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Abstract 

New innovative façade systems that are well thought out, rational, sustainable and 
energy efficient are needed for renovation of old buildings to drastically reduce the heat 
losses through walls and to improve indoor conditions. In order to achieve the above 
mentioned goal, new innovative modular systems that can be mounted on site with ease 
are an interesting alternative. The system can reduce heat losses dramatically while a 
ventilated air gap can make the adjacent wall less susceptible to damages caused by 
moisture. In this work heat transfer analysis in a vertical insulating air cavity is 
investigated and validated with experiments. The thesis work aims to bring new innovate 
design tools as well as methodology in the field of advanced Computational Fluid 
Dynamics (CFD) technology. Transient methods have together with an appropriate 
turbulence model been applied and a commercial finite volume code has been used to 
predict the complex mode of heat transfer due to the difference in density in the flow field. 
i.e ‘Natural Convection’.  
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1 Introduction 
 
Sweden has had an average temperature of 3 degrees for the last twenty year s, hence a 
lot of energy is put into heating up our 600 million square meters of living area  [1]. In 
2003 it took about 92 TWh to heat up this area, which corresponds to approximately 21% 
of Sweden’s total energy consumption that year  [2]. 
 
There is a need to innovate sustainable and energy efficient systems which can be used 
during renovation processes to save energy with respect to the one million apartments 
that where built during the 1960’s in Sweden. Another purpose of the design of the 
modular systems is to decrease the risk of moister build up in the wall. 
 
The modular systems are today made with a thick layer of expanded polystyrene 
insulation that is protected by a casing of sheet metal. This makes up the module that is 
mounted onto the facade of a building with a pre-defined gap between the existing wall 
and the module. The purpose of the air gap is to ventilate out the moister that is 
transported from the inside environment, through the wall, to the colder, and usually 
lower pressured, outside. By ventilating, the idea is to speed up the transportation of 
moisture and thereby reduce any potential mold growth. It is very important to design 
the air gap in a way that optimizes moister transport while not reducing the already 
increased thermal resistance due to the module. 
 
Knowledge of Computational Fluid Dynamics and heat and mass transfer can be used to 
perform highly reliable virtual computational investigations to predict heat transfer 
through the modular system. Also, the flow around the modules due to varying wind 
velocities and humidity are challenging parameters to measure.  Full-scale testing of 
façade systems is very time consuming, and costly equipment must be utilized in order to 
measure the air velocities and humidity in the air cavity.  Computational Fluid Dynamics 
is therefore considered as a cost effective tool to analyze the heat transfer and flow in this 
application. 
 
In an air cavity where no external forces are contributing to air flow, three modes of heat 
transfer mechanisms are present. The first mode of heat transfer arises due to density 
differences in the air cavity caused by the variation in temperature. A density gradient in 
the earth’s gravitational field causes the air to move which leads to a phenomenon called 
natural convection. The second is heat conduction which is strictly dependent on the 
materials ability to conduct energy from two differently heated sides. Last is radiative 
heat transfer that is of electromagnetic nature, which is emitted and received from any 
material that has a temperature above -273.15 °C. 
 
In this thesis, conduction and natural convection are studied for two air cavities of 
different aspect ratios to investigate the effects on heat transfer with temperature 
boundary conditions on the hot and the cold surface, which resemble conditions present 
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in Sweden. The radiative heat transfer between the different surfaces in the cavity are also 
taken into consideration. The heat transfer in the air cavity is important to study due to 
the complexity of the natural convective flow and the effect it has on the total heat loss 
through the wall. The results from the computational investigation and setup are 
validated with that of experiments from [3], where heat transfer in an enclosed vertical 
air cavity is studied. 
 
The cases presented in this work are restricted to purely natural convective flows which 
is the first step into understanding how the facade module could perform at certain times. 
In reality the flow in the air cavity is driven by external forces with an inlet and outlet 
which means that mixed or forced convection also has to be studied. Boundary conditions 
with time variations for the inlet or outlet can be utilized to replicate how the facade 
module performs in more realistic cases. 

1.1 Aim 
The aim of this thesis work is 

1. to apply Computational Fluid Dynamics (CFD) techniques to analyze a new 
innovative facade system that might be used in the building industry,  

2. to analyze the heat loss through the facade due to the three mechanisms of heat 
transfer and 

3. to validate the computational results with experiments.  

1.2 Limitations 
The limitations of the thesis work are that moisture transport in the air cavity is not 
included nor is the optimization of the facade system. 

2 Previous Research 
 
In this section, previous research within the field is briefly presented. 
 
Natural convection in a horizontal loose filled insulation was extensively investigated in 
[4]. Various boundary conditions, insulation thicknesses and permeability were studied 
with a two-dimensional numerical model and results was compared with experiments 
from an attic test module. The results show a decrease in thermal resistance with 
increasing temperature difference and insulation thickness. Natural convection in 
insulating porous media has also been studied in [5] and [6]. A CFD code was designed, 
validated and applied to study the effects of thermal performance of the insulation with 
and without an adjacent air cavity [6,7]. The movement of air in the air cavity was found 
to have a great effect on the overall thermal performance. 
 
In [3] an experimental study on an enclosed vertical air cavity with differently heated 
walls was constructed in order to characterize natural convection in a symmetrical cavity. 
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Determination of the local and overall Nusselt’s number was made for order of magnitude 
of Rayleigh numbers up to 1011. 
 
A numerical model for predicting turbulent plumes from heat sources in indoor 
environments was studied in [7]. The buoyancy production term was found to be almost 
negligible and thus modified to account for both vertical and horizontal temperature 
gradients to get a better approximation of the spreading of the plume. The work lead to 
the birth of a modified k- ε turbulence model.  
 
Numerical modelling of a transient air flow through a cold attic was performed in [8]. The 
research was based on the numerical model and validation in [9], where the model was 
first developed and analyzed with steady state simulations. The transient air flow was 
simulated over a 24-hour period and humidity levels in the attic were also included to 
evaluate the risk for mold growth.  
 
To understand, comprehend and numerically simulate the complex heat transfer 
processes, references [10]-[58] was also consulted during this work. 
 
Natural convection has been extensively researched in the last two decades. In the area of 
Building Physics, there has on the other hand not been any research published on 
computational modelling of a facade module. Since the nature a of convective flows with 
differently heated side are very unstable, even at very low temperature  differences, each 
geometry modelled with Computational Fluid Dynamics furthermore need experimental 
validation to ensure the quality and trust in the simulations. 

3 Theory 
 
This chapter covers basic theory, modeling and governing equations for the finite volume 
method. 

3.1 General Theory 
Basic theory and description of heat transfer, fluid flow and the dimensionless numbers 
are described below. 

3.1.1 Conduction 
Heat conduction occurs when more energetic particles are in contact with less energetic 
particles, they will then interact with each other and transport energy from the more 
active side to the less active. The higher temperature, the higher energy a particle is 
associated with. This results in a heat flux in which the higher temperature side will 
transport heat to the lower temperature side. The heat flux is known as Fourier’s law and 
is written as; 
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 �̇�𝑥 = −𝑘
𝑑𝑇

𝑑𝑥
. (1) 

Here �̇�𝑥 is the energy transported per unit area and second (W/m2), k is the thermal 
conductivity which is material specific and dT is the temperature difference [59]. 

3.1.2 Convection 
There are two modes of convection heat transfer. The first is natural convection, which 
occurs due to buoyancy forces, when the density changes in a fluid due to a heated or 
cooled surface. Natural convection is driven by density variations due to a temperature 
gradient close to a surface. When a volume of fluid is heated, it expands and becomes less 
dense and thus more buoyant than the surrounding fluid. The colder, denser part of the 
fluid descends to settle below the warmer, less-dense fluid, and this causes the warmer 
fluid to rise. Such movement is called convection, and the moving body of liquid is referred 
to as a convection cell. This particular type of convection, where a horizontal layer of fluid 
is heated from below, is known as Rayleigh-Bénard convection. This can be taken in 
account with the Boussineq model; 

 (𝜌 −  𝜌0)  ≈  −𝜌0𝛽(𝑇 −  𝑇0)𝑔 (2) 

which is included in the buoyancy term of the momentum equation (see subsection, 
Momentum Equation). Note that this model is valid only when changes in density are 
small [60]. The Boussinesq Model is used to model natural convection of air in the cavity 
since it is a low speed incompressible flow and therefore a simple relation between 
temperature and density change can be made. This makes an otherwise non-linear 
problem linear, which saves computation time. 

