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Abstract 

Ventilation systems are closely connected to indoor environment. In industrial spaces it 

has a major impact due to air quality and thermal comfort requirements, which leads 

into health and economy improvements. 

Confluent jets ventilation system has been assess in Söderhamn Eriksson, a machinery 

company located in Mariannelund, Sweden, since it has been proved as the best 

ventilation performance. Moreover this system is worthy for both heating and cooling 

purposes, although just heating case will be developed in this thesis. 

By means of modelling software such as Gambit and Airpak, the company’s case could 

have been analyzed via Computational Fluid Dynamics (CFD) software, i.e. Fluent. The 

analyzed models were accepted after a thorough study of meshing parameters, bearing 

in mind computational limitations. 

Every temperature data gathered from simulation results has been verified with infrared 

camera figures taken at the company, thus contributing to reach reliable conclusions. As 

it is inferred from previous papers and empiric theory, the flow field observed is also 

justified. Then, thermal comfort and air quality analysis relies on consistent facts. 

It has been found that current ventilation at the company is slightly misadjusted, since 

supplied air’s temperature and velocity are slightly off point. Therefore, it is 

recommended to reduce these values to reach better working environment.  
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1.Introduction 

1.1 Industrial Ventilation 

This Master thesis deals with computer simulations of temperature and flow field on an 

industrial warehouse using a confluent jet air supply for a single worker, as an 

individual ventilation system. 

 

Confluent jet ventilation systems have the capacity for both cooling and heating of 

residential and offices cases and can be also used for industrial ventilation purposes. It 

belongs to HVAC system (Heating, Ventilation and Air Conditioning), more concretely 

to CAV family (Constant Air Volume) inside HVAC.  

 

Processes inside Industrial energy systems world, are usually divided into Production 

processes, processes specifically needed for the final product production and Support 

processes, those ones which are needed to support the production processes without 

direct influence on the final product; HVAC systems are very important within Support 

processes since they have a big impact on energy costs, indoor environment 

management and workers’ health. Thus implying production reduction and wasted 

money both in health care and administration, when insufficient ventilation is 

performed. Hence, due to its big economical influence it has turned into a 

competitiveness “weapon”. 

 

The company where this system is performed and the simulations are carried out is 

called Söderhamn Eriksson, located in Mariannelund, a little town in the south part of 

Sweden, with subsidiary companies in Norway and Finland. The company focuses its 

business on providing efficient machines and systems to sawmills around the world, 

whilst optimizing raw materials’ consumption [22] [23]. 
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The device installed is called confluent jet and consists of a leaky pipe facing a corner 

nearby the worker and the workbench. Concretely it has 136 small holes of 5.6 mm in 

diameter (which will be transformed into an equivalent area in order to simplify 

modelling and computation) blowing with an airflow rate of 33 litres per second, a 

pressure of 63 Pascal and 27.5 ºC for heating purposes. 

 

 

 

The system analyzed, as can be figured out from Figure 1, is a single worker, his 

workbench and the confluent jet blowing into the corner, while Figure 2 represents the 

confluent jet. 

 

1.2 Aims and objectives 

As a preliminary work, how temperature and flow fields behave in an empty room will 

be studied. The main aim of this thesis is to analyze by Computational Fluid Dynamics 

(CFD) simulations how velocity and temperature fields distribute over the room, and 

how they interact with the worker at its workplace.  

Another target is to analyze the indoor climate and develop an approach to thermal 

comfort and air quality parameters. The results are compared with ISO 7730 in order to 

conclude whether the implemented ventilation system helps the company to follow this 

standard. 
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1.3 Method 

In this paragraph, a brief description is dealt with the followed methodology to define 

the model run in CFD, and some simplifications done to make it feasible. 

Firstly, before starting any analysis or CFD simulation, a model has to be defined. 

Therefore, a “single room” where worker, workbench and confluent jet are located are 

defined as the main domain. In fact, this “single room” is not the real company 

warehouse, but just a simplified concept which involves the mean features for 

simulating, as it can be seen in the next image. This “single room” dimensions are: 5 

metres length, 5 metres width and 5 metres height, (5x5x5). 
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Secondly, after an adequate modelling, some simulations will be carried out under 

certain conditions. As a starting point, Gambit (modelling) and Fluent (simulation) 

software are used to study the “single room” with just the confluent jet, in order to 

analyze how the flow and temperature fields behave over the room.  

Finally, the worker mannequin and workbench are included in the model built with 

Airpak, whilst the simulation takes place in Fluent. Some ventilation parameters such as 

Air Change Rate (ACR) and Predicted Percentage of Dissatisfied (PPD) among others, 

will be also faced into. 

Since the results are to be verified, a comparison between temperature fields obtained 

with simulations and infrared camera imaging technique, are required. Furthermore, 

mesh independency, y plus, residuals and mesh quality are confirmed as well, to verify 

the models. 
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2.Theory 

This chapter is mainly divided into two sections; the first one relies on the CFD process 

were the book “An introduction to Computational Fluid Dynamics”, H K Vesterg and 

W Malalasekera 1995 [1] was used as the main guideline. The second part deals with 

Ventilation Systems, thermal comfort and indoor air quality. 

 

2.1 CFD Introduction 

2.1.1 Brief definition of fluid dynamics and its applications 

Fluid dynamics is the science which studies the effect of forces over fluid in motion. It 

is a sub-discipline of fluid mechanics. Both aerodynamics (the fluid studied is a gas), 

and hydrodynamics (liquid as fluid), belong to it [7]. 

It is being used in many different fields of study, from ships’ hydrodynamics purposes 

to ventilation systems development, which is going to be the business dealt on this 

thesis. 

For facing complex equation solving problems inside fluid dynamics and some other 

purposes commented on the next paragraph, Computational Fluid Dynamics (CFD) 

came up. 

 

2.1.2 Computational Fluid Dynamics (CFD): 

CFD is a simulation tool, which through powerful computers and applied mathematics 

develop model fluid flow situations [2]. It mostly predicts, depending on the kind of 

problem simulated, heat, mass, chemical reactions and momentum transfer.  

At the very beginning of those techniques development, they were just used in few very 

big industries because of its really high price and top technology computers needed for 

carrying the simulations out. 

Nowadays, CFD software is being used in many more different industries because of its 

great calculation power and its relative ease of handling for knowledgeable scientific 
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workers and, from an economic point of view making simulations is much cheaper than 

experimental tests. 

The main CFD advantages comparing with the experimental tests are: 

- Time and costs reduction in new designs 

- Possibility of simulation flows under difficult or hazardous situations 

- Chance to simulate flows out of experimental tests 

- Results detailed as much as required 

The drawbacks the software has might be divided in two main groups: 

- The model must be simplified to make it solvable for the computer. 

Of course, the more accurate the mock-up is, the realer results CFD 

will provide, what implies to take hypothesis and simplifications for 

the model to be as adequate as possible. 

- Limitations on the existing models, e.g. turbulence or radiation 

modelling. 

 Currently, there are many commercial CFD codes. Some of them are [2]: 

- CFX 

- Fluent 

- Phoenix 

- Star CD 

Those software prices are among 10.000£ and 50.000£ for perpetual licence fee [1]. 

Companies that cannot afford commercial software use non-commercial ones (Open-

foam between others). 

Each code is divided in three main processes: Pre Process, Solver and Post Process. 

- Pre Process: 

It is based on the information implementation, needed to characterize the model, which 

will be lately transformed to a suitable form to make it solvable.  

Geometry definition, mesh generation and computational scope are also included here. 

Afterwards fluid properties, boundary and initial conditions will be specified.  
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- Solver: 

Three existing types of numerical solution techniques are available: finite difference 

methods, finite volumes methods (which is widely the most used technique) and 

spectral methods. 

All these methods are based on the same statements: integration of the equations 

governing the flow behaviour all over the control volumes (previously defined) the 

studied region is split in, discretization (from differential to algebraic equations), 

equations system resolution by iteration. 

- Post Process: 

CFD packages are now equipped with many data visualization tools. Some of those 

tools are domain geometry and grid display, vectors plot, track lines, contour display, 

manipulation of the graphical representations, etcetera. 

 

2.2 Governing equations 

In this paragraph, the equations governing the fluid in motion are going to be shown. 

Every different term of those equations has an empirical meaning affecting the fluid 

flow characteristics in a different way.  

After those equations, some extra equations that will take out some important 

information for the thesis aim will be mentioned too. 

 

2.2.1 Introduction 

For the analysis carried out in this paragraph, the fluid will be considered as a 

continuum and will be studied from a macroscopic point of view (velocities, pressure 

and so on). 

The equations governing the fluid flows are mathematical representations of physical 

conservation laws’ statements [1]: 
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- mass conservation in a fluid                                        “ Continuity equation” 

- Newton´s second law                                                      “ Momentum equations” 

- First law of thermodynamics         “ Energy equation” 

Before starting commenting the equations, some hints are given:  

�� = (�, �, 	)   (eq. 1) 

The vector �� represents the velocity everywhere, belonging to the velocity domain, 

being u the velocity in x-direction, v in y-direction and w in z-direction. 

 

2.2.2 Continuity equation 

As mentioned on the paragraph above, this continuity equation represents the mass 

conservation in a fluid. Hence, to develop this equation, the starting step is to write a 

mass balance over a control volume: 

�
�� (������) = ��

�� ������    (eq. 2) 

The left-hand term represents the mass variation over time and the right-hand term the 

mass flow ratio between inlets and outlets. 

Afterwards, considering the vector �� defined above, eq.2 can be written as follows: 

�ρ
�� + �ρ�

�� + �ρ�
�� + �ρ�

�� = 0   (eq. 3) 

Applying the mathematical operator “nabla” the equation results: 

��
�� + div(� �) = 0   (eq. 4) 

The equation (eq. 4) represents the unsteady, compressible, three dimensional continuity 

equation at every point belonging to the studied domain. 

The first term (left-hand term) represents the variation of density over the time while the 

second one (right-hand), shows the net mass flow rate of a control volume across its 

boundaries.  

Particularizing for a steady case and incompressible flow, the final equation would be: 
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div(� �) = 0   (eq. 5) 

 

2.2.3 Momentum equations 

Representative equation of Newton´s second law states that the sum of the forces on the 

particle equals to the rate of change of momentum of a fluid particle [1]. 

Forces over fluid particles are commonly divided in volume or body forces and surface 

forces.  

Volume forces are composed by gravity, centrifugal, Coriolis and electromagnetic 

forces. Those are usually grouped in one term !"      � performed by: 

!"      � = (!"�, !"�, !"�)  (eq.6) 

Afterwards, surface forces can be split in pressure forces and viscous forces. Pressure 

force is a normal stress and is represented by “p”, while viscous forces are denoted by 

the tensor # ̿ formed by nine compounds. Each of them is represented by #%& where the 

first subscript means the face to which the stress is normal and the second one the 

direction the stress is acting in. 

 

Figure 4: # ̿components 

 

The chart above shows how every different #%& is acting over a fluid particle. 
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The differential equation states: 

�(��')
�� + div(ρ�%u)) =  �(+,)

��'
+ �(ζ-.)

��/
+ !"%   (eq. 7)  with i, j = 1, 2, 3. 

i=1 equal to u; i=2 equal to v; i=3 equal to w. 

For further information, see theory equations’ appendix. 

 

2.2.4 Energy equation 

It represents, as continuity and momentum do, a conservation law of physics; in this 

case, the first law of thermodynamics which says: 

The heat added to the fluid particle in addition to the rate of work done on the particle is 

equal to the rate of change of energy (i) [1]. 

�(�%)
�� + div(ρ1� �) =  −341�(� �) + div(k grad T) + :ζ<<

�(=)
�< + ζ><

�(=)
�> + ζ?<

�(=)
�? +

ζ<>
�(@)
�< + ζ>>

�(@)
�> + ζ?>

�(@)
�? + ζ<?

�(A)
�< + ζ>?

�(A)
�> + ζ??

�(A)
�? B + +SD   (eq. 8) 

 

2.2.5 Equations of state 

Three dimensional flow motion is performed by a five partial differential equations 

system: continuity, x-momentum, y-momentum, z-momentum and energy equation [1], 

while seven parameters are unknown: the three compounds of the velocity vector, P, ρ, i 

and T. The system is unsolvable. 

In order to make it solvable some extra equations have to be added, i.e. equations of 

state. Those equations rely on the relationship between different thermodynamic 

parameters, assuming thermodynamic equilibrium. Therefore, two out of the four 

thermodynamic parameters have to be chosen as state variables, and the other two will 

be related to them. This will provide the extra equations needed to have a determinate 

system, i.e. p = p (ρ, T). 
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2.2.6 Navier-Stokes equations for a Newtonian Fluid 

This paragraph is developed under isotropic flow assumption. 

Momentum equations written with viscous stresses components as function of the local 

deformation rate are called Navier-Stokes equations. 

In 3D flows, linear and volumetric deformation rates are the components of the local 

deformation rate. [1] 

Linear deformation rate: 

E%& = F
G H��/

��'
+ ��'

��/
I   (eq. 9) 

Volumetric deformation rate is given by: 

div (�))   (eq. 10) 

Under those assumptions #%& can be written as follows: 

#%% = 2µE%& + K 41� � �   (eq. 11) 

#%& = 2µE%& with i ≠ j    (eq. 12) 

The constants µ and K are called first and second viscosity coefficients. 

Assuming incompressible flow, div �) = 0 what will imply: 

ζDL = #%% = 2µeDL = µ H�=.
�<-

+ �=-
�<.

I; ∀ i, j (eq.13) 

Inserting (eq.13) into (eq.7) which is momentum equations, NAVIER-STOKES 

equations are obtained: 

�(��')
�� + div(ρ�%u)) = − �,

��'
+ 41� (µ OPQ4 �%) + !"% with i = 1, 2, 3. (eq. 14) 

�(�%)
�� + div(ρiu)) =  −3 41�(�)) + 41� (R OPQ4 S) + !% + T%   (eq. 15) 

For further information, see theory equations’ appendix. 
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2.2.7 Conservation of chemical species equation 

As it has already been said, one of the thesis’ targets is to get a good “working 

environment” for a single worker with the new confluent jet ventilation system. 

Therefore the concentration of some particular specie (pollutant) in its surroundings is 

really important. 

Afterwards, conservation of chemical species is going to be introduced. The statement 

this equation is ruled by is, as well as continuity equation, conservation of the mass in a 

fluid. 

The equation looks like: 

��U
�� + 41�(T�)) = 41�(Г OPQ4 T) + !U  (eq. 16) 

 

2.3 Turbulence and its modelling 

Many or even most engineering interesting flows turn unstable above a specific 

Reynolds number value: “Critical Reynolds number”. At low Reynolds number the flow 

behaves as laminar, while at higher than critical value it becomes turbulent. This 

dimensionless parameter “governs” the flow patterns. 

Reynolds number name comes from Osborne Reynolds, and is defined as follows [3]: 

VE = WX
Y = �WX

µ
  (eq.17) 

The parameters eq.17 contains are referred to as: U, flow velocity,  Z fluid kinematic 

viscosity, ρ fluid density and µ dynamic viscosity, all of them at the point Reynolds is 

going to be calculated.  

After those definitions, L factor, known as characteristic length, deserves a wider study. 

Most times, as well as on the case solved on this thesis, L is permuted by a parameter 

called hydraulic diameter (Dh) which mainly represents what L used to do but for 

different shapes [24].  

[ℎ = ]^
_  (eq.18) 
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Dh defined in (eq.18) by A (area) and P (perimeter), values belonging to the considered 

point. 

 

2.3.1 Turbulent VS laminar 

After a brief introduction to the Reynolds number, its parameters and what it is used for, 

a pretty detailed definition of both laminar and turbulent definition is going to be 

provided relating to Reynolds number. 

Physically, Re presents the ratio between inertia to viscous forces, what mainly shows 

up the relative importance of inertia forces and viscous ones. 

Laminar flows dominant forces are inertia ones, what traduces into low Reynolds 

number. Low Reynolds number range really depends on the source of study used, but 

mainly most of them refer to laminar flows for Re < 2000 [4]. Fluxes belonging to 

laminar flow fields, are characterized by smooth motion in regular paths and without 

mixing between different layers, as can properly be seen in figure 5 [5]. 

 

 

Figure 5: Laminar flow 

 

At larger Reynolds numbers than VE`a%�, many hard events take place, what actually 

leads to a huge change of flow characteristics, thus becoming random and chaotic. This 

flow is called turbulent flow.  

The range where the flow is considered turbulent, as in laminar flow, depends a lot on 

the source used but it usually varies between 4000 and 5000 [4]. 

 



Confluent jets simulation for industrial ventilation. B. Fatas and L. Viguer. Högskolan i Gävle, 2012. 
 

14 
 

 

Figure 6: Turbulent flow 

 

As can be seen in figure 6 [5], some rotational flows and eddies come up under this 

regime, which is chaotic and random. 

Commonly those turbulent flows are characterized by mean values (U, V, W, P, 

etcetera) and the fluctuations of each other (u`, v`, w`, p` and so on). 

e.g.  �(b) = c + �`(t)   (eq. 19) 

This decomposition is known as Reynolds decomposition [6]. 

