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1. INTRODUCTION AND AIM 
 

 
The main aim of the project is the creation of a CFD model for a plant in the Falun 
Hospital in Sweden. CFD is a new area of engineering that appears because of the great 
improvement in the computers last years. Creating a CFD model is a difficult process but 
the model is capable to give a great amount of data and also the model allows predicting 
the results when parameters of the system are changed so the model lets to save money 
and time and becomes an interesting tool to choose the optimal solution for the system. 
 
In this case the system studied is the air distributed by the ventilation system inside a 
plant of the Falun Hospital. The model have to predict the characteristics of the airflows 
inside the plant, how the air moves through the different areas of the plant and how these 
airflows affects in the distribution of temperature inside the plant. 
 
Also the model has to become a use tool to analyze possible changes in the ventilation 
system to improve it. And a tool to get boundary conditions to study specific areas of this 
zone in future studies. 
 
The project its part of a bigger project performed by the department of energy technology 
from Gävle university “Consequences in comfort and inside environment at energy 
optimization within the health care sector”. The project it is a study of the use of energy in 
health care buildings in Sweden after the analysis of the energy usage a study to optimize 
the use of the energy and how these changes affects the patient and workers climate 
comfort in these buildings.  
 
The CFD model have to be a tool that helps in the study of the ventilation system and the 
relation with the comfort in the Falun Hospital and also a tool to choose an optimal 
solution for the ventilation system after changes to improve the energy usage in the 
building avoiding the use of experimental changes in the hospital.  
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2. PRECEDENTS 

 

2.1 VENTILATION NECESSITY IN BUILDINGS 

 
The main purpose of a building where non industrial activities are developed is to provide 
a pleasant and healthful atmosphere for the occupants. This depends on building 
configuration and if the ventilation/air conditioning system has a good design operation 
and maintenance. 
 
The occupants of a place demand fresh air rather than vitiated, loaded or irritating. In 
addition the risk for the health that could be derived from the breathing of that air must be 
insignificant. 
 
The air conditioning goal consists on creating suitable conditions of temperature and 
humidity to increase the comfort within the buildings. Heating or air conditioning in winter, 
and cooling or air conditioning in summer can be differentiated in the air conditioning. 

 

2.2 HISTORICAL EVOLUTION OF ROOMS VENTILATION 

 
It is possible to think that the air conditioning starts in prehistory, when the man of the 
caverns discovered the fire and he used it to warm up his caverns. Data in Chinese 
Literature demonstrate that in the year 1000 before Jesus Christ, the ice coming from 
lakes or gathered from wells where it was accumulated throughout the winter was used in 
China. Later on, the first designs of air conditioning were made by the Romans. They 
developed ingenious systems of ventilation and heating using underground tunnels. 
 
Leonardo da Vinci constructed a ventilation machine in the ends of century XV. Robert 
Boyle announced his famous law in 1659. In the century XVII an ingenious air conditioning 
system was invented by a monk of the Yuso’s monastery in La Rioja (Spain) for the library 
where they kept the song books.  
 
The idea that the clean outer air is necessary to provide well being in interiors has been 
expressed since century XVII. Benjamin Franklin wrote a complete treaty about open 
stoves used for domestic heating. He recognized that the air of a room was more healthful 
if natural ventilation was provided by means of opening windows. In the century XIX it was 
believed that providing great amounts of outer air could help to reduce the risk of diseases 
infection such as tuberculosis. During that century the techniques of heating, ventilation 
and improvement of ventilators, boilers and radiators progressed. Theoretical efforts were 
made to systematize the knowledge related to heating and ventilation. Values and 
experimental data were obtained to improve the benefits of the facilities. Also during these 
years mechanics or physics refrigeration systems were developed and their use was 
extended to all the industrialized countries.  
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In the first years of century XX was emphasized Willis H. Carrier, who can be considered 
like the initiator of the scientific treatment technique of the air usage on air conditioning 
applications. The first integral facilities of air conditioning were made and the industries 
were the first beneficiaries. The cooling centrifuge appears in 1924 and immediately these 
kinds of machines were installed in hospitals, offices, airports, hotels and department 
stores. And only after World War II, the residential air conditioning equipment began to 
take importance in companies and homes. 
 
It was in the 30’s when studies about the air quality of indoor air began to be developed. 
These studies demonstrated that depending on the volume of a room, between 17 and 30 
m3 of outer air were required per hour and occupant. This is necessary to dilute the 
human bio-effluents to concentrations that did not cause annoyances due to the scent. 
 
The American Society of Heating, Refrigerating and Air Conditioning Engineers 
(ASHRAE) [1] recommended in its standard 62 of 1973 a minimum volume of 34 m3 of 
outer air per hour and occupant to control scent. An absolute minimum of 8.5 m3 of air per 
hour and occupant was recommended to avoid that the carbon dioxide levels exceeded 
2500 ppm. Later on other standards were published but they didn’t vary so much from the 
previous one. 
 
Fanger [2] and its work group showed that there are reasons for which these criteria are 
not valid. The first one sustains that in the previous studies the occupants were 
considered the only source of contamination, while recent studies show that, in addition to 
the occupants, other focuses of infection should be considered as furniture, materials and 
the own ventilation system. Another reason is that the amount of provided outer air is the 
same independently of the quality of the air that is introduced in the space. And the last 
one is that the desired quality level to obtain is not clearly defined. 
 
In the last years different standards have appeared that consider all these factors. In 
addition there are guides of recommendations on building buildings ventilation design. 
There are many companies in the business of the accomplishment and execution of 
projects about air conditioning in buildings. And they invest greater amounts of money in 
investigation and development every day in order to reach wished exigencies with the 
available resources in the most efficient way. 
 
Recently simulation studies about ventilation by means of CFD have been developed. 
These studies allow the user finding fast solutions and avoiding expensive experiments. 
The necessity of high experience and specialized formation, as well as the necessary 
hardware resources and the high computational cost, are the cause so these studies are 
carried out in the universities. Nielsen (1974) [3] was one of the pioneers in applying the 
CFD to predict the air movement inside the rooms. Since then, the technique has evolved 
and numerous works indicate the great applicability of the CFD to the simulation of the 
inner air movement. We can mention from applications for the wine decreases in wine 
cellars in La Rioja (Spain) made by the Universidad de la Rioja, to the ventilation analysis 
of the Budapest Opera House made by the Budapest University of Technology & 
Economics. 
 
Another type of studies and computer science applications [4] are being made by experts 
from the Technological Institute of Massachusetts (MIT) and from the British University of 
Cambridge. They are developing architectonic solutions in order to obtain fresher 
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buildings with no need of air conditioning systems. The buildings can be planned to 
increase the air flow and to maintain the temperature, reducing and even eliminating the 
traditional air conditioned. 
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3. AIR DIFUSSION IN ROOMS 

 
The ventilation is the process to provide fresh air to a closed place in order to refresh, to 
remove and/or to replace the existing atmosphere. The ventilation is used commonly to 
remove polluting like gases, dust occurring as particles or vapours and provide a healthful 
and healthy atmosphere of work. It can be obtained by natural methods (opening windows 
or doors) or mechanical methods (fans or blowers). 
 
It is sometimes much more important to ask how the air is distributed into the space than 
to know the total ventilation flow rate (Awbi, 1998) [5] 
 
Just below, different strategies of air diffusion in rooms are described according to 
ASHRAE [6]. All the strategies have advantages and disadvantages and the final election 
will depend on each case of application. 
 

 

3.1 Air diffusion strategies 

Mixing ventilation 
 
In mixing ventilation the fresh air, is provided with high momentum to induce the 
recirculation of all the air and to obtain a sufficient mixture of the polluting agents with the 
fresh air. The objective is to dilute the contamination level until an acceptable level is 
obtained all over the room. The air is typically provided to the space through the ceiling 
with a high momentum to create a good flow of mixture so that gradients of concentration 
or temperature are not generated in the ideal case. The air jets are the main factors that 
affect to the movement of the air in the room. 
 