The second mode of convective heat transfer is forced convection, which is when fluid is 
driven by an external force over a free surface. The velocity distribution close to the 
surface, the boundary layer, will conduct heat rapidly between the fluid and surface. The 
heat transfer per unit area is then 

 �̇�  =  ℎ(𝑇𝑠  −  𝑇∞) (3) 

where h is the convection heat transfer coefficient which is material specific, Ts is the 
temperature of the surface and T∞ is the bulk temperature of the fluid [59]. 

3.1.3 Radiation 
Radiation is energy transported by electromagnetic waves which can be both emitted and 
absorbed by a medium. Due to the nature in which this energy is transported, radiation 
does not require an intermediate media to be transported. The lower fraction of pa rticles 
occupying a space, the more efficient the transport of radiation is. The rate at which a 
medium is emitting or absorbing radiation is determined by surface properties (black is 
most radiative while white is least). Because almost all surfaces can be classified as shades 
of gray, the radiation heat transfer per unit area is written as; 

https://en.wikipedia.org/wiki/Convection
https://en.wikipedia.org/wiki/Rayleigh-B%C3%A9nard_convection
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 �̇�𝑟 = 휀𝐸𝑏(𝑇𝑠)− 𝛼𝐺 (2) 

where 휀 is emissivity, α is absorptivity, σ is Stefan-Boltzman’s constant, 𝐸𝑏(= 𝜎𝑇𝑠
4) is the 

emissive power and 𝐺(=  𝜎𝑇𝑠𝑢𝑟
4  ) is the irradiation where Tsur is the temperature of the 

surrounding radiative source [59].  

 
Radiative Heat Transfer in Fluent 
When accounting for radiation in Fluent a simple model called P-1 can be used for 
modeling gray surfaces. The Eq. for radiation heat flux is; 

 
�̇�𝑟 = −

1

3(𝑎 + 𝜎𝑠) − 𝐶𝜎𝑠
∆𝐺 

(3) 

where a is the absorption coefficient, σs the scattering coefficient, G is the incident 
radiation and C is the linear-anisotropic phase function coefficient. A transport equation 
for G can be written as 
                              ∆(𝛤∆𝐺) −  𝑎𝐺 +  4𝑎𝜎𝑇4  =  𝑆𝐺   (4) 

where Γ is defined as 

 
Γ =

1

3(𝑎 + 𝜎𝑠) − 𝐶𝜎𝑠  
 

(5) 

and SG is a user defined source of radiation [60]. The P-1 model is included in the work to 
capture the heat exchange between the heated surfaces. 

3.1.4 Dimensionless numbers 
The importance of dimensionless numbers is that significant variables can be grouped 
together and provide a more quantified measurement of the physical processes taking 
place. The relevant dimensionless numbers for this work are mentioned below. 

Reynold’s number 
The Reynolds number is the ratio between the inertial force and viscous force within a 
fluid in motion. The Reynolds Number is calculated as [59]; 
 
 

𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
=
𝑉𝐿

𝜈
 

(6) 

Nusselt’s number 
The Nusselt’s Number is a measure of the ratio between the convective heat transfer and 
the conductive heat transfer. It can be calculated as [59]; 
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𝑁𝑢 =

𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛
𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛

=
ℎ𝐿

𝑘
 

     (7) 

While predicting the Nusselt’s number numerically in an air cavity, the formulation [3]; 

 
𝑁𝑢𝐻 =

𝐻

∆𝑇
[
𝜕𝑇

𝜕𝑥
]
𝑌∗

 
(8) 

is used for heat transfer close to a heated wall.  
 
To obtain the overall Nusselt’s number for the air cavity, Eq. 10 is integrated as; 
 

𝑁𝑢𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
1

𝐻
∫ 𝑁𝑢𝐻𝑑𝑌
𝐻

0

 
(9) 

and summarized for the whole cavity [3]. 

Rayleigh number 
 
When reaching certain critical values of the Rayleigh’s number, onset of convective heat 
transfer occurs. In an air cavity the Rayleigh number is formulated as; 
 

𝑅𝑎𝐻 =
𝑔𝛽∆𝑇𝐻3

𝛼𝜈
 

(12) 

where H is the height of the cavity [3], β is the thermal expansion coefficient;  

 
𝛽 = −

1

𝜌
(
𝜕𝜌

𝜕𝑇
)
𝑝

 
(10) 

and ν, 𝛼 and ρ are properties of the fluid . 

 

3.2 Mathematical Formulation (CFD) 
The main Eqs., that needs to be solved includes governing transport equations and 
turbulence model [14], as described below. 

 

3.3 Governing equations 
The general transport equation in tensor notation for a scalar, vector or tensor 𝜙 can be 
formulated in its continuous form as  
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 𝜕𝜙

𝜕𝑡
+ 𝑈𝑖

𝜕𝜙

𝜕𝑥𝑖
= 𝐷

𝜕2𝜙

𝜕𝑥𝑖𝜕𝑥𝑖
+ 𝑆(𝜙). 

(14) 

Here the terms correspond to accumulation, convection, diffusion and source 
respectively. The continuity equation is obtained by specifying 𝜙 = ρ and recognizing that 
the transport by diffusion is zero as well as the source term resulting in  
 𝜕𝜌

𝜕𝑡
+
𝜕𝜌𝑈𝑗
𝜕𝑥𝑗

= 0. 
(15) 

The momentum equation which is also known as Navier-Stokes equations is obtained by 
setting φi= ρUi and specifying the source term 
 𝜕𝑈𝑖

𝜕𝑡
+𝑈𝑗

𝜕𝑈𝑖
𝜕𝑥𝑗

= −
1

𝜌

𝜕𝑃

𝜕𝑥𝑖
−
1

𝜌

𝜕𝜏𝑖𝑗
𝜕𝑥𝑗

+𝑔𝑖 . 
(16) 

The Navier-Stokes equations are based on Newton’s second law of motion which states 
that the rate of change of momentum is due to the forces applied. Forces that need to be 
considered are those due to pressure, stresses and gravity. It is these two equatio ns that 
are the foundation of the CFD simulations. 
 
The general transport equation for energy includes the kinetic, thermal, chemical and 
potential energy and is written according to 
 𝜕ℎ

𝜕𝑡
= −

𝜕

𝜕𝑥𝑗
[ℎ𝑈𝑗 −𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥𝑖
+∑𝑚𝑛ℎ𝑛𝐷𝑛

𝜕𝐶𝑛
𝜕𝑥𝑗

𝑛

− 𝜏𝑘𝑗𝑈𝑘]

+ 𝑆ℎ.  

(17) 

In order to solve these continuous equations numerically they need to be transferred into 
discrete variables. This same can be achieved by using suitable discretization schemes 
depending upon the level of accuracy of the calculations.  
 

3.4 Reynolds-Averaged Navier-Stokes equations 
Reynolds Averaged Navier-Stokes equations (RANS) is a method where the instantaneous 
variables like velocity, pressure etc., are divided in-to one mean part and one fluctuating 
part according to; 
 𝑈𝑖 = 〈𝑈𝑖〉 + 𝑢𝑖  (18) 

 𝑃 = 〈𝑃〉 + 𝑝. (19) 

The Navier-Stokes equation can then be written as 
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 𝜕〈𝑈𝑖〉

𝜕𝑡
+ 〈𝑈𝑗〉

𝜕〈𝑈𝑖〉

𝜕𝑥𝑗

= −
1

𝜌

𝜕

𝜕𝑥𝑗
{〈𝑃〉𝛿𝑖𝑗 +𝜇 [

𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
+
𝜕〈𝑈𝑗〉

𝜕𝑥𝑖
]

− 𝜌〈𝑢𝑖𝑢𝑗〉}. 

(20) 

The last term−𝜌〈𝑢𝑖𝑢𝑗〉 in Eq. 20, also denoted as 𝜏𝑖𝑗 , is referred to as the Reynolds stresses 
and is important since it introduces a coupling between the mean and fluctuating parts of 
the flow. In all RANS based turbulence models this term must be modeled as shown in 
Eqs., 18 and 19 above. One way to do this is to relate the Reynolds stress tensor to the 
mean velocity itself. 
  