Figure 7 shows how the mean parameter and the fluctuations are defined: 

 

 

 

The regimen placed between laminar and turbulent flows is known as transient regimen; 

(2000 < Re < 4000). Throughout this zone the flow behaves in a different way as shown 

in figure 8 [25]. 

Figure 7: Mean velocity + fluctuations 
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Figure 8: Transition zone 

 

2.3.2 Turbulent equations 

As it has already been mentioned, most practical engineering problems deal mainly with 

turbulent flows. Therefore it is quite interesting to rewrite instantaneous scalar 

equations, also known as “governing equations”, into a way that the two different terms 

a turbulent flow is divided into, can be separately studied. 

In the CFD simulations carried out in this thesis the flow was considered steady-state, 3 

dimensional, incompressible and turbulent. Although no radiation was taken into 

account, some temperatures were fixed into walls, ceiling and floor though. 

Basing on hints mentioned above, “governing equations” can be rewritten in its time-

averaged way: 

41�(c�) = 0   (eq. 20)         

41�(c%c�) = − �_
��'

+  41�(µ OPQ4 c%) + [− �f��′g�′h))))))))i
��/

] + !klwith i, j = 1, 2,3. (eq. 21) 

41�(Tc�) = 41�(Г OPQ4 T) + [− �(��′gU′))))))))
��'

] + !U   (eq. 22) 

 For further information, see theory equations’ appendix. 
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The six unknown parameters coming from the momentum equations are called 

Reynolds stresses: 

- normal stresses: 

�′m�′n))))))) ; with i = j.    

- shear stresses: 

�′m�′n))))))) ; with i ≠ j and i, j = 1, 2, 3. 

Furthermore, there are another three parameters coming from the conservation of 

chemical species equation, known as turbulent conservation term: 

�′mT′)))))) ; with i=1, 2, 3.    

The total number of new unknowns is 9. 

Actually, as the number of equations are four (in energy and conservation of species’ 

cases are not considered) and taking into account the new 6 unknowns coming from the 

momentum equations, the system turns unsolvable; in order to make it solvable, 

turbulence modelling was developed. 

The main goal of the turbulence modelling is to provide a quite good solution accuracy 

to predict the Reynolds stresses and turbulent conservation term. 

 

2.3.3 Turbulence modelling 

There is a quite wide range of CFD turbulence models. Hence those models are actually 

drawn considering which governing equations they apply; while this project will mainly 

focus on Reynolds average Navier-Stokes equations (RANS), non explanations of those 

other methods will be given. In most industrial cases, RANS modelling is used when 

solving problems with CFD. 

RANS category is split up into some different models, considering the number of 

additional transport equations they add to the existing ones. This draw is mainly 

performed by zero-equation models, two-equation models, Reynolds stress equation 
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model and algebraic stress model; since simulations in this thesis are carried out with 

two-equation models, further explanations will focus on them. 

Before starting a deeper breakdown into the two equation models, Boussinesq 

hypothesis was taken into account. This hypothesis is based on how Reynolds stresses 

and mean rates of deformation are linked: [1] 

−�′m�′n))))))) = µ� H�W'
�o/

+ �W/
�o'

I  (eq. 23) 

µ� is called turbulent or eddy viscosity while Z� = µ�/ is known as kinematic turbulent 

or eddy viscosity. 

Moreover, this hypothesis relies on the statement that “turbulent transport of a scalar is 

taken to be proportional to the gradient of the mean value of the transported 

quantity”[1]; what in our particular case means: 

−�′mT′)))))) =  Г�
�U
��'

  (eq. 24) 

Г� is known as turbulent diffusivity. 

As all turbulent transport (momentum, heat or mass) comes from the same mechanism, 

eddy mixing, it is assumed that Г� has to be close to µ�. These parameters relation is 

defined by: 

Ơ� = µq
Гq

 (eq. 25) 

The Ơ� is known as Prandtl / Schmidt number, which is usually considered constant in 

many CFD simulation (many times with 1 as value). 

Inside two-equation models, many different subsections are distinguished but for this 

thesis goals k-ɛ RNG model will be used. 

 

 2.3.4 Standard K-ɛ model 

Before developing Renormalization group (RNG) k-ɛ model, standard K-ɛ model will 

be introduced knowing that RNG model is a sub-method of the standard one. 
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Under these methods, two transport equations are added to the equations’ system 

solved; one for turbulent kinetic energy, k, and another one for the turbulent kinetic 

energy dissipation rate, ɛ. Those are empirical equations. 

ɛ,” is defined as the dissipation of turbulent kinetic energy caused by work by the 

smallest eddies against viscous stresses” [1] it is considered as the dissipation rate per 

mass unit, which is going to be a really important parameter while turbulence is being 

studied: 

E%& = r%& + E%&′ = F
G H�W'

��/
+ �W/

��'
I + F

G H��′'
��′/ + ��′/

��′'I  (eq. 26) 

ɛ = 2�Emn′ Emn′)))))))  (eq. 27) 

The turbulent kinetic energy is defined as: 

R = F
G (�′s)))) + � ′s)))) + 	 ′

s)))))  (eq. 28) 

Velocity scale and length scale are related to k and ɛ by two equations: 

ʓ = kF/G  (eq. 29) 

t = uv/s
ɛ

  (eq. 30) 

Eddy viscosity: 

µ� = wµ
us
ɛ

  (eq. 31) 

Within this standard model the equations used are: 

�(�u)
�� + 41�(Rc�) = 41� : µq

Ơx
OPQ4 RB + 2µr%& ∙ r%& −  ɛ   (eq. 32) 

 
�(�ɛ)

�� + 41�(ɛc�) = 41� :µq
Ơz

OPQ4 ɛB + wFɛ
ɛ

u 2µr%& ∙ r%& − wGɛ �s
u   (eq. 33) 

With the constant parameters: 

wµ = 0.09; Ơu = 1; Ơ` = 1.3; wFɛ = 1.44; wGɛ = 1.92 
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Reynolds stresses computation within k- ɛ model relies on an extended Boussinesq 

relationship: 

−�′m�′n))))))) = µ� H�W'
�o/

+ �W/
�o'

I − G
� R�%&  (eq. 34) 

 

2.3.5 The Renormalization group (RNG) k-ɛ model 

This method is a sub-method of the standard k- ɛ model developed by Yakhot and 

Orszag of Princeton University [1]. 

The effects of the small scale turbulence are represented “by means of random forcing 

function in the Navier-Stokes equation” and they are continuously deleted from the 

governing equations expressing their effect through larger scale motions and a modified 

viscosity [1]. 

  
�(�u)

�� + 41�(Rc�) = 41� :�uµ���OPQ4 RB + 2µr%& ∙ r%& −  ɛ  (eq. 35) 

  
�(�ɛ)

�� + 41�(ɛc�) = 41� :+ɛµ���OPQ4 ɛB + wFɛ∗
ɛ

u 2µr%& ∙ r%& − wGɛ �s
u   (eq. 36) 

With µ��� = µ + µ� and µ� = wµ
us
ɛ
 ;  (eq. 37.1 and 37.2) 

wµ = 0.0845; �u = �ɛ = 1; wFɛ = 1.42; wGɛ = 1.68 

 

2.3.6 Wall Function 

Solid walls hardly affect the turbulent flow, what makes really important to carefully 

treat them while running CFD simulations. The near zone wall is defined by three 

surfaces: 

Linear sub-layer: 

The flow in this region is the closest to the wall and is dominated by viscous shear. y+ 

values are to be lower than 5 in this layer. (�� < 5) implies (�� = ��). While running 

turbulent CFD simulations within this range, Enhanced Wall Treatment is its option. 
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Viscous sub-layer: 

The range 5 < �� < 30 is the most unknown zone of the three existing ones. CFD 

simulations cannot be run hundred per cent properly with y+ within this range because 

flow behaviour here is not fully modelled. 

Log-law layer: 

Placed between 30 < �� < 500, the flow behaviour can be represented by: 

u� = 1

k
ln(y�) + B  (eq. 38) 

With B = 5.5 and k = 0.4 coming from empirical measurements. 

In this region both viscous and turbulent effects are important and its CFD name is 

Standard Wall Function. 

 

Figure 9: u+ VS y+ 

Figure 9 represents the three layers in a near wall zone with their mathematical 

behaviour [26]. 
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2.4 Finite Volumes Method 

In order to make computers able to solve the equations defining fluid motion, they must 

be transformed into algebraic equations, letting them just to contain real numbers and 

simple mathematical operations as sum, difference or multiplication. 

The process applied to turn the differential equations into algebraic ones is called 

numerical discretization. Actually some different numeric discretization methods are 

developed: finite volumes, finite differences or finite elements between others. 

 

2.4.1 Finite Volumes Method description (FVM) 

This method split the domain into contiguous control volumes (CV) by a grid 

performing the boundaries but not the computational nodes. Integrating in every CV the 

governing equations, then the discretized equations are obtained [8].  

“Ansys/Fluent uses cell-centred (CC) finite volumes approach, which is the most widely 

used” [8]. Those finite volumes or cells are performed with one single node in its centre.  

In order to explain how CCFVM method works and also make it understandable, further 

explanations are carried out in one dimension, being extrapolable for 3D performances. 

 

w W P e E 
 

 

                      

Figure 10: FVM 1D representation 

 

Hence, as it can be seen in figure 10, capital letters represent nodes’ positions, while 

small letters represent their layers separating cells from each other. 

∆y 

∆x 
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The example aim is to demonstrate how this method applied by computers calculates 

every purposed variable by using its neighbour’s values. For this case, point P 

represents the point the study is going to carry out. 

The result of this method is an algebraic system which can be solved iteratively or 

directly. 

Under the assumptions mentioned above, 
�sW
��s  is going to be discretized in point P. 

Before developing the formula that Fluent will solve to approximately calculate 
�sW
��s  , 

the first partial derivatives are introduced. 

For calculating the first derivatives both in e and w, the formulas used are: 

 

(�W
��)� = W�+W�

o�+o�
          (eq.39) 

��W
���� = W�+W�

o�+o�
                      (eq.40) 

 

After having these two first partial derivatives (eq.39 and 40), the second partial one can 

be written as follows: 

 

��sW
��s�_ = ���

����+���
����

o�+o�
       (eq.41) 

 

Equations 39, 40 and 41 are developed in every CV and, by adding the appropriate 

boundary conditions in the model, a complete equations system will be got. This system 

is written in a matrix way: 

�� = �  (eq. 42) 

Matrix A represents the system matrix while b vector comes up with the independent 

values. In the other hand, X vector consists of the unknown variables. 
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Before commenting most commonly applied methods for solving this kind of systems, 

there are two questions that have to be explained. 

First of all, the methods that are going to be explained solve linear systems and, as it is 

known, some terms of the discretized equations are not linear: 

i.e. � ��W
��� 

Therefore, it must be linearized before solving. 

Secondly, time dependency, in case the problem working with is unsteady, implies that 

discretization will be also done in time field. But, in our stationary case, no-time 

discretization will be done. 

The algorithm used to solve our simulations is SIMPLE. 

 

2.4.2 Linear system solving, different algorithms 

There are quite a lot different algorithms for solving linear systems; they can be drawn 

into two main groups though: direct methods and iterative algorithms. 

Direct methods are those which solve the mathematical system and provide the exact 

solution immediately. Its main drawback refers to computational solving capacity; it 

requires a really large number of calculations to solve systems with this method; that is 

why for large systems those direct methods are unused. 

Indirect methods are mainly based, as its name shows, in an iterative solving process. It 

starts presuming an approximated solution (guess) and starting from it, tries to get a 

more accurate one and so on, until the error between two consecutive solutions is lower 

than the predefined requisites. 

Some examples of this kind of algorithms are Gauss-Seidel method, Jacobi, TDMA, 

etcetera. [1] 
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2.5 Industrial ventilation and indoor environment 

 

In industrial spaces, good ventilation performance is required due to several aspects. As 

well as dwellers with regard to building ventilation, workers require mild working 

environment conditions in order to develop their work in a healthy and safety way. 

Furthermore, it has been studied [30] that there is a strong relationship between 

ventilation rate and working performance, which leads to a considerable annual 

economic benefit. 

 

 

Figure 11: Ventilation rate VS Relative performance 

 

Analogously, surroundings’ temperature has an important relationship with working 

performance. Thus, heating and cooling are to be of major importance both for thermal 

comfort and working performance, since they set an optimum temperature in winter and 

summer respectively.  
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Figure 12: Temperature VS relative performance 

 

Thereby these studies show that working performance can reach optimum levels if 

ventilation and heating/cooling guidelines are followed. 

Industrial ventilation is also related with heat surplus removal and pollutants removal, 

which means a proper indoor air quality. These aspects are very important within 

industries, because many industrial processes deliver huge amounts of heat and airborne 

pollutants such as Volatile Organic Compounds (VOCs) or heavy metals, which are 

consider extremely toxic. 

For these purposes, there are four ventilation options mainly considered, which are: 

confluent jets ventilation, wall displacement ventilation, impinging jet ventilation and 

mixing ventilation. Deeper studies [12] show that confluent jets ventilation reaches the 

highest ADI-to-flow rate ratio, hence being the cheapest option for a given ventilation 

requirement, from an energetic point of view. 

Due to the specific ventilation’s topology studied in this thesis, it is very relevant to 

deepen on confluent jets ventilation and its flow patterns. As it can be inferred from 

wall confluent jet studies [13], the flow field, characterized by spreading ratios, velocity 

profiles, air flow rate and temperature difference, is divided into three regions: Free jet, 

Coanda effect and Wall jet region. 

 



Confluent jets simulation for industrial ventilation. B. Fatas and L. Viguer. Högskolan i Gävle, 2012. 
 

26 
 

 

Figure 13: Jet behaviours. 

 

2.5.1 Confluent jets ventilation 

Confluent jets ventilation consists of a set of small air nozzles blowing from the same 

duct into an enclosure. These small fluxes merge to form a single jet which will spread 

into the enclosure resulting in a combination of mixing and displacement flows. Then it 

combines the benefits of both systems, i.e. stratification (displacement) and entrainment 

of the surrounding air into the jet (mixing) [12]. 

Several aspects have influence in flow pattern and spreading characteristics. Spacing 

between nozzles determines jet’s velocity decay due to low pressure between jets, being 

faster in the case of closely spaced jets than in widely spaced jets, while jet’s behaviour 

is the opposite further downstream. In the case of rectangular jets, they fit with circular 

jets’ behaviour due to axisymmetry at a short distance from the outlet. The number of 

air jets is also important, because the more jets are there, the faster the maximum 
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velocity decays, since larger number of jets lead into a flatter downstream velocity 

profile and a bigger entrainment region [14]. 

 

Figure 14: Confluent jets’ profiles. 

 

Since it has been proved that “confluent jets air supply system performs much better 

than the displacement, impinging or mixing systems” [12], this system is broadly used 

for ventilation purposes with low energy consumptions and operative Air Distribution 

Index (ADI). Moreover, confluent jets ventilation can be used both for heating and 

cooling purposes. 

 

2.5.2 Free jet, Coanda effect and wall jet 

Airflow nearby a wall is an empiric scientific field which tries to describe the flow’s 

behaviour before, after and while the flow attaches a wall. Even though many 

complicated factors are involved in this phenomenon (e.g. surface roughness, flow rate 

and temperatures), it can be divided into three regions with different behaviours. 

Therefore, three different regions of flow behaviour appear, i.e. free jet region, Coanda 

effect region and wall jet region. 

Within free jet region, the jet is decelerated by the adverse pressure gradient, while 

centreline velocity reduction is faster than in the wall region because of drag forces, 

thus the maximum velocity is higher. 
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The Coanda effect describes the behaviour of a fluid nearby a surface. It states that due 

its viscosity, when the flow reaches a surface, the fluid will attach to it. Consequently, 

the jet will behave as a wall jet, while pressure is recovered. Moreover, the maximum 

velocity tends to equalize between wall region and flow centreline. While this behaviour 

comes to an end, all jets start to coalesce into a single jet. 

 

 

Figure 15: Coanda effect. 

 

The wall jet region also includes impingement jet behaviour. At first, there is still a 

transition where flow pattern is like at the end of Coanda region. Further downstream, 

impingement rules flow’s behaviour, as velocity shows flat profiles [13]. 

 

 2.5.3 Plumes 

Plumes are the phenomenon whereby a temperature difference leads to an upward fluid 

movement due to convection.  The fluid in contact with the heat source is heated; hence 

it tends to move upwards, letting surroundings’ fluid approach the heat source. 

Thereafter they produce a circular air flow inside an enclosure. That is why plumes are 

to be taken into account when describing a room’s air movement, which means that they 

play a significant role in thermal comfort and air quality. 
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Figure 16: Temperature and velocity plumes. 

 

On the other hand, plumes are characterized by the power and shape of the heat source, 

as well as by the ventilation system used, vertical temperature gradient inside the 

enclosure and its dimensions [14]. 

