

more realistic buildings. An example of this was showed in Ji et al. [35] investigation on buoyancy-driven 

natural ventilation in a single-storey space connected to an atrium. Modeling details such as boundary 

conditions, turbulence modeling and mesh dependency were also demonstrated but special attention 

was driven to the fact that steady state simulations do not fully describe the development of the flow and 

only with transient simulations a more detailed evolution of the process can be seen. It was possible to 

observe that steady state simulations predicted a fully mixed atrium with uniform temperature whereas 

in experiments an interface separating an ambient, stagnant layer below from a warm buoyant layer 

above, was predicted in the atrium at the level of the storey outlet. When time-dependent simulations 

were performed it was possible to witness this evolution:  a stagnant layer was formed but slowly moved 

down with time and the atrium eventually became mixed.  A previous [36] numerical study demonstrate 

the importance of the transient development of buoyancy-driven natural ventilation on thermal comfort 

and airflow characteristics.  
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In order to estimate correctly the operative temperature in the room the radiative heat transfer has to 

be introduced in the simulations. Teodosiu et al. [32], on accessing the ability and accuracy of a CFD 

model to study a heated room, considered air as a non-participating medium, gray diffuse surfaces 

within the model and added to the principal governing equations the discrete ordinates (DO) radiation 

model to access the radiative heat fluxes. The results show good agreement with experiments with 

regard to heat transfer to the walls, plume characteristics and heat source behavior. On the other hand, 

Wang et al. [33], in order to investigate the effect of convection and radiation on the thermal environment 

of an industrial building with a high temperature heat source, performed steady state simulations on 

FLUENT 6.3.26 and employed DO radiation model to represent surface radiation. To examine the 

influence of radiation on the thermal environment different surface emissivity values of the heat source 

were used. Temperature, velocity distribution, heat transfer on the heat source surface and ventilation 

rate were discussed and good agreement with experimental models were possible to obtain. Also, a 

recent study [34] on a large wide open room with multiple sources causing a buoyancy driven flow, 

included radiation using surface-to-surface radiation model on Fluent 14.5. The results were pretty 

impressing showing that neglecting radiation effects under predict the air flow rate in the room by 

approximately 6%. 
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3. Mathematical Modeling 

 

3.1. Governing Equations 

Besides the complexity involved in natural convection flows, like turbulence and buoyancy effects, it 

is important to present the governing equations of fluid flows. These equations represent mathematical 

statements of the conservation laws of physics, namely: conservation of mass, momentum and energy. 

The first law represents the conservation of mass equation and it is also referred to as the continuity 

equation: 

 𝜕𝜌

𝜕𝑡
+
𝜕(𝜌𝑢𝑗)

𝜕𝑥𝑗
= 0 (3.1) 

where 𝜌 is the fluid density, t is the time, 𝑢𝑗 the velocity components and 𝑥𝑗 the corresponding position. 

In second place are the momentum conservation equations for Newtonian fluids, commonly known as 

the Navier-Stokes equations, which states that the rate of change in time of momentum plus the net of 

flow of momentum out of the fluid element equals the sum of the forces acting on the fluid particle, 

respectively, pressure forces, viscous forces and gravity forces.  

 𝜕(𝜌𝑢𝑖)

𝜕𝑡
+
𝜕(𝜌𝑢𝑗𝑢𝑖)

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝜌𝑔𝑖 (3.2) 

where 𝑝 is the pressure, 𝑔
𝑖
 the gravity acceleration component in 𝑖 direction, 𝜇 the dynamic viscosity 

and 𝜏𝑖𝑗 the viscous stress components given by: 

 
𝜏𝑖𝑗 = 𝜇 (

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝜇
𝜕𝑢𝑘
𝜕𝑥𝑘

𝛿𝑖𝑗 (3.3) 

where 𝛿𝑖𝑗 is the Kronecker delta (𝛿𝑖𝑗 = 1 if 𝑖 = 𝑗 and 0 if 𝑖 ≠ 𝑗) .   

Finally, the energy equation derived from the first law of thermodynamics is presented: 

 𝜕

𝜕𝑡
(𝜌ℎ) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗ℎ) = −

𝜕𝑞𝑗

𝜕𝑥𝑗
 + 𝜏𝑖𝑗

𝜕𝑢𝑖
𝜕𝑥𝑗

 +  (
𝜕𝑝

𝜕𝑡
+ 𝑢𝑗

𝜕𝑝

𝜕𝑥𝑗
) (3.4) 

where ℎ represents the specific enthalpy of the fluid and 𝑞𝑗 the heat flux due to conduction expressed 

by Fourier’s law which relates the heat flux to the local temperature gradient: 
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𝑞𝑗 = − 𝑘

𝜕𝑇

𝜕𝑥𝑗
 (3.5) 

where 𝑘 is the thermal conductivity of the fluid. 

The equation above is written based on the specific enthalpy of the fluid, but the statement is the 

same: the rate of change of energy of a fluid particle is equal to the rate of heat addition to the fluid 

particle plus the work done on the particle. 

In order to close the above equations, thermodynamic property equations have to be introduced. 

According to the equilibrium theory of thermodynamics, the thermodynamic state of a fluid is determined 

by only two independent thermodynamic properties (e.g., 𝑝 and 𝑇). Any third thermodynamic property 

(e.g., 𝑝, ℎ) is related to the two independent properties, e.g., 

 𝜌 𝑑ℎ = (1 − 𝛽𝑇)𝑑𝑝 + 𝜌𝐶𝑝𝑑𝑇 (3.6) 

 𝜌 𝑑ℎ = 𝐾𝑇𝑑𝑝 + 𝛽𝑑𝑇 (3.7) 

where 𝐶𝑝 is the specific heat capacity at constant pressure, and 𝐾𝑇 and 𝛽 are the coefficients of 

isothermal compressibility and thermal expansion: 

 
𝐾𝑇 =

1

𝜌
(
𝜕𝜌

𝜕𝑝
)
𝑇

 (3.8) 

 
𝛽 = −

1

𝜌
(
𝜕𝜌

𝜕𝑇
)
𝑝
 (3.9) 

The fluid properties (𝜇, 𝑘 𝑎𝑛𝑑 𝐶𝑝) may be dependent on the thermodynamic state. They can be 

determined by only two independent thermodynamic properties as a third thermodynamic property can. 

Therefore Equations (3.1) - (3.9)  are closed equations, which govern the motion of any single species 

Newtonian fluid. 