The Boussinesq approximation relates the Reynolds stress tensor to the mean flow by 
assuming that the tensor is proportional to the mean velocity gradients. It is as sumed that 
the Reynolds stresses can be modeled using a turbulent viscosity analogous to molecular 
viscosity and can be written as 
 𝜏𝑖𝑗

𝜌
= −〈𝑢𝑖𝑢𝑗〉 = 𝜈𝑇 (

𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
+
𝜕〈𝑈𝑗〉

𝜕𝑥𝑖
)−

2

3
𝑘𝛿𝑖𝑗. 

(21) 

With the introduction of turbulent viscosity to describe the fluctuating parts of the flow, 
the same is calculated with the help of turbulence models based on the Boussinesq 
approximation by the use of local appropriate length and velocity scales. With the  
assumption introduced by Boussinesq and the phenomena of turbulent viscosity the 
RANS equation can now be written as 
 𝜕〈𝑈𝑖〉

𝜕𝑡
+ 〈𝑈𝑗〉

𝜕〈𝑈𝑖〉

𝜕𝑥𝑗

= −
1

𝜌

𝜕〈𝑃〉

𝜕𝑥𝑗
−
2

3

𝜕𝑘

𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗
[(𝜈 + 𝜈𝑇) (

𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
+
𝜕〈𝑈𝑗〉

𝜕𝑥𝑖
)]. 

(22) 

The turbulent kinetic energy k can be written as 
 𝑘 =

1

2
〈𝑢𝑖𝑢𝑗〉. (23) 

3.5 Turbulence models 
There are a various number of turbulence models and the most suitable to the problem 
on hand is the two-equation-models which has the ability to simulate both velocity and 
length scales in order to predict the turbulent fluid flow. Three different turbulence 
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models are presented in this section that highlights the different approaches that can be 
used to resolve different features of turbulence. 

3.5.1 Standard k-ɛ Model 

The k-ɛ models are based on the turbulent kinetic energy (k) and the energy dissipation 
rate (ɛ). The transport equations for the standard k-ɛ model are described in Eqs. 24 and 
25, respectively and are written as 

 𝜕𝑘

𝜕𝑡
+ 〈𝑈𝑗〉

𝜕𝑘

𝜕𝑥𝑗
= −〈𝑢𝑖𝑢𝑗〉

𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
− 𝜈 〈

𝜕𝑢𝑖
𝜕𝑥𝑗

𝜕𝑢𝑖
𝜕𝑥𝑗

〉

+
𝜕

𝜕𝑥𝑗
(
𝜕𝑘

𝜕𝑥𝑗
−
〈𝑢𝑖𝑢𝑖𝑢𝑗〉

2
−
〈𝑢𝑗𝑝〉

𝜌
) 

(24) 

 𝜕휀

𝜕𝑡
+ 〈𝑈𝑗〉

𝜕휀

𝜕𝑥𝑗
= −2𝑣 (〈

𝜕𝑢𝑖
𝜕𝑥𝑘

𝜕𝑢𝑗
𝜕𝑥𝑘

〉

+ 〈
𝜕𝑢𝑘
𝜕𝑥𝑖

𝜕𝑢𝑘
𝜕𝑥𝑗

〉)
𝜕〈𝑈𝑖〉

𝜕𝑥𝑗

− 2𝑣 〈𝑢𝑘
𝜕𝑢𝑖
𝜕𝑥𝑗

〉
𝜕2〈𝑈𝑖〉

𝜕𝑥𝑘𝑑𝑥𝑗

− 2𝑣 〈
𝜕𝑢𝑖
𝜕𝑥𝑘

𝜕𝑢𝑖
𝜕𝑥𝑗

𝜕𝑢𝑘
𝜕𝑥𝑗

〉

− 2𝑣𝑣 〈
𝜕2𝑢𝑖
𝜕𝑥𝑘𝜕𝑥𝑗

𝜕2𝑢𝑖
𝜕𝑥𝑘𝜕𝑥𝑗

〉

+
𝜕

𝜕𝑥𝑗
(𝑣

𝜕휀

𝜕𝑥𝑗
−𝑣 〈𝑢𝑗

𝜕𝑢𝑖
𝜕𝑥𝑗

𝜕𝑢𝑖
𝜕𝑥𝑗

〉

− 2
𝑣

𝜌
〈
𝜕𝑝

𝜕𝑥𝑗

𝜕𝑢𝑖
𝜕𝑥𝑗

〉). 

(25) 

There are several terms that must be modeled in order to close the equations. The 

closures are done using the variables k, ɛ and 
𝜕〈𝑈𝑖 〉

𝜕𝑥𝑗
. The standard k-ɛ model is rather robust 

but cannot accurately predict complex flows such as streamline curvature, swirling flows, 
axisymmetric jets and low Reynolds number regions [14]. This originates from the 
limitations of the Boussinesq approximation.  
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3.5.2 Realizable k-ε model 
The modeled parameters are the turbulent kinetic energy, k, and the turbulent dissipation  
rate, ε. The transport equation for turbulent kinetic energy can be deduced from the 
equation for kinetic energy by Reynolds decomposition and is written as  
 𝜕𝑘

𝜕𝑡⏟
𝐴

+ 〈𝑈𝑗〉
𝜕𝑘

𝜕𝑥𝑗⏟    
𝐵

= − 〈𝑢𝑖𝑢𝑗〉
𝜕〈𝑈𝑖〉

𝜕𝑥𝑗⏟      
𝐶

− 𝜈 〈
𝜕𝑢𝑖
𝜕𝑥𝑗

𝜕𝑢𝑖
𝜕𝑥𝑗

〉
⏟      

𝐷

+
𝜕

𝜕𝑥𝑗
(𝜈

𝜕𝑘

𝜕𝑥𝑗⏟
𝐸

−
〈𝑢𝑖𝑢𝑖𝑢𝑗〉

2⏟    
𝐹

− 〈
𝑢𝑗𝑝

𝜌
〉

⏟  
𝐺

). 

(26) 

Where the physical interpretation is given below: 
A. Accumulation of k. 
B. Convection of k by mean velocity. 
C. Production of k. 
D. Dissipation of k by viscous stress. 
E. Molecular diffusion of k. 
F. Turbulent transport by velocity fluctuations. 
G. Turbulent transport by pressure fluctuations.  

 
Closures are required for production, dissipation and turbulent transport in order to solve 
the k-equation. The Boussinesq-approximation is used to relate the production term the 
gradients of the mean flow according to 
 

−〈𝑢𝑖𝑢𝑗〉 = 𝜈𝑇 (
𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
+
𝜕〈𝑈𝑗〉

𝜕𝑥𝑖
) −

2

3
𝑘𝛿𝑖𝑗. 

(27) 

And further the production of turbulent kinetic energy is written as 
 

−〈𝑢𝑖𝑢𝑗〉
𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
= 𝜈𝑇 (

𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
+
𝜕〈𝑈𝑗〉

𝜕𝑥𝑖
)
𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
−
2

3
𝑘
𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
. 

(28) 

 The dissipated turbulent kinetic energy by viscous stress can be expressed 
 

휀 = 𝜈 〈
𝜕𝑢𝑖
𝜕𝑥𝑗

𝜕𝑢𝑖
𝜕𝑥𝑗

〉. 
(29) 

The turbulent transports due to velocity and pressure fluctuations are modeled by 
assuming a gradient diffusion transport mechanism 
 

−
〈𝑢𝑖𝑢𝑖𝑢𝑗〉

2
− 〈
𝑢𝑗𝑝

𝜌
〉 =

𝜈𝑇
𝜎𝑘

𝜕𝑘

𝜕𝑥𝑗
. 

(30) 

From the above Eqs. 27, 28, 29 and 30, the resulting k-equation used is expressed 
according to 
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 𝜕𝑘

𝜕𝑡
+ 〈𝑈𝑗〉

𝜕𝑘

𝜕𝑥𝑗
= 𝜈𝑇 [(

𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
+
𝜕〈𝑈𝑗〉

𝜕𝑥𝑖
)
𝜕〈𝑈𝑖〉

𝜕𝑥𝑗
] − 휀

+
𝜕

𝜕𝑥𝑗
[(𝜈 +

𝜈𝑇
𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑗
]. 