 

2.5.4 Air flow indices (ACR, ��))), ℇℇℇℇp) 

In order to measure a ventilation system performance and efficiency, several indices can 

display accurate results for useful post process analysis, like indoor air quality and 

health assess [15]. 

          

Figure 17: Ventilation rate VS Illness prevalence relative 
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The Air Change Rate is usually expressed as the Air Change per Hour (ACH), meaning 

the ratio between the incoming air flow into a room and the room’s volume. 

ACH = Air flow rate ("�/h) / Room volume ("�) [1/h]     (eq.43) 

It is a theoretical approximation to how many times the room’s total amount of air is 

renewed with incoming fresh air. When a room has been ventilated with a volume of air 

equal to the room’s volume, there is still about a 37% by average of former air in the 

room, due to new and old air mixture as well as incoming air leakages. It is also used in 

the definition of the room’s nominal time constant τn, which is known as the shortest air 

change time, and is defined as follows: 

τn = 1

ACR
 (s)    (eq. 44) 

The mean age of air τp�  is the time, in seconds, needed for incoming fresh air to reach a 

particular point of the room from the supply inlet. It is also known as the local time 

constant, and it is defined, at any point, as: 

τp� = F
�(�) � w,(b)4b�

�   (eq.45) 

Where C (0) is the initial concentration decay and Cp (t) is the concentration as a time 

function. 

Finally, the air exchange index, or local air change index, can be inferred from the 

indices above. It is the ratio between the nominal time constant to the local age of air, 

and it gives a measure of how rapidly the air is replaced at a particular point. 

ɛ, = ¡n
¡p�    (eq.46) 

 

Requirements: 

In order to provide a good air quality, the air input ought to provide enough oxygen as 

well as to remove certain contaminants, for instance to give off carbon dioxide, or 

prevent microbiological growth. Therefore, as a standard, 7 litres per second and person 

is a right value for air flow rate in this kind of industries [16]. 
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For ASHRAE standard 62 criteria [21], the following figures can be followed to 

properly design ventilation systems (PD will be explained later on). 

 

 

Figure 18: PD VS Ventilation rate and PD VS carbon dioxide above outdoors 

 

2.5.5 Removal of pollutants 

Different industrial processes release different pollutants, depending on process’ 

temperatures, raw materials involved and other chemical factors. Harmful gases like 

sulphur and nitrogen based compounds as well as heavy metals or soot particles, are 

closely related to circulatory and respiratory system diseases.  

Furthermore, in order to manage health risks, it has to be borne in mind Volatile 

Organic Compounds such as hydrocarbons, aldehydes, alcohols, esters, alkanes and 

amines among others, which are said to be carcinogens.  

Moreover, building materials, furnishing, glues, cleaning agents, cosmetics and paint 

emit harmful pollutants, as well as humans themselves. So building materials such as 

phthalates, asbestos or formaldehyde, human emissions such as carbon dioxide and 

paints’ solvents are also a harmful pollutants source. Human beings can also carry 

viruses and bacteria with them, which can remain airborne for long periods of time. But 

they also emit large quantities of carbon dioxide w£G, which has a prominent 

significance, because it gives a good approximation of other contaminants’ 

concentration. 
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In any location, even quite clean environments, there are thousands to millions of 

airborne particles suspended in the air, generated by different sources and activities. The 

existence and concentration of different particles usually with different sizes are 

important to be determined since there is a maximum allowed limitation for each of 

them in different situations. The maximum limitation for each particle is defined by 

physiological experiments under certain conditions.  

 

          

Figure 19: Particles’ classification. 

 

Within all these airborne particles, from the most important ones, the smallest are 

viruses (c.a. 0.005 µm) which are said to behave under Brownian molecular movements, 

without any measurable settle velocity. Meanwhile, the bigger the particle the faster it 

will settle, but fibres, which can remain airborne for long periods despite their size (c.a. 

50 µm). Many of these particles are harmless, but some pollutants can attach them 

turning them into hazardous though [16]. 

Some of these contaminants have a much localized emission source, and hence can be 

easily removed before spreading in the surroundings, with local exhaust ventilations 

systems. But others come from almost everywhere, thus displacement or mixing 

ventilation is needed to remove them or, at least, reduce their concentration to non toxic 

levels. 
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Indices (ɛ`, PD, Nc): 

The efficiency of pollutant removal techniques can be evaluated through different 

indices. For internally produced pollution, ventilation effectiveness for contaminants 

removal (ɛ`) is used as an indicator of ventilation system’s performance. It is defined 

as: 

ɛ` = �¤+�'
�¥+�'

∗ 100 [%] (eq.47) 

Where Co means outlet concentration, Ci means inlet concentration and Cm is the mean 

value for the occupied zone. 

Indoor environment quality was fully developed by Povl Ole Fanger, who stated that 

ventilation rate has a major role on the amount of people dissatisfied with the indoor air 

quality [17], and expressed it through the following formula: 

§[ = 395 Ef+F.¨� �© ª.s«i [%]  (eq. 48) 

Where �©  is the ventilation rate in litres per second and person, and PD stands for 

percentage of dissatisfied with the indoor air quality which, although it is a measure of 

the human smell perception, is used as a reference indicator of pollutants’ amount. 

 

 

Figure 20: Air flow rate VS PD 
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The air quality number, Nc, combines the contaminant removal effectiveness and 

Percentage of Dissatisfied, thus taking into account both system performance and 

human response. 

¬` = ℇz
_    (eq.49) 

 

Requirements: 

As an indicator of proper air quality with regards to pollutants’ concentration, w£G is a 

well known parameter as well as an easy one to perform. Moreover it is an indicator of 

the average contaminants’ amount. The carbon dioxide concentration is said to be less 

than 1000 parts per million, in order to perform a healthy indoor environment [16]. 

 

2.5.6 Thermal comfort 

Thermal comfort is defined as “that condition of mind which expresses satisfaction with 

the thermal environment” [18]. In other words, thermal comfort is achieved when 

people do not feel any discomfort, whether too hot or too cold, at the whole body or at 

any part of the body. Consequently it is said to be one of the most important aims for 

HVAC design engineers. It is directly related with heat transfer mechanisms: 

conduction, convection, radiation and evaporative heat losses. So it deals with thermal 

balance between human metabolism and surrounding’s temperature, where insulation, 

humidity and air velocity play also a significant role.  

Thermal comfort is a must in order to set human body temperature to its normal one, i.e. 

37 ºC, at which internal organs perform properly. Through seven different mechanisms, 

heat is transferred from human body inwards or outwards, when it attempts to reach its 

normal temperature. These are: diffusion of water through the skin followed by 

evaporation, evaporation from airways, convection in airways, evaporation of actively 

secreted sweat, conduction through clothing, thermal radiation and convection from 

outer surfaces [19]. 
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Figure 21: Human body thermal losses. 

 

These factors can be synthesized in the next formula [17]: 

M – W = H + Ec + Cres + Eres  (eq. 50) 

Where M stands for metabolism rate (W/"2), W useful mechanical work (W/"2), Ec 

evaporative heat exchange at the skin (W/"2), Cres respiratory convective heat 

exchange (W/"2) and Eres respiratory evaporative heat exchange (W/"2).  While H 

(convection, radiation and conduction) is measured directly (W/"2), the other factors 

can be calculated or estimated as follows: 

r® = 3.05 ∗ 10+�[55733 –  6.99 (M –  W –  Pa)] +  0.42 (M –  W –  58.15)(eq. 51) 

Cres = 0.0014 M (34 – b´)    (eq. 52) 

Eres = 1.72 10+µ M (5867 – Pa)   (eq.53) 

Where b´ is the air temperature in º C and Pa is humidity measured as vapour pressure 

in Pascal. 

Metabolism is to be estimated. The metabolic rate depends on the physical activity and 

it is measured in Mets, which is referred to as the metabolic rate of a sedentary person. 

1 Met = 58.15 W/"2 of body surface 
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So, in order to calculate a person’s heat release, the body surface is needed. Here it is 

used DuBois area as an average calculation based on height and mass: 

AD = 0.202 ¶Q··�.]Gµ ∗ ¸E1Oℎb�.¹Gµ   (eq.54) 

A normal adult body surface is around 1.7 "2, and therefore, a sedentary person in 

thermal comfort will have a heat loss of about 100 W.  

From another point of view, metabolic rate and clothing can be also gathered from 

empiric studies’ tables [19]: 

 

Figure 22: Metabolic rate table. 

 

 

Figure 23: Clothing table. 

 

Where Clo is the unit for clothing insulation value, and is defined as 0.155 "2 ºC/W. 

The total clothing insulation value is the sum of each cloth’s value.  
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Finally the optimal operative temperature or comfort temperature can be drawn from the 

next chart [18]: 

 

Figure 24: Temperature VS clothing and activity 

 

Lastly, local thermal discomfort aspects are going to be developed, since these factors 

are very important to ensure thermal comfort. These are draught, radiation asymmetry, 

vertical air temperature differences and floor temperature. They are to be taken into 

account if thermal comfort is faced from a broad point of view. Even though comfort 

temperature is achieved, these four factors can lead to uncomfortable working or living 

conditions. 

Draught is defined as a cold air stream in a confined space. It is usually the main source 

of thermal discomfort in buildings, and it is due to high turbulence, low temperatures 

and excess air velocity coming from ventilation systems. These factors lead to an 

excessive heat loss, which is the responsible of thermal discomfort.  

Radiation asymmetry has a negative impact on human temperature perception that is 

stronger when it comes from warm ceiling asymmetry. It is due to the difference of the 

heat loss rate between different parts of the body [20]. 
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Figure 25: Radiant temperature asymmetry VS dissatisfied 

 

Vertical air temperature difference is defined as the air temperature difference between 

the ankle and the neck level. This is usually due to convection or radiation, and it 

mainly manifests with higher temperature values at the neck level. Experiments have 

resulted into a chart of increasing profile of dissatisfied people with temperature 

difference, being 3 ºC an appropriate level which means 5 % of dissatisfied [18]. 

 

 

Figure 26: ºb´ VS dissatisfied 
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Floor temperature level is directly related with floor and footwear material, particularly 

with specific heat and thermal conductivity. Admissible floor temperatures go from 19 

to 29 ºC, what means less than 10% of dissatisfied. 

 

Figure 27: Floor temperature VS dissatisfied 

 

Indices (ɛ�, PMV, PPD, Nt, PDdraught): 

Ventilation effectiveness for heat distribution or heat removal, ɛ�, is an indicator which 

gives an approximate idea of how the ventilation system performs a heat removal. It 

depends on the heat source power and location, the room dimensions and the type of 

ventilation system, i.e. how the air is spread through the room. It is defined as: 

ɛ� = »¤+»'
»¥+»'

  (eq.55) 

Where subscript o, i and m stand for outlet, inlet and mean room temperature for the 

occupied zone respectively. 

The Predicted Mean Vote, PMV, was developed by Fanger and represents the vote of a 

large population to a given thermal condition in a thermal condition scale. It is based on 

physical heat transfer and empirical sensation studies, and gives the strain response in 

steady-state heat transfer model, with regard to the human body and its surroundings. In 

other words, it gives the degree of discomfort [18]. 
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PMV = (0.303 exp (-0.036 M) + 0.028) [(M – W) – Ec – Cres – Eres]   (eq. 56) 

It varies within a within a range from hot to cold sensation as follows: 

 

+3 +2 +1 0 -1 -2 -3 

Hot Warm Slightly warm Neutral Slightly cool Cool Cold 

Figure 28: PMV table 

 

The Predicted Percentage of Dissatisfied for thermal comfort, PPD, was defined by 

Fanger and appears so at ISO 7730 as: 

PPD = 100 – 95 exp {- [0.03353 (§¶¼)] + 0.2179(§¶¼)G]} (eq. 57) 

 

 

Figure 29: PMV VS PPD 

 

This index expresses the psychological strain of a large group of people due to adverse 

thermal conditions. 

The thermal comfort number, Nt, combines the heat removal effectiveness and 

Predicted Percentage of Dissatisfied, thus taking into account both system performance 

and human response. 
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¬� = ℇq
__   (eq. 58) 

Eventually, the Predicted Dissatisfied due to Draught, PDdraught, shows the percentage 

from a group of people discomforted due to draught effects, i.e. temperature, velocity 

and turbulence. It is defined as follows: 

PDdraught = [(34 – Tm) (c" –  0.05)�.½GG�] (3.143 + 0.3696 Um TIm)  (eq. 59) 

Where subscript m stands for the mean value at the occupied zone, T is the temperature 

in ºC, U is air velocity in metres per second and TI is the turbulence intensity, which is 

defined as: 

S¾ = F�� ¿
WÀ  (%)   (eq. 60) 

Being SD, the standard deviation of air velocity in metres per second (ISO 7730). 

 

Requirements: 

As it is stated at ISO 7730, the operative temperature is to be regulated as: 

 

Figure 30: Thermal state categories 

 

For radiation asymmetry, vertical air temperature difference and floor temperature level, 

PPD requirements are being followed as guideline. Within this framework, PPD limit 

for ideal thermal environment is 10 % that means an average PMV between – 0.5 and 

0.5 [18]. 
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Discomfort due to draught can be evaluated as it is shown in the figures below in order 

to follow ISO 7730. On the other hand, two different air velocity values are 

recommended for winter and summer. In winter, i.e. heating season, air velocity should 

be below 0.15 metres per second, while in summer, i.e. cooling season, it can increase 

up to 0.25 metres per second. 

 

 

Figure 31: Local air temperature VS mean air velocity for different categories 

 

2.5.7 Air Distribution Index 

This parameter mixes both thermal comfort and air quality efficiencies for a ventilation 

system, and is normally used to compare different ventilation system’s performance, 

thereby allowing to draw interesting conclusions with regard to temperature and air 

flow rate [12]. The Air Distribution Index, ADI, is determined as: 

�[¾ = Á¬�¬`   (eq. 61) 

As it can be inferred from [12], confluent jets ventilation system are the best option for 

ventilation due to their ADI results compared to other ventilation systems with the same 

air flow rate. This index is thereby useful for drawing conclusions about energy 

consumption (E ∝ Â3 where E stands for energy and q is the air flow rate), by 

comparing different ventilation systems and air flow rates, thus being an advantageous 

index for optimization purposes. 
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3. Gambit Method 

The first part of this thesis, as it has already been mentioned, is the simulation of the 

confluent jet under certain conditions in a warehouse, with Fluent software. By solving 

this simulation, flow and temperature fields are determined and explained. Based on 

those results worker and workbench positions inside the room will be figured out. 

 

3.1 Model description 

In order to run the simulation a mock up was performed due to the impossibility of 

running the whole warehouse as a model, in addition to the unnecessary results it would 

provide in places quite far away from studied domain.  

Knowing that the height of the warehouse was 5 meters, a 5x5x5 "3 domain was set. 

The length and width of the mock up were decided knowing that the main flow would 

not reach farther places than 5 meters in each direction what means that with those 

lengths it is enough to capture everything needed for a proper representation of flow and 

temperature fields. This mock up was developed and meshed with Gambit (see Gambit 

appendix). 

Confluent jet’s tubular pipe is located on the left back corner of the room as it can be 

seen in the picture below: 

 

Figure 32: Gambit mock up. 
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The initial distribution of the room can be seen from the picture above. Walls, including 

ceiling and floor are coloured while outlets are uncoloured. Suppliers’ shape is 

represented in 3D in the picture below: 

 

 

Figure 33: Confluent jet. 

 

The picture above is not at any scale, but its purpose is to clarify how the area was 

created. The supplier height is of 0.4 m while the width is 0.008374 meters being the 

area equal to: 

� = 0.4 ∗ 0.008374 = 3.35 ∗ 10+�mG  (eq. 62) 

Which corresponds with the 136 small holes area, i.e. the equivalent area. For further 

explanation see calculus appendix. 
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A brief explanation of the important distances of the room is going to be dealt in the 

next paragraph; before starting it, the domain will be split in different parts, each one 

with its own name, that will be used to refer them hereafter. 

 

 

Figure 34: Mock up elements. 
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Picture from above: 

The confluent jet is placed on the back left corner at 11 cm distance to each wall of the 

corner and it has a diameter of 15 cm. 

 

Figure 35: Above view. 

Picture from the front face:  

The tube length is 4.5 metres and starts 0.5 metres above the floor: 

 

Figure 36: In front view 
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3.2 Conformal and structured mesh 

In this project, conformal and structured mesh is the chosen one; some definitions and 

reasons for these selections are then explained. 

”Conformal mesh term definitions rely on the interface between two volumes. It is 

represented by a set of faces such that each face on the interface is a sub-element of the 

two adjacent elements corresponding respectively to the two volumes” [9]. 

 

 

Figure 37: Non conformal [11] VS conformal mesh [29] 

 

The reason for what conformal mesh was selected over non-conformal one comes from 

how Fluent solves this interface problem. For solving it, Fluent makes a special 

interpolation treatment on the cells near the interface, what can strongly disturb the 

results and convergence [27]. 