For ideal gases, density is related to pressure and temperature via the ideal gas law: 

 
𝜌 =

𝑀𝑝

𝑅0𝑇
 (3.10) 

where 𝑅0 is the universal gas constant (8.313 J/K/mole) and 𝑀 is the mass of the gas per mole. From 

this equation, we have: 

 
𝐾𝑇 =

1

𝑝
 (3.11) 
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𝛽 = −

1

𝑇
 (3.12) 

 ℎ = 𝐶𝑝𝑇 (3.13) 

For perfect gases 𝐶𝑝 is constant. Since the Eckert number (𝑢2/𝐶𝑝𝑇) is small for natural 

convection, the term of dissipation (𝜏𝑖𝑗
𝜕𝑢𝑖

𝜕𝑥𝑗
) in Equation (3.4) is negligible. Furthermore, air natural 

convection may be considered as an incompressible flow, and the compressibility term (
𝜕𝑝

𝜕𝑡
+ 𝑢𝑗

𝜕𝑝

𝜕𝑥𝑗
) is 

also negligible. Then equation (3.4) can be rewritten as: 

 𝜕

𝜕𝑡
(𝜌𝑇) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑇) =

𝜕

𝜕𝑥𝑗
(
𝜇

𝑃𝑟

𝜕𝑇

𝜕𝑥𝑗
) (3.14) 

where 𝑃𝑟 is the Prandtl number of the fluid: 

 
𝑃𝑟 =

𝜇𝐶𝑝

𝑘
 (3.15) 

Equations (3.1) - (3.3), (3.10) and (3.14) form the governing equations of flows for perfect gases, if 

dissipation and compressibility in the energy equation are negligible. 

 

3.2. Modeling Turbulence 

Turbulence Modeling is a crucial aspect of all CFD modelling, but is particularly important in 

buoyancy driven flows in which the buoyancy forces increase turbulent activity [28]. Air flow in buildings 

is turbulent, and turbulent flows are characterized by fluctuating velocity fields. These fluctuations mix 

transported quantities such as momentum and energy, and cause the transported quantities to fluctuate 

as well. Since these fluctuations can be of small scale and high frequency, they are too computationally 

expensive to simulate directly in practical engineering calculations. Instead the instantaneous governing 

equations can be time-averaged or ensemble-averaged. DNS (direct numerical simulation) and LES 

(large eddy simulation) in general give good results but requires a very high computational effort, and 

they will not be considered in this work. The most commonly applied turbulence models are RANS 

(Reynolds-averaged Navier-Stokes) models, evaluating the time-averaged flow field. In Reynolds 

averaging, the solution variables in the instantaneous (exact) Navier-Stokes equations are decomposed 

into the mean and fluctuating components. For a general scalar quantity: 

 𝜙 = �̅� + 𝜙′   (3.16) 
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Where: 

 
�̅� =

1

∆𝑡
∫ 𝜙 𝑑𝑡
𝑡+∆𝑡

𝑡

 (3.17) 

With equation (3.17) representing the Reynolds-averaging procedure1 and the time interval, ∆𝑡, small 

enough to capture the unsteady mean flow but long compared to the time scale of the turbulent 

fluctuations.  

Substituting expressions of this form for the flow variables into the continuity, momentum and energy 

equations and taking a time average, we have the continuity, Reynolds and temperature transport 

equations: 

 𝜕�̅�

𝜕𝑡
+
𝜕(�̅�𝑢�̅�)

𝜕𝑥𝑖
= 0 (3.18) 

 𝜕(�̅�𝑢�̅�)

𝜕𝑡
+
𝜕(�̅�𝑢�̅�𝑢�̅�)

𝜕𝑥𝑗
= −

𝜕�̅�

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢�̅�
𝜕𝑥𝑗

+
𝜕𝑢�̅�

𝜕𝑥𝑖
−
2

3
𝛿𝑖𝑗
𝜕𝑢�̅�
𝜕𝑥𝑙

)] +
𝜕

𝜕𝑥𝑗
(−�̅�𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) − �̅�𝑔𝑖 (3.19) 

 𝜕

𝜕𝑡
(�̅��̅�) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢�̅��̅�) =

𝜕

𝜕𝑥𝑗
(
𝜇

𝑃𝑟

𝜕�̅�

𝜕𝑥𝑗
) −

𝜕

𝜕𝑥𝑗
(�̅�𝑢𝑗

′𝑇′̅̅ ̅̅ ̅̅ ) (3.20) 

Equation (3.18) and (3.19) , are called Reynolds-averaged Navier-Stokes (RANS) equations. They have 

the same general form as the instantaneous Navier-Stokes equations, with the velocities and other 

solution variables now representing ensemble-averaged values. As a result of Reynolds-averaging, 

Reynolds stresses (−𝜌𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) know appear in equations. In order to close RANS momentum conservation 

equations it is require the use of a turbulence model to solve the new terms introduced by average 

approach to turbulence. The majority of RANS models are based on the Bousinessq eddy viscosity 

assumption, linking the Reynolds stresses and the mean rate of deformation by means of a turbulent 

viscosity, 𝜇𝑡.  

 
−𝜌𝑢𝑗

′̅̅̅̅ 𝑢𝑖
′̅̅̅̅ = 𝜇𝑡 (

𝜕𝑢�̅�
𝜕𝑥𝑗

+
𝜕𝑢�̅�

𝜕𝑥𝑖
) −

2

3
𝛿𝑖𝑗 (𝜌𝑘 + 𝜇𝑡

𝜕𝑢𝑘̅̅ ̅

𝜕𝑥𝑘
) (3.21) 

 

While this approach require a relatively low computation cost of the turbulent viscosity, the 

assumption of an isotropic scalar quantity for  𝜇𝑡 is not strictly true. However this approximation works 

well for shear flows dominated by only one of the turbulent shear stresses which covers the majority of 

technical flows  

                                                      
1 While for “statistically” steady flows we can use the RANS averaging based on time average equation 
(3.17) for a flow with a large scale periodicity (vortex shading) that is not true [46]. Instead, we use the 

ensemble average procedure given by �̅� = lim
N→∞

1

𝑁
∑ 𝜙𝑖

(𝑛)𝑁
𝑛=1 .  
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 A similar approach can be made to turbulent heat flux (�̅�𝑢𝑗
′̅̅̅̅ 𝑇 ′̅) in equation (3.20). Formula (3.22) 

shows that turbulent momentum transport is assumed to be proportional to mean gradients of velocity 

(i.e. gradients of momentum per unit mass). By analogy turbulent transport of a scalar is taken to be 

proportional to the gradient of the mean value of the transported quantity. As such the turbulent heat flux 

in equation (3.22) is modelled by: 

 
−𝜌𝑢𝑗

′𝑇′̅̅ ̅̅ ̅̅ =
𝜇𝑡
𝑃𝑟𝑡

𝜕�̅�

𝜕𝑥𝑗
 (3.22) 

where 𝑃𝑟𝑡 is the turbulent Prandlt number. 