The mixing ventilation has advantages and disadvantages. The ideal mixture of ventilation 
comparatively uses high air flow of provision, which turns it an inefficient solution as far as 
power aspects. The high initial momentum from the air diffusers would be sufficient to mix 
the air of the room. This means that the diffuser has a high loss of pressure, high level of 
noise and pressure in fans. Therefore each one of the systems consumes more electricity 
and the electrical energy used in the system becomes function of the total pressure losses 
of the system. The main advantage is the easy calculation of the system. The system can 
be calculated using a simple balance of masses. 

 
 

Figure 1 Example of air distribution type mixing ventilation. Vertical and inclined. 
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Ventilation by displacement 
 
In the ventilation by displacement the fresh air is provided at floor level with a low 
momentum and low velocities in the diffusers. Sometimes this configuration is called 
ventilation by stratification because the field of the flow is almost entirely created by the 
density differences. The air is moved from the occupied zone by the humans to the 
superior zone of the room, where the air is extracted by means of extraction diffusers.  
 
The ventilation by displacement is difficult to calculate numerically due to the thermal 
turbulences of heat sources that generate instabilities in the process of simulation in CFD. 
The ventilation by displacement can only be used in rather cold conditions. The air flow is 
characterized by a stable thermal stratification with a vertical linear distribution of 
temperatures in the room created by the heat sources. The most important advantage of 
the ventilation by displacement is the use of small air flows compared with the complete 
mixing ventilation. The ventilation by displacement is significantly influenced by heat 
sources in the room. The provided air with a low velocity of diffusion and lower 
temperature than room’s air can produce some thermal discomfort if the temperature 
differences are too great throughout the vertical axis of heights. 
 

 
 

Figure 2 Example of air distribution type displacement stratification. Impulsion from 
the occupied zone and impulse on the occupied zone 

Ventilation by piston 
 
This case is only used in clean rooms. A low turbulence and low air flow velocity is 
provided through the whole section of the room, moving towards ahead the volume of air 
towards an extractor that occupies all the whole section. This method is better to remove 
all the polluting throughout all the entire room. Nevertheless this strategy is inefficient 
because a great air volume and much energy are used.   
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Figure 3 Example of air distribution type piston. Horizontal piston flow and vertical 
piston flow. 

 
 
Zoning strategy: 
 
The fresh air is provided with a high force from the ceiling level to the occupied zone. This 
configuration uses diffusers that would be characterized by a high velocity and decay 
temperature. The objective of this type of ventilation is to control the air conditions inside 
the selected zone in the room by means of the provision of air and to allow the 
stratification of heat and pollutants in other zones of the room. The parameters of the flow 
in a vertical or horizontal zone can be controlled. In many cases it is desired that the 
accumulation of heat and polluting agents is made in the superior zone. This type of 
ventilation is a good solution between the mixing ventilation and displacement ventilation. 
The efficiency to remove the polluting agents, the extra heat and the relative humidity of 
the controlled zone is very dependent of the method of air distribution and the internal 
configuration of the room. In addition, the efficiency of the ventilation with this 
configuration can be high with a suitable design. 
 
The occupied zone is characterized by a temperature and pollutants constant level. The 
air flow in the room is partially controlled by provision of air and partially controlled by the 
buoyancy effect. Normally the zoning strategy is applied to rooms with much height, when 
the air is impelled at room in the occupied zone and the extraction is in the ceiling of the 
room. 
 

 
Figure 4 Example of air distribution type zone strategy. Vertical impulsion by jets 

and inclined 

 
 
 
 

3.2 Temperature and air velocity in the comfort 

 
The final election of the ventilation strategy will depend on building constructive 
considerations and activities that take place, as well as of economic and power aspects. 
But any of the alternatives selected must obtain suitable conditions of comfort. In this 
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section a series of recommendable indications are offered to obtain acceptable conditions 
of comfort as far as temperature and air flow velocity are concerned. 
 
Air velocity in the room, temperature, humidity and sonours levels are determining factors 
of the comfort. A common occupant of a ventilated room considers satisfactory velocities 
from 5 to 25 cm/s in summer and from 5 to 15 cm/s in winter.   
 
The general sensation of well-being is obtained by maintaining the operative temperature 
within certain margins. But local annoyances can be generated due to air temperature that 
is not kept uniform or due to air velocity incorrect speeds. 
 
The air distribution system must be designed to maintain the temperature in the desired 
limits. Variations of 1ºC between the different zones of the room are allowed and the 
maximum difference allowed is 1.7ºC in a group of rooms. 
 
The not uniform air temperature can be to the existence of cold or warm surfaces with 
respect the air temperature in the room. Also a vertical gradient of temperatures can take 
place. More of 3 ºC/m produces a sensation of local thermal annoyance. In order to 
assure a minimum displeasure, the gradient would be lower than 2ºC/m. 
 
The turbulence of the airflow influences in the sensation of annoyance or well-being. With 
a low turbulence, velocities between 0,25 and 0,40 m/s are tolerated, with the air staying 
between 20 and 26 ºC. With higher turbulence, the velocity must decrease radically and 
be located between 0,15 and 0,25 m/s, to maintain the same sensation of well-being. 
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4. NUMERICAL PROCEDURE 

 
 

4.1 PHYSICAL MODEL 

 
The domain of the problem is the volume of air in a plant of Falun hospital. The 
boundaries of this volume are out and inner walls, ceiling, floor, windows, inlets, doors and 
outlets.  
 
Instead of this simplification produces error in the solution of the simulation, the furniture 
of the hospital has not been modelled. The main reason for this decision is that the 
objective is to get flows between rooms and areas and is not getting detailed flows of each 
room or particular area. With this simplification the production of the 3D model and the 
meshing is sensible simplified. 
 
The radiators in the rooms haven’t been modelled due to the simulation is going to be 
made in summer so the radiators are turned off. Radiators are very important to simulate 
air flows due to they produce strong buoyancy flows. 
 
All the information needed to make the geometric model of the plant comes from a 
drawing of the hospital (figure 5); the red line is the limit of the domain studied with the 
rest of the hospital.  
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Figure 5 Original drawing of the hospital. 

 
 
The drawing is the last version made but nowadays there are some differences with the 
present installation, so after a visit to the hospital some changes have been measured 
and the corrected drawing is shown in the figure 6. 
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Figure 6 Present configuration of the hospital 

In Ice Pak the first object created is the cabinet which is a rectangular volume that defines 
the domain but in our problem the domain is not a rectangular volume like it can be seen 
in the figure 5 so to obtain this domain shape hollows are used. In a hollow the volume 
between its walls is not considered part of the problem so with this type of object the 
shape of the domain could be obtained.  
 
The size of the cabinet is 52.5x44x3.06 m. The domain has three heights 2.5, 2.9 and 
3.06, the figure 7 shows the different heights on the plant. 
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Figure 7 Drawing with heights in the hospital. Yellow zone is 3.06 m, red zone is 2.9 
m and the rest 2.5 m. 

 
The object hollow is also used to make some simplifications to the problem. There are 
some rooms of the plant that are closed almost the entire day and make a simulation of 
the flows inside these rooms is not interesting for the whole problem, so to simplify the 
problem and reduce the calculations these rooms are considered like hollows and the 
volume inside these rooms is ignored. But the mass flow of air when there are inlets or 
outlets inside the room is not ignored. If the room has some mass flow with the rest of the 
plant this mass flow is considered like an inlet or outlet in the holes that exits under the 
doors and in some cases openings over the doors. Most of these rooms are bathrooms 
and storerooms. The figure 8 shows the rooms considered like hollows. The total volume 
of the domain after the simplification is 3188 m3. 
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Figure 8 Drawing of the hospital. Pink zones are hollows. 

 
The other type of object used to get the geometry of the plant is thin wall. Using this 
object, the position of the windows, inner walls, inlets and outlets are set. Then when 
Icepak makes the grid the boundaries for the different types are set with Fluent software. 
 
The inner walls are considered thin walls due to the heat transfer amongst them are not 
considered, because for this model is considered that the variation of the temperature 
inside the hospital between rooms is not so big. 
 
The model is composed by 50 inlets and 84 outlets, most of which are placed in the 
ceiling of the different rooms but some of them are below doors or in openings for the 
reasons exposed above.) 
 