Structured mesh was chosen over unstructured mesh due to the memory capacity 

required. Using structured mesh the needed memory to store the mesh is lower than in 

unstructured one [28] (structured from [10] and unstructured [11]). 
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Figure 38: Structured VS unstructured mesh 

 

3.3 Mesh quality 

In order to verify the mesh quality in the developed model, there are some statements 

that have to be fulfilled [11]. 

For an accurate mesh, and considering the same amount of cells in every case, meshes 

with hexahedral nodes will reach more accurate solutions than the others available [11]. 

The amount of cells, mesh density, has to be the adequate to capture the relevant flow 

parameters and the near wall zone mesh has to be accurate enough to deal with the 

boundary layer flow (y+, see “Wall treatment” under theory); in this zone quad and hex 

nodes are preferred than tetrahedral between others. Poor quality grid will cause 

imprecise solutions and probably slow convergence.  

After meshing and before simulating there are three existing measures of mesh quality. 

 

 3.3.1 Skewness 

Most times, skewness is related with equiangle skew [11]: 

max [θ¥Å�+θ�
F¨�+θ�

, θ�+θ¥'Æ
θ�

]  (eq. 63) 

With: 
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Figure 39: Skewness 

 

This maximum belongs to a ratio among 0 and 1; inside this range a draw can be done: 

Value of 

Skewness 
0.00-0.25 0.25-0.50 0.50-0.80 0.80-0.95 0.95-0.99 0.99-1.00 

Cell 

Quality 
Excellent Good Acceptable Poor Sliver Degenerate 

Table 1: Skewness scale [11] 

For hex cells skewness values larger than 0.85 are unacceptable. In this section, 0.5 was 

proposed as a maximum skewness value for the model trying to keep all nodes inside 

excellent and good qualities. 

 

3.3.2 Smoothness 

Change in size between elements has to be gradual [11]: 

 

Figure 40: Smoothness 
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3.3.3 Aspect ratio 

It is the ratio between the longest element length to the shortest one; it should not be too 

high either [11]. 

 

 

Figure 41: Aspect ratio 

 

In case quad or hex cells are used, as it is the case on this thesis, it is allowed to have 

larger aspect ratios when the flow is completely developed. 

 

3.4 Fluent parameters 

Some parameters are selected before starting the simulation in Fluent (both for Gambit 

and Airpak models). The first one is to select 3ddp (3D case double precision solver) 

when starting Fluent. Then, next steps were followed: 

 

- Operating conditions: 

Set the suitable operating conditions; gravity force was clicked and defined as a 

vector: O̅ = (0, −9.81, 0). 

 

- Materials: 

Mock up materials as well as the air blowing and spreading over the room where kept as 

default, i.e. air and aluminium. 
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- Algorithm: 

The algorithm chosen was SIMPLE with Second order Upwind for the discretization 

order, under-relaxation parameters were reduced to one third of their initial values to 

make the model converge easier. 

 

- Turbulence model: 

K-ɛ RNG Enhanced Wall Treatment method was chosen as the Turbulence Model for 

every model run, both the one coming from Gambit and the one coming from Airpak 

(see theory about K-ɛ RNG Enhanced Wall Treatment method and Wall function). 

It was the method chosen because many researchers recommend it and provides more 

accurate solutions for jet impinging to a surface (walls) and also for economical reasons. 

 

- Energy model: 

Since temperature field is a key factor to be studied in this thesis, the energy model is 

going to be used in order to take into account and set temperatures of every element as 

well as to show how it is spread throughout the room. 

 

- Chosen Temperatures: 

Some pictures taken on the warehouse, where the project is being carried over, with an 

infrared camera are used to properly define the temperature of every different part of the 

mock up. 

In order to extract accurate values from the pictures provided, software called 

“ThermaCAM Researcher Professional 2.8” is used (see ThermaCAM appendix). The 

Temperatures obtained with this software were: 
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Element Temperature(ºC) 

Floor 22 

Ceiling 24 

Large wall 24 

Corner 24 

Pressure outlets 23 

Pipe 24.5 

Supplier 27.5 

Table 2:  Element temperature 

 

- Boundary conditions: 

The temperatures defined on the previous paragraph were fixed as boundary conditions 

in addition to supplier velocity, equal to 9.85 À
È  in a normal to boundary direction and 

assuming a density value  = 1.225 uÉ
Àv. The effective area, defined in calculations 

appendix, is equal to: 

A = 3.3496 ∙ 10+� "G  (eq. 64) 

Ë© = � � = 0.033 Àv
È = 33 Ì

È  (eq. 65) 

As a last step, in the boundary conditions menu, backflow turbulent kinetic energy was 

reduced from 1 Às
Ès  (default value) until 0.1 Às

Ès . This value was chosen assuming that 

the backflow air coming into the room normal to the pressure outlets is almost no 

turbulent. 

 

3.5 Model quality after simulation 

Once the simulation has been carried out, Fluent provides several parameters through 

which mesh quality can be proved in this thesis. In addition to temperature and flow 

fields behaviour, residuals and y plus were considered. 
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3.5.1 Residuals 

Residuals for a given variable are the difference between the value of this variable in the 

actual cell and its neighbouring cells influenced by a constant parameter which belongs 

to the source term [31]. Depending on the type of simulation carried out, residuals have 

to reach a specific value; it is not always possible, though.  

In strong scientific researches, the objective is usually to achieve residuals lower than 

ten up to minus four (10+4) for velocities, continuity, k and epsilon, and ten up to minus 

six (10+6) for energy. However it strongly depends on the simulated case geometry and 

on the capacity of the available equipment to increase the mesh density as well. 

In cases as the one here, with huge pressure outlets in comparison with supplier’s size, 

oscillations are expected and thus not so low residual values will be achieved. Moreover 

computational limitations will be also a problem. 

Because of the project requirements and limitations (see discussion), residuals do not 

reach very low values. Thereafter residuals will be accepted with values until ten up to 

minus two (10+2).  

Moreover, for further explanation it has to be said that a model is not converged until 

the average residual values’ behaviour is constant within a small range of oscillation 

(e.g. lower than a magnitude order). In other words, it has to become stable. 

In an adequate model, the more iterations are run, the lower the residuals become; time 

is also a limitation mention within discussion limitations. 

 

3.5.2 Y plus 

Y+ is the variable used to check that the turbulent behaviour inside the model is 

properly analyzed (Wall treatment theory). 

In this first part of the model the objective would be to reach y+ values lower than 10 

through which the Enhanced Wall Treatment provides a very good approximation. 

However, as it is shown in the following results, it will not be possible to accomplish 
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everywhere. Being hundred per cent accurate, Fluent Enhanced Wall Treatment 

recommends having most values between 1 and 5 (see discussion). 

 

 

Figure 42: u+ VS y+ 
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4. Gambit verification 

4.1 Mesh independency 

Before comparing, analyzing or writing anything, a model has to be chosen. Thus mesh 

independent study is done to demonstrate that results do not depend on the mesh. Of 

course the more nodes the mesh has, the more detailed the solution is. However there is 

always a limit where it can be considered independent. All these models have the same 

first cell length: 3 mm.  

The smallest mesh independent model is chosen because it is unnecessary to run larger 

models than needed, since it supposes a waste of time and money. 

In this first simulation, three Gambit models were developed and simulated until a 

convergent result was reached; these three models’ sizes are: 

- small: 284,208 elements ( every edge meshed at 0.03 m) 

- medium (chosen): 527,592 elements (every edge meshed at 0.025 m) 

- large: 1,010,250 elements (at 0.02 m) 

In case the “medium” and “large” would not provide the same results, a larger one 

should have been created and the former “large” would be the new chosen; it was not 

the case though. The ranges represented in the figures were kept as default by auto 

range. 

Before starting mesh independency study, it has to be said that the zones far away from 

the supplier and “working zone”, which of course were roughly meshed because that 

data is not too important for fulfilling this thesis goals, will reach better resolution while 

larger the mesh is. This is because of, when meshing a model, it is not possible to mesh 

one zone with a really accurate mesh and another with really large mesh due to, as it 

was mentioned before, skewness, aspect of ratio and smoothness issues. Thereby when 

deciding which is the correct model those zones were not as important as supply and 

working zones. 
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In order to compare the three mentioned models, different measures were carried out: 

The first one was y+: 

Small: [0.059 ; 46.02] 

 

Figure 43: y+ field, small model 

 

Medium: [0.015 ; 43.94] 

 

Figure 44: y+ field, medium model 
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Large: [0.04 ; 44.02] 

 

Figure 45: y+ field, large model 

The shape of the y+ field on the three pictures above is pretty similar. However a small 

difference can be noticed from the corner where the supplier is blowing into, where in 

the first picture is coloured in yellow whilst both medium and large are in red. It means 

that the maximum y+ value in the first picture is not located (is located on the bottom of 

the cylinder) on the same place that the maximum y+ in the two other pictures. 
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Velocity field: 

 

X = 1 metre. 

Small: [0 ; 2.013] m/s 

 

Figure 46: Small model velocity field at x = 1m 

Medium: [0 ; 2.63] m/s 

 

Figure 47: Medium model velocity field at x =1m 
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Large: [0 ; 2.63] m/s 

 

Figure 48: Large model velocity field at x =1m 

 

For these three velocity pictures, it can be concluded that the small model is not 

accurate enough by checking the maximum velocity in the left side, as it can be checked 

in the pictures. This maximum value is 2.63 m/s in both medium and large model, while 

in the small one is 2.013 m/s, what represents a big difference. Hence the small model 

was discarded. Hereafter only “medium” and “large” models will be further compared. 
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Z = 1 metre. 

Medium: [0 ; 0.9714] m/s 

 

Figure 49: Medium model velocity field at z = 1 m 

 

Large: [0 ; 1.08] 

 

Figure 50: Large model velocity field at z =1 m 
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From both pictures above it can be seen that the shape and values are approximately the 

same, but the large one has, of course, a little bit more definition due to the larger 

amount of nodes. 

Y = 0.8 metres. 

Medium: [0 ; 9.9835] m/s. 

 

Figure 51: Medium model velocity field at y =0.8m 

Large: [0 ; 9.8679] m/s. 

 

Figure 52: Large model velocity field at y =0.8 m 
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It is seen that both figures have exactly the same shape and almost the same values. 

With this comparison it was concluded that, by flow field means, they are mesh 

independent. Afterwards, a brief temperature comparison was carried out: 

X = 1 metre: 

Medium: [295.035 ; 297.304] K 

 

Figure 53: Medium model temperature field at x =1m 

Large: [295.05 ; 297.43] K 

 

Figure 54: Large model temperature field at x =1m 
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It shows that the large model has a bit more resolution but the first one can be 

considered accurate enough. 

After comparing many different planes of the different variables, it can be concluded 

that the large model has a little bit more resolution than the medium one on the 

temperature field, while in velocity it could be said that both models represent the same 

behaviour. Hence, and due to the aim of this first experiment, the “medium” model was 

chosen as “the model” to develop the rest of this first part of the thesis. 

If better resolution figures were needed, it would be necessary to refine the mesh, what 

would become a problem due to computational limitations. Hereafter everything written 

refers to the chosen model. 

 

4.2 Residuals 

 

Figure 55: Residuals 
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Residuals  

Continuity 4.5013 e -04 

x-velocity 1.6703 e -03 

y-velocity 1.0014 e -03 

z-velocity 1.6779 e -03 

Energy 7.6237 e -07 

K 7.9671 e -03 

epsilon 1.1491 e -02 

Table 3: Residual values 

 

As it can be seen from picture 55, residuals are already stabilized with an average value, 

even though they have small oscillations amplitude, their main values are constant; as it 

was explained on the residuals’ method, this behaviour was expected due to the huge 

pressure outlets compared with the supplier (from pressure outlets, sometimes flow 

comes in and sometimes it comes out). 

The worst residuals are both K and epsilon, what can occur as a result of the big amount 

of phenomena occurring around the corner the supplier is blowing to, and because of the 

near wall zone in the side of the pipe close to the pressure outlet and bottom, where the 

existing flow crashes into many surfaces and changes with time. 

 

4.3 Y plus 

The results obtained when plotting y+ are in the range [0.015 ; 43.94]. It means that 

some parts of the solution are not within the range of Enhanced Wall Treatment which 

is usually below than 5, although y+ < 10 can be considered as a really good 

approximation. Two other different options were discarded (due to limitations) before 

choosing one: 

The first one, knowing that a quite large mesh is already operating  with a pretty small 

first cell length along the entire model (3 mm), was to exchange the mesh for a coarser 

one with larger first wall cell distance, in order to have the y+ through the entire model 

inside the range of Standard Wall Function (30 < y+ < 100, see theory). This solution 
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was hardly studied and discarded owing to the impossibility to obtain y+ values even 

near to 30 on the right middle-up side of the large wall, due to the really small velocity 

that the flow reaches over this zone: 

 

Figure 56: y+ problematic zone 

 

It was discarded due to the importance of getting accurate results over this zone, 

because the worker (added in Airpak model) will be located next to this area.  

Afterwards the second model was developed by reducing the first cell length to really 

small values of around 1 mm or even 0.7 mm, keeping the same cell length values in the 

remaining domain. 

When developing this model mesh quality parameters (mentioned in Gambit method) as 

smoothness, skewness and aspect ratio were strongly worsen. And it would entail to 

redefine the whole model focusing on the three parameters mentioned above, what 

would imply to refine the mesh a lot reaching values of around 3 or 4 million elements. 

Due to computational limitations it was not able to be solved. In case of having more 

powerful equipment the mesh should be refined to reach values lower than 5 throughout 

the domain. Once both extra ideas are discarded, the chosen one is explained.  
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The entire model y+ field would be the following: 

 

Figure 57: y+ field 

As it can be inferred from the figure above, the worst zone is, logically, located at the 

corner the supplier is blowing into and where huge turbulent phenomena are occurring.  

When plotting y+, values larger than 5 are only seen in very small surfaces compared to 

the whole domain. 

 

Figure 58: y+ zones with values larger than 5 
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The same occurs when plotting y+ values larger than 10, what have been said to be a 

good approximation: 

 

Figure 59: y+ zones with values larger than 10 

 

The zone with large y+ is extremely small compared with the rest of the mock up. It 

would of course introduce some errors while solving turbulent equations within this 

zone. However, taking into account the main goal of this part, it is preferable to miss 

some information in the zone farther from the worker position, due to limitations, than 

in the zone where the worker is going to be located as it would happen in case of 

choosing the first explained idea. 

Hundred per cent accurately talking non solutions would be perfect but, whether there 

are some existing limitations, some approximations have to be done. 

 

4.4 Mesh quality 

It has to be checked before simulating the solution because, as it was already explained 

on the method, these three parameters, skewness, smoothness and aspect ratio strongly 

influence the convergence and solution of the model. 
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Starting from the skewness, the picture taken from Gambit shows up that most of the 

nodes performing the mesh are in skewness “0” or top quality, although the worst 

element has a skewness value of 0.518005 what is almost 0.5 which was the maximum 

objective value. 

 

Figure 60: Worst element 

 

Since there are no parameters to measure smoothness and aspect ratio quality, they were 

assessed while meshing. 

 

4.5 Temperatures 

Inside this paragraph, the temperatures obtained on the simulation and the ones coming 

from the infrared camera measurement are compared in order to validate the developed 

model within the temperature field.  

This comparison has the problem that infrared camera pictures are in 3D while the 

planes able to be represented in Fluent are just in 2D. That is why some planes at 

different distances were created, in order to try to represent exactly what the camera 

shows up. 
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This verification was based on different statements. First of all the similarity of the field 

or shape of the field and secondly a deeper detailed comparison was done to properly 

compare some key values. 

The first part compared was the flow spreading over the large wall in a zone close to the 

supplier: 

Picture (73) from infrared camera: 

 

Figure 61: Supplier from infrared camera 

The area represented by 1 is the zone above the pipe, while the line 3 represents the 

flow coming out from the supplier and area 2 the flow a bit farther from the supplier.  
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Fluent picture: 

 

Figure 62: Temperature field, z=0.08 m 

 

The picture above represents a plane at Z = 0.08 m. Its temperature range is among T = 

[290 K ; 302 K]. The blue square represents exactly the region of the plane which 

corresponds to the representation of the infrared camera picture 73 (figure 61). 

Comparing figures 61 and 62 (blue square) it is conclude that the shape is pretty similar. 

In both pictures it can be seen how the flow spreads over the wall. It can be also seen 

that above the suppliers the temperature is colder. 

For a deeper comparison between those pictures, blue square zone was enlarged and 

three points were randomly selected and compared analyzing the error between 

measures. 
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Figure 63: Figure 62 zoomed 

 

Those three points’ values and the points checked in figure 61 and 62 were included 

into the table below: 

 

 Minimum T [ºC] Maximum T [ºC] Average T [ºC] 

Object    

1 23.4 23.7 23.5 

1’ 23 23.6 23.3 

Error (%) - 1.7 - 0.42 - 0.85 

2 23.4 24.3 23.8 

2’ 23.6 24.2 23.9 

Error (%) 0.8547 - 0.41152 0.42 

3 24.2 24.8 24.5 

3’ 24.2 24.8 24.5 

Error (%) 0 0 0 

Table 4: Temperature comparison 
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Error was defined as: 

EPPÍP = (Î�ÀÏ�a+Î�ÀÏ�a′)
Î�ÀÏ�a ∗ 100   (eq. 66) 

The next zone to be analyzed is the flow over the left pressure outlet. 