The modelling assumption introduced above requires the calculation of the turbulent dynamic 

viscosity via a turbulence model. Similarly to widely known standard  𝑘 − 휀 model, the RNG 𝑘 − 휀 model 

employed in this work estimates the turbulent viscosity as: 

 
𝜇𝑡 = 𝜌 𝐶𝜇

𝑘2

휀
 (3.23) 

Equation (3.23) introduces two new quantities that must be calculated, the turbulent kinetic 

energy,𝑘, and the turbulent dissipation rate, 휀.  As with other two-equation turbulence models, the RNG 

𝑘 − 휀 model introduces two new conservation equations for 𝑘 and 휀, the first being similar to the standard 

model, but with a different formulation for the 휀 equation: 

 𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[𝛼𝑘𝜇𝑡

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑘 − 𝜌휀 (3.24) 

 𝜕

𝜕𝑡
(𝜌휀) +

𝜕

𝜕𝑥𝑗
(𝜌휀𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[𝛼𝜀𝜇𝑡

𝜕휀

𝜕𝑥𝑗
] + 𝐶1𝜀

휀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀

휀2

𝑘
−  𝑅𝜀 (3.25) 

being 𝛼𝑘 and 𝛼𝜀 the inverse effective Prandlt numbers for 𝑘 and 휀 respectively.  

In the equations above, 𝐺𝑘 represents the generation of turbulence kinetic energy due to the mean 

velocity gradients: 

 𝐺𝑘 = 𝜇𝑡𝑆
2 (3.26) 

where 𝑆 is the modulus of the mean rate-of-strain tensor, defined as: 

 

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗   ;  𝑆𝑖𝑗 = √
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
)

2

 (3.27) 
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When a non-zero gravity field and temperature gradient are present simultaneously, the 𝑘 − 휀 model 

accounts for the generation of 𝑘 due to buoyancy in equation (3.24) and the corresponding contribution 

to the production of 휀 in equation (3.25): 

 
𝐺𝑏 = 𝛽𝑔𝑖

𝜇𝑡
𝑃𝑟𝑡

𝜕𝑇

𝜕𝑥𝑖
 (3.28) 

Witch for ideal gases, reduces to: 

 
𝐺𝑏 = −𝑔𝑖

𝜇𝑡
𝜌𝑃𝑟𝑡

𝜕𝜌

𝜕𝑥𝑖
 (3.29) 

The main difference between the RNG and standard 𝑘 − 휀 models lies in the additional term in the 휀 

equation given by: 

 
𝑅𝜀 =

𝐶𝜇𝜌𝜂
3(1 − 𝜂/𝜂0)

(1 + 𝛾𝜂3)

휀2

𝑘
 (3.30) 

where: 

 
𝜂 =

𝑆𝑘

휀
 (3.31) 

And the other model constants, derived analytically by the RNG theory, are given by: 

 

Constant  Value 

𝑪𝝁 0.0845 

𝑪𝜺𝟏 1.42 

𝑪𝜺𝟐 1.68 

𝛼𝒌 1.393 

𝛼𝜺 1.393 

𝜼𝟎 4.38 

𝜸 (𝒆𝒎𝒑𝒊𝒓𝒂𝒄𝒂𝒍𝒍𝒚) 0.012 
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3.3. Boussinesq Approach 

When heat is added to air and the air density varies with temperature, the air flow can be induced 

due to the force of gravity acting on the density field. In order to model this type of natural convection 

air flow and to get faster convergence, the Boussinesq approximation is used. This approximation treats 

density, 𝜌, 𝜇 and 𝑃𝑟 as constant values in all solved equations except for the buoyancy term in the 𝑦 

momentum equation, the direction of gravity. The thermal expansion coefficient is approximated by: 

 
𝛽 = −

1

𝜌
 (
∂𝜌

∂𝑇
)
𝑃
≈  

1

𝜌0

𝜌0 −  𝜌 

𝑇0 − 𝑇
 (3.32) 

And, for consequence, treated as: 

 𝜌 = 𝜌0(1 − 𝛽(𝑇 − 𝑇0)) (3.33) 

Where 𝜌0 is an operational density defined as a constant value in FLUENT, 𝛽 the thermal expansion 

coefficient, also a constant value, and 𝑇0, the Operational Temperature, usually taken as the average 

temperature in the enclosure, also defined as a constant value. 

The validity of the Boussinesq approximation is restricted to flows where the density differences are 

small, more precisely ∆𝑇 < 30° C [37] . Those that occur in buildings due to temperature variations are 

considered sufficiently small and the assumption is expected to be acceptable, but this will be tested 

later in this work. 

 

3.4. Radiation modeling 

 Gas radiation and concentration of different gases are important for models including gas phase 

species such as combustion products. In a ventilated building with localized heat sources, the radiative 

heat transfer we are interested in, is the one between the high-temperature source surface and the 

walls. 

To include the heating or cooling of surfaces and heat or sink sources due to radiation it is 

necessary to choose a radiation model. The surface-to-surface (S2S) radiation model was chosen as it 

is good for modeling the enclosure radiative transfer without participating medium. This model assumes 

that all surfaces are diffuse, and gray and ignore any absorption, emission or scattering of radiation by 

the medium.  

A gray and diffuse surface is characterized by the following statements: 

• Emissivity and absorptivity independent of the wavelength  

• Emissivity equals absorptivity (휀 = 𝛼), by Kirchoff’s law  

• Reflectivity is independent of the outgoing (or incoming) directions 
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As such, the gray-diffuse model is used which states that: if a certain amount of radiant energy (𝐸) is 

incident on a surface, a fraction (𝜌𝐸) is reflected, a fraction (𝛼𝐸) is absorbed and a fraction is transmitted 

(𝜏𝐸). 

  

    

 

 

 

 

 

 

 

 

Also, for the application in question, the surfaces are opaque to thermal radiation in the infrared 

spectrum, being considered opaque. Therefore, the transmissivity can be neglected and from the 

conservation of energy: 

 𝛼 + 𝜌 = 1 (3.34) 

With all that said the radiative energy flux leaving a given surface (Radiosity  𝐽𝑠) is given by: 

 𝐽𝑠 = 𝐸𝑠 + 𝜌𝑠𝐻𝑠 (3.35) 

with 𝐸𝑠 = 𝜖𝑠𝜎 𝑇𝑠
4 representing the directly emitted energy and 𝜌𝑠𝐻𝑠 the reflected energy. 𝐻𝑠 its called 

irradiation and accounts for the incident energy flux on the surface from the surroundings. 

The amount of incident energy upon a surface from another surface is a direct function of the surface-

to-surface “view factor”. The view factor is the fraction of radiative energy leaving surface r that is incident 

on surface s: 

 
𝐹𝑟𝑠 =

1

𝐴𝑟
∫ ∫

cos 𝜃𝑟 𝑐𝑜𝑠 𝜃𝑠
𝜋 𝑟2

 

𝐴𝑠

 

𝐴𝑟

𝛿𝑟𝑠𝑑𝐴𝑟𝑑𝐴𝑠 (3.36) 

where 𝛿𝑟𝑠 is determined by the visibility of 𝑑𝐴𝑠 to 𝑑𝐴𝑟. 𝛿𝑟𝑠 = 1 if 𝑑𝐴𝑟 is visible to 𝑑𝐴𝑠 and 0 otherwise.  