Another minor simplification is that in the case of the outlets they have round shape but in 
the model they are modelled like squares with the same area so the mesh generation is 
easier. This simplification is reasonable because the objective is to get a simulation of air 
flows in all the plant and it is not so important to obtain accurate air flows next to the 
outlets or inlets. 
 
There is a difference between the sum of the mass flow rates of the outlets and the mass 
flow rate of the inlets. And this difference is about 1739 m3/h, there is more air going out 
through the outlets that entering trough the inlets. So the air is entering from outside our 
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boundaries. In the model this air is supposed to come from infiltrations from outside, to 
model this below each window of the model an inlet was introduced, figure 9.    
 

 
Figure 9 Detail Windows and inlets below them 
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4.2 GOVERNING EQUATIONS OF FLUID FLOW AND HEAT 

TRANSFER 

 
Before presenting the equations a consideration should be taken into account. A fluid 
consists of molecules in a random state of motion but if a large amount of these molecules 
are considered, the individual molecule motion is not detectable and only the macroscopic 
motion is detectable. Then a fluid particle is considered like the smallest possible element 
of fluid whose macroscopic properties are not influenced by individual molecules. And the 
fluid will be regarded as a continuum so properties of the fluid in motion pressure, 
temperature, velocity... vary continuously with position and time. With this consideration it 
is possible to derive the equations that govern fluid motion without regarding to the 
behaviour of those individual molecules. 
 
And also in the equations for the mass, momentum and energy conservation appear four 
thermodynamics variables: p, p, I and T. A relation between these four variables could be 
obtained with the assumption of the thermodynamic equilibrium. In the fluid the velocities 
are usually small enough so that, even though the properties of a fluid particle change 
quickly from place to place, the fluid can adjust to the new thermodynamic conditions so 
quickly that this adjustment could be considered instantaneous. 
 
The mass, momentum and energy conservation laws describe the flows of the fluid in the 
model. The flow is assumed to be in a steady state, three dimensional, incompressible 
and turbulent. Also the Boussinesq model for density is included in the equations. The air 
is considered like an ideal gas. 
 
 
So the equations which govern the time-dependant fluid flow and heat transfer are: 
 
Continuity equation 

 
 
(1) 
 

 
Momentum equation 
 

 
 
(2) 
 

 
 
Energy equation 
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The two unknowns 
ji
uu ′′ρ  and θ

i
u ′  are the second-moments statistical correlation or 

so-called Reynolds stresses and turbulent heat fluxes. To close the equation system this 
two unknowns should be modeled. The most used approximation for this terms is 
introducing the eddy viscosity by using Boussinesq assumption, see Moshfegh and 
Nyiredy[7] : 
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In this case the K-ε turbulence is going to be used and using this turbulence model the 
t

µ  

depends on the turbulence kinetic energy k and the turbulence kinetic energy dissipation 
rate ε taking the form 
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This model of turbulence needs two more equations to close the equations system. The 
transport equations for k and ε are 
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Where S is 
 

ijij
SSS 2=  (10) 

 
 
The coefficients in the standard K-ε model are  
 

( µ
C

, k
σ

, ε
σ

, 1ε
C

, 2ε
C

)=(0.09,1.00,1.30,1.44,1.44) 
 
With five equations (1), (2), (3), (8) and (9) the flow is modeled and these are the 
equations that the Fluent have to solve in all of the cells of the model to obtain the results. 
 
For more developed and detailed govern and turbulence equations see references [8], [9] 
and [10] 
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4.3 COMPUTATIONAL GRID 

 
A very important step to get a good solution in CFD analysis is to create a good grid. In 
this case to create it the meshing Icepak is used.  
 
In Icepak the meshing process is automated and can produce a grid for any geometry. It 
is possible to create different meshes changing some global values but also it is possible 
to define local values to create or improve the mesh around interesting objects. 
 
But the first thing is to choose between the three types of meshing that Icepak offers: 
Hexahedral unstructured, Cartesian and Tetrahedral. 
 
First of all the tetrahedral type is recommended for models with complicated geometries 
like spherical or ellipsoidal objects so it is not interesting for our model as all the objects 
are rectangular-shaped.  
 
Between Hexahedral unstructured and Cartesian the first one has been chosen after 
making grids with both of them and getting a better meshing with the Hexahedral 
Unstructured. 
 
Two grids have been created the first one has 1072816 cells and the second one has 
2536233 cells. The quality and face alignment of both of them was good enough to not 
affect the results.  
 
The results in this report come from in the first place the grid, the finest grid have been 
used to check that the mesh doesn’t affect the results of the simulation. The results come 
from the coarse one because the time for calculation and the memory is sensible high with 
the second grid and there are not important differences between them. 
  
 
 
 
 
 
 
 

4.4 BOUNDARY CONDITIONS 

 
Boundary conditions define the airflow and the thermal variables in the surroundings of 
the physical model. For the resolution of the differential equations which have been 
described in previous sections it is necessary to specify the boundary conditions for the 
dependent variables in all the border of the calculation extension. The CFD modelling is a 
very powerful method to solve indoor airflows, but it is very sensitive to its given numerical 
methods and boundary conditions. 
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4.4.1 Internal heat and cold sources 

 
Internal heat sources such as lights, work tools, occupants and windows generate airflows 
which are created by thermal buoyancy and are a crucial part of indoor airflow behaviour. 
The internal spatial relationships of heat sources are important for the efficiency of the 
ventilation system. The thermal loads from both equipment and occupants have been 
distributed uniformly in zones on the floor due to the dimensions of the model. In the same 
way, the thermal loads from lights have been distributed uniformly by zones on the ceiling. 
 
The solar radiation through the windows has been obtained from a simulation with the IDA 
software. The radiation level depends on the day and time of the simulation. The 
simulation has been made for the 11 September at 14 h of 2006. The values of the total 
heat load can be shown in the table 1.   
 
These simplifications will lead to errors in the solution but they have been taken because 
the model is to complex. 
 

4.4.2 Walls and solid boundaries 

 
There are different types of walls in the model: internal walls, external walls, ceiling, floor 
and windows. All the types have been defined with a value of heat flow. 
 
Internal walls:  The same temperature in both sides of the wall has been supposed, 
because there is no big temperature difference, so there is not heat flow through the wall. 
It can be said that the internal walls are considered as an adiabatic surfaces. 
 
External surfaces: The external surfaces are the external walls and windows. In order to 
simplify the calculations no heat flow through the walls has been considered. This 
assumption is based in the fact that this day the difference of temperatures between the 
inside and the outside are not too large.  
 
Ceilings and floors: The heat flow has been defined as a thermal boundary condition in 
ceilings and floors. This flow is due to the thermal loads from the lighting in the ceiling. For 
the floor the heat flow represent on the one hand the equipment thermal loads and on the 
other hand the occupation thermal loads. Also the thermal loads from the solar radiation 
through the windows have been considered in the floors. The thermal load has been 
distributed by the different zones from the plant as it can be seen in the table 1 of the 
Apendix A 
 
All the surfaces in the indoor space are considered as walls. In the close region of the 
wall, the airflow is laminar and often the convective heat transfer occurs between the flow 
and the surfaces in this region. Near the walls exists very large gradients of velocity and 
this is still a problem for many turbulence models, such as the standard k-ε model to 
obtain a realistic solution. It is necessary to specify wall functions for the description of 
friction and heat transfer. 
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Wall functions are a collection of semi-empirical formulas and functions that in effect link 
the solution variables in the near-wall cells and the corresponding quantities on the wall. 
The wall functions contain laws of the wall for mean velocity, temperature and turbulence 
quantities.  
 
There are some options in Fluent, in this case the enhanced wall treatment has been used 
due to the complexity of the mesh. The y+>10 is obtained in the most part of the model so 
the enhanced wall treatment should be enough accurate to obtain a good solution. The 
enhanced wall treatment is prefect for this model because of it could be used for coarse 
and fine mesh. The size and the geometry of the model makes very difficult to obtain the 
same fine mesh along the entire model. 
 
The enhanced wall treatment combines a two-layer model with enhanced wall functions. 
In this near wall treatment the two layer model is used to specify the є and the turbulent 
viscosity in the near-wall cells. 
 