Infrared camera Picture (106):  

 

Figure 64: Left pressure outlet infrared camera picture 

 

The figure chosen from Fluent to compare with figure 64 was the right low corner of a 

plane at X constant and equal to 0.01 m in a temperature range of T = [293 ; 299.5] K. 

 

Figure 65: Temperature field, x=0.01m 
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The blue square was zoomed and two points in addition to a line were drawn 

corresponding to points 4, 5 and 6 defined above. The line 6 and 6’ were created to 

represent how temperature varies over the spray created by the supplier in a zone close 

to the pressure outlet. 

 

Figure 66: Figure 65 zoomed 

 

Object Minimum T [ºC] Maximum T [ºC] Average T [ºC]  

4 22.7 23.5 23.1 

4’ 22.925 23.25 23.0875 

Error (%) 0.9911 -1.063 -0.05411 

5 25.3 26.1 25.7 

5’ 25.52 25.85 25.685 

Error (%) 0.8695 -0.957 -0.0583 

Table 5: Temperatures comparison 

 

The pictures below represent the line 6’ and the temperature distribution over it: 

The line from the picture below was split in 33 stretches where the temperatures were 

measured and plot as can be seen in figure 68. 
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Figure 67: Line 6’ 

 

 

Figure 68: Line 6’ values representation 

 

Afterwards line 6 shape is provided by Thermal Camera software and compared with 6’. 
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Figure 69: Line 6 representation 

 

It is realized from both scattered plots (figure 68 and 69) that they essentially have the 

same shape. 

Afterwards, in order to compare how temperature is distributed over the floor, picture 

65 from infrared camera was chosen. 

 

Figure 70: Floor infrared camera picture 

 

Areas 7 and 8, and point 9 were randomly chosen to be compared. 
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The Fluent plane fitting with the infrared camera picture (figure 70) above was a plane 

at a constant y = 0.1 m and a temperature range T = [295,6 ; 297,08] K.  

 

Figure 71: Temperature field, y=0.1m 

Zooming the blue rectangle: 

 

Figure 72: Figure 71 zoomed 

 

Points 7’, 8’ and 9’ are the equivalent of 7, 8 and 9. 



Confluent jets simulation for industrial ventilation. B. Fatas and L. Viguer. Högskolan i Gävle, 2012. 
 

77 
 

Object Minimum T [ºC] Maximum T [ºC] Average T [ºC]  

7 23.5 24 23.7 

7’ 23.41 23.49 23.45 

Error (%) - 0.383 - 2.125 - 1.058 

8 22.7 23.1 22.9 

8’ 22.9 22.97 22.935 

Error (%) 0.881 - 0.563 0.153 

9 22.5 22.5 22.5 

9’ 22.6 22.67 22.635 

Error (%) 0.444 0.755 0.6 

Table 6: Temperatures comparison 

 

As a last comparison within this temperature validation paragraph, X direction jet (see 

jet behaviour) is represented: 

Infrared camera picture (65): 

 

Figure 73: X direction jet infrared camera picture 
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Which fits with a Fluent plane at Z = 0.08 m and T = [295.12 ; 299.15] K. 

 

Figure 74: Temperature field, z=0.08m 

Zooming the blue square: 

 

Figure 75: Figure 74 zoomed 
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Object Minimum T [ºC] Maximum T [ºC] Average T [ºC]  

10 24 24.7 24.3 

10’ 24,14 24,34 24,24 

Error (%) - 0.583 1.457 0.247 

Table 7: Temperature comparison 

 

4.6 Air flow rate 

The mass flow rate (see calculus appendix) results from supplier are equal to: 

 

 

Figure 76: Supplier mass flow 

 

The total mass flow is equal to: 

Ë = 0.04043308 ÐO/·   (eq. 67) 

which properly fits with the theoretical mass flow rate (see appendix calculus). 

Ë = 0.040425ÐO/·  (eq. 68) 

Comparing them it can concludes that the error between them is 0.01998%. 
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Checking all the elements inside the room it is possible to see the mass imbalance inside 

the room: 

 

 

Figure 77: Mass flow imbalance 

 

It shows that the mass imbalance means that -1.11097e-04 Kg/s is the difference 

between the mass flow coming in and coming out, what represents -111.097 micro 

grams per second, i.e a negligible imbalance (0.2747 % error). 
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5. Gambit simulation results 

5.1 Velocity field 

Many complex phenomena occur during this ventilation case, due to its topology e.g. 

flow blowing to a corner, huge pressure outlets or cylindrical pipe. These features make 

the supplied jet to spread as it is going to be explained. Besides, there is another airflow 

behaviour which will be described in Airpak chapter. This is the airflow pattern 

influenced by temperature differences between the room air and the pressure outlets 

incoming air. 

With the purpose of showing how the jet behaves, its performance is divided into three 

different manners: how the large wall influences the flow, how the closest pressure 

outlet influences the flow and how it varies while spreading from the ceiling. Likewise, 

to support the explanation about jet’s behaviour far away from the suppliers, a deeper 

study in pipe’s surroundings is needed. Therefore, the flow pattern nearby the pipe is 

also commented at the beginning.  

Below each picture the parameters of the plane are explained. Umin and Umax stand for 

the minimum and maximum velocity respectively throughout the plane, although only 

the values between Umin and “Black gap” are represented. This is so because, in order 

to describe the jet’s behaviour, it is not necessary to display how its velocity changes 

from the centreline until its external limit, whereas general resolution is improved. The 

maximum velocities, which are not represented, are performed at the middle of the 

black gaps close to the wall, in the case of wall jets, and at the centre of the gap 

otherwise. 

 

5.1.1 Jet behaviour nearby suppliers 

With regards to the flow pattern close to the pipe in general, and suppliers particularly, 

several planes are showed in the next figures with constant X, Y and Z direction. These 

planes are set to cut the pipe by the middle (X, Z planes), while the Y plane cuts the 

pipe to the middle height of the suppliers’ equivalent area. 
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As it can be inferred from the pictures below, the air jet blowing from suppliers impacts 

at the highest velocities into the corner. This causes an extremely high turbulence 

phenomena thus making this area of the room almost impossible to accurately describe, 

but also divides the jet into four different streams: the two most relevant in X and Z 

directions, one more going upwards attached to the corner, and another one flowing 

downwards.  

The stream flowing in X direction will determine the wall jet while the one in Z 

direction will determine the flow nearby the closest pressure outlet (left one). 

Furthermore, it is to be said that both X and Z streams contribute to a little amount of 

airflow encircle the pipe, which will attach further downstream to the Z stream. 

The downwards stream will be spread once it hits the floor, and divided into two 

different directions, merging with X and Z streams each one, once it has avoided the 

pipe. The upward stream will develop an airflow spreading at the ceiling level, which 

will be described later on. 

As it is explained at the beginning of this section, the maximum velocities within the 

next seven pictures occur where the painted area turns black, what have been also called 

“black gaps”. Note however, that the perfect circle and rectangle represent the hollow 

pipe. Consequently it can be inferred that the maximum velocities occur where the 

velocity inlet (9.85 m/s) is placed (attached to the pipe) as well as between the corner 

and the pipe, and where the X, Z, upward and downward jets begin, i.e. attached to the 

walls. For X and Z jets, the maximum velocity (initial velocity) is 5.3 m/s, while for 

downward jet is 5 m/s and 4.8 m/s for the upward jet. Furthermore, the airflow rounding 

the pipe has velocity values between 0.11 and 1.1 m/s. The overall maximum velocity 

(9.9835 m/s which is slightly faster than inlet velocity) takes place just outside the 

ventilation supplier within a tiny area. 
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Figure 78: Diagonal view.  Umin = 0; Umax = 9.9835 m/s 

 

 

 

 

 

Figure 79: X = 0.185 m; Umin = 0; Umax = 4.363 m/s; Black gaps > 1 m/s 
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Figure 80: X = 0.185 m; Umin = 0; Umax = 4.363 m/s 

 

 

 

 

 

Figure 81: Y = 0.8 m; Umin = 0; Umax = 9.9835 m/s; Black gaps > 2 m/s 
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Figure 82: Y = 0.8 m; Umin = 0; Umax = 9.9835 m/s; Black gaps > 3 m/s 

 

 

 

 

 

Figure 83: Z = 0.185 m; Umin = 0; Umax = 3.508 m/s; Black gaps > 1 m/s 
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Figure 84: Z = 0.185 m; Umin = 0; Umax = 3.508 m/s 

 

5.1.2 Jet behaviour throughout the room 

X direction jet (wall jet) 

The best way to check the jet spreading nearby the large wall is displaying several 

planes with constant X direction. As it can be seen in the following four pictures, where 

the air flow velocity is represented 1, 2, 3 and 4 meters away from the origin, the jet, 

represented as a black gap at bottom left of the pictures, has an ever growing spreading 

angle and forms a wall jet because of the tendency of the jet to get attached to the wall. 

Other phenomena such as Coanda effect and free jet are not seen due to the topology of 

the case, which makes the jet to get attached to the wall after a pronounced turbulent 

process. Further downstream, 3 and 4 metres away from the origin, the jet starts to lose 

its momentum, thus showing a marked decay. 
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Figure 85: X = 1m; Umin = 0; Umax = 2.634 m/s; Black gap > 0.4 m/s 

 

 

 

 

 

Figure 86: X = 2 m; Umin = 0; Umax = 1.404 m/s; Black gap > 0.2 m/s 
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Figure 87: X = 3 m; Umin = 0; Umax = 0.964 m/s; Black gap > 0.2 m/s 

 

 

 

 

 

Figure 88: X = 4 m; Umin = 0; Umax = 0.907 m/s; Black gap > 0.1 m/s 
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Z direction jet (free jet) 

This jet, represented as a black gap at the bottom left of the next four pictures, loses a 

considerable amount of volume through the left side pressure outlet, which makes all 

the difference with the X direction jet mentioned above. This air stream is attached to 

the wall at the beginning (until 0.37 m away from the origin in the Z direction), and 

after losing some of its volume at the pressure outlet, follows its way into the room, 

diverting from the pressure outlet, as a free jet with an ever growing spreading angle. It 

has a major contribution from the downward jet as it can be inferred from the first 

picture. This lower jet tends to get attached to the floor as it can be seen 2 and 3 metres 

away from the starting point (second and third picture). Eventually, Z direction stream 

loses its momentum as velocity decays more and more. 

 

 

Figure 89: Z = 1 m; Umin = 0; Umax = 0.971 m/s; Black gaps > 0.1 m/s 
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Figure 90: Z = 2 m; Umin = 0; Umax = 0.427 m/s; Black gaps > 0.1 m/s 

 

 

 

 

 

Figure 91: Z = 3 m; Umin = 0; Umax = 0.279 m/s; Black gap > 0.1 m/s 
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Figure 92: Z = 4 m; Umin = 0; Umax = 0.206 m/s; Black gap > 0.1 m/s 

 

Ceiling level jets 

In addition to what has been already said, the last airflow behaviour in this section is 

described. At the beginning, there is an upward vertical jet between the pipe and the 

corner, characterized as a wall jet with high velocities and great turbulences. Once it 

reaches the ceiling it follows two main ways, analogously to what is described for X 

and Z direction jets, but both as wall jets attached to the ceiling. As it is derived from 

the pictures above, these two jets are very weak, and hence begin to decay about two 

metres away from the corner. From this point both begin to merge with each other. The 

farther from the origin, the more the jet decay. Therefore, further downstream, the air 

flow merges with other streams coming from a lower room level, while it loses its 

momentum. 

 

To sum up, the last pictures collection is shown to facilitate an easier comprehension of 

the whole airflow spread. These are pictures taken from the ceiling and pointing to the 

ground, where the overview is displayed 1, 2, 3 and 4 metres away from the floor. 
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Figure 93: Y = 1 m; Umin = 0; Umax = 9.85 m/s; Black gaps > 1 m/s 

 

 

 

 

 

Figure 94: Y = 2 m; Umin = 0; Umax = 0.513 m/s; Black gap > 0.1 m/s 
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Figure 95: Y = 3 m; Umin = 0; Umax = 0.395 m/s; Black gap > 0.05 m/s 

 

 

 

 

 

Figure 96: Y = 4 m; Umin = 0; Umax = 0.307 m/s; Black gap > 0.05 m/s 



Confluent jets simulation for industrial ventilation. B. Fatas and L. Viguer. Högskolan i Gävle, 2012. 
 

94 
 

And additional 3D images are added to show every jet at both the suppliers and ceiling 

levels, where it is seen how the airflow pattern comes from its velocity inlet source and 

is dropped out of the room by means of three different pressure outlets, behaving as 

wall or free jets. 

 

Figure 97: Umin = 0; Umax= 9.9835 m/s; Black gaps > 2 m/s 

 

Figure 98: Umin = 0; Umax = 9.9835 m/s; Black gaps > 0.1 m/s 

Once Gambit model study is finished Airpak analysis begins. 
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6. Airpak method 

In addition to what have been mentioned at the previous thesis chapter, i.e. Gambit 

method, here differences and novelties are going to be developed for Airpak modelling 

and following Fluent simulation. For common sections, please go to previous chapter. 

Within this part, flow and temperature field behaviour explanations are going to be 

carried out. Moreover the environmental quality, through thermal comfort and air 

quality parameters, for the worker is dealt with, which is the chapter’s main goal. 

 

6.1 Model description 

 

 

Figure 99: Airpak mock up 
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First of all, the room model is built by Airpak modelling toolbar as it is explained at 

Airpak appendix. Mock up dimensions are kept as in Gambit chapter, i.e. 5x5x5m (see 

Gambit chapter for further information). But instead of the cylindrical pipe used in the 

previous chapter, an approximation has been done due to computational limitations with 

Airpak meshing tool, and thus, a prism has been used as the confluent jet ventilation 

system’s pipe. The prism representing the pipe has its closest faces placed 11 

centimetres away parallel from each wall. Besides, both the worker and workbench are 

included in this model because of the modelling ease Airpak provides (see Airpak 

discussion for choosing the worker position).  

The previous figure gives an idea of the room’s distribution. The problem topology is 

defined in the figures below, where all units are in metres. 

 

 

 

 

Figure 100: View from above. 
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Figure 101:  View from right pressure outlet. 

 

 

Figure 102: Front view 

 

As it can be seen, worker and workbench are placed 3 and 2.5 metres away from the 

corner respectively, according to the conclusions drawn from the preceding chapter. 

Within this chapter, objects names are kept as they were previously defined in Gambit 

chapter while Worker and Workbench are added. 
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Figure 103: Worker position 

 

In order to properly understand the simplifications made for locating the pipe and 

suppliers, the following paragraph sketch an explanation. 

Two bound suppliers of half of the total area each were defined due to the impossibility 

of creating one with the needed tilt to directly blow into the corner.  

The area of each one is: 

� = 0.4 (ℎE1Oℎb) ∗ 0.004187(	14bℎ) = 1.6748 ∗ 10+� "G (eq. 69)  

Being the total area twice the one above: 

�PEQ = 2 ∗ � = 3.35 ∗ 10+�"G  (eq. 70) 

For a further calculus explanation check Calculation appendix. 
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These two areas are placed as follows: 

 

 

Figure 104: Pipe and suppliers representation. 

 

The figures above are not at any scale, but their purpose is to represent how the 

geometrical limitations were dealt. Each red arrow represents the flow for its 

corresponding area; one in – X direction and the other one in – Z. It means that the flow 

will not exactly be blown into the corner but it will be a good approximation, though. 

As a result of this approximation, the equivalent area (3.35 ∗ 10+� "G) taken from the 

sum of all nozzles in the real case, is represented by to rectangles of the same 

magnitude. These are placed at the bottom of the pipe from 0.6 until 1 meter what 

means a height of 40 centimetres, facing each one the walls in front of the pipe. 

 

6.2 Conformal and structured mesh 

See Gambit method section. 
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6.3 Mesh quality  

In order to check the of the created mesh’s quality, Airpak provides its own application 

to represent the amount of elements within each range from 0 to 1, being 1 a top quality 

element while 0 is the worst possible element. Mesh quality will be accepted always 

that most elements are in values close to one and the less ones are never within values 

lower than 0.15, where Airpak considers those elements severely distorted. 

 

6.4 Fluent parameters 

Most Fluent parameters were kept as defined in Gambit chapter (operating conditions, 

materials, algorithm, turbulence model and energy model). 

Hence, boundary conditions definition changed due to the two independent suppliers 

implemented within this chapter. For solving this problem, each of them was defined 

with a velocity of � = 9.85 "/· and normal to its own boundary (see Calculus 

appendix). Moreover, further from what is said at Gambit method section, worker and 

workbench temperature information is added, relying on thermal pictures taken with 

Flir camera and analyzed via Researcher software (see Researcher appendix).  