 

Figure 3-1 – Illustration of gray-diffuse model 
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It is important to mention that the energy exchanged between two surfaces depends on parameters like 

their size, separation distance and orientation. All of this, as we can see in equation (3.37) is accounted 

for the view factors calculation. 

 Therefore, the incident energy flux (𝐻𝑠) can be expressed in terms of the energy flux leaving all other 

surfaces (r) as: 

 
𝐴𝑠𝐻𝑠 =∑𝐴𝑟 𝐽𝑟 𝐹𝑟𝑠

𝑁

𝑟=1

 (3.37) 

For N surfaces, using the view factor reciprocity relationship gives: 

𝐴𝑟 𝐹𝑟𝑠 = 𝐴𝑠 𝐹𝑠𝑟  for  𝑟 = 1,2,3, …𝑁 

So that: 

 
𝐻𝑠 =∑𝐹𝑠𝑟 𝐽𝑟

𝑁

𝑟=1

 (3.38) 

Therefore, and finally : 

 
𝐽𝑠 = 𝐸𝑠 + 𝜌𝑠∑𝐹𝑠𝑟 𝐽𝑟

𝑁

𝑟=1

 (3.39) 

where 𝐸𝑠 represents directly emitted energy,  𝜌𝑠 ∑ 𝐹𝑠𝑟 𝐽𝑟
𝑁
𝑟=1  reflected energy, 𝜖 the emissivity, 𝜎 the 

Stefan-Boltzman constant, and 𝐻𝑠 the energy incident flux on the surface from the surroundings. 

Equation (3.39) can be represented by N equations in a matrix form: 

 𝑲 𝑱 = 𝑬 (3.40) 

 

where 𝑲 is an 𝑁 × 𝑁 matrix. 
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4. Experimental reduced scale model 

4.1. Reduced scale model 

The reduced scale model on which the experiments were carried out is represented schematically in 

Figure 4.1. It consists of a 1.25 m × 0.75 m × 0.43 m interior space, delimited by extruded polystyrene 

(XPS) insulation panels, comprising the walls and floor, and with a slab mounted on top made of 40 mm 

tick concrete. 

 

 

 

 

 

 

 

 

A schematic drawing of the reduced scale model is presented in Figure 5.3. The model was set up 

to represent a real office environment and is equipped with supply and extraction slots, the latter having 

a fan installed to create the air flow from the plenum to the outside. The model also comprises an 

electrical resistance representing the heating load and a suspended ceiling located 120 mm bellow the 

concrete slab. A peripheral gap between the suspended ceiling and the surrounding walls is also 

present. 

 

 

 

 

 

 

 

 

Figure 4-1 – Experimental Model [6] 

Figure 4-2 - Geometry of 3D CFD model [6] 
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5. Method 

 

Computational fluid dynamics or CFD is the analysis of systems involving fluid flow, heat transfer and 

associated phenomena by means of computer-based simulation [38]. CFD tools give a detailed 

knowledge of the pattern of airflow, distribution of air velocity and temperature, and his mathematical 

models application have become popular due to its informative results and relatively low labor and 

equipment costs [39]. An example of that is the use of CFD over experiment-based approaches to fluid 

systems design. The advantages are as important as, the reduction of costs and lead times, the 

possibility to study large systems where controlled systems are impossible to perform, and the ability to 

investigate systems under unsafe and limiting performance conditions, all of this with practically 

unlimited level of detail in the results. Consequently, CFD has spread throughout all the engineering 

industry and is firmly established in significant engineering interest areas like automotive, aerospace 

and power generation sectors. 

CFD codes are structured around numerical algorithms that can tackle fluid flow problems. 

Successively, when addressing the solving power of a CFD code there are three main elements: a pre-

processor, a solver and a post-processor. Bellow a brief description of the function of each one of these 

elements is mentioned. 

The pre-processing stage consist on the input of a flow problem to a CFD program and subsequent 

transformation of this input into a form that can be use by the solver. In this phase the computational 

domain is defined in Ansys Design Modeler, the grid is then generated in Ansys Mesh and finally the 

selection of physical phenomena, definition of fluid properties and specification of boundary conditions 

is done in Ansys Fluent. 

The numerical solution technique used by Ansys Fluent is based on the finite volume method. In 

summary the numerical algorithm comprises: the integration of the governing equations presented in 

chapter 3 over the control volumes of the domain, posterior conversion of the resulting integral equations 

into a system of algebraic equations and finally its solution by an iterative method. 

In order to complete the process a post-processing stage follows the solver process. To this field are 

associated the visualization of the results in the most varied forms, such as, vector plots, surface plots, 

etc. In the present work CFD-post was used in this phase. 

To conclude, in this chapter the steps on using ANSYS software for the present problem are 

described, as well as the particularities comprehended by the specific fluid flow problem. 
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5.1. Mesh choice 

 

In this chapter 2D simulations will be performed in order to study the validation and accuracy of the 

2D scenario compared with the 3D indoor environment (experimental/computational). With this type of 

approach, the same results can be obtained in a relatively shorter time frame. The problem will be 

focused in the middle plane of the enclosure (𝑦 = 0.625 𝑚), and in a first stage of the problem the 

extruded polystyrene (XPS) insulation panels, as well as the concrete slab will be omitted. In an effort 

to make a cartesian mesh, the cylindrical heat load of the experimental setup was approximated into a 

rectangular shape (2 × 2 𝑐𝑚) in the corner of the 2-dimensional plane. The two openings slots of the 

experimental setup were simplified into a projection which leads to two lines with the same width. The 

peripheral gaps between the suspended ceiling and the surrounding walls were assumed 64 𝑚𝑚 in all 

simulations. A practical visualization of the plane studied as well as the main dimensions is represented 

in the Figure 5.1.  

 

 

 

 

 

  

 

 

 

Before continuing with different circumstances of the given problem, meshing independency study 

of the baseline scenario is strongly recommended to be implemented, to obtain more accurate results. 

Therefore, three types of cartesian meshes modelled by ANSYS Meshing software (ICEM), were 

generated. Taking into account that the height of the suspended ceiling constrains the maximum element 

size of the cartesian mesh, 1𝑐𝑚, the first mesh has 2 996 cell elements (coarse, 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒 𝑜𝑓 1 𝑐𝑚), 

the second one has 47 936 cell elements (fine, 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒 𝑜𝑓 1/4 𝑐𝑚)2 and finally the third one has 

191 744 cell elements (very fine, 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒 𝑜𝑓 1/8 𝑐𝑚). The meshes are represented in Figure 5.2. 