(31) 

A similar treatment involving several closures is required for the turbulent dissipation 
rate, ε to be modeled. These closures are terms to calculate for production, dissipation 
and turbulent transport due to velocity and pressure fluctuations Eq. 32, describes is 
given below as 
 
 𝜕휀

𝜕𝑡⏟
𝐴

+ 〈𝑈𝑗〉
𝜕휀

𝜕𝑥𝑗⏟    
𝐵

= 𝐶1𝑆휀⏟
𝑐

− 𝐶2
휀2

𝑘 + √𝜈휀⏟      
𝐷

−𝐶1𝜀
휀

𝑘
𝐶3𝜀𝑔 (

𝜕𝜌

𝜕𝑇
)
𝑝

𝜈𝑇
𝑃𝑟𝑡

𝜕𝑇

𝜕𝑥𝑗⏟                
𝐸

+
𝜕

𝜕𝑥𝑗
[(𝜈 +

𝜈𝑇
𝜎𝜀
)
𝜕휀

𝜕𝑥𝑗
] .

⏟            
𝐹

 

 

(32) 

A. Accumulation of 휀. 
B. Convection of 휀 by the mean velocity 
C. Production of 휀. 
D. Dissipation of 휀. 
E. Generation of k due to buoyancy 
F. Diffusion of 휀. 

 
The turbulent viscosity is present in both of the transport equations previously described. 
In order to close this turbulence model the turbulent viscosity is modeled according to  
 

𝜈𝑇 = 𝐶𝜇
𝑘2

휀
. 

(33) 

3.5.3 Standard k-ω Model 
 
The k-Ω Model is another two-equation approach to close the non-conservative 
governing equations. This model is also based on a turbulent kinetic energy 
equation, 

 𝜕(𝜌𝑘)

𝜕𝑡
+
𝜕(𝜌𝑢�̅�𝑘)

𝜕𝑥𝑗
= 𝑃𝑘− 𝜌𝛽

∗𝑘𝜔 +
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝑘
∗)
𝜕𝜔

𝜕𝑥𝑗
] 

(34) 

and an inverse time scale equation ω which models dissipation as, 
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 𝜕(𝜌𝜔)

𝜕𝑡
+
𝜕(𝜌𝑢�̅�𝜔)

𝜕𝑥𝑗
= 𝛼

𝜔

𝑘
𝑃𝑘 − 𝜌𝛽𝜔

2 +
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝜔
∗
)
𝜕𝜔

𝜕𝑥𝑗
] 

(35) 

where the eddy viscosity is 
 𝜈𝑇 =

𝑘

𝜔
. (36) 

The k-ω Model is a more accurate than the k-휀 Model for low Reynolds numbers 

due to the difference in modeling of dissipation. Since natural convection with 
small temperature difference does not put out high Reynolds numbers, this 

model is used in all simulations. However, with a closer prediction of dissipation 
near the wall, a finer grid must be used in this area to resolve the behavior.  

The most common coefficients values that goes along with this model and used in 
this work are α = 5/9, 𝛽 = 0.0075, 𝛽∗ = 0.09, 𝜎𝑘

∗ = 𝜎𝜔
∗ = 2 and 휀 = 𝛽∗𝜔𝑘 [58].  

 

3.6 Courant-Friedrich-Lewy condition 
When preforming transient simulations, numerical stability is of great importance. By 
taking an appropriate time step which ensures stability with the local grid element size, 
the dimensionless CFL number; 
 

 
(37) 

 
should satisfy C < 1. Where u is the local velocity, ∆t is the time step and ∆x is the local 
element size [61].
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Figure 1a and 1b: Air cavity for experimental validation (1a) and the actual air 
cavity of interest (1b). 

4 The Code and Boundary Conditions 
 
This section treats the methodology of how simulations where setup and executed for the 
validation of the model. The commercial software ICEM, (ANSYS ICEM CFD) has been used 
to build the virtual model for the computational domain. A model for every case was first 
created in NX 10.0 CAD program and exported as a step-file. This file was then imported 
to ANSYS Design Modeler to name boundaries and domains. The Design Modeler was then 
connected through ANSYS Workbench to ANSYS ICEM CFD, where the mesh was 
constructed and generated. The mesh was then imported to ANSYS Fluent where the 
physical and mathematical properties was setup and simulations executed. The result was 
later visualized in ANSYS CFD-Post and numerical calculations was executed in MATLAB. 
The meshes used are shown in Figure 1a and 1b. Figure 1a shows the geometry of the air 
cavity that was validated with experiments in [3] and Figure 1b describes the actual 
thickness of the air cavity that is used in the innovative facade system. The boundary 
conditions are explained in Table 3. 
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Table 3: Boundary conditions for surfaces in Figure 1b and 1c. 

Surface Boundary Conditions 
A, Hot Dirichlet (four different conditions) → Case 1: Th=Th(x) , Case 2: Th=Tconst, Case 

3: Th=Th(y) ±0.5 ̊C, Case 4: Th=Th(y) ±1.0 ̊C 
 

B, Cold Dirichlet (two different conditions) → Case 1: Tc=Tc(x), Case 2,3 and 4: 
Tc=Tconst 

C Adiabatic wall 
D Adiabatic wall 

E Adiabatic wall 
F Adiabatic wall 

 

The boundary conditions Th(x), Th(y) and Tc(x) along the hot and cold walls are defined 
in a User Defined Function that is read by fluent before simulations. The temperature 
curve used has the function [4], 

𝑇ℎ,𝑐(𝑥 𝑜𝑟 𝑦) = 𝑇ℎ,𝑐 + (1.0°C or 0.5°C) − cos (
𝜋∗(𝑥 𝑜𝑟  𝑦)∗𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒  𝑐𝑒𝑙𝑙𝑠

𝐴
) (38) 

where the number of convective cells in Eq. 38 is set to two. This is done in order to 
mimic the temperature variation that is projected from an indoor environment where 
the air temperature is lower at the floor and higher at the ceiling. An illustration of the 
boundary condition in Eqn. 38 for Case 4, see Table 3, is shown below in Figure 2.   
 
The boundary condition starts at Y* = 1 with 1.0  ̊C over the intended hot side 
temperature and ends at “floor level” Y* = 0 with a temperature of -1.0 ̊C below the 
intended hot side temperature. 
 

 
Figure 2: Example boundary condition of temperature changing in vertical direction for the surface A in Figure 1a and 

1b. 
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4.1 Mesh 
The mesh is unstructured, containing only hexahedral cells. The number of nodes used in 
the computational domain for the geometry seen in Figure 1a are 565 000 nodes and 
136 000 nodes for the geometry in Figure 1b. The number of nodes used for each 
geometry was found to be enough to get accurate results. 
 
The height of the first cell layer is chosen for each mesh to get a y+ in the range of 1 ≤

𝑦+ ≤ 5 in order to be within viscous sub-layer with low-Reynolds correction [60].  
This means that when using the k-ω model, described in the theory section, the first cell 

layer stays within an assumed laminar velocity profile close to the wall. Very close to the 
wall viscous shear stresses are dominating and a higher resolution of the flow in this 

area is achieved if resolving this, in comparison to the k- ɛ model where the viscous sub-
layer is skipped and a 30 ≤ 𝑦+ ≤ 500 is acceptable. The k-ω model is chosen in the work 

due to the low Reynolds flow that natural convection brings and to resolve the 
properties of the flow from the buoyancy force initiating surfaces. 

 

4.2 Numerical Setup 
The documented solver settings and under-relaxation factors for a stable transient simulation is 
taken into account in the setup for this thesis work. The general Fluent settings is shown in Table 
4. These settings are similar to what was used in [8]. 
 

Table 4: Solver settings used during all simulations. 

Solver Steady State and 
Transient 

Solver Type Pressure based 

Turbulence Model Standard 𝑘 −𝜔 

Wall Function Standard 
Radiation P1 
Pressure-Velocity 
Scheme 

SIMPLEC 

Time Stepping Method Fixed 
Gradient Green-Gauss Node Based 
Pressure Body Force Weighted 

Momentum Power Law 
𝒌 Power Law 

𝝎 Second Order Upwind 
Energy Power Law 

 
With help from theory studied in the section ‘Previous Research’ the settings and under -
relaxation factors chosen for a pressure-velocity coupling is presented in Table 5. 
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Table 5: Under-Relaxation factors. 