The є is computed from  
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And the turbulent viscosity           , is computed from 
 

( ) layerttenht 2,, 1 µλµλµ εε −+=  

 
There is a single wall law for the entire wall region; this function blends the linear and the 
turbulent law-of-the-wall, 
 

+Γ+Γ+ += turblam ueueu

1

 

 
The enhanced thermal wall function follows the same approach 
 
 

+Γ+Γ+ += turblam TeTeT

1

 

 
 
 
 

4.4.3 Inlets/outlets. 

 
In the border where the fluid enters in the calculation domain it is necessary to specify the 
velocity profiles and the temperature or to provide the boundary conditions of the fluid 

tµ
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outside the calculation domain in order to consider these velocity profiles. In the border 
where the fluid leaves the domain it is not possible to specify the variable values due to 
these depends on which happens within the calculation domain. In this case boundary 
conditions in normal derivatives are appropriate.  
 
Inlets:  
 
The airflow from a diffuser greatly affects the airflow pattern in a room. Additionally, the 
diffuser type and the air supply parameters dominate the air diffusion in the room. In 
complex room situations the only solution for designing effective ventilation is to use 
calculation programs such as CFD. The limitation of using Fluent is the lack of air diffuser 
models within the program. It is possible to simulate exactly and air diffuser but produce a 
good model of one could be a project itself. In the hospital there are more than 15 models. 
For this reason several simplifications have been made still knowing that in the results of 
the simulations will appear errors tied to these simplifications.  
 
Available data are the mass air flow calculated and measured in inlets (m3/h), in the 
simulations the measured values have been used. Mass flow boundary conditions can be 
used in FLUENT to provide a prescribed mass flux distribution at the inlet. Physically, 
specifying the mass flux permits the total pressure to vary in response to the interior 
solution.  
 
Also it is necessary to know the total temperature of the flow for energy calculations. The 
temperature of entrance of the fluid has been considered of 20ºC, this average 
temperature is provided from previous studies of the ventilation system.  
 
To get a good solution it is needed to set values for the turbulence in the inlet flow. In this 
case to define the turbulence is defined with the turbulence intensity I and the turbulence 
length l. The values are obtained using approximations from the Fluent users guide 
chapter 6.2.2. The values obtained for the turbulence intensity are in a range from 4.3% to 
5%.  
 
 
 
Outlets:  
 
There is very little impact on boundary conditions of an exhaust opening to room airflow. 
However it is a rather important parameter for the numerical stability. 
 
Available data of outlets are also the mass air flow (m3/h). In this case the measured 
values have been used to make the calculations.  
 
There are different ways to implement the boundary conditions in outlets. The outlets were 
defined as pressure outlet option in the first simulations. There were difficulties to reach 
the solution with this method and the measured flow was not reached. This problem was 
due to the simplification made in the definition of the area of the outlets. The airflow 
through the outlets is directly proportional to the pressure and the effective area according 
to the Bernoulli’s equation.  The pressure is known but the effective area has been 
supposed.  
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After try to get the measured flows with the pressure outlet option and don’t get a good 
result. The option Target Mass Flow Rate option was used. 
 
It is necessary to set the static pressure at the pressure outlet boundary for subsonic flow. 
The static pressure is relative to the operating pressure. The static pressure is not knew 
for the outlet area that is introduced, but this is not a problem because it will be used an 
available method of Fluent (Target Mass Flow Rate Option) for adjusting the pressure at a 
pressure-outlet zone in order to meet the desired mass flow rate. The method is based on 
the simple Bernoulli’s equation. The target mass flow rate is achieved by adjusting the 
pressure value at the pressure-outlet zone up and down at every iteration. This is done 
until the desired target mass flow rate is obtained. 
 
But after many attempts with this option turned on, the simulation didn’t reach a good 
solution. The Solutions obtained were better than without the option but Fluent had 
problems to reach the mass flows in all the outlets.  
 
The backflow conditions will also specified due to the flow reverse direction at the 
pressure outlet boundary during the solution process. Converge difficulties will be 
minimised if realistic values for the backflow quantities are defined. 
 
As has been said before, if the outlets are defined as pressure outlet option the solution is 
difficult to reach. For this reason new simulations were made and the outlets were defined 
as mass flow inlet option but in inverse direction. In this way it is only necessary to know 
the value of the mass flow through each outlet and his direction. The direction has been 
considered normal to the boundary.  
 
 
Infiltrations:  
 
Infiltrations of external air are produced through the windows. Calculations of thermal 
loads are influenced by the infiltrations and they modify the air distribution within the 
building.  
 
There isn`t enough data to quantify exactly the infiltrations. It is known that the air flow 
through the outlets is higher than through the inlets, so in order to compensate this 
difference the infiltrations through the windows have been modelled as inlets. 
  
The infiltrations have been modelled creating an inlet of 2 cm under each window. The air 
flow through the inlet has been obtained dividing the difference between the air flow 
through inlets and outlets, and the number of windows.  
 
The mass flow inlet boundary condition has been set for the infiltrations. The flow direction 
has been considered to be normal to the boundary and the outside temperature of 21ºC. 
 
 

4.4.4 Fluid conditions 
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A fluid zone is a group of cells for which all active equations are solved. The only required 
input for a fluid zone is the type of fluid material. The properties of the fluid will be 
described in the next section Physical properties. 
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4.5 PHYSICAL PROPERTIES 

 
An important step in the setup of the model is to define the materials and their physical 
properties. In this section different properties of the materials will be described briefly to 
understand the importance of these parameters in the calculations. 
 
 

4.5.1 Physical properties for solid materials 

 
For solid materials, only density, thermal conductivity, and heat capacity are defined. In 
the calculations is used the pressure based solver reason why the density and heat 
capacity are not required. Furthermore it is not necessary to specify the thermal 
conductivity because as it is written in the boundary conditions sections the heat 
transmission by conduction is not considered. 
  
In the property list of Fluent the default material with its characteristics has been 
considered. These values are used only for post processing enthalpy, not in the 
calculations. 
 
 

4.5.2 Physical properties for fluid materials 

 
The air of the ventilation system will be the modelled fluid. It is necessary to know the 
operating conditions of the flow to define correctly the physical properties of the flow. 
Therefore it is necessary to define previously the physical models [11] which will govern 
the model to analyze. 
 
 

4.5.2.1 Compressible and incompressible flow 

 
The flows which density variations are insignificant are called incompressible; when 
density variations in the flow cannot be omitted is called compressible. According to both 
states of the matter including in the fluid definition, liquid and gas, it would be possible to 
think that all liquid flows are incompressible flows and all gas flows are compressible 
flows, but this is false. The first part of this generalization could be considered like correct 
in most of the practical cases, almost all the liquid flows are essentially incompressible if 
its velocities are small compared with the sonic velocity in the fluid. On the other hand, the 
gas flows can be considered as incompressible if the velocities are small compared with 
the sonic velocity in the fluid. 
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The relation between the flow velocity v and the sonic velocity c in the fluid surroundings 
is called Mach number M, that is to say M=u/c. The gases that flow with M<0.3 can be 
considered as incompressible flows; a value of M=0.3 in the air in normal conditions is 
corresponded to a velocity of approximately 100 m/s. Usually in room ventilation 
applications the air velocity exit in the diffusers is around 5 m/s, reason why the work fluid 
can be considered as incompressible flow. 
 

4.5.2.2 Density: 

 
For many natural convection flows faster convergence can be obtained with the 
Boussinesq model, for that reason in the computational calculation of the model this 
approach has been used in which the density of the fluid is linear function of the 
temperature.  
 
ρ = ρ0 (1- β ∆T) 
 
Where ρ0 is the density of the fluid to the reference temperature T0 and β is the thermal 
expansion coefficient.  
 
The Boussinesq expression allows to eliminate ρ of the conservation equations, in which 
is taken the reference value ρ0 in all the terms except in the floatability term of the 
momentum, that is given by 
 
(ρ - ρ0)g ≈ -g ρ0 β (1- β ∆T) 
 
The previous approach only is valid when there are small density variations in the fluid, 
normally when the next condition is satisfied.  
 