                                                      
2 Mesh with element size of 1/2 𝑐𝑚 did not converge. 

Figure 5.1- y=0.625m, Line 1 x=375mm Line 2 x=650mm, the entrances have the same dimensions 
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Figure 5.2 – Cartesian meshes with element size of 1 cm (upper left), 1/4cm (upper right), 1/8cm (bottom)  

In this first stage of the study only the heating period will be evaluated and for simplicity the inlet air 

takes the value of 23º𝐶 in all simulations. Also, as the levels of convergence of the residuals are very 

sensitive to the large amount of settings in Fluent, the selection of the general setup and the main 

boundary conditions, as a first guess, were taken from the 3D simulations. Therefore, the pressure-

velocity coupling is achieved using the Coupled algorithm, the second-order upwind differencing scheme 

is used to evaluate the convection terms for the Navier-Stokes equations, the energy equation and the 

turbulent transport equation and finally under-relaxation factors were taken as default. The settings are 

summarized in the next table. 

Table 5.1 – General settings, Spatial and Temporal Formulation 

General Settings 

Solver Type Pressure-Based Coupled 

Time Dependency Transient 

Viscous RNG k – ε 

Spatial Discretization 

Pressure Body Force Weighted 

Momentum 2𝑛𝑑 Order Upwind 

Turbulent Kinetic Energy (𝒌) 𝟐𝒏𝒅 Order Upwind 
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Turbulent Dissipation Rate (𝜺) 𝟐𝒏𝒅 Order Upwind 

Energy 𝟐𝒏𝒅 Order Upwind 

Temporal Formulation 

𝟏𝒔𝒕 Order Implicit 

 

Concerning the boundary conditions, a power load of 50 W, is emitted in the heating period, which is 

equivalent in our problem to a constant heat flux given by: 

�̇� =
𝑃

𝐴
=
50𝑊

0.04𝑚
= 1250 𝑊/𝑚 

Where 0.04𝑚 is the length of the heat source, Figure 5.3. 

The external wall boundary conditions have a fixed convective heat transfer coefficient of 3 W/m2K, 

which was estimated also analytically using a correlation for a hot horizontal/vertical plate facing 

upwards and loosing heat by natural convection. To define static pressure, “pressure outlet” is used in 

the two opening slots.  

 

 

Figure 5.3- Illustration of the boundary conditions  

Concerning the density of the main fluid, air, the Boussinesq assumption in our problem only gives 

converged results below timesteps of 0.01s (trial and error), and the problem for this setup is that 2 

seconds of the heating period is simulated in 3minutes of computational time (or 15 minutes of heating 

lasts approximately 23 hours of computational time) which leads to excessive simulation time. Hence, it 

was studied in a first stage only 15 minutes of the heating period for the independence mesh study. 

The ideal gas model was also tested in this work. It was shown that in this particular problem, 

compared with the Boussinesq approach the ideal gas approximation gives 2 to 3 times faster results. 

ℎ𝑙𝑜𝑠𝑠 = 3𝑊/𝑚2𝐾 

ℎ𝑙𝑜𝑠𝑠 = 3𝑊/𝑚2𝐾 

ℎ𝑙𝑜𝑠𝑠 = 3𝑊/𝑚2𝐾 

𝑻∞ = 𝟐𝟑°𝑪 

𝑃 = 50𝑊 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑂𝑢𝑡𝑙𝑒𝑡 = 1𝑏𝑎𝑟 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑂𝑢𝑡𝑙𝑒𝑡 = 1𝑏𝑎𝑟 

 

ℎ𝑙𝑜𝑠𝑠 = 3𝑊/𝑚
2𝐾 
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While with the Boussinesq approximation the convergence criterion, in this study, is only meet with 

limited time steps, the approximation of assuming the fluid as ideal gas does not have this type of 

constrains enabling the use of larger time steps. To analyse these options, temperature lines (Figure 

5.4) at the minute 15, with 100 data points distributed uniformly can be seen in Figure 5.4.  

The time-steps used in this problem, as we can see in graphs bellow, are very small for 2D 

simulations, since the main goal is to simulate the 3D problem. 

 

Figure 5.4 - Temperature Lines at minute 15 in Line 1 

Considering these results, it is difficult to identify a pattern once there is no convergence criteria as 

the element size decreases. Regarding the density parameter, the Boussinesq simulations usually takes 

200% more computational time compared with Ideal gas simulations, with the same specifications (e.g. 

the simulation with a mesh of ¼ cm, time step of 0.01s, Boussinesq, takes 11/12 hours of computational 

time to simulate only 15 minutes of the heating period). Therefore, Ideal gas approximation will be 

chosen for density specification in all the remaining simulations, which leaves with two remaining 

variables, time step and size of the mesh. Considering that all the simulations results are qualitatively 

similar, with a maximum of 1ºC of difference, and there is no visual typical pattern of convergence in 

temperature lines, a longer study was made to see if this behavior is maintained over the heating period. 

The next study will be focused in the first three hours of the heating period with a constant ambient 

temperature. The method to study the evolution of the heating period is the temperature in middle point 

of the plane (0.375 , 0.2). A comparison of the different meshes with different time steps, can give an 

overview of the temperature evolution in one point of the plane. Therefore, we can examine where the 

0

5

10

15

20

25

30

35

40

45

25 26 27 28 29 30 31 32 33

H
ei

gh
t 

(c
m

)

Temperature (ºC)

Temperature line 1, minute 15 

Mesh 1cm, TimeStep=0.01s,
Density=Bousinesq

Mesh 1cm, TimeStep=0.01s,
Density=Ideal Gas

Mesh 1/4cm, TimeStep=0.01s,
Density=Bousinesq

Mesh 1/4cm, TimeStep=0.01s,
Density=Ideal Gas

Mesh 1/8cm, TimeStep=0.01s,
Density=IdealGas



 

40 
 

time step size is crucial and where happens to be the main changes in the heating period. This study 

was also made for other points in the domain. Since the conclusions to be taken are the same the results 

were omitted for simplicity. 

For each of the several simulations performed, the absolute velocity was, in fact, almost the same 

for each point in the domain. Which means that the velocity in the formula of the Courant number is 

neglected and its only relevant, for the study, the value of  
∆𝑡

∆𝑥
, equation 5.1. Consequently, the simulations 

will be organized in ascending order by their relative Courant number (𝐶𝐹𝐿∗), equation 5.2. The 

simulations are shown in Figure 5.5 to Figure 5.7 divided into three graphs according to the courant 

number for better visualization. 

 
𝐶𝐹𝐿 = (𝑣𝑥 + 𝑣𝑦)(

∆𝑡

∆𝑥
) 

 (5.1) 

 
𝐶𝐹𝐿∗ =

𝐶𝐹𝐿

(𝑣𝑥 + 𝑣𝑦)
=
∆𝑡

∆𝑥
 

 (5.2) 

Regarding the early stages of this process (mesh/timestep independency), the main problem was 

placed on the first minutes of the heating period (initial state until steady state). Thus, a smaller time 

step was introduced for several configurations in the first minutes of the heating period. This type of 

approach has no effect in some simulations leading to overlapped lines. 