Pressure 0.3 
Density 0.9 
Body Forces 0.9 
Momentum 0.1 
K 0.8 
𝝎 0.8 

Turbulent Viscosity 0.9 
Energy 0.9 

P1 0.5 
 
The convergence criteria for residual levels where 10 -3 for all the parameters solved, 
which is a default setting in Fluent. This criterion is reached when the residuals for the 
active iteration is of a quantity 10-3 time lower than of the largest residual from the first 5 
iterations.  These criterions were full-filled for all simulations conducted with the 
parameters mentioned above. 

4.3 The physical quantities 
In Table 6, the physical quantities and their values that were used during the 
computations are specified. The choice of reference temperature for the Boussinesq 
approximation in a natural convection simulation was found to be very important. With 
help from the paper [62] Tref was set to the mean temperature between the hot and cold 
wall. The choice of reference temperature holds since the entire domain is symmetrical, 
enclosed and no ambient conditions are imposed on the cavity. 
 

 
Table 6: Air properties at mean temperature between hot and cold wall. 

 
 
 
 
 
 
 

Th  

( ̊C) 
Tc  
( ̊C) 

ρ  
(kg/m3) 

k  
(W/mK) 

µ  
(10-6 
kg/ms) 

β  
(10-3 
1/K) 

α  
(10-6 
m2/s) 

ν  
(10-6 
m2/s) 

Top=Tm 
( ̊C) 

20.00 0 1.249 0.0251 17.75 3.55 19.91 14.21 10.00 
17.19 0 1.255 0.0249 17.67 3.57 19.73 14.08 8.60 

14.00 0 1.262 0.0248 17.58 3.59 19.53 13.93 7.00 
11.54 0 1.268 0.0247 17.53 3.60 19.37 13.82 5.77 
8.00 0 1.275 0.0246 17.43 3.62 19.15 13.66 4.00 
5.70 0 1.280 0.0245 17.35 3.64 19.00 13.56 2.85 
4.00 0 1.284 0.0245 17.31 3.65 18.87 13.48 2.00 

2.70 0 1.284 0.0243 17.23 3.66 18.81 13.42 1.35 
1.00 0 1.293 0.0241 17.10 3.67 18.70 13.30 0.50 
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4.4 Description of the Iterative Computational Procedure 
At the start of the computations, a steady state solver was used for 150 iterations where 
convergence is not achieved, to initiate the simulations. This was later followed by 
transient simulation for a total of 2 seconds with a time step of 0.01s which was estimated 
with the Courant-Friedrich-Lewy condition. Since these simulations where very time-
consuming, the total amount of transient simulation time had to be limited to 2 seconds. 
The maximum number of iterations per time step was 500. This leads to a maximum 
number of 100 150 iterations. The minimum value of residuals for convergence was set 
to 10-3 for all parameters of interest. The models have no physical transient effect to be 
resolved, but since this work can be the basis for future optimization and transient effects 
could be introduced in form of mixed/forced convection with varying inlet velocities, the 
simulations are conducted in a transient manner. 

5 Results and Discussions 
 
The experiment in [3] yielded data that was considered sufficient for validation of the 
numerical model at a temperature difference of 17.19°C with an average Nusselt’s 
Number of NuHE = 231 close to the hot wall. Other temperature differences did not 
deliver the same amount of data and is therefore approximated from the experimental 
data to enable for comparison with numerical results. The temperature differences 
shown in Table 7-10, except for Th=17.19°C and Tc=0°C, are therefore approximated 
data for the average Nusselt’s Number, NuHE, close to the hot wall. 

5.1 Validation 
A comparison between the experimental result in [3] and the numerical results obtained 
for the cavity in Figure 1a is shown in Table 7-10, where each table presents one of the 
four specified boundary conditions (see Table 3). The experiment [3] has presumably 
close to uniform temperature distribution at the heated/cooled sides, but by comparing 
with four different possible boundary conditions a better assumption could be made.  The 
result obtained in [3], NuHE = 231 (Th = 17.19°C) is the only actual validation point and is 
the average Nusselt’s Number close to the heated wall. Results obtained by the numerical 
simulations are RaH and NuHN while NuHE are experimental. Varying boundary condition 
in horizontal direction was the first boundary conditioninvestigated, see Table 7. Several 
temperature differences was approximated for comparison, in addition to the validation 
point 17.19°C, to see the response of the system. The number of temperature differences 
was later narrowed down and changed since not much belief was put into that boundary 
condition because of the vertical nature of the cavity, see Figure 8-10. 
 
The results from Table 7-10 shows that the boundary condition that have varying 
temperature along the horizontal direction is least consistent with the approximated 
experimental data since NuHN is much lower than NuHE at temperature differences lower 
than 8.00 ̊C. Concerning only the validation point at Th = 17.19  ̊C, the varying boundary 
condition in horizontal direction was the most accurate with a Nusselt’s Number of NuHN 

= 227.71, in comparison to the other boundary conditions that had Nusselt’s Numbers in 
the range NuHN = 212.5 - 212.87 at temperature Th = 17.19  ̊C. It can be noticed that the 
Nusselt’s number starts to increase again at lower temperature differences for all the 
boundary conditions except for Th,c(x), this is thought to be because of the convection cell 
changes shape with different temperature differences. The temperature difference 
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between the points of measurement (at distance X*=0.01 from the heated wall) and the 
heated wall temperature have changed. The shift in in the temperature difference 
between measurement points and the heated wall is due to a change in air flow close to 
the corners in the cavity. At higher temperature difference the convection cell is more 
violent with greater air speed that is more centered in the cavity. At lower temperature 
differences the high-speed zones move a little bit closer to the corners, thus more mixing 
of hot and colder air is happening there and a higher average Nusselt’s Number is 
recorded. 
 
Table 7: Results from natural convection simulations with temperature boundary conditions as: Th = Th(x), Tc = Tc(x) for 

the model shown in figure 1a. 

Th Tc RaH NuHE NuHN 

20.00  C̊ 0  ̊C 1.40*1011 247.93 201.99 
17.19  C̊ 0  ̊C 1.23*1011 231 227.71 
14.00  C̊ 0  ̊C 1.03*1011 229.70 197.36 

8.00  ̊C 0  ̊C 6.16*1010 199.28 186.18 
4.00 0  ̊C 3.19*1010 226.70 160.67 

2.70  ̊C 0  ̊C 2.18*1010 247.93 135.80 
 
Table 8: Results from natural convection simulations with temperature boundary conditions as:  Th = const., Tc = const. for 

the model shown in figure 1a. 

Th Tc RaH NuHE NuHN 

20.00  C̊ 0  ̊C 1.40*1011 247.93 233.90 

17.19  C̊ 0  ̊C 1.23*1011 231 212.50 
11.54  C̊ 0  ̊C 8.63*1010 229.70 212.26 

5.70  ̊C 0  ̊C 4.48*1010 199.28 212.04 
2.70  ̊C 0  ̊C 2.18*1010 226.70 211.87 

 
Table 9: Results from natural convection simulations with temperature boundary conditions as: Th = Th(y)±0.5  ̊C, Tc = 

const. for the model shown in figure 1a. 

Th Tc RaH NuHE NuHN 

20.00  C̊ 0  ̊C 1.40*1011 247.93 212.86 
17.19  C̊ 0  ̊C 1.23*1011 231 212.70 

11.54  C̊ 0  ̊C 8.63*1010 229.70 212.53 
5.70  ̊C 0  ̊C 4.48*1010 199.28 212.57 

2.70  ̊C 0  ̊C 2.18*1010 226.70 212.99 
 
 

Table 10: Results from natural convection simulations with temperature boundary conditions as: Th = Th(y)±1.0  ̊C, Tc = 
const. for the model shown in figure 1a. 

Th Tc RaH NuHE NuHN 

20.00  C̊ 0  ̊C 1.40*1011 247.93 213.01 

17.19  C̊ 0  ̊C 1.23*1011 231 212.87 
11.54  C̊ 0  ̊C 8.63*1010 229.70 212.79 
5.70  ̊C 0  ̊C 4.48*1010 199.28 213.11 
2.70  ̊C 0  ̊C 2.18*1010 226.70 214.13 
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An evaluation of the type of boundary condition which was best suitable has been 
executed, by comparing the Nusselt’s number at the hot wall as a function of Rayleigh’s 
number (temperature difference). 

 

 
Figure 3: Comparison of numerical values with experiments – Influence of boundary conditions near the hot wall with 

aspect ratio = 3.84. 