As it is stated at Thermal comfort theory section, a normal human being releases 2 met 

while standing and doing a medium effort activity, which is the standard metabolic rate 

supposed to be performed by the worker, due to his/her assigned task at the workbench. 

This metabolic rate, 2 met, is equal to 116 W/"G, and its implemented into Fluent by 

means of worker boundary conditions, in addition to its corporal temperature, i.e. 37 ºC. 

In addition, workbench’s temperature is set at 24.5 ºC. 

 

6.5 Residuals and Y plus 

These two parameters requisites are defined based on the limitations while running 

Fluent ( see Gambit method: Residuals and Y+) , but in this chapter Airpak is expected 

to provide better mesh quality, y+ and residual values, without reaching top quality 

values due to limitations. 
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7. Airpak verification 

7.1 Mesh independency 

As it was already performed within Gambit chapter, mesh independency study is carried 

out in order to choose one model which results do not depend on the mesh density. 

Three models were developed: small, medium and large; the medium was the chosen 

one (for further information read Mesh independency from Gambit chapter). 

Every model first cell was located at 2 mm. 

- Small: 370,874 elements (x, y and z maximum size equal to 0.25 m) 

- Medium: 664,936 elements (x, y and z maximum size equal to 0.09 m) 

- Large: 1,038,816 elements (x, y and z maximum size equal to 0.07 m) 

In order to carry out the mesh independency study different fields (y+, temperature and 

velocity) were represented and compared both shapely and punctually. The first 

analyzed parameter was y+: 

For “small” model the y+ values are between 0.1902 and 21.33, and its field looks like: 

 

Figure 105: y+ field 
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“Medium” model: y+ belongs to [0.192 ; 19.05]. 

 

Figure 106: y+ field 

 

“Large” model: y+ range is [0.24 ; 18.45]. 

 

Figure 107: y+ field 
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It can be inferred while comparing the three figures above that, with regards to shape, 

the three models are quite similar, although it can be already seen that the “small” one 

has quite less resolution. Punctually talking the first model highest value is 21.33, while 

in the “medium” one is 19.05 and in the “large” 18.45. The “small” one value is quite 

larger than the other two.  

Focusing now on velocity field, the planes represented will cross the worker, in order to 

see if each model can properly represent what is happening in its surroundings. The first 

plane under study was an X constant plane with X equal to 3 metres: 

Small: [0 ; 0.869] m/s. 

 

Figure 108: Small model velocity field at X = 3 m. 
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Medium: [0 ; 0.771] m/s. 

 

Figure 109: Medium model velocity field at X = 3 m. 

Large: [0 ; 0.83] m/s. 

 

Figure 110: Large model velocity field at X = 3 m. 



Confluent jets simulation for industrial ventilation. B. Fatas and L. Viguer. Högskolan i Gävle, 2012. 
 

105 
 

It can be inferred from the three velocity field figures above that both shape and 

punctual values are practically the same. The second velocity plane displayed to 

continue with this independency study is a plane at constant Z and equal to 1 metre: 

Small: [0 ; 0.8449] m/s. 

 

Figure 111: Small model velocity field at Z = 1 m. 

Medium: [0 ; 0.82] m/s. 

 

Figure 112: Medium model velocity field Z = 1 m. 
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Large: [0 ; 0.86] m/s 

 

Figure 113: Large model velocity field Z = 1 m. 

No model is selected by analysing the pictures above, due to shape and values similarity 

between all of them. 

A new velocity field plane was developed at constant Y and equal to 0.8 m: 

Small: [0 ; 1] m/s 

 

Figure 114: Small model velocity field at Y = 0.8 m. 
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Medium: [0 ; 1] m/s. 

 

Figure 115: Medium model velocity field at Y = 0.8 m. 

Large: [0 ; 1] m/s. 

 

Figure 116: Large model velocity field at Y = 0.8 m. 
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It can be noticed from the three pictures above that although the colours are a little bit 

more developed as more elements the model has, the three models can be considered 

equivalent within velocity field. 

After comparing and analyzing it, temperature field is going to be evaluated; the same 

planes represented for the velocity study will be taken into account. 

Plane at X constant and equal to 3 metres: 

Small: [295 ; 300] K. 

 

Figure 117: Small model temperature field X = 3 m. 
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Medium: [293.87 ; 300] K. 

 

Figure 118: Medium model temperature field X = 3 m. 

Large: [294.48 ; 300] K 

 

Figure 119: Large model temperature field X = 3 m. 
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It can be concluded that, even though all three models gave good and similar results for 

velocity field, it is not the same with temperature. It is seen that the first model shape 

does not suit at all with the other two models; the other two ones (medium and large) 

have a pretty similar behaviour. Before discarding the small model, planes at constant Z 

equal to 1 metre are displayed: 

Small: [295.01 ; 300] K. 

 

Figure 120:  Small model temperature field Z = 1 m. 
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Medium: [293.85 ; 300] K. 

 

Figure 121: Medium model temperature field Z = 1 m. 

 

Large: [294.48 ; 300] K. 

 

Figure 122: Large model temperature field Z = 1 m. 
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As it can be inferred from the figures above, the small model is completely discarded 

while medium and large are considered mesh independent because of their pretty similar 

behaviour and values in all the fields studied, although they are not hundred per cent the 

same (see discussion). 

 

7.2 Residuals 

 

Figure 123: Residual results. 

 

Residuals  

Continuity 5.7364e-04 

x-velocity 1.7805e-05 

y-velocity 2.2834e-05 

z-velocity 1.6479e-05 

Energy 2.7169e-07 

K 1.0859e-04 

epsilon 1.8701e-04 

Table 8: Residual numerical values. 
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As it can be realized from both the picture and table above, residual values are 

substantially lower than the ones obtained in the first chapter (see Gambit chapter: 

Residuals). As it was already said within Method part, such values were expected due to 

the cleverness of Airpak while developing the mesh, in addition to the easier geometry 

it is dealing with. Since meshing with conformal mesh makes it too hard for the 

software to make a high quality mesh in areas with cylindrical or circular volumes or 

surfaces, as it was the case on the first chapter, in this model the “cylindrical pipe” was 

exchanged for a rectangular one. 

As it was said in the method part residual values are really accepted when they get 

values lower than ten up to minus four but for energy, which it is better to reach ten up 

to minus five. It can be proved that only Continuity residual is a bit far from this value, 

while the other residuals are already in really acceptable values; increasing the 

simulation time they would probably reach lower residual values but, due to temporal 

limitations, the iterative calculus were stopped when residuals’ behaviour seemed to 

stabilize. 

 

7.3 Y plus 

When plotting y+ it is realized that values are not in the correct range, although this 

model has a much more accurate and lower values than in the first chapter. 

Y+ range now is located within the range [0.1814 ; 19.05]; as it has already been said it 

was not possible to locate the entire domain in values lower than 5 due to computational 

limitations. Representing y+ zones with values larger than 5 it can be seen that it is a 

quite small part of the room: 
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Figure 124: Y+ zones with larger values than 5. 

 

And assuming as a pretty good approximation y+ values until 10, where y+ is 

approximately equal to u+, zones within this upper limit were represented: 

 

 

Figure 125: Y+ zones with values larger than 10. 
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It can be seen from the picture above that the only zone where y+ values are larger than 

10 are where the suppliers are directly blowing to and thus a really turbulent zone. This 

zone is quite far away from the working zone, although it could affect the results 

provided for this chapter. 

Lastly, a total y+ field picture is represented: 

 

Figure 126: Y+ field. 

 

It can be seen that almost the entire volume have acceptable values unless the corner, 

where most turbulent effects are occurring. It will be further mentioned under 

discussion paragraph. 
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7.4 Mesh quality 

As it has been previously explained in the mesh quality method paragraph, Airpak 

brings its own application to check elements quality; the following three pictures will 

represent the whole range between 0 and 1 to see how the elements quality is spread. 

The left side of figure 127 represents elements among 0 quality up to 0.5 and it can be 

observed on the vertical axis that just five elements out of 664,936 are within this range, 

what means a 7.519 e-05 per cent of the total elements. The worst element has a quality 

of [0.37 ; 0.39] what means that it is above 0.15, i.e. it is accepted. 

The middle figure represents the range between 0.5 and 0.8 and it can be seen from the 

vertical axis that very few elements are located around this values. The third and last 

figure shows that almost all elements are in quality value 1, implying a really high mesh 

quality. 

 

 

Figure 127: Mesh quality. 

 

In order to represent how the mesh provided by Airpak looks like, two pictures 

representing it are shown; the first one comes directly from Airpak and represents just a 

plane at constant Z: 
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Figure 128: Airpak mesh representation (constant Z). 

It shows that on the zones where worker and workbench, pipe and suppliers are located 

the mesh is finer. 

The second picture represented was taken directly from Fluent illustration and shows 

how the mesh is along the entire domain. 

 

Figure 129: Airpak mesh represented by Fluent. 
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7.5 Temperatures 

This paragraph as it is equivalent done within Gambit chapter is used to verify that the 

simulation resulting temperatures correspond to the real ones taken with the infrared 

camera. 

As main flow characteristics were already verified in Gambit part, here just 

temperatures surrounding worker and workbench, in addition to a parallel plane to the 

left pressure outlet, are discussed. This parallel plane was chosen due to the pipe shape 

has been modified and it will be better to check that everything is working properly. 

For verifying the results Picture (118) from the infrared camera will be used: 

 

Figure 130: Worker from infrared camera. 
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The analogous Fluent plane would be a plane crossing the worker at X = 3 metres. 

 

Figure 131: Temperature field nearby the worker, X = 3 m. 

 

As it can be seen from both figures 130 and 131, comparing the zone closer to the 

worker and workbench, both temperature fields have a pretty similar distribution. 

Furthermore, a more detailed comparison is carried out to deal with some specific 

punctual temperatures and the errors between values coming from the infrared camera 

and the ones coming from simulations. 

Two random areas close to the worker and one more on the upper zone of the room 

where chosen using ThermaCam Researcher Professional 2.8 (see appendix for further 

information). 
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Infrared camera picture:  

 

Figure 132: Infrared camera selections. 

The areas represented by 1 and 2 are located on the blue squared zone on the picture 

below: 

 

Figure 133: Equivalent temperature field (X = 3 m). 
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Zooming this blue zone: 

The point 1’ represents the equivalent to 1 in the worker’s back. 

 

Figure 134: Worker’s back side temperature. 

 

Figure 135: Worker’s front side temperature. 

The 2’ corresponds to the worker’s arm-chest. 
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Object Minimum T [ºC] Maximum T [ºC] Average T [ºC]  

1 26.2 30.7 29.4 

1’ 28.285 29.23 28.7575 

Error (%) 7.958 - 4.787 - 2.18 

2 24.8 27 26.1 

2’ 25.45 26.39 25.92 

Error (%) 2.62 - 2.259 - 0.689 

Table 9: Worker temperature comparison. 

From the upper zone of the room, 3’ temperature is obtained and inserted into the table 

below. 

 

Figure 136: Upper room temperature. 

 

Object Minimum T [ºC] Maximum T [ºC] Average T [ºC]  

3 22.1 23 22.4 

3’ 21.67 22.61 22.14 

Error (%) - 1.945 - 1.69 - 1.16 

Table 10: Up zone temperature verification. 
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After checking the occupied zones’ values, the left pressure outlet zone will be verified. 

Picture 118 from the infrared camera was used again: 

 

Figure 137: Outgoing flow temperature by infrared camera. 

 

Figure 138: Left pressure outlet temperature. 
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The Fluent plane fitting with the picture above is a plane created at X constant and equal 

to 0.1 metres. 

 

Figure 139: Temperature field at X = 0.1 m. 

 

Zooming the blue zone and selecting 4’ and 5’ (the equivalents of 4 and 5): 

 

Figure 140: Zoomed temperature field at X = 0.1 m. 
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Object Minimum T [ºC] Maximum T [ºC] Average T [ºC]  

4 23.5 24.8 24.1 

4’ 24.1 25 24.55 

Error (%) 2.553 0.806 1.867 

5 22 22.9 22.5 

5’ 22.3 23.2 22.75 

Error (%) 1.363 1.31 1.11 

Table 11: Left pressure outlet temperature comparison. 

 

After these analysis the verification is accepted and finished. 

 

7.6 Air flow rate 

Mass flow rate (see Calculus appendix) results from supplier 1 (suppliera-side1) and 

supplier 2 (supplierb-side1). These are equal to: 

 

Figure 141: Suppliers’ mass flow. 

As it is logic both values are the same; half of the total each one. 

The total mass flow is equal to: 

Ë = 0.04042678 RO/·  (eq. 71). 

which properly fits with the theoretical mass flow rate (see Calculus appendix). 

Ë = 0.040425ÐO/·  RO/·  (eq. 72) 
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Comparing them it can be concluded that the error between both is 0.0044 %. 

Checking all the elements inside the room it is possible to see the mass imbalance inside 

the room: 

 

 

Figure 142: Mass flow imbalance. 

 

It shows that the mass imbalance means that - 3.57375 e - 05 Kg/s is the difference 

between the mass flow coming in and coming out, what represents - 35.7375 micro 

grams per second, i.e. a negligible imbalance (0.0884 % error). 

 

 

 

 

 

 



Confluent jets simulation for industrial ventilation. B. Fatas and L. Viguer. Högskolan i Gävle, 2012. 
 

127 
 

8. Airpak simulation results  

8.1 Velocity field 

Throughout this section the airflow behaviour is commented from the point of view of 

worker, workbench and pressure outlet influence. Only low velocity values are going to 

be displayed since the air behaviour nearby the pipe and suppliers has been already 

studied (see Gambit chapter), and thus obtaining better colour resolution.  Another 

different feature is that velocity is represented by vectors, thus revealing its direction. 

This fact let explain phenomena such as eddies (vortex), plumes and pressure outlet 

inlet airflow behaviour. 

Due to temperature difference, thus density difference, hot air tends to rise while cold 

air tends to fall. Since pressure outlet inflow has a temperature of 296 K (23 ºC) and the 

supplied air coming from ventilation is at 300.5 K (27.5 ºC), there will be a different 

airflow direction between the floor and the ceiling level as it is showed in the following 

two images. The first one, at floor level (0.1 m height) shows incoming airflow from 

pressure outlets, while the second one, at ceiling level (4.9 m height) shows outgoing 

airflow through pressure outlets. For further explanation, it is to be said that, while 

warm air rises up, it creates a depression which lead pressure outlet air to come inwards. 

 

 

Figure 143: Y = 0.1 m; Umin = 0; Umax = 0.7 m/s 
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Figure 144: Y = 4.9 m; Umin = 0; Umax = 1.2 m/s 

The next picture illustrates an overview of the phenomenon above described. Here, the 

three pressure outlets’ velocities are shown, and how their directions vary with height, 

from inwards to outwards. 

 

Figure 145: Pressure outlets velocity; Umin = 0; Umax = 1.2 m/s 
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At the middle supplier’s height (0.8 m), another image is drawn to analyse specific 

airflow behaviour like swirling air forming eddies (A and B), union of incoming air 

streams (C), mannequin influence (D) and jet deviation (E).  

The two eddies are created because of the impact of air currents with an obstacle 

(workbench). The bigger one, A, is due to an interaction between pressure outlet inflow 

and a faster air current (wall jet), while the smaller is due to pressure outlets’ air inflow. 

The faster the current, the larger the eddy.  

The next aerodynamic event (C) is the union of incoming airflow from three different 

directions (three pressure outlets) and it appears in the middle of the room, equidistance 

to each pressure outlet. It results in the lateral airflows changing their directions, from 

parallel to X axis until parallel to Z axis. 

 

Figure 146: Y = 0.8 m; Umin = 0; Umax = 1 m/s 

The fact involving the worker (D) is presented in detail in the image below. There, it is 

observed how the worker changes the airflow direction because it is an obstacle itself, 

thus the airflow tries to avoid it. Airflow behaviour is also influenced by plume 

phenomenon, which will be also observed at temperature section. The union of these 

two mean factors produce an upward airflow nearby the worker mannequin. 
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Figure 147: Z = 1 m; Umin = 0 m/s; Umax = 0.8 m/s 

The last airflow analysis is the entrainment (E) happened in the left side jet (Z direction 

jet, see Gambit chapter). The main Z direction jet is drag towards the room, changing its 

direction from parallel to Z, into parallel to X because of the action of incoming 

pressure outlet airflow. By means of this fact, Z direction jet diverts towards the worker 

mannequin, as it is inferred from the image below (velocity contour). 

 

Figure 148: Y = 0.8 m; Umin = 0; Umax = 0.8 m/s 
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8.2 Temperature field 

Following, the main temperature features occurring in the room are detailed. The first 

and second pictures illustrate the great influence of the pressure outlet temperature (296 

K). This is so due to the huge areas assigned to the three pressure outlets (around 25 "G 

each one). Furthermore, the scope of heating ventilation system can be also appreciated, 

slightly reaching the worker mannequin. It can be seen as well, that both worker and 

workbench have a relevant contribution in the temperature field. 