 

Figure 5.5 – Temperature profile in point 1, Nº Courant from 0.08-0.4.  
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Figure 5.6 - Temperature profile in point 1, Nº Courant from 0.5-0.8 

 

 

Figure 5.7 - Temperature profile in point 1, Nº Courant from 0.8-40 

It is clear that there is a limit concerning the time step range. As it seen in the last line of the Figure 

5.7, “Large” time steps give incongruous temperature results and numerical error while small time steps 
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are expensive in terms of computational cost. That is the case for the finest mesh (mesh 1/8cm, 

timestep=0.01s) with a constant timestep through the 3-hour period. This latter simulation is visualized 

incomplete due to the computational time (2h of simulation lasts almost 1 week of computational time). 

Thus, it is reasonable to assume a constant temperature in the point through the ending of 3 hours of 

the heating period.  

As it is possible to see in Figure 5.6 and Figure 5.7, there are numerical errors, without physical 

meaning, in the beginning of the heating period of almost all the simulations. This type of irregularity is 

fading and shifting to the left for smaller courant numbers (visualized from Figure 5.7 to Figure 5.6). For 

that reason, any simulation with the initial irregularity is excluded to solve the problem.  

In the choice of mesh/timestep size, it was considered, that to avoid the numerical irregularity and 

have consistent results without being too time-consuming (comparing with the simulation of mesh 1/8cm, 

timestep=0.01) a mesh of 1 cm with a 0.01s timestep (smallest courant number), is a reasonable choice.  

In Figure 5.8 results of temperature in the end of three hours of the heating period can be seen. As the 

ambient temperature remains the same through this stage, there is not main changes in the three 

contours after the 30 initial minutes. This can be concluded also by the graph (blue line Figure 5.5). 

 

 

 

 

 

Figure 5.8- Temperature contour profiles for four heating periods, Mesh=1cm TS=0.01s 

(a) t= 30 m HP (b) t= 1 h HP 

(c) t= 1h 30 m HP (d) t= 3 h HP 
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6. Results and Discussion  

6.1. Introduction 

The results obtained through the application of the methodology previously explained are shown in 

this chapter. In the next section, CFD analysis will be performed through a more realistic and practical 

manner to study the entire heating and cooling period.   

6.2. Heating Period 12h  

Since the previous results does not approximate well the real behaviour of the experiment, a more 

representative study with a sinusoidal ambient temperature, through all the heating period (12h), will be 

taken in this section. The computational ambient temperature will be defined as a sinusoidal temperature 

function (User Defined Function, UDF, Appendix 1), that simulate the typical temperature of the day 

inside the laboratory where is located the experimental setup. This specified temperature function is 

used for a more realistic simulation, and to be possible the comparison between the 2D simulation, 3D 

simulation and the experimental results. In Figure 6.1, temperature contours are presented for the 12h 

of the heating period. 

 

 

(a) t= 3 m HP (b) t= 30 m HP (c) t= 1 h HP 

(d) t= 2 h HP (e) t= 4 h HP (f) t= 6 h HP 
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Figure 6.1 – Temperature contour profiles for twelve heating periods. HP - Heating Period 

 

A visualization of the flow field can be seen in Figure 6.2. 

 

 

Figure 6.2 -Velocity vectors in the beginning and in the end, respectively, of the heating period. 

As it is shown in the previous contours (Figure 6.1) and velocity vectors (Figure 6.2), the contact of 

a hot surface with air generates a thermal plume which rises, attaches to the ceiling and spreads to the 

opposite side of the model, from where it mixes with outside ambient air and finally falls down attached 

to the wall, into the bottom part of the indoor space. For that reason, there is a peripheral rotational 

motion and some vortexes that enhance heat transfer through the enclosure. As the ambient 

temperature is rising and the indoor air is mixed, the values of temperature show rising progression both 

at the upper and the bottom part of the space. It is also clear, in the shaded contour plots, the 

stratification in the enclosure being the upper buoyant layer above the suspended ceiling the warmest 

(desired for thermal comfort).  

(g) t= 8 h HP (h) t= 10 h HP (i) t= 12 h HP 

(a) t= 3 m HP (b) t= 12 h HP 
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Regarding the mass flow rates in the openings, air of the plume exits through the left opening 

(closest), due to a greater difference of air density between indoor and outdoor, resulting from 

temperature difference, and cold air enters through the opposite opening with the same flow rate. This 

air movement into and out of the enclosure is known as Stack effect or Chimney effect. 

It is also possible to see, by analyzing the temperature contours, that the suspended ceiling plays an 

important role in the behavior of the flow, mainly changing the temperature distribution in the space. 

More specifically, working as an insulator between the two spaces keeping away the undesired thermal 

inertia of the plume, leading to a “imprisonment” of the plume in the plenum, and consequently to greater 

heat exchanges with the slab. This results in a low vertical temperature gradient and a good 

homogenization of the occupation zone. 

It is interesting to highlight that the mass flow rate of thermal plume is so intense (due to the power 

of the heat load) that a fraction flows under the suspended ceiling. Which means that the suspended 

ceiling is restricting the mass flow rate through the peripheral gaps inducing a recirculation flow in the 

occupation zone. This fact could also be seen by the direction of the velocity vectors, Figure 6.2. 

6.2.1. Radiation influence 

Evaluating the impact of modelling radiation, a comparison between temperature distribution at the 

beginning (3 minutes) and in the end (12 hours) of the heating period is presented in Figure 6.3. The 

major differences of the Figure 6.1 (i) and Figure 6.3 (b) are the temperature gradient in the occupation 

zone. The buoyancy driven ventilation strength is stronger in the case without the radiation model 

because all the power (50W) is transferred to the fluid by convection while in the case with radiation is 

transferred partly by convection and radiation. Finally, a major difference can be distinguished visually, 

zones closer to the power source (under the suspended ceiling and the floor near the heat source) are 

heated by this phenomenon.  

 

 

 

 

Figure 6.3 – Radiation temperature in two heating periods. HP - Heating Period 

(a) t= 3 m HP (b) t= 12 h HP 

https://en.wikipedia.org/wiki/Air_density
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6.3. Real computational walls 

As previous mentioned, in this section will be studied the influence of using realist walls as in the 

experimental project. This study differs only theoretically from the previous study, except for the addition 

of a fluid domain in the inlet/outlet (Figure 6.4, red circles) slots. In the previous study, the external walls 

were defined in the fluent settings and were implicitly used in the problem. The mesh used in this study 

is a cartesian mesh and has the same element size as the chosen one in the independency study (1 𝑐𝑚), 

having a total of 4 088 elements.  

 

Figure 6.4 – Illustration of the problem with modelled walls. Dimensions in millimetres. 