As seen in Figure 3, the boundary condition (blue line) with varying temperature in 
horizontal direction is not suitable for modelling vertical air cavity heat transfer, since in 
reality the ambience is vertically stratified temperature gradient or almost constant 
temperature. 
In Table 11-13, results from simulations with the thinner cavity is shown with a range of 
temperatures where only constant and vertical varying boundary conditions are 
investigated since the boundary condition Th(x) exhibited inconsistent results over most 
of the temperature difference range. 
 
It can be noticed that NuHN is decreasing with decreasing temperature difference for the 
higher values of Th presented in Tables 11-13, while there’s a turning point for low 
temperature differences when the NuHN once again increases. The reason for this is of the 
same nature as mention for Table 7-10 where the convection cell has changed shape at 
lower temperature differences.  
 

Table 11: Results from natural convection simulations with temperature boundary conditions as: Th = const., Tc = const. 
for the model shown in figure 1b. 

Th Tc NuHN RaH Nuoverall 

20.00  C̊ 0  C̊ 225.25 1.40*1011 177.29 
17.19  C̊ 0  C̊ 220.68 1.23*1011 178.83 
11.54  C̊ 0  C̊ 213.18 8.63*1010 178.88 
5.70  ̊C 0  C̊ 209.03 4.48*1010 179.37 
2.70  ̊C 0  C̊ 209.07 2.18*1010 179.37 
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Table 12: Results from natural convection simulations with temperature boundary conditions as: Th = Th(y)±0.5  ̊C, Tc = 
const. for the model shown in figure 1b. 

Th Tc NuHN RaH Nuoverall 

20.00  C̊ 0  C̊ 230.13 1.40*1011 176.86 
17.19  C̊ 0  C̊ 224.83 1.23*1011 177.60 

11.54  C̊ 0  C̊ 219.28 8.63*1010 178.56 
5.70  ̊C 0  C̊ 221.07 4.48*1010 178.74 
2.70  ̊C 0  C̊ 233.95 2.18*1010 178.09 

 
Table 13: Results from natural convection simulations with temperature boundary conditions as: Th = Th(y)±1.0  ̊C, Tc = 

const. for the model shown in figure 1b. 

Th Tc NuHN RaH Nuoverall 

20.00  C̊ 0  C̊ 232.45 1.40*1011 176.80 

17.19  C̊ 0  C̊ 229.03 1.23*1011 177.37 
11.54  C̊ 0  C̊ 225.43 8.63*1010 178.14 

5.70  ̊C 0  C̊ 233.17 4.48*1010 178.10 
2.70  ̊C 0  C̊ 258.91 2.18*1010 176.79 

 
Further, the effect of the suitable boundary conditions on the thinner cavity is presented 
in Figure 4. 

 
Figure 4: Local Nusselt’s number at the hot side versus the Rayleigh’s number to see the influence of boundary conditions 

on natural convection near hot wall with aspect ratio = 132.41. 

Due to high temperature difference between the cold and the hot surface, the thin cavity, 
with aspect ratio = 132.41, shows a very high local Nusselt’s number for the varying 
temperature boundary conditions. The temperature gradient close to the wall is 
furthermore larger than the temperature gradient for the cavity with an aspect ratio of 
3.84. 
Figure 5 below, shows the effect of boundary conditions on the overall Nusselt’s number. 
The magnitude of the heat transfer rate due to natural convection depends on the 
production and intensity of the Bernard natural convective cells. In the Figure 5 above, it 
can be noted the buoyancy effect are about 3% higher for constant temperature boundary 
conditions than for varying boundary conditions. Also , the higher the fluctuations in the 
temperature boundary conditions, the lower is the magnitude of the overall heat transfer 
rate. 
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Figure 7: Variation of Nusselt number as a function of dimensionless height near the hot surface at 17.19  ̊C, RaH = 
1.23*1011 (hot side) in the air cavity with aspect ratio = 132.41, for the three boundary conditions of interest. From 

left to right: Const. BC, T(y)=+- 0.5, T(y)=+-1. 

 
Figure 5: Overall Nusselt’s number for the whole cavity versus the Rayleigh’s number to see the influence of boundary 

conditions on natural convection in the air cavity with aspect ratio = 132.41. 

A detailed representation on the boundary conditions effect on the local hot wall Nusselt’s 
Number is shown in Figure 6 and 7 below. Figure 6 show the variation in local Nusselt’s 
Number for the cavity with aspect ratio 3.84, as in the experiment and Figure 7 is the 
cavity with an aspect ratio of 132.41. Y* is the non-dimensional vertical coordinate along 
the hot wall of the cavity and NuH, is the heat transfer rate at the hot surface. 
Comparing the results obtained from Figure 6 and Figure 7, we can conclude that there is 
a larger variance in the magnitude of the local Nusselt’s number for the air cavity with 
aspect ratio = 132.41 than for air cavity with aspect ratio = 3.84. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 6: Variation of Nusselt number as a function of dimensionless height near the hot surface at 17.19  ̊C, 
RaH = 1.23*1011 (hot side) in the air cavity with aspect ratio = 3.84, for the three boundary conditions of 

interest. From left to right: Const. BC, T(y)=+- 0.5, T(y)=+-1. 
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5.2 Contours for Constant Boundary Condition at the hot wall 
Next the temperature and velocity contours are visualized in order to analyze the air 
movement, buoyancy effects and its influence on the heat transfer coefficient (h) . Overall 
heat transfer coefficient (U-Value) and the total heat flow through the air cavity with 
aspect ratio = 3.84. 
 
Temperature and velocity at a distance close to the cold and hot wall is first presented, 
followed by a z-component velocity contour at mid height, to identify the convective cells. 
Here the results for ∆T = 11.54 Co  and ∆T = 17.19 Co  are presented. Figure 8 and 9, 
below shows the contour for temperature and velocity at a depth thickness of, X* = 0.01 
and X* = 0.99 respectively, which represent the heat flow near the hot and the cold wall.  
Figure 10, shows contour of the velocity component, w, in the z direction at mid-height, 
Y* = 0.5. Figures 8-10 have a ∆𝑇 = 11.54 and 𝑅𝑎 = 8.63 ∗ 1010 with constant temperature 
boundary conditions for both walls. The production of the so called Rayleigh- Bénard can 
be clearly seen. This indicates the onset of convection due to temperature difference in 
the air cavity. 
 

 

 

Figure 8: Contour for temperature and velocity at depth thickness, X* = 0.01, close to the cold wall. ∆𝑇 = 11.54 𝐶𝑜 ,𝑅𝑎𝐻 =
8.63 ∗ 1010, with constant temperature boundary conditions for both walls. 
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Figure 9: Contour for temperature and velocity at depth thickness, X* = 0.99, close to the hot wall. ∆𝑇 = 11.54 𝐶𝑜 ,𝑅𝑎𝐻 =
8.63 ∗ 1010, with constant temperature boundary conditions for both walls. 

 

Figure 10: Contour of the velocity component, w, in z direction at mid-height, Y* = 0.5. ∆𝑇 = 11.54 𝐶𝑜 ,𝑅𝑎𝐻 = 8.63 ∗ 10
10, 

with constant temperature boundary conditions for both walls. The heated wall is located at the bottom of the picture and 
the cooled wall is on top. 
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The contour for temperature and velocity at depth thickness, X* = 0.01 and X* = 0.99 for 
∆𝑇 = 17.19 𝐶𝑜  and 𝑅𝑎 =  1.23 ∗ 1011 with constant temperature boundary conditions 
for both walls is shown in Figure 11 and 12.  Figure 13, contour of the velocity 
component, w, in z direction at mid-height, Y* = 0.5. 
 
 
 
 
 
  

Figure 12: Contour for temperature and velocity at depth thickness, X* = 0.99, close to the hot wall. ∆𝑇 =
17.19 𝐶, 𝑅𝑎𝐻 =  1.23 ∗ 10

11
⬚
𝑜 , with constant temperature boundary conditions for both walls. 