 

 

Figure 149: Y = 0.8 m; Tmin = 295.84 K; Tmax = 300.5 K 
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Figure 150: Diagonal across the room; Tmin = 294.86 K; Tmax = 300.56 K 

 

Both worker and workbench have associated plumes due to their higher temperatures 

compared with surrounding air. Nonetheless this analysis focuses only on the worker’s 

plume, since it is of major importance. 

The image below illustrates how the worker’s temperature (represented by the gap) 

distorts surrounding temperature field. The air in contact with the heat source (worker) 

is heated, thus moving upwards letting surrounding air to approach the heat source. This 

air movement has already been described at the previous section (velocity field), and 

verified here with temperature variation around the worker mannequin in general, and 

over its head particularly, where this phenomenon can be clearly seen. 
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Figure 151: Cross planes (Z = 1 m; X = 3 m); Tmin = 293.86 K; Tmax = 297.5 K 

 

8.3 Thermal comfort 

In order to develop a proper study of thermal comfort conditions, near zone (occupied 

zone) definition is a must. This selected volume is justified at discussion section. As it is 

observed in the next image, it is going to be analyzed as two areas belonging to different 

intersecting planes (Z = 1 m and X = 3 m). 

 

Figure 152: Near zone definition 
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8.3.1 Operative temperature 

First of all input data is brought from figures set in theory chapter. Two values are 

needed, i.e. metabolic rate and clothing insulation value. The first one has been chosen 

for a medium standing activity, which means 2 Met (116 W/"G). The second one is the 

addition of all insulation values for each cloth (briefs, T-shirt, normal trousers, thin 

sweater, socks, and shoes): 

Iclu = 0.04 + 0.09 + 0.25 + 0.2 + 0.02 + 0.02 = 0.62 Clo  (eq. 73) 

Now these values are set on the next graph to get the operative temperature. The result 

shows that operative temperature should be between 23 and 18 ºC which is inside the 

near zone temperature (23 ºC). 

 

Figure 153: Optimal operative T VS Clo and Met 

 

8.3.2 Vertical air temperature difference 

In order to evaluate the level of dissatisfied with the vertical air temperature difference, 

the temperature values at neck and ankle level are required. As it is inferred from the 

following picture, the neck temperature is 296 K (23 ºC), while ankle temperature is 

295.8 K (22.8 ºC) and hence the temperature difference is 0.2 K. Since every 
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temperature difference below 1 K means 1 % of dissatisfied, a temperature difference of 

0.2 results in PPD = 1 %, which is below the upper limit, i.e. 5 %.  

 

Figure 154: Neck and ankle zone definitions 

 

 

Figure 155: ºb´ VS Dissatisfied 
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8.3.3 Floor temperature level 

As it is stated at the method, floor temperature is set at 295 K, i.e. 22 ºC. 

 

Figure 156: Floor temperature VS dissatisfied. 

The checked floor temperature value gives a predicted percentage of dissatisfied of PPD 

= 7 %, which is an acceptable value since it is below 10 %, the upper threshold. 

 

8.3.4 Draught 

Two methods are carried out here. The first one is to check that velocity at near zone is 

not higher than 0.15 m/s for heating purposes, while the second uses a formula taking 

into account mean values for temperature, velocity and turbulence. Therefore these 

values are to be obtained from Fluent post-processing. The mean temperature, as it is 

inferred from vertical air temperature difference study, has a value of 296 K (23 ºC). 

The other data is gathered from the following two figures. It is important to note that the 

average values obtained may vary due to the calculation complexity, so approximations 

are here presented. 
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Figure 157: Near zone mean velocity. Umean = 0.27 m/s 

 

 

Figure 158: Near zone mean turbulence intensity. TImean = 11.8 % 
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It has to be pointed out that the first method requirements are not fulfilled since velocity 

mean value almost doubles the limitation. By means of the second method PDdraught 

(Predicted Dissatisfied due to draught) is calculated as:  

PDdraught = [(34 – Tm) (c" –  0.05)�.½GG�] (3.143 + 0.3696 Um TIm) =  

= [(34 – 23) (0.27 –  0.05)�.½GG�] (3.143 + 0.3696 * 0.27 * 11.8) = 18.52 %  (eq.74) 

The most relevant parts of the human body with regards to draught discomfort are the 

ankle, the waist and the neck. Therefore, velocity is measure in these places. 

Uankle = 0.12 m/s; Uwaist = 0.18 m/s; Uneck= 0.1 m/s 

These values are adequate regarding maximum velocity requirements (0.15 m/s) as it 

will be commented at discussion chapter later on. 

 

8.4 Air quality 

8.4.1 Air change rate 

In order to calculate the air change rate (ACR) a room volume has to be defined. Since 

it is illogic to take into account the whole room (5x5x5) since these values were chosen 

to define the mock up limits, another volume (4x5x2) is chosen to evaluate ACR in a 

more realistic way. The ACR depends on time so here, with the purpose of evaluate it, 

the hour is going to be time unit, thus obtaining the air change per hour (ACH). 

ACH = Air flow rate / Room volume = 118.8 / 40 = 2.97 ℎ+F  (eq. 75) 
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Figure 159: Ventilation rate VS illness leave prevalence relative. 

 

Therefore a 30 % of sick leave cases are estimated with this ACH instead of without any 

ventilation device. Moreover, relative performance is improved as it can be inferred 

from the pictures below, taking into account a ventilation rate of 33 l/s and an average 

room temperature of 23 ºC. 

 

Figure 160: Ventilation rate and temperature VS relative performance. 

The relative performance values are 1.033 because of ventilation rate, and 0.99 due to 

temperature. 
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Eventually, the Percentage of Dissatisfied with perceived air quality is obtained from 

the graph below and the ventilation rate, giving a 4 % of people dissatisfied, which is an 

acceptable value. 

 

Figure 161: Ventilation rate VS PD. 
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9. Discussion  

9.1 Limitations  

While carrying out both studies base on Gambit and Airpak modelling tools, many 

obstacles are to be overcome. The most relevant has been due to computational 

limitations, which make everything harder to manage, from building the model until 

running it in Fluent. Therefore larger RAM and CPU processors ease these processes. 

For instance, one million elements model means four days of computational time with a 

RAM capacity of 16 GB and 2.66 GHz processor, if 20,000 iterations are run.  

Since low y plus values are needed (Enhanced Wall Treatment), first cell length must 

have very small size in every wall. The most relevant walls are those belonging to the 

pipe and corner, where turbulent phenomena are of major importance. Hence, values 

around ten up to minus four (10+]) are recommended for first cell length.  

When trying to achieve adequate y plus values (around 5), the model has to be meshed 

again in order to get proper smoothness, skewness and aspect ratio values. This implies 

to shrink elements’ size, increasing mesh density. Thus, better computational features 

are required. 

Residual values are to be within ten up to minus 4 (10+]) for velocities, k, ε and 

continuity, and ten up to minus five (10+µ) for energy. Since pressure outlets have an 

important influence in these values, due to incoming and outgoing airflow, such low 

residual values are difficult to reach. A plausible strategy to decrease residual values is 

to increase the number of elements (mesh density). 

If computational requirements are fulfilled, it will be possible to achieve better mesh 

independency between models. Therefore, small differences during this analysis were 

accepted. Since Fluent acts as a “black box”, some mistakes might take place during the 

simulation. 

Eventually, in order to compare velocity field results, velocity measurements are a must. 

This is so because measurements are the most reliable facts in scientific researches.  
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9.2 Gambit 

Whilst developing the model several simplifications were assumed. The real ventilation 

system consists of 136 air nozzles of 5.6 mm diameter each. This represents a           

3.35 10+3"2 area, which has been modelled as a cylindrical section area (no confluent 

jets behaviour). Moreover pipe’s diameter is not constant in reality but it decreases at its 

middle height. 

It has to be noted that in this model it is supposed that all the airflow is equally 

distributed between all the nozzles. What is more, velocity has been set normal to 

boundary supplying area, which is an approximation to reality. Furthermore, no losses 

are considered inside the pipe, since airflow through it is skipped.  

Despite the fact that y plus and residual requirements are not fully achieved, the results 

obtained with this simulation have been correctly validated in temperature field via 

infrared camera. Since no velocity measurements are available, velocity field cannot be 

verified. Nevertheless, obtained results represent expected flow behaviour. 

 

9.3 Airpak 

Simplifications carried out with this model are related with the pipe and the workbench. 

Since the workbench is a complex machine, a prism block has been set instead of it. The 

pipe has been also represented as a prism due to Airpak modelling and operative 

restrictions. Therefore, two supplying areas are attached to the pipe instead of one, thus 

blowing each one to its opposite wall instead of the corner. This fact will distort the 

airflow’s simulated behaviour around the pipe. 

It has been taken into account that the studied indices as well as velocity and 

temperature fields will be strongly modified by worker and workbench presence. The 

occupied zone, also known as near zone, is studied and set where two planes intersect 

(one three meters away from the origin in X direction and the other 1 metre away in Z 

direction). This is so because this area has adequate velocity and temperature values for 

comfort purposes, but also due to its strategic position between the most relevant jets (X 

and Z direction jets), which will be attracted by the mannequin (worker) as it is earlier 
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described in results section. Comfort parameters will be also influenced by pressure 

outlets’ incoming airflow.  

It has to be borne in mind that due to the difference between supplying area an outlet 

area (which is 21,835 times bigger), the incoming and outgoing airflow through outlets 

has a major impact in the drawn results. This is also due to large velocities and mass 

flow provided by pressure outlets, at room’s half bottom part. 

Even though residuals and y plus have better values than Gambit simulation, there are 

some areas within the model where y plus is larger than 5, while every residual reach 

ten up to minus 4 (10+4) but energy (10+6). 

With regard to temperatures the simulation provides, as it is checked at verification 

section, that the attained results fit with measurements taken at the company. The 

represented velocity field accurately illustrates every expected phenomenon such as 

eddies or entrainment among others earlier commented. Likewise plume is also 

observed in both temperature and velocity field.  

Since Fluent post-processing works by planes, the chosen areas for thermal comfort 

analysis are a required simplification due to the complexity of studying a volume plane 

by plane. 

At the operative temperature section, the clothing and metabolic rate values may vary 

depending on the worker’s activity and dress. So the results could be slightly different, 

and the presented results are to be considered as approximations. 

While gathering data after simulation, averages are needed for temperature, velocity and 

turbulence intensity. These averages have been done by checking different values in 

different planes, but should be calculated with specific software in order to get reliable 

values. On the other hand, the thermal comfort standards verification has been carried 

out through tables and charts usage, which might introduce some errors. These 

simplifications may slightly vary the results. 
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10. Conclusions 

10.1 Results 

From Gambit model simulation it is concluded that ventilation’s airflow is properly 

spread, developing several jets such as so called X direction jet (wall jet) and Z 

direction jet (free jet) which are the most relevant. The airflow, in general terms, suits 

with the expected behaviour as it is illustrated in the image below. 

 

Figure 162: Umin = 0; Umax = 9.9835 m/s; Black gaps > 0.1 m/s 

The simulated temperature field (right side) fits adequately with the infrared camera 

measured temperatures (left side), as the following picture shows. Both nearby and 

away from supply zone, represent similar temperature values. 

 

Figure 163: Empty room left pressure outlet temperature comparison 
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As an overall conclusion about Gambit model it has to be said that the model has been 

considered adequate for further analysis with Airpak. 

Within Airpak simulation, several conclusions are drawn. The first one is that airflow 

behaves logically, i.e. coming inside the room at the lower half (low temperature) and 

going outside the room at the upper half (high temperature), as it is inferred from the 

figure below. 

 

Figure 164: Pressure outlets velocity; Umin = 0; Umax = 1.2 m/s 

 

As it was expected, the worker mannequin generates a plume due to temperature 

difference, resulting into rising heated air, as the following picture represents. 
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Figure 165: Cross planes (Z = 1 m; X = 3 m); Tmin = 293.86 K; Tmax = 297.5 K 

As it was done with Gambit model, airflow behavioural analysis and temperature 

verification imply that Airpak model works properly. 

With regard to thermal comfort, it has to be pointed out that near zone temperature     

(23 ºC) fits with the operative temperature range (18 – 23 ºC). Since this value is very 

tight, it is recommended to reduce heating ventilation temperature throughout the 

company. 

The perceived air quality (PD = 4 %) as well as other indicators, gives PD values below 

10 %, which means that ISO 7730 is fulfilled.  

From draught analysis it is inferred that values in occupied zone are slightly faster 

(Umean = 0.27 m/s) than the recommended value (0.15 m/s). Due to working activity, 

faster velocity values are considered correct while air velocity in the neck (0.12 m/s), 

waist (0.18 m/s) and ankle (0.1 m/s) are equal or lower than 0.15 m/s. Since velocity at 

waist level is higher than acceptable, it is suggested to reduce ventilation velocity. 
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Figure 166: Z = 1 m; Umin = 0 m/s; Umax = 0.8 m/s 

 

Likewise it is recommended to the company to reduce ventilation temperature and 

velocity, thus increasing comfort perception and reducing energy consumption. 

 

10.2 Suggestions of continuation 

In order to continue a research with this thesis as a starting point, several improvements 

are recommended. The main one is obviously the number of iterations, because the 

more iterations, the more accurate results. This improvement depends just on the 

available computer’s capacity as well as on time.  

Mesh improvement will give more accurate results to the analysis. First of all, the first 

cell size has to be reduced to reach y plus values below 5 throughout the model. Then 

the remaining mesh will be performed considering proper aspect ratios as well as 

skewness and smoothness values.  

Results can be also extended by means of concentration of species analysis. While 

setting it in Fluent or Airpak, it is possible to carry out a deeper study on the ventilation 

system performance, as it is mention in theory chapter, involving the calculation of 
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parameters such as mean age of air, air exchange index, ventilation effectiveness for 

contaminants removal and finally, the air distribution index.  

Given that radiation has not been taken into account, radiation asymmetry analysis has 

not been able to be carried out. Consequently in order to have a deeper study on thermal 

comfort parameters, this model has to be considered.  

With regards to room physical properties, more realistic results will be drawn if the real 

materials are added to Fluent, as well as realistic temperatures distribution in the walls 

and pressure outlets, instead of constant values. 

In order to reduce pressure outlet’s influence, it is suggested to place them farther from 

the supply and occupied zone, or try to shrink them. 

Furthermore, instead of calculating thermal comfort parameters by hand, it is 

recommended to use specific software for this purpose. 

Eventually, velocity measurements are strongly recommended to guaranty proper Fluent 

results as it is done for temperature field.  
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Appendix 1: Calculations. 

Supplying area, equivalent area, velocity and Reynolds number: 

The supplying original area was performed by 136 small nozzles of 5.6 mm diameter 

what means an area of: 

� = 136ÑPG = 136 ∗ Ñ ∗ (2.8 ∗ 10+�)G = 3.3496 ∗ 10+�"G ≃ 3.35 ∗ 10+�"G (eq. 1) 

�% = ^
F�½ = 2.4632 ∗ 10+µ"G  (eq. 2) 

An equivalent area of 3.35 ∗ 10+�"G was created instead of the nozzles. 

In order to calculate the supplying velocity it was supposed that the airflow was equally 

distributed between nozzles. 

The original airflow rate in the entire pipe and for each nozzle will be: 

Ë© = 33 t/· (eq. 3) 

 

Ë = Ë© ∗  = 0.040425 ÐO/· (eq. 4) 

 

Â© = ��
F�½ = 0.24264 t/· (eq. 5) 

 

Â© = � ∗ �% = 0.24264 ∗ 10+� "�/· =  � ∗ 2.4632 ∗ 10+µ (eq. 6) 

 

� = 9.85 "/· (eq. 7) 

This velocity will be set as the velocity for the equivalent area. 

Reynolds numbers for this model is equal to: 

 

[ℎ = ]^
_ = �.�F�]

�.¨F½¹ = 0.0164" (eq. 8) 
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VE = ��Ó
Ô = F.GGµ∗Õ.¨µ∗�.�F½]

F.¹¨Õ]∗F�Ö« = 11058.81 (eq. 9) 

As it was explained during theory, Reynolds numbers larger than 2000 are considered 

turbulent. 