β (T – T0)<<1 
 
 
In this case that will be modelled there is natural convection with small temperature 
differences and the thermal expansion coefficient is β=1/298=3.3556·10-3, therefore the 
previous condition is satisfied and the Boussinesq approach can be used. “This 
approximation introduces error of 1% if the temperature differences are below 15º for air” 
[z]. 
 
 
The reference density has been considered as air ideal gas in normal conditions to 
temperature 298 K, operating pressure 101325 Pa and a molecular weight 28’9 g/mol. 
Applying the gas perfect equation 
 

ρ = P·M/R·T 
 
where R=8.314 J/mol K, then ρ0=1.182 kg/m3 has been obtained 
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4.6 DEFINITION OF THE MODEL IN FLUENT 
 
The computer simulation solves numerically the integral equations which describe the 
mass conservation, momentum or Navier Stokes and energy. The solution of this set of 
equations provides the distribution of temperature, velocities and pressure fields. This 
technique is known as computational fluid dynamics CFD. In CFD, the equations are 
discretized to solve numerically the flow field. 
 
The simulations in this work have been made with the Fluent software. Fluent allows 
applying the CFD to solve a large variety of compressible and incompressible flows. The 
large variety of physical models in Fluent allows predicting, with great exactitude, laminar 
and turbulent flows, heat transmission, chemical reactions, multiphase flows and other 
involved phenomena. There are multiple options of solution combined with Multigrid 
methods to improve the convergence. 
 
In Fluent there are multiple ways to solve the dynamic flow problems. Different simulations 
have been made to know what method was the most appropriate to the model. In the next 
sections are described the physical models and calculation methods used to solve the 
airflow distribution and temperature in the rooms. These sections have been developed 
from the user’s guide of Fluent (Fluent 2006) [10]. 
 

4.6.1 Summary of the numerical scheme used 

 
Fluent allows using two numerical methods, the pressure-based solver and the density-
based solver. Pressure-based solver is more adapted for low-speed incompressible flows. 
Therefore this numerical scheme available in Fluent has been used. 
  
In the pressure-based approach the velocity field is obtained from the momentum 
equations and the pressure field is determined by solving a pressure or pressure 
correction equation which is obtained by manipulating continuity and momentum 
equations.  
 
The control-volume-based technique is applied to solve the integral transport equations. 
This technique consists of: 
 

• Division of the domain into discrete control volumes using a computational mesh. 

• Integration of the transport equations on the individual control volumes to construct 
algebraic equations for the discrete dependent variables such as velocities, 
pressure, temperature, and conserved scalars. 

• Linearization of the discretized equations and solution of the resultant linear 
equation system to yield updated values of the dependent variables. 

 
The transport equations are solved sequentially. Due to the nonlinearity of the equations, 
it must be carried out several iterations until a convergent solution is reached. Each 
iteration consists of the steps that figure 13 illustrate and that are described next. 
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1. The properties of the fluid are updated with the values of the present solution. In 
the first iteration the values are taken from the initial conditions.  

2. The equations are solved at the moment using the present values of pressure and 
mass flows in the faces of the cells to update the velocity field.  

3. Because the velocities obtained in the previous step can locally not satisfy the 
continuity equation, an equation of Poisson type is used for the correction of the 
pressure. This equation is solved until obtaining corrections to the velocity field, 
pressure field and mass flows in the faces that fulfill the continuity equation locally.  

4. The equations are solved for scalars, turbulence and energy using the updated 
values of the variables of the previous step.  

5. The convergence of the equations set is checked and the steps are repeated until 
the convergence criterion is satisfied 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The segregated algorithm is memory efficient, since the discretized equations need only 
be stored in the memory one at a time. Nevertheless, the convergence of the solution is 
relatively slow since the equations are solved of a decoupled way.  
 
 

4.6.2 Spatial discretization 

Fluent uses the technique based on the control volume to turn the general transport 
equation in an algebraic equation that can be solved numerically. This technique of the 
volume control consists of integrating the transport equation on each control volume, 
obtaining a discrete equation that express the conservation law on a control-volume basis. 

Figure 10 Process to solve the equations  
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4.6.3 Linearization of integral equations 

 
The set of integral equations non linear are linearized to produce a system of equations 
for the dependent variables in each cell. Then the linear system is solved to obtain an 
updated solution of the flow.  
 
The discretized transport equation contains the unknown scalars variables in the centre of 
the cell as well as the unknown values of the neighbour’s cells. This equation is non linear 
with respect to these variables.  
 
Similar equations can be written for each cell in the grid. An implicit form with respect to 
the dependent variable is obtained as resulting from the linearization. For a determinate 
variable, the unknown value in each cell is calculated using a relation that includes all the 
known values and the unknown values of the adjacent cells. Therefore, each unknown 
variable appears in more than one equation of the system. These equations must be 
solved simultaneously to determine the unknown values. The result is a system of linear 
equations with one equation for each cell of the domain. 
 
 

4.6.4 Resolution of the linear system of equations 

 
When the linear system of equations described in the previous section is obtained, this is 
solved using the implicit method of Gauss-Siedel for linear equations, in conjunction with 
an algebraic multigrid (AMG) method. This process of solver is sequential for each one of 
the considered variables of the flow. 
 
 

4.6.4.1 Discretization method 

 
Fluent stores the discrete values of the scalar φ  at the cell centers. However, face values 

fφ  are required and must be interpolated from the cell center values. This is 

accomplished using an upwind scheme.  
 

Upwinding means that the face value fφ  is derived from quantities in the cell upstream or 

“upwind” relative to the direction of the normal velocity nυ . Fluent allows the use of several 

upwind schemes. The application of one or other method is depend of the model that will 
be simulated (geometric characteristics, type and structure of the mesh, flow properties, 
boundary conditions,...)  
 
First Order Upwind and Second Order Upwind discretization schemes have been used in 
the simulations. The First Order Upwind is good when the flow is aligned with the mesh. 
This method increases the numerical errors of discretization if the flow is not aligned with 
the mesh. It has a greater rapidity of convergence but the obtained results are not so 



    30 

good. The results are better in the Second Order Upwind, but this can difficult the 
convergence. 
 
 
Evaluation of gradients and derivates: 
 
Gradients are necessary to construct the values of a scalar in the faces of the cells, and 
also to calculate the secondary diffusion terms and velocity derivate. 
 
The gradient φ∇  of a variable φ  is used to discretize the convection terms and the 

diffusion of the flow conservation equations. The gradients are calculated by fluent in 
different ways. One is more appropriate than another one based on the type of mesh 
used.  
 
Green-Gauss Cell-Based has been used in the simulations. Green-Gauss Node-Bassed is 
more adapted for unstructured meshes and Least Squares Cell-Based is adapted for 
polyhedral meshes. 
 
 

4.6.4.2 Pressure-velocity coupling 

 
Pressure-velocity coupling is necessary to solve the flow in the face of the cell. Fluent 
provides different pressure-velocity coupling algorithms. Each one of which works better 
for the different types of flows. 
 
In this case the SIMPLE algorithm (Semi-Implicit Method for Pressure-Linked Equations) 
has been used. This method uses a relationship between velocity and pressure 
corrections to enforce mass conservation and to obtain the pressure field. 
 
 
 

4.6.4.3 Under-Relaxation Factors 

 
Due to the nonlinearity of the equations that are solved by Fluent, it is necessary to control 
the change of the variableφ . This is obtained by the Under-Relaxation Factors. These 

factors reduce the change of φ  produced during each iteration. 

 

φαφφ ∆+= old  

 

Where φ the updated is variable, oldφ  is the variable of the previous iteration, φ∆  is the 

variation of the variable φ  in the iteration and α  is the under-relaxation factor. Of this way 

the variable φ  is controlled and it is avoid the divergence. In nonlinear problems (turbulent 

flows or natural convection problems) it is prudent to reduce the under relaxation factors 
initially. 



    31 

 
The under relaxation factors have been an important rol in the simulations made in order 
to obtain the convergence of the model. In the next section will be explained how have 
been modified the under relaxation factors and the effects produced in the simulation. 
 