Figure 11: Contour for temperature and velocity at depth thickness, X* = 0.01, close to the cold wall. ∆𝑇 =
17.19 𝐶, 𝑅𝑎𝐻 =  1.23 ∗ 10

11
⬚
𝑜 , with constant temperature boundary conditions for both walls. 
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Between the two temperature differences ∆𝑇 = 11.54 𝐶𝑜  and ∆𝑇 = 17.19 𝐶𝑜  for constant 
temperature boundary conditions, the magnitude of velocity is increasing with increasing 
temperature difference. The convective cell representations with velocity components in 
the z-direction appears more symmetrical as the temperature difference increases when 
comparing Figure 10 with Figure 13.  
 

5.3 Contours for Varying Boundary Condition ±0.5  ̊C at the hot wall 
The contours for temperature and velocity at ∆𝑇 = 11.54 𝐶 and 𝑅𝑎𝐻 = 8.63 ∗ 10

10𝑜  with 
varying temperature boundary condition for the hot wall are presented in Figures 14 and 
15. The view is at depth thickness, X* = 0.01 and X* = 0.99, which represent the heat flow 
near the hot and the cold wall. Figure 16 shows the contour of the velocity component, w, 
in z direction at mid-height, Y* = 0.5 for the same conditions. 
 
 

 

 

 

 

 

 

Figure 13: Contour of the velocity component, w, in z direction at mid-height, Y* = 0.5. ∆𝑇 = 17.19 𝐶⬚
𝑜 , 𝑅𝑎𝐻 =  1.23∗

1011, with constant temperature boundary conditions for both walls. The heated wall is located at the bottom of the 
picture and the cooled wall is on top. 
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Figure 14: Contour for temperature and velocity depth thickness, X* = 0.01, close to the cold wall. ∆𝑇 =
11.54 𝐶, 𝑅𝑎𝐻 = 8.63 ∗ 10

10,⬚
𝑜  with varying temperature boundary condition (±0.5 𝐶⬚

𝑜 ) for the hot wall and constant 
temperature at the cold wall. 

Figure 15: Contour for temperature and velocity at depth thickness, X* = 0.99, close to the hot wall. ∆𝑇 =
11.54 𝐶, 𝑅𝑎𝐻 = 8.63 ∗ 10

10,⬚
𝑜  with varying temperature boundary condition (±0.5 𝐶⬚

𝑜 ) for the hot wall and constant 
temperature at the cold wall. 
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The contours for temperature and velocity with ∆𝑇 = 17.19 𝐶 and  𝑅𝑎 =  1.23 ∗ 1011𝑜  at 
depth thickness, X* = 0,01 and X* = 0.99, close to the hot and cold wall is seen in Figure 17 
and 18. In figure 19, a contour of the velocity component, w, in z direction at mid-height, 
Y* = 0.5 is shown with the same condition. We can see that the intensity of turbulence is 
higher approximately in the middle of air cavity, in comparison to constant boundary 
conditions, due to higher velocity at the outer parts within the air cavity. Once again, the 
structure of the Rayleigh-Bénard cell changes when we compare to that of the cell 
produced in the air cavity with constant boundary condition. 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Contour of the velocity component, w, in z direction at mid-height, Y* = 0.5. ∆𝑇 = 11.54 𝐶,𝑅𝑎𝐻 = 8.63 ∗ 10
10,⬚

𝑜  
with varying temperature boundary condition (±0.5 𝐶⬚

𝑜 ) for the hot wall and constant temperature at the cold wall. The 
heated wall is located at the bottom of the picture and the cooled wall is on top. 

Figure 17: Contour for temperature and velocity at depth thickness, X* = 0.01, close to the cold wall. ∆𝑇 =

17.19 𝐶, 𝑅𝑎𝐻 =  1.23 ∗ 10
11,⬚

𝑜  with varying temperature boundary condition (±0.5 𝐶⬚
𝑜 ) for the hot wall and constant 

temperature at the cold wall. 
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Between the two temperature differences ∆𝑇 = 11.54 𝐶𝑜  and ∆𝑇 = 17.19 𝐶𝑜  for varying 
temperature boundary conditions, the magnitude of velocity is increasing with increasing 
temperature difference. The convective cell representations with velocity components in 
the z-direction does not change much in terms of shape but the recorded maximum speed 
in z-direction is slightly higher for ∆𝑇 = 11.54 𝐶𝑜  in Figure 16 than for ∆𝑇 = 17.19 𝐶𝑜  in 
Figure 19. By comparing Figure 10 and 13 with Figure 16 and 19, the flow structure has 

Figure 18: Contour for temperature and velocity at depth thickness, X* = 0.99, close to the hot wall. ∆𝑇 =
17.19 𝐶, 𝑅𝑎𝐻 =  1.23 ∗ 10

11,⬚
𝑜  with varying temperature boundary condition (±0.5 𝐶⬚

𝑜 ) for the hot wall 
and constant temperature at the cold wall. 

 

Figure 19: Contour of the velocity component, w, in z direction at mid-height, Y* = 0.5. ∆𝑇 =
17.19 𝐶,   𝑅𝑎𝐻=  1.23∗ 10

11,⬚
𝑜  with varying temperature boundary condition (±0.5 𝐶⬚

𝑜 ) for the hot wall 
and constant temperature at the cold wall. The heated wall is located at the bottom of the picture and the 

cooled wall is on top. 
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changed into two convection cells instead of one. The high speed zones seen in Figure 16 
and 19 is the region where the two cells confront each other. 

5.4 Contours for Varying Boundary Condition ±1.0  ̊C at the hot wall 
The contour for temperature and velocity for ∆𝑇 = 11.54 𝐶 and 𝑅𝑎 = 8.63 ∗ 1010𝑜  with 
varying boundary condition for the hot wall are presented in Figures 20 and 21. The 
view is at depth thickness, X* = 0. 01 and X* = 0.99, which represent the heat flow near 
the hot wall. Figure 22, shows contour of the velocity component, w, in z direction at 
mid-height, Y* = 0.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 

 

 

 

 
 
 
 

 

 

 

 

 

  

 

Figure 20: Contour for temperature and velocity at depth thickness, X* = 0.01, close to the cold wall. ∆𝑇 = 11.54 𝐶⬚
𝑜 , 𝑅𝑎𝐻 =

8.63 ∗ 1010, with varying temperature boundary condition (±1 𝐶⬚
𝑜 ) for the hot wall and constant temperature at the cold 

wall. 

Figure 21: Contour for temperature and velocity at depth thickness, X* = 0.99, close to the hot wall. ∆𝑇 =
11.54 𝐶, 𝑅𝑎𝐻 = 8.63 ∗ 10

10,⬚
𝑜  with varying temperature boundary condition (±1 𝐶⬚

𝑜 ) for the hot wall and constant 
temperature at the cold wall. 
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In Figure 23, 24, and 25, contours for temperature and velocities at different depths, as 
seen before. The temperature difference between the hot and the cold surface is ∆T =
17.19 C and Ra =  1.23 ∗ 1011.o  When the boundary condition changes to a varying 
temperature as a function of height, the Rayleigh- Bénard convection cell changes it 
position and does not seem to have a symmetrical behaviour. The higher temperature 
difference at the top of the cavity compared to the lower temperature difference at the 
bottom, changes the convective behaviour which in turn has an influence on the 
magnitude of the total heat transfer rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22: Contour of the velocity component, w, in z direction at mid-height, Y* = 0.5. ∆𝑇 =
11.54 𝐶, 𝑅𝑎𝐻 = 8.63 ∗ 10

10,⬚
𝑜  with varying temperature boundary condition (±1 𝐶⬚

𝑜 ) for the hot wall and 
constant temperature at the cold wall. The heated wall is located at the bottom of the picture and the cooled wall 

is on top. 

 

Figure 23: Contour for temperature and velocity at depth thickness, X* = 0.01, close to the cold wall. ∆𝑇 =
17.19 𝐶, 𝑅𝑎𝐻 =  1.23 ∗ 10

11,⬚
𝑜  with varying temperature boundary condition (±1 𝐶⬚

𝑜 ) for the hot wall and 
constant temperature at the cold wall. 
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As for the previous boundary condition the same can be said here between the two 

temperature differences ∆𝑇 = 11.54 𝐶𝑜  and ∆𝑇 = 17.19 𝐶𝑜 . Where the magnitude of 
velocity is increasing with increasing temperature difference and the convective cell 
representations with velocity components in the z-direction does not change much in 
terms of shape. The recorded maximum speed in z-direction is also slightly higher for 

∆𝑇 = 11.54 𝐶𝑜  in Figure 22 than for ∆𝑇 = 17.19 𝐶𝑜  in Figure 25 but the average speed in 
z-direction is still lower, as observed earlier for a varying boundary condition ±0.5 𝐶𝑜 . 