The characteristics and properties of the external walls are presented in the next table: 

Table 6.1 - Properties of the materials used in the simulation  

                 Materials 

Properties 

Air 

[40][41] 

Concrete 

[42] 
XPS [43] 

Cardboard 

[44] 

Density (𝒌𝒈/𝒎𝟑) 1.22 2200 30 130 

Specific heat (𝑱/𝑲𝒈.𝑲) 1006.43 880 1220 1700 

Thermal conductivity (𝑾/

𝒎. 𝒌) 

0.0242 1.4 0.034 0.35 

Emissivity (𝝐) 0 0.85 0.9 0.81 

Viscosity (𝑵. 𝒔/(𝒎𝟐) 1.7894 × 10−5 - - - 

Thermal expansion 0.00333 - - - 

Boundary Region Fluid Slab 
Side Walls, 

Floor 

Suspended 

Ceiling 

40 

40 

50 
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Temperature contours of the given solution are presented in Figure 6.5: 

 

 

 

 

 

(a) t= 3 m HP (b) t= 30 m HP 

(c) t= 1 h HP (d) t= 2 h HP 

(e) t= 4 h HP (f) t= 6 h HP 

(g) t= 8 h HP (h) t= 12 h HP 

Figure 6.5 - Temperature contour profiles with exterior walls for eight heating periods. HP - Heating Period 
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Table 6.2 – Mass flow rates at the openings, without Radiation, with Radiation and with the Addition of exterior walls 

 

W/o Radiation 

Figure 6.1 (i) 

Radiation 

Figure 6.3 (b) 

Addition exterior walls 

Figure 6.5 (h) 

Mass flow rate (𝒈/𝒔) 1.84256 1.81848   1.77474  

 

As it shown in the Table 6.2, the inclusion of walls in the model, influences the mass flow rate at the 

slots. This happens due to the storage and dissipation of heat in the XPS walls, which leads to smaller 

buoyancy forces. The recirculation bubble in the left slot, Figure 6.6 (c), also contributes for a smaller 

mass flow rate because constricts part of the opening. 

 

Figure 6.6 – Detailed visualization of the velocity vectors in the two openings, 12 hours of heating period. 

(a) t= 3 m HP (b) t= 12 h HP 

(c)  (d)  
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6.4. Night cooling 

The following analysis is mainly focused on the night time ventilation. During this period, higher air 

velocities are expected, since the flow is mechanically induced. The left slot (Figure 6.4) has a “fan”, 

with an insufflation velocity of 8 𝑚/𝑠, imposed to create the air flow from outside to the plenum. This 

process proceeds the previous heating stage with the same boundary conditions, except for the absence 

of the heat load and the added inlet velocity in the left opening. The results of this technique at 10 cooling 

periods are presented in Figure 6.7. 

 

(a) t= 1 m CP (b) t= 3 m CP 

(c) t= 5 m CP (d) t= 10 m CP 

(e) t= 15 m CP (f) t= 30 m CP 
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Velocity vector at 12 hours (20:00) of cooling period, is presented in Figure 6.8. Identical velocity 

profile shows similar trends during all the cooling period. 

 

Figure 6.8 – Velocity vector of cooling period at 20:00. 

By the analyse of the temperature contours, just about 3h30m after the night ventilation begins, the 

temperature in the entire domain is almost uniform. This is due to the fact that, higher heat transfer rates 

(forced convection) and a highly transient process of replacing air with cool ambient air, are occurring in 

(g) t= 1 h CP (h) t= 2 h CP 

(i) t= 3h15m CP (j) t= 12 h CP 

Figure 6.7 - Temperature contour profiles for ten cooling periods, with inlet velocity of 8 m/s. CP - Cooling Period 
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the entire domain. This last process is done through the gaps of the suspended ceiling, which results in 

the replacement of the inertial thermal air of the previous period.  

In general, the results illustrate that this technique is very effective, suggesting that the model is 

ready for another cycle. But for optimization processes, or energy savings strategy, a reduced velocity 

of insufflation is advised. With 8m/s of inlet velocity, the model temperature is already uniformized in the 

first three hours of cooling period, being the remaining 9 hours of the process just to maintain the model 

at ambient temperature. For that reason, another simulation has been performed, differing only in the 

magnitude of the velocity, 𝑣𝑜𝑝𝑡 = 1𝑚/𝑠. In Figure 6.9, temperatures contours can be observed during 

the cooling period (from 8:00 to 20:00). 

(a) t= 3 m CP (b) t= 6 m CP 

(c) t= 9 m CP (d) t= 15 m CP 

(e) t= 30 m CP (f) t= 1 h CP 
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As expected with an inlet velocity of 1 m/s, the temperature distribution in the model is uniform later, 

approximately at 7 hours of cooling, than with an inlet velocity of 8m/s. Therefore, it is possible to use 

smaller inlet flow velocities and reduce the overall energy. 

In order to study the efficiency of night cooling, a simulation was carried out without any type of air 

insufflation during the night period. This type of study could give an overview how it is the behaviour of 

modern constructions during a typical day. Figure 6.10 represents the calculated temperature contours 

for 10 natural cooling periods. 

(g) t= 2 h CP (h) t= 4 h CP 

(i) t= 7 h CP (j) t= 12 h CP 

Figure 6.9 - Temperature contour profiles for ten cooling periods, with inlet velocity of 1 m/s. CP - Cooling Period 
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Figure 6.10 - Temperature contour profiles for ten cooling periods, without inlet velocity. CP - Cooling Period 

(a) t=  4 m CP (b) t= 10 m CP 

(c) t= 20 m CP (d) t= 30m CP 

(e) t= 45 m CP (f) t= 1h 30 m CP 

(g) t= 3 h CP (h) t= 6 h CP 

(i) t= 9 h CP (j) t= 12 h CP 



 

54 
 

Figure 6.11 and Figure 6.12 presents the temperature evolution, of the previous simulations during 

36 hours, two heating periods, one cooling period, in two points of the fluid domain. These points are 

located in the middle of the occupation zone (point 1) and in the middle of the plenum (point 2).  

 

Figure 6.11 – Temperature evolution at point 1 (37.5 cm; 20 cm), through 36hours  

 

 

Figure 6.12 – Temperature evolution at point 2 (37.5 cm; 36.25 cm), through 36hours   
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Since the computational model was created based on a number of assumptions due to complexity 

of the problem, a direct comparison with the experimental data is not possible. Therefore, a different 

qualitative analysis was made. In general, the numerical temperature/velocity profiles and the behaviour 

of certain temperature points with time, show close resemblance with their experimental counterparts 

[6]. Specifically, temperatures are lower near the floor and increase with height (temperature 

stratification). Velocity profiles also show similar results, in terms of recirculation and magnitude of the 

velocity. 

Several conclusions can be drawn about the effect of using modelled walls (Figure 6.11, Figure 6.12, 

line 1 and 3/4/5). The first one, its clearly that lower temperatures are registered, due to the storage and 

dissipation of heat in the exterior walls of XPS near the power source. The second, is that there is a 

delay in the temperature evolution (higher response time) through the heating period, which can be seen 

by the slope between 8:00 HP – 16:00 HP and 18:00 HP – 20:00 HP.  

Regarding the efficiency of night ventilation, the results shows that effectively exists a reduction in 

the next day temperature peak (Line 3/4 - Line 5). This is due to higher temperatures in the end of the 

cooling period (Figure 6.10 (i)), which makes the second heating period with higher domain 

temperatures. 