 

4.6.5 Turbulence modelling with the k-ε model 

 
How has been said in previous sections, air movements in a room are usually turbulent 
and need be modelled in CFD. The fluctuations can be on small scale and high frequency, 
so that, introducing them in the equations at the moment an extra term called Reynolds 
stress appears. The introduction of this new term will cause that the equations are not 
closed and the creation of flows models is required to be able to solve these equations. 
There are a large variety of methods to solve it, from 0-equations methods until much 
more complex transport equations of Reynolds stress. 
 
Fluent allow several models to simulate turbulent flows. The election of the turbulence 
model depends on the considerations that are made, of the physical conditions of the 
fluid, the capacity of computational calculation and the time available to make the 
simulation. 
 
Standard k-ε has been chosen between the available options. This is a simple model of 
two equations, where the solution of the transport equations takes independently to 
determine the turbulent speed and the lengths of scale. The Standard k-ε model is robust, 
economic and presents good approximation for a large rank of turbulent flow, in addition it 
is a model very used in simulations of heat transference. For these reasons this model 
has been used in the simulations. 
 
When the flow infers in the domain of the control volume, it is necessary to specify two 
variables: the intensity of turbulence (I) and the turbulence length scale (µt/µ). From these 
data and of iterative way the software is able to calculate the values of the turbulent 
kinetic energy (k) and the ratio of turbulent dissipation (ε). The ratio of turbulent dissipation 
must be of 10-4 order to get a good simulation. 
 
 

4.6.6 Convergence criterion and use of residuals 

 
The residuals of each fluid variable allow measuring the error of the solution in each 
iteration. In addition, at the end of each iteration the sum of the residuals for each one of 
the variables is stored with the purpose of obtaining the file of convergence of the solution.  
 
This convergence would imply a null value of the residuals for each variable if the 
computer had absolute precision. However, as the present technology does not have that 
exactitude, it is admissible when the values of the residuals fall until low values and finally 
they stay in a same value. 
 



    32 

In this way, the convergence of the solution is considered generally when the 
standardized residuals are of the order of 10-3. However, sometimes this criterion cannot 
be acceptable: 
 

• When the initial supposition of the flow field is very next to the real one, the initial 
residuals of continuity can be low, leading to a scaled residuals very high for the 
continuity equation. In these cases it is recommendable to examine the no-scaled 
residuals and to compare them with an appropriate scale.  

 

• If the initial suppositions are unfortunate, the scaled residuals are very low and 
they will present first an increase tendency and then they will decrease. In these 
cases it is advised to examine the remainders considering not his concrete value, 
but the tendency followed by them. In addition, it is recommendable to make sure, 
before considering the convergence of the solution, of the tendency has been 
descendent for fifty or more iterations.  

 
Another solution to assure the convergence is to display some variable in different points 
of the domain. When the variation of these variables becomes null, it is possible to be said 
that the solution has been reached. 
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4.7 SIMULATION WITH FLUENT 
 
 
When the physical models available in Fluent and the numerical methods to solve these 
have been analyzed, it is time to start with the simulations.  
 
Since it has been said throughout the previous sections, the size of the model influences 
remarkably in the number of necessary iterations until reaching the wished solution. 
Furthermore, the transport equations of continuity, momentum, energy and turbulence, 
must be solved in a sequential way in each iteration, therefore the process of iterative 
calculation requires time. 
 
In the first section it will be explained the systems used to make the simulations and the 
consumption of resources and time that has been necessary. Later it will be explained the 
simulation process followed, from the introduction of models and boundary conditions until 
the attainment of the final solution and verification of the convergence. 
 
 

4.7.1 Computational equipment used 

For the simulation computers of 2.8 GHz and 2 Gigabytes of memory have been used. 
The simulation takes 48 hours with two computers in array.   
 

4.7.2 Simulation process 

 
As starting point the Falun.cas file obtained by the Icepak after generation of the mesh 
has been used. This file has been opened in Fluent and the first step has been checking 
the grid to verify that there was no problem. 
 
The next step has been to define the Operating Conditions of the Defines menu. The 
default value of the operating pressure (101325 Pa) has been used. The option of gravity 
has been activated in a value of –9.81 m/s in the Y axis. The gravity is necessary so that 
the effects of buoyancy due to density air differences are considered. An operating 
temperature of 298 K has been used for the Boussinesq Parameters. 
 
Next, the boundary conditions have been defined according to it was explained in section 
4.3. All the inlets, outlets and walls has been defined. 
 
Also the materials used in the simulation have been defined. Only the air has been 
necessary to define in this case. The Boussinesq simplification for the density has been 
selected how was explained in section 4.4. 
 
The next step has been to define the solver of Fluent. The Pressure-based solver has 
been used since it has been justified in section 4.5. Implicit formulation has been used 
and the equations are solved in a segregated way, that is to say, one behind the other. 
The calculation has been made for the steady case and with an absolute formulation for 
the velocity. 
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Sometimes to begin the iterations considering only the mass and momentum conservation 
equations is recommendable, and to select the options of energy and turbulent models 
when a stable solution has been reached. In this case the problem is that the movement 
of the flow is very dependent of the natural convection, reason why better results were 
reached if the energy equation and turbulence model were considered from the first 
iterations. 
 
The turbulent model used has been the k-ε standard, the option full buoyancy effects and 
the enhanced wall treatment is used. This model is explained in section 4.5.5. 
 
An important step to reach the good results is to define correctly the Solution Controls in 
the menu Solve. The Pressure-velocity coupling necessary to solve the flow in the face of 
the cells has been defined. The SIMPLE algorithm has been used. Standard discretization 
has been selected for the discretization of the pressure, and the First Order Upwind 
Scheme has been selected for the discretization of the momentum, viscosity and energy 
equations. This type of discretization facilitates the convergence of the solution but the 
results are not very good. Therefore the Second Order Upwind Scheme will be used as it 
is seen then. 
 
 
To define the Under-Relaxation Factors correctly has been determining to obtain the 
convergence of the solution in the simulations. In the first simulations the default values of 
Fluent were used and the solution diverged. It was decided to change the URF value for 
the pressure to 0.7 and for the moment to 0.5. The others values stayed as they were. 
The no divergence of the iterative process was obtained, but when the iterations 
advanced more and more great oscillations were produced becoming the convergence 
impossible. To solve this problem the URF of the energy and the turbulent viscosity were 
reduced to 0.7 and 0.8 respectively. The oscillations were eliminated with these values 
and a stable solution was obtained. 
 
The last step is to initialize the solution. The initialization consist on provide Fluent with an 
initial guess for the solution flow field. The complexity of the model has taken to initialize 
the solution for all zones. It has been considered the velocity in x, y and z of 0.1 m/s. The 
initial values of pressure and temperatures necessary to construct the respectively fields 
have been taken of the default values of Fluent. 
 
 
Monitors for the residuals have been used in order to control the convergence of the 
solution. The convergence criteria of 10-3 have been used for the continuity and 
momentum equations, and 10-7 has been the convergence criteria for the energy 
equation. Monitors to visualize the change of temperature and flows in different points 
from the model have been used as additional measurement. 
The iterative process begins arrived at this point. Each certain number of iterations is 
observed as the Mass Flow Rate and the Total Heat Transfer Rate varies. This option is 
available in the menu Fluxes. The residuals evolution is followed and some variables are 
displayed on different points of the domain in order to assure the convergence of the 
solution. 
 
When the stability of the solution is reached it has been observed that the values are quite 
different from the wished ones. Therefore it has been decided to use the Second Order 
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Upwind Scheme for the discretization of the Momentum, Turbulent, Viscosity and Energy 
equations. More accurate results are obtained with this second order scheme. To avoid 
the residual oscillations in the momentum equation, the URF for the momentum has been 
changed from 0.5 to 0.3. 
 
When the desired solution for the Mass Flow Rate is reached is time to check the Total 
Heat Transfer Rate. This is varying yet, therefore more iteration will be made until this 
parameter reaches inferior values to the 0.1%. 
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5 ANALYSES OF RESULTS  
 
In this section the results of the simulation are going to be analyzed to get an idea of the 
flows and temperatures obtained with this model.  
First of all the figure 21 shows the temperature distribution 1.5 meters over the floor. The 
range of temperatures is from 23º C in the coldest rooms to 29º C in the warmest room.   
 