Figure 24: Contour for temperature and velocity at depth thickness, X* = 0.99, close to the hot wall. ∆𝑇 = 17.19 𝐶, 𝑅𝑎𝐻 =  1.23 ∗ 10
11,⬚

𝑜  
with varying temperature boundary condition (±1 𝐶⬚

𝑜 ) for the hot wall and constant temperature at the cold wall. 

 

Figure 25: Contour of the velocity component, w, in z direction at mid-height, Y* = 0.5. ∆𝑇 = 17.19 𝐶⬚
𝑜 , 𝑅𝑎𝐻 =  1.23∗ 10

11, 
with varying temperature boundary condition (±1 𝐶⬚

𝑜 ) for the hot wall and constant temperature at the cold wall. The heated 
wall is located at the bottom of the picture and the cooled wall is on top. 
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5.5 Result Summary 
For the temperature, velocity magnitude and velocity component w, in z direction, the 
following can be noted: 

1. Temperature differences of ∆𝑇 = 17.19 𝐶, RaH =  1.23∗ 10
11 and 𝑜 ∆𝑇 =

11.54 𝐶𝑜 ,RaH = 8.63 ∗ 10
10 were selected to get sense on how the environment in 

the cavity changed with increasing temperature difference. The air speed increased 
proportionally with increasing temperature in the plane. In comparison to similar 
Figures in [3], velocity increase can be observed close to the adiabatic walls (E and F 
in Figure 1) in both the numerical and experimental results. 

 
2. Dirichlet (three different conditions) namely Case 1: Th=Tconst, Case 2: Th=Th(y) ±0.5 C̊ 

and Case 3: Th=Th(y) ±1.0 C̊ was selected for further investigation, bearing in mind 
the numerical result had to be validated with experiments in [3] and a realistic 
boundary condition that could reproduce the experimental results must be used. 
Constant temperature boundary condition for the hot wall and varying temperature 
boundary condition in vertical direction, all produced good results for the different 
temperature differences. 

 
3. Rayleigh- Bénard cells can be observed in all the cases. However, the cell structure 

changes from case 1 compared with case 2 and 3. In case 1 there is one convection 
cell, while in case 2 and 3 there are two cells, observed in the figures containing 
results with transversal velocity. 

6 Conclusions 
 
The following conclusions can be drawn from this numerical investigation. They are: 

1. The magnitude of convective heat transfer near the hot wall obtained from 
computational analysis corresponds well with the experiments in [3].  

 
2. The two boundary conditions with varying temperature in vertical direction and 

the one with constant temperature on the hot side, predicted the numerical heat 
transfer rate with good accuracy.  
 

3. The magnitude of Rayleigh’s number from 2 ∗ 1010 to 14 ∗ 1010  has minimal effect 
on the heat transfer rate at the hot side. In experiments, the Nusselt’s Number 
varies more depending on the temperature difference than the corresponding 
numerical results. The changes in Nusselt’s Number is almost negligible for 
constant or varying boundary conditions. The effect of boundary condition is 
thought to be the reason for these results. In experiments [3], the boundary 
condition is assumed to be of uniform temperature at the cold and hot wall, but it 
is not likely that this was achieved. Thus, perturbation of constant temperature 
will not replicate the results in the same results in local Nusselt’s number . 

 

4. When the aspect ratio (𝐴𝑎𝑠𝑝 ), was increased from 3,84 (validation dimensions) to 
132,41 (real scale thickness dimension), the magnitude of heat transfer increased 
by approximately 15%.   
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5. The thickness of air cavity plays an important role on both local (hot) and global 
(overall) heat transfer rate. The local heat transfer rate varies approximately 7% 
at the so-called hot side. 

7 Future Work 
 
Below are the points in which further investigations can be made to broaden the 
knowledge of the nature in which an innovative facade modulus will operate.  
 

1. Use time dependent boundary conditions with much longer transient simulations 
(simulate a day’s weather condition). This could bring valuable informatio n for the 
points listed below to improve the model with more realistic conditions. 

 
2. Utilize optimization algorithms, Design of Experiments. This can be done in order 

to enhance safety, heat loss and reduce mold growth.  
 

3. Introduce moister in the simulations. The results can bring understanding of how 
moister can be treated in such a way that it won’t cause damages to the facade or 
interior of the house. 
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9 Nomenclature 
 
A Area [𝑚2] 

𝐴𝑎𝑠𝑝  Vertical aspect ratio: 𝐴𝑎𝑠𝑝 =
𝐻

𝐿
 [−] 

a Absorption Coefficient [
1

𝑚
] 

C Linear-anisotropic phase function coefficient [
1

𝑚
], Parameters for 

turbulence modelling [−], Inertial resistance factor [−] and Courant 
Number [−] 

𝐶𝑝  Specific heat capacity [
𝐽

𝑘𝑔∗𝐾
] 

D Diffusion Coefficient [−] 
d Distance in porous media [𝑚] 

E Emissive Power [
𝑊

𝑚2
] 

G Irradiation [
𝑊

𝑚2
] 

𝑔 Gravitational acceleration [
𝑚2

𝑠
] 

H Vertical height [𝑚] 

h Coefficient of convective heat transfer [
𝑊

𝑚2∗𝐾
] 

K Permeability of porous material [𝑚2] 

𝑘 Thermal conductivity [
𝑊

𝑚∗𝐾
] and Kinetic Energy [𝐽] 

L Length [𝑚] 
n Refractive Index [-] 
P Pressure [𝑃𝑎] 

�̇� Heat flow rate [W] 

�̇� Heat flow rate [
𝑊

𝑚2
] 

𝑆𝐺 User defined source of radiation [
𝑊

𝑚3
] 

𝑆ℎ  Chemical reaction source term [𝑊] 
𝑇 Temperature [  ̊𝐶, 𝐾] 
t Time [𝑠] 

U Velocity [
𝑚

𝑠
] and Overall Heat Transfer Coefficient [

𝑊

𝑚2𝐾
] 

𝑢 Velocity component in x-direction [
𝑚

𝑠
] 

V Velocity [
𝑚

𝑠
] 

𝑣 Velocity component in y-direction [
𝑚

𝑠
] 

𝑤 Velocity component in z-direction [
𝑚

𝑠
] 

𝑥 Horizontal cartesian coordinate [𝑚] 
𝑋∗ Dimensionless horizontal cartesian coordinate [−] 
Y Vertical cartesian coordinate [𝑚] 
𝑌∗ Dimensionless vertical cartesian coordinate [−] 
𝑦 Vertical cartesian coordinate [𝑚] 
𝑧 Transverse cartesian coordinate [𝑚] 
𝑍∗ Dimensionless transverse cartesian coordinate [−] 
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9.1 Greek characters 
 
∆𝑇 Temperature difference ∆𝑇 = 𝑇ℎ − 𝑇𝑐[  ̊𝐶] 

𝜌 Air density [
𝑘𝑔

𝑚3
] 

𝛽 Coefficent of thermal expansion [𝐾−1] 
𝜑 Porosity [−] 

휀 Wall emissivity [−] and Energy Dissipation Rate [
𝐽

𝑘𝑔∗𝑠
] 

𝜎 Stefan-Boltzman’s constant [
𝑊

𝑚2∗𝐾4
] and Turbulent Prandtl number [−] 

𝛼 Absorptivity [−] and Thermal diffusivity [
𝑚2

𝑠
] 

𝜈 Kinematic viscosity [
𝑚2

𝑠
] 

𝜙 Variable 
𝜏 Stress [𝑃𝑎] 
𝛿 Kronecker Delta [−] 
𝜇 Dynamic viscosity [𝑃𝑎 ∗ 𝑠] 

9.2 Subscipts and superscripts 
 
s Surface 
∞ Ambient 
0 Reference 
b Body 
r Radiation 
H Hot wall, Height (vertical distance) 
p Porous Media 
m, Modified, Mean value 
i, j, k Tensor Notation 
eff Effective 
T Turbolent 
overall For the whole cavity 
tot Total 
op Operation (Boussinesq Approximation: T0) 
HE Experimental 
HN Numerical 
h Temperature on hot side of air cavity 
c Temperature on cold side of air cavity  
C Cold wall 
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