  

Figure 6.13 - CFD temperature in slab core (37.5 cm; 42.5 cm) for 36 hours (HP – CP- HP) 

Figure 6.13 shows that the slab is effectively and efficiently cooled by the outside air coming from 

the inlet slot and passing all the way to the outlet slot, through the plenum formed by the suspended 

ceiling and the slab. It is possible to see the highly transient velocities in the domain, more specifically 

in the plenum, causes high heat transfer rates with the slab. 
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7. Conclusion 

7.1. Conclusion 

The goal of the work presented in this thesis has been to assess the modelling requirements and 

accuracy of CFD computations using RANS equations for forced and free convection flows in 2-D 

building enclosures. Ansys FLUENT 16.1 was employed for this purpose. The Boussinesq 

approximation was used, in a first stage, to study the buoyancy effects of the incompressible flow field, 

but for reasons of convergence, a solution was only possible for timesteps below 0.01s. This 

configuration was very time consuming, which led to the choice of using the ideal gas approximation to 

simulate the flow field. 

It was found that only certain combinations of mesh density and time step size give physical/realistic 

results. The Courant number correlates these two variables and it was concluded that a smaller number 

should be employed to obtain solutions of acceptable engineering accuracy. In our case, a Courant 

number of 0.01. 

The influence of the modelling external walls was studied, revealing that the thermal mass also plays 

an important role in the attenuation of indoor average/peak temperatures, working as a sink of heat and 

having a direct influence in the response time on the temperature evolution in the fluid domain. 

The efficiency of night cooling was tested, three cases were simulated in order to evaluate the 

temperatures in the domain, in the next working day (12 hours). It was found that depends directly on, 

the air flow rate during the night period, and obviously, in power of the heat source during the previous 

heating period. The case without any type of air insufflation, during the night period, leads to higher 

domain temperatures in the beginning of the next heating period, which normally turns the next day 

average temperatures higher. In our case, the average domain temperatures, in the next heating period 

its approximately 0.3 ºC bigger. Regarding the slab core temperatures, the difference in the use of night 

ventilation is 3 ºC difference at the end of the cooling period.   

Good quantitative comparisons could not be obtained because many simplifications were made, 

regarding the localization and design of the heat load, losses through the walls, and other parameters 

from the experiment. Nevertheless, the computations for velocity and temperature profiles shared 

qualitative agreement with the experimental data. 

In summary, it is demonstrated in this thesis that CFD can model the flow field and heat transfer in 

building enclosures quite accurately with a proper choice of mesh density and the time step size. Night 

ventilation techniques can contribute to decrease significantly the cooling load of A/C. Designing 

buildings to be more ventilated more efficiently, can help reduce the overall cost of energy and promote 

a better indoor thermal comfort, since architectural elements, such as a suspended ceiling could work 

as an insulator. 
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9. Appendix  

Appendix 1 

 

The user define function used to reproduce the ambient temperature, in Celsius, of the laboratory was 

estimated by temperature points measured experimentally and is given the following equation: 

 

𝑇𝑎𝑚𝑏 = (𝟐𝟒 − 1.2 ∗ 𝑠𝑖𝑛(0.0000727221 ∗ 𝑡 + 2.8)) 

 

Appendix 2 

The general case for the current study is a plane wall separating two fluids of different 

temperatures. Heat transfer is mainly transferred in one direction occurring convection from the hot fluid 

at 𝑇∞,1 to one surface of the wall at 𝑇𝑠,1, by conduction through the wall, and by convection from the 

other surface of the wall at 𝑇𝑠,2 to the cold fluid at 𝑇∞,2.This process is represented in Figure 9.1. [45] 

 

Figure 9.1 - Heat transfer through a plane wall (1D)- Temperature profile and the equivalent thermal 

circuit. 

The heat transfer rate can be derived from the equivalent thermal circuit of the Figure 9.1 and expressed 

as: 
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 𝑞𝑥 =
𝑇∞,1 − 𝑇∞,2

𝑅𝑡𝑜𝑡
 (9.1) 

 𝑅𝑡𝑜𝑡 =
1

ℎ1𝐴
+
𝐿

𝜆𝐴
+

1

ℎ2𝐴
 (9.2) 

Where 𝜆 is the thermal conductivity of the wall material, 𝐴 is the area of the wall normal to the direction 

of heat transfer, ℎ1 and ℎ2 represents the convection coefficients, in the interior and exterior of the wall, 

respectively. ℎ1 is computed by the CFD solver and ℎ2 must be predicted to be imposed as a boundary 

condition. For the present case, the coefficients for the exterior walls (Side Walls, Floor and Ceiling) are 

determined according to [45] and defined as:  

 

Side Walls – Vertical Plate 

Mean properties of the outside flow: 

∆𝑇 = 𝑇𝑆 − 𝑇∞ ;  𝑇
3
𝑆,2
≈ 26 °𝐶 ;  𝑇∞,2 = 23 °𝐶;  𝑃𝑟, 𝑣, 𝛼, 𝜆, 𝛽 (𝑇𝑓𝑖𝑙𝑚 = 300𝐾) 

The correlation for the mean Nusselt Number in a vertical plate is recommended by Churchill and Chu:  

 𝑁𝑢̅̅ ̅̅ 𝐿 =
ℎ̅ 𝐿

𝜆
=

{
 
 

 
 

0.825 +
0.387 𝑅𝑎𝐿

1
6⁄

[1 + (0.492 𝑃𝑟⁄ )
9
16⁄
]

8
27⁄

}
 
 

 
 
2

 (9.3) 

Where: 𝐿 = 0.40 𝑚 (Height of the plate); 𝑅𝑎𝐿 = 2.05 ∗ 10
7 

𝑅𝑎 = 𝑃𝑟 ∗ 𝐺𝑟 =
𝑔 𝛽 ∆𝑇 𝐿3

𝜇 𝛼
 

Resulting the mean convection number: ℎ̅ ≃ 3 𝑊/𝑚2𝐾 

 

Floor and Outside Face Slab - Upper Surface of heated Plate or Lower Surface of Cooled Plate; 

 𝑁𝑢̅̅ ̅̅ 𝐿 = 0.15 𝑅𝑎𝐿
1
3⁄         (107 ≲ 𝑅𝑎𝐿 ≲ 10

9, all 𝑃𝑟 ) (9.4) 

Where: 𝐿 = 0.75 𝑚 (Length of the plate); 𝑅𝑎𝐿 = 2.67 ∗ 108 

𝑅𝑎 = 𝑃𝑟 ∗ 𝐺𝑟 =
𝑔 𝛽 ∆𝑇 𝐿3

𝜇 𝛼
 

Resulting: ℎ̅ ≃ 3 𝑊/𝑚2𝐾 

 

                                                      
3 Typical temperature value from experimental results for the exterior walls 