 
Figure 11 Temperature at 1.5 meters 

In the whole model the maximum temperature reached is 37º C. This temperature is 
reached in the floor of the rooms 125 and 127, the main reason to reach this temperature 
is the great amount of solar radiation that enters into these rooms. Instead of these 
temperatures on the floor the distribution of temperature in the hospital grows with the 
colder air next to the floor and hot air next to the ceiling. This fact can be seen when 
comparing the figure 21 against figure 22 and figure 23. 
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Figure 12 Temperature at 0.5 meters 

 

 
Figure 13 Temperature at 2 meters 

 
 
The velocities obtained in the model are directly affected by the decision taken on how to 
model the inlets. First of all the highest velocity is 8.92 m/s and this high velocity happens 
only next to the inlets. 
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The figure 24 shows the velocities at 1.5 meters. The velocities are high below the inlets 
and in the rest of the hospital these velocities are below 10 cm/s. 
 

 
Figure 14 Velocities at 1.5 meters 
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Now some zones of the hospital are going to be studied. Zone distribution in the figure 25. 
 

 
Figure 15 Zone distribution 

 

Zone 1 

This zone is the area with the highest temperature of the hospital the main reason for that 
is the high heat loads of sun radiation the rooms receive. 
The table A.2 in the appendix A shows the heat flow for the different rooms of the hospital. 
In those rooms the heat flow has a range from 54.77 w/m2 in the room 123 to 31.69 w/m2 
in the room 133. The temperatures of the rooms can be seen in the figure 26.  
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Figure 16 Temperature 1.5 meters. Rooms 123, 125, 128, 131 and 133. 

As it was commented before the temperature grows with the height, there is a stratification 
of the air. In the inlets the direction of the air flow is set normal, so the cold air forms a 
column that goes directly to the floor where this air is distributed, then the floor heats this 
air and goes up. The figure 27 shows the distribution of temperature in these rooms and 
the columns of cold air from the inlets. 
 

 
Figure 17 Vertical cut temperature distribution 

Also cold air comes to these rooms from the hall while hot air goes out from the room to 
the hall. In the figure 28 there is a cut with vectors of velocity where is easy to see how 
cold air goes next to the floor and is heated making this air go up because of the variation 
in density. 
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Figure 18 Velocity vectors colored by temperature room 123 

All the rooms have the same air flow with the hall 121. Cold air enters into the rooms next 
to the floor from the hall where this air is heated and goes out to the hall.  
 
So in this hall there is a cold air flow next to the floor that comes from the center of the 
hospital and enters in the different rooms, where this air is heated and comes back to the 
center of the hospital next to the ceiling, figure 29. 
 

 
Figure 19 Hall 121 Velocity vectors colored by temperature 

The air is colder next to the center and the temperature grows until it reaches the last 
room. Temperature of the hall can be seen in the figure 30. 
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Figure 20 Temperature along the hall 212. Red dots 1.7 meters and White dots 1.5 
meters 

Zone 2 

 
The airflows in this zone could be compared with the zone 1, the cold air enters in the hall 
177 and from here goes into the different rooms where the air is heated due to the thermal 
loads and goes out to the hall.  
  
The difference is that in this zone the temperatures are low thanks to the lower values of 
the solar radiation. The figure 31 shows the distribution of temperatures at 1.5 meters. 
This zone has a temperature about 27.1ºC. 
 

 
Figure 21 Temperature 1.5 meters 
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Zone 3 

 
The temperature distribution at 1.5 meters can be seen in the figure 32. 
 

 
Figure 22 Temperature distribution 1.5 meters 

But the most important thing to talk about is the effect of the two inlets, the blue zones in 
the figure 32. These two inlets create a barrier for the air so three zones are created: the 
room 168, room 183 and rooms 169 and 184. 
 
The difference of temperatures between the rooms 163 and 169 and the rooms 183 and 
184 comes from two reasons. First the load from equipment is triple in the 163, 169 
rooms, see table A.2, and also the air is in contact with hotter air from the zone 1.    
 

Zone 4 

 
In this zone there are two kinds of rooms. The four rooms for two patients 206, 207, 211 
and 212 have a temperature of 26.5º C at 1.5 meters. The other two rooms are for six 
patients each one and there is a difference in temperature between them, in the figure 33 
we show that the temperature in the room 200 is 27.5ºC while in the room 197 the 
temperature is 26.5ºC. 
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Figure 23 Temperature rooms. Red dots 200 and white dots 197 

  
The figure 34 represents the velocity vectors colored by temperature. There are two 
interesting things: the first one is the distribution of temperatures stratified; this 
stratification is present in the rest of the hospital also. And the second thing is the direction 
of the airflows; the hall has a hot airflow that enters in the hall. And there is a cold airflow 
next to the floor that goes out of the zone. 
 

  
Figure 24 Velocity vectors colored by temperature hall 190 

Zone 5 

 
In the zone 5 there isn’t anything special to comment. 
The rooms of six patients 156 and 159 temperatures are 26.75ºC and 26.25ºC as shown 
in figure 35. 
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Figure 25 Room temperatures 1.5 meters. Red dots 159 and White dots 156 

The rooms for two patient rooms have a temperature between 26.5ºC and 27ºC. The 
airflows in the hall 139 like in the zone 4 the inlets at the end produces the cold air flows 
next to the floor going out while hot air flows into the hall.  
  
 Room 162 

 
The room 162 is a resting place and has a great amount of ventilation 900 m3/h. 
Furthermore the equipment of power and the sun radiation is less than in other parts of 
the hospital. All these things make the temperature in the room at a height of 1.5 meter is 
approximately 23.5 C. In the figure 36 it is possible to see the temperature distribution. 
 

 
Figure 26 Temperature distribution room 162 

Another interesting fact from this room is that a great amount of cold air goes out of this 
room to the corridors while hot air comes into the room and it is chill. In the figure 37 there 
are the path lines of the flow that goes from the door 162 and in the figure 38 there is the 
inverse path lines so it is easy to see that the most part of the hot air comes from corridor 
121 and also a lot of the cold air next to the floor goes to this corridor. 
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Figure 27 Pathlines from the door of the room 162 

 
 

 
Figure 28 Reverse pathlines from the door of the room 162 
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Openarea 

 
This area is the confluence of the zone 1, zone 4 and the room 162. As it was explained 
before from the zone 1 heated air comes next to the ceiling while cold air goes there next 
to the floor. This hot air goes to the central zone, the room 162 and to the zone 4. And 
from all of these zones there are cold air flows next to the floor.  The figure 39 shows the 
velocity vectors. 
 

 
Figure 29 Velocity vectors colored by temperature at 0.5 meters and 2 meters 

 
The temperature grows from the part next to the zone 4 (z coordinate 28.5m) to the part 
near of the zone 1 and the central part figure 40. 
 

 
Figure 30 Temperature in the room 162 
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Zone 6 

 
In this zone there are two different kinds of rooms, first the rooms 215B and 215C with the 
inlet in the middle of the room and with temperatures lower than the other two rooms, 217 
and 219, with the inlets and outlets disposition like other patient rooms in the hospital. 
 
Also the rooms 215B and 215C have a flow of cold air to the openarea 2 while in the other 
two rooms the cold air enters from the openarea 2. 
 
The temperatures obtained at 1.5 meters for this zone are shown in the figure 41.The 
difference between the rooms 215B and 215C (in the graph the values of temperature 
between the 15 m and 23 m) is 1ºC. The room 215B has more ventilation and less heat 
load making the difference of temperature between these rooms.  

 

 
Figure 31 Temperature in the rooms 215B, 215C 217 and 219 

 
 
 
 
 
 
 
 
 
 
 
 



    49 

 
 
 
 
Central zone  

 
The figure 44 shows the temperature distribution at 1.5 meters. 
 

 
Figure 32 Temperature Central Zone at 1.5 meters 

As it could be seen in the figure the room 189 has a temperature of 23.5ºC. The 
temperature in the rooms 163A, 163B, 163C and 165 have a range from 26ºC, the 
yellow zone, to 25.5ºC in the green zone. 
 
The directions of the flows in the hall are shown in the figure 45. From the 
openarea  1 and the openarea 2 enters hot air. These flows of hot air enters in the 
rooms 191, 189 and 163B, while the cold air that exits from the hall comes from 
these same rooms. 
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Figure 33 Vector velocities colored by temperature. Hall in the central zone 
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6 DISCUSSION AND CONCLUSIONS  
 
 
The main objective of this paper is the creation of the model to create a tool to 
investigate more in deep the airflows and the importance of the ventilation system 
in the indoor climate.  
 
The model is functionally but needs some improvements. First of all a better study 
of the difference between the inlets and outlets is needed, because in this case we 
have supposed that the air enters like infiltration trough all the windows, but open 
windows and the connection with other part of the hospitals could have more 
importance that infiltrations in the model. So a study about the time the windows 
are open and most important the doors, that connects this area with the rest of the 
hospital, could give important information to get a better model.  
 
Another interesting improvement is to study the different types of inlets and make 
better models of them, because in some part for example in the zone 2, the 
supposition of airflow normal to the inlet could produce unrealistic airflows, In this 
zone as has been commented in results the inlets produce air columns that cut 
other possible airflows. 
 
The simplification of don’t consider the heat transfer trough the external walls 
affect the results so a better study with some measurements of external wall 
temperature could be useful to improve the results. 
 
After the result analyses some conclusions about the indoor climate and the 
ventilation system could be obtained. The more evident is the importance of the 
solar radiation, from the simulation it is easy to see that the problems of 
temperature are in the rooms with high direct solar radiation. This is not a problem 
of the ventilation system external, better than internal; shadings with sensors could 
finish with the problem. Because the heat produced in the rooms travels through 
the corridors and heat other parts of the hospital. 
 
The other main problem is in the reception the high heat load charge creates high 
temperatures that the ventilation system is incapable of evacuate. So the 
ventilation should be raised to get better values of temperature, but with this model 
it is needed to be cautious due to the velocity patterns inside the room could not 
be exactly. It is better to make a better model of the reception or improve the 
present model with better modelled inlets and putting the equipment, to get better 
results of the velocity inside the room. Because raising the airflow could lower the 
temperature but the velocity also raises and could produce discomfort. 
 
To validate the model a lot of measures are needed. We recommend measure of 
the temperature gradient from the floor to the ceiling in all the halls and also the 
velocities of the air at different heights in the halls. Get enough data to validate this 
huge model is very complicate but without this data it is impossible to know if the 
model is true. 
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APPENDIX A BOUNDARY CONDITIONS TABLES 
 

ROOM 
Number of 
diffusors 

Air flow 
m3/h  ROOM 

Number of 
diffusors Air flow m3/h 

123 1 100  124 D 100 

125 1 100  126 D 100 

128 1 110  129 D 100 

131 1 110  132 D 100 

133 1 125  133 1 140 

134 1 25  135 D 90 

139 2 450  137 D 170 

144 1 150  138 D 100 

145 1 160  140 D 150 

149 1 150  143 D 105 

150 1 165  144 1 115 

156 2 400  145 1 130 

159 2 425  146 D+ 130 

162 3 900  147 D 50 

163A 1 120  149 1 120 

163B 1 200  150 1 120 

163C 1 140  151 D 100 

165 1 180  154 D 100 

174 1 130  156 2 190 

181 1 50  157 2*D 200 

184 2 450  159 2 235 

187 1 350  160 D 100 

188 3 183  162 2 900 

190 2 485  163B 1 240 

191 1 115  163C 1 85 

197 2 440  165 1 205 

200 2 450  166 D 10 

206 1 150  167 D+ 430 

207 1 150  168 1 200 

211 1 160  169 1 200 

212 1 165  170 D+ 170 

215B 1 260  171 D 70 

215C 1 150  178 D 100 

217 1 120  182 D+ 200 

219 1 120  183 1 150 

221 1 120  185 D+ 400 

224 1 124  186 D 50 
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227 1 118  187 2 450 

230 1 115  188 3 380 

Infiltration 66 1567  191 1 150 

    192 D 100 

    193 D 80 

     195 D 100 

    197 2 210 

    198 2*D 205 

    200 2 165 

    202 D 100 

    205 D 100 

    206 1 115 

    207 1 125 

    208 D 80 

    209 D+ 100 

    211 1 140 

    212 1 125 

    213 D 105 

    215B 2 260 

    215C 2 150 

    217 1 92 

    219 1 110 

    222 D 100 

    225 D 100 

    228 D 100 

    231 D 85 
Table A.1 Inlets and Outlets  
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Roo
m 

Heat from 
daylight (W) 

Heat from 
windows (W) 

Total 
solar 
load 
(W) 

Area 
(m2) 

Occupatio
n (W/m2) 

Radiation 
(W/m2) 

Equipmen
t (W/m2) 

Total 
(W/m2 

121             2.55 2.55 

122             5.78 5.78 

123 496.95 66.08 563.03 13.13 6.10 42.90 5.78 54.77 

125 494.45 63.13 557.58 13.13 6.10 42.48 5.78 54.36 

127             5.78 5.78 

128 483.16 48.99 532.15 13.13 6.10 40.54 5.78 52.42 

130             5.78 5.78 

131 470.14 37.56 507.70 13.13   38.68 5.78 44.46 

133 409.17 31.42 440.59 17.00   25.92 5.78 31.70 

139B 503.90 110.11 614.01 42.63   14.40 1.54 15.94 

139             0.00 0.00 

141             1.54 1.54 

144 335.13 38.10 373.23 22.48 3.56 16.61 1.54 21.70 

145 367.37 33.96 401.33 22.48 7.12 17.86 1.54 26.51 

148             1.54 1.54 

149 386.23 33.48 419.71 22.48 7.12 18.67 1.54 27.33 

150 395.41 40.73 436.14 22.48 7.12 19.41 1.54 28.06 

153             1.54 1.54 

156 497.80 30.84 528.64 59.68 8.04 8.86 1.54 18.44 

158             1.54 1.54 

159 480.77 32.58 513.35 59.68 8.04 8.60 1.54 18.18 

162 355.72 62.43 418.15 56.25   7.43 4.44 11.88 

163A       8.55 13.70   16.69 30.39 

163B       18.38 13.70   16.69 30.39 

163C       8.10 13.70   17.21 30.92 

165             16.69 16.69 

168             17.21 17.21 

169             17.21 17.21 
177c
orr17             2.67 2.67 

177o
pa17             10.37 10.37 

183             5.14 5.14 

184             5.14 5.14 

187             10.37 10.37 

188             5.14 5.14 

190A 253.26 60.72 313.98 37.50   8.37 0.95 9.33 

190o
pa17             10.37 10.37 
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191             0.00 0.00 

194             0.95 0.95 

197 596.63 54.48 651.11 57.75 8.31 11.27 0.95 20.54 

199             0.95 0.95 

200 962.16 133.41 
1095.5

7 57.75 8.31 18.97 0.95 28.23 

203             0.95 0.95 

206 296.94 -1.84 295.10 21.75 7.36 13.57 0.95 21.88 

207 253.53 18.96 272.49 21.75 7.36 12.53 0.95 20.84 

210             0.95 0.95 

211 252.40 19.70 272.10 21.75 7.36 12.51 0.95 20.82 

212 252.34 21.62 273.96 21.75 7.36 12.60 0.95 20.90 

215B 251.12 25.39 276.51 19.94   13.87 7.90 21.76 

215C 251.01 76.97 327.98 19.94 8.02 16.45 7.90 32.37 

217 248.10 7.18 255.28 19.94   12.80 10.67 23.47 

219 246.10 -2.55 243.55 19.94   12.21 10.67 22.88 

220             10.67 10.67 

221 240.41 3.92 244.33 15.00 5.33 16.29 10.67 32.29 

223             10.67 10.67 

224 237.18 5.92 243.10 15.00 5.33 16.21 10.67 32.21 

226             10.67 10.67 

227 226.42 5.06 231.48 15.00 5.33 15.43 10.67 31.43 

229             10.67 10.67 

230 219.36 1.20 220.56 15.00 5.33 14.70 10.67 30.70 
Table A.2 Heat load in rooms  