Temperature verification (ºC) and charts: 

1 23,4 23,7 23,5 

1' 23 23,6 23,3 

Error (%) -1,70940171 -0,42194 -0,85106383 

2 23,4 24,3 23,8 

2' 23,6 24,2 23,9 

Error (%) 0,854700855 -0,41152 0,420168067 

3 24,2 24,8 24,5 

3' 24,2 24,8 24,5 

Error (%) -4,4042E-14 4,3E-14 0 

4 22,7 23,5 23,1 

4' 22,925 23,25 23,0875 

Error (%) 0.9911 -1,063 -0,054 

5 25,3 26,1 25,7 

5' 25,52 25,85 25,6850 

Error (%) 0,869565217 -0,95785 -0,058365759 

7 23,5 24 23,7 

7' 23,41 23,49 23,45 

Error (%) -0,38297872 -2,125 -1,054852321 

8 22,7 23,1 22,9 

8' 22,9 22,97 22,9350 

Error (%) 0,881057269 -0,56277 0,152838428 

9 22,5 22,5 22,5 

9' 22,6 22,67 22,6350 

Error (%) 0,444444444 0,755556 0,6 

10 24 24,7 24,3 

10’ 24,14 24,34 24,24 

Error (%) -0,58333333 1,45749 0,24691358 

Table 1 
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The error is defined as: 

rPPÍP(%) = (Î�ÀÏ�a)×+Î�ÀÏ�a
Î�ÀÏ�a ∗ 100 (eq. 10) 

 

Comfort parameters: 

Clothing insulation: 

Iclu =  0.04 +  0.09 +  0.25 +  0.2 +  0.02 +  0.02 =  0.62 Clo (eq. 11) 

 

PDdraught: 

PDdraught = [(34 – Tm) (Um – 0.05)^0.6223] (3.143 + 0.3696 Um TIm) = 

= [(34 – 23) (0.27 – 0.05)^0.6223] (3.143 + 0.3696 * 0.27 * 11.8) = 18.52 % (eq. 12) 

 

Air change rate: 

The volume defined for calculating ACH is equal to (4x5x2) "3. 

ACH = Air flow rate / Room volume = 118.8 / 40 = 2.97 1/h (eq. 13) 
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Appendix 2: Gambit meshing tool. 

 

Gambit is the meshing tool selected for the first simulation carried out; in this 

simulation worker and workbench are not included due to the really big difficulty of 

creating enough accurate mesh. 

During this appendix every measured without units specification will be metres. 

The model design is 5x5x5 "3. 

Opening Gambit: 

 

Figure 1 

Figure 1 shows the main menu Gambit has. 

Before starting making the mock up, just say that some extra lines, planes and volumes 

will be defined for meshing purposes, in order to get conformal mesh. 
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- 1. Create a parallelepiped basing on the C_sys 1 (the initial coordinate 

system already provided by the program) of X = 0.37, Y = 5, Z = 0.37, 

where the supplier will be later developed and on +X, +Y, +Z direction. 

 

Choose create volume and write the width, depth and height: 

 

 

- 2. Create a coordinate system C_Sys 2: 

 

2.1 When creating a C_Sys, it is defined by three points that have to be 

defined: 

Those points are: 

Origin: 0.185, 0.5, 0.185. 

X axis: 0.2, 0.5, 0.185 

XY axis: 0.2, 0.6, 0.185 
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Figure 4 

 

2.2 After creating the three points, create the coordinate system: 
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- 3. Create the cylinder: 

 

From the same menu the parallelepiped was created (create volume), keep 

right mouse button pressed and change to cylinder. 

Create it with C_sys2 as origin and on Y positive direction. 

 

Height:  4.5 

Radious1 = Radious2 = 0.075 
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- 4. Subtract the cylinder from the parallelepiped to get just one volume. 

 

Use boolean operation menu: 

 

 

 

- 5. Create the faces where the suppliers are going to be located: 

5.1 Two arcs have to be defined;  before creating the arcs their centrums are 

needed. ( Create-line-arc). 
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- 6. Once the arcs are created, define the lines uniting the vertexes and create 

the faces performed by those lines: 

6.1 Create the lines: 

 

 

6.2 Create faces: 

 

Choose create faces by edges: 
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- 7. Attach the faces to the face surrounding the cylinder, to make it belongs to 

the volume: 

From split faces menu, split those two faces from the cylinder one. 

 

 

As can be seen on the figure above, everything is green what means that it is 

already belonging to the volume. 

 

- 8. Create on the top of the rectangle 2 diagonals and get the intersection 

points by spliting edge with edge.  

 

Create the lines and split edge with edge getting the intersection points, 

afterwards create lines among those 4 intersection points and the four 

vertexes (corners) of the top face: 
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- 9. Create four vertexes at a height of 0.5 m, one in each of the vertical lines 

and split those into two lines one of 0.5 m and the other of 4.5 m. 
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- 10. Create the faces and split them from the faces behind them in order  to 

get two individual faces: 

 

 

 

As it can be seen on the figure above, the lateral faces of the volume are split 

into 2 different faces, belonging both to the unique volume. 

 

- 11. Repit step 8 but on the plane located at 0.5 m. 

 

 

Figure 24 
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- 12. Unit the vertexes created on the top of the cylinder with the ones created 

on the step 11 (create line by vertexes): 

 

 

Figure 25 

 

Always that a cylinder is created two points are created by default, one on 

the base and one on the top; those are also united. 

 

- 13. Create the surfaces defined by those lines and split them to the orignal 

one in order to divide the surrounding face  into 5 different faces: 

 

 

 

Figure 26 
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- 14. Create auxiliar faces at the suppliers faces height: 

 

14.1 Create the arcs: 

 

 

 

 

14.2 After that,  split the big arc with the vertical lines to get the intersection 

vertexes. With these vertexes split the vertical line in two parts. 

 

 

 

Figure 29 
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14.3 Repeat the process for the 0.6 height. 

 

 

14.4 Create the faces formed by those new arcs and their correspondient 

vertical lines. Then split them from the face they are located at. 
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- 15. Create the faces defined by the lines created in steps 8 and 11 and the 

diagonal faces: 

 

 

- 16. Split the faces created in step 15 from the top face of the volume. Create 

the lateral volumes in order to divide the main volume in 4 equal volumes:  

 

 

 

- 17. After creating those points there are 5 existing volumes: the numbered 1, 

2, 3, 4 and one fifth volume which includes all of them and the bottom of the 

volume. In order to split this main volume into the four individuals and the 

bottom one , split the volumes: 
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Hereafter volumes 1, 2, 3 and 4 will be called lateral volumes while the 

bottom one will be called “bottom”. 

 

- 18. Create a prism centred on the bottom volume. Before creating it, its 

appropiate coordinate system is defined. 
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- 19. Make the four diagonal lines on the bottom of the volume “bottom”, 

create the faces performed by this diagonals and their corresponding lines. 

Afterwards split those 4 faces and the bottom face of the prism from the 

bottom face of the “bottom”: 

 

 

Figure 39 

 

- 20. Strech the lines created in step 11 until the corners of the top face of the 

prism. Then define the faces performed by those diagonals and the 

corresponding arc and prism’s edge.  

 

 

- 21. Split them and the top face of the prism from the bottom face of the 

cylinder and define the lateral volumes as it was made on step 16 (but 

keeping the cylinder), getting as a result 4 lateral volumes, the prism and one 
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big volume containing all of them. Split the five volumes from the big one to 

just have 5 independent volumes: 

 

 

Figure 41 

- 22. Create the three external volumes by creating its corresponding points, 

edges and faces: 

 

 

Figure 42 
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- 23. Split each of the three faces created on step 6 into 4 (mid height and mid 

width): 

 

 

Figure 43 

 

The three faces created at the begining where split into 12 equal ones, 6 of 

them from 0.8 metres to 1metre and the other 6 from 0.6 metres to 0.8 

metres. 

 

- 24. In order to reach desirable y+ values, every edge perpendicular to the 

walls including floor, ceiling, supplier and the diagonals created on the top 

of the cylinder and on the bottom were split up to get adequate first node 

length. 

 

Every  edge performing vertical lines was split at its beginning and end with 

a vertex at 3 mm. Only the first cell of the cylinder was split up at 5mm: 
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- 25. Final model: 

 

Figure 46 
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After drawing the model, the next step will be to define the contour conditions: 

- 26. Contour Conditions: 

 26.1 Boundary types: 

 

- Velocity inlet: Suppliers. 

 

- Pressure outlets: room outlets. 

 

- Walls: corner, large wall, ceiling and floor. 

 

- Interiors: faces separating volumes that do not exist on reality. 

 

 

Figure 47 
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As an example: 

Suppliers: 

 

26.2 Continium types: 

On this part, select if the volumes are fluid or solid. In this simulation every 

volume is fluid. 

 

Figure 50 
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- 27. Once the whole geometry and all boundary conditions are defined the 

volumes are meshed. 

 

27.1 Meshing edges: 

 

Mesh the small edges created on step 24 by just putting a node in the vertex: 

 

 

 

Afterwards mesh the rest of the edges: in this case every edge was meshed 

at: 

 

Succesive ratio 1. 

Spacing: 0.025 m (interval size). 
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Figure 53 

 

The edges located within the big volumes were meshed at : 

 

Succesive ratio : 1.1  

Spacing: 32. (interval count) 

Figure 54 
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Once every edge is meshed, the faces are meshed: 

 

Now every face is meshed: 

 

Figure 57 
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The last step is meshing the volumes. 

27.3 Meshing volumes: 

 

Elements: Hex 

Type: Map 
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- 28. After finishing the model, check that there are not double volumes, faces, 

lines nor vertexes. 

 

Figure 60 

 

- 29.Check the mesh quality and the worst node: 
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Figure 63 

 

In order to verify the mesh independency between models, two other models 

were performed with Gambit; every step was the same unless 27.1. 

 

- 2º model called 0.03: 

 

Succesive ratio 1  

Spacing: 0.03 m (interval size). 

 

And for the other edges: 

 

Succesive ratio : 1.1  

Spacing: 45 (interval count). 

 

- 3º model called 0.02: 

 

Succesive ratio 1  

Spacing:0.02 m (interval size). 
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Succesive ratio : 1.1  

Spacing: 25 (interval count). 

 

- 30. Save the model and export  MESH: 

 

 

Figure 64 

 

Read the model with Fluent (see Fluent appendix). 
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Appendix 3: Airpak meshing tool. 

 

The 3.0.16 Airpak version is going to be used in this thesis because of its user friendly 

environment. Therefore, both the worker and the workbench are included within this 

model to generate the mesh. 

- 1.First of all, the program is opened, and a default room appears as it can be seen 

in the picture below: 

Picture 1 

 

- 2. Set mock up properties: 

By double click on the room icon, their properties can be set. Then, geometry input data 

is established for the room: 
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Picture 2 

 

In order to add components and devices to the model, click on the icons on the vertical 

toolbar at the right of the room icon. For the workbench and pipe, the first on this list is 

used, i.e. “create blocks”, while for creating the worker the “person” icon is clicked; the 

“wall” icon is used for creating large wall, corner, ceiling and floor, and finally, the 

“opening” icon is used for adding pressure outlets and suppliers, which will represent an 

approximation to the confluent jet nozzles, with their equivalent area.  

Analogously to how the room size is set, the rest of the stuff can have their geometry 

and position set: 

 Xi – Xf (m) Yi – Yf (m) Zi – Zf (m) 

Floor 0 – 5 0 – 0 0 – 5 

Ceiling 0 – 5 5 – 5 0 – 5 

Large wall 0 – 5 0 – 5 0 – 0  

Corner 0 – 0 0 – 5 0 – 0.37 

Pipe 0.11 – 0.26 0.5 – 5  0.11 – 0.26 

Workbench 2.5 – 3.5 0 – 1.1 0 – 0.8 

Supplier A 0.11 – 0.11 0.6 – 1 0.11 – 0.114188 

Supplier B 0.11 – 0.114188 0.6 – 1 0.11 – 0.11 

Pressure outlet 1 5 – 5 0 – 5 0 – 5 

Pressure outlet 2 0 – 5 0 – 5 5 – 5 

Pressure outlet 3 0 – 0 0 – 5 0.37 – 5 

Table 1 
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Where subscript i stands for initial and f for final. The worker has a different setup 

though: 

 

Picture 3 

 

All these parameters are set, resulting in the following model: 

Picture 4 
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- 3. Modify temperature values for Fluent: 

Since the simulation iterations will be run through Fluent CFD, the thermal properties 

and boundary conditions of the elements, as well as the solution parameters, will be set 

later on by Fluent. In order to make Fluent recognise the model properly, every element 

has to have some input data different from established by default. Hence, every 

temperature has been changed regardless the value. 

 

- 4. Mesh development: 

Once the model is built is time to mesh. First of all meshing priorities are given to every 

element. Afterwards, click on the meshing icon at the top toolbar. When it is clicked, 

the mesh menu appears. Then “coarse” option is chosen, whereas the rest of parameters 

are set by default, and afterwards, click on “generate mesh”. 

 

Picture 5 
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Picture 6 

In order to mesh properly, the value in Z and X for “minimum gap” is changed to 1e-4 

and then click again on “generate mesh”. This is due to the small width of both 

suppliers’ area. 

Then the maximum sizes and initial height are chosen to get a better mesh, especially at 

the first cell of each surface, where turbulence requires finer mesh, and the mesh is 

generated again. Then, at the object parameters edition, some meshing requirements are 

set individually for large wall, pressure outlet 1 and the pipe, in order to have a more 

accurate mesh where it is required. 

 

Picture 7 
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Picture 8 

- 5. Mesh representation: 

The mesh can be seen by clicking on the display label. In order to check it, several 

planes can be created. 

 

Picture 9 
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Picture 10 

 

Picture 11 
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- 6. Mesh quality verification: 

To verify the mesh quality, click on quality label and set the range to see the elements’ 

quality. Below 0.15 there will be problems with the mesh, but as it is seen the great 

majority is above 0.9, and there is no element below 0.4. 

 

Picture 12 

- 7. Models definition, energy and turbulent models are clicked. Gravity is 

activated too. 

By clicking on “basic parameter”, the solution options can be chosen. There, 

temperature, turbulence model and gravity are chosen, keeping the other parameters as 

default, as it is shown in the figure below. 
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Picture 13 

 

- 8. Check the model: 

Then, the model is check and it is realized that there are no problems with the model. 

Picture 14 

- 9. Run the model for a few iterations and save it in order to upload it in Fluent. 

Once solving settings are fixed, a few iterations are run, and the case is finally saved. It 

has to be point out again that these settings will be checked and reset with Fluent, 

because there are usually problems with the exported file’s parameters. 
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Picture 15 

 

 

Picture 16 
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Picture 17 

 

- 10. Mesh independency study 

 

For the mesh independency study, two other models were created with exactly 

the same geometry and most parameters, only the maximum cell size was 

changed, what means different amount of elements: 

 

Small: Max x, y, z size equal to 0.25 metres; 370,874 elements. 

Medium: Max x, y, z size equal to 0.09 metres; 664,936 elements. 

Large: Max x, y, z size equal to 0.07 metres; 1,038,816 elements. 

 

The one selected was the medium one. 

 

Now the model is ready to be opened with Fluent (see Fluent appendix). 
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Appendix 4: Fluent simulating tool. 

 

Fluent is the tool chosen for simulation and post-processing. Both models, the one 

coming from Gambit and the one coming from Airpak will be run here.  

Start Fluent: 

The first screen available is the figure below which allows choosing the case that is 

going to be run. In this case 3ddp is going to be run, meaning 3D case with double 

precision solver. 

 

Figure 1 

 

 

 

 

 

 

 



Confluent jets simulation for industrial ventilation. B. Fatas and L. Viguer. Högskolan i Gävle, 2012. 
 

193 
 

Once started, the main menu looks as follow: 

 

Figure 2 

The case developed in this appendix is for heating case.  

- A. This fist part of this appendix is based on Gambit mesh: 

 

- 1. The first step is reading the mesh exported from Gambit (see Gambit 

appendix). File “name”.msh. 

 

Figure 3 
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The program will upload the mesh into its memory and will show it up: 

 

Figure 4 

What means that there has not been any problem while reading the mesh.                            

- 2. Check that the grid is correct: 

Grid-Checking:  

In case everything is ok, there will not appear any error whilst checking the mesh. In 

case there is any error nothing will be able to be done with this model. 

 

Figure 5 
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Figure 6 

- 3 .The next step is to define the Models that are going to be used, in this thesis 

the models used are energy and viscous. 

 

 

Figure 7 



Confluent jets simulation for industrial ventilation. B. Fatas and L. Viguer. Högskolan i Gävle, 2012. 
 

196 
 

Starting for Energy model, just check energy equation, what activates the option to 

choose temperatures from every surface and will let display the temperature fields. 

 

 

Figure 8 

 

Viscous: The chosen model in this part is K-ɛ RNG Enhanced Wall Treatment: 

 

By choosing Enhanced Wall Treatment, Y+ value will have to be into the range of 0 to 

5, it will not be possible to reach this range everywhere due to some limitations. The 

values written on the right picture are kept as default. 
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- 4. Materials: 

Materials are kept as default, air and aluminium. 

 

 

Figure 11 

- 5. Check gravity force as -9.81 ÀÈ2 in Y direction from Operating conditions: 
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- 6. Define boundary conditions: 

 

By clicking on Set, the boundary conditions’ properties can be modified. 

Suppliers: 

 

 

Figure 16 
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The velocity magnitude is 9.85m/s, normal to boundary and the temperature in the 

heating case will be 300.5 K. Other values are kept as default. 

The rest of the fixed temperatures were: 

Floor: 22 °C 

Ceiling: 24 °C 

Large wall: 24 °C 

Corner: 24 °C 

Supplier: 27.5 °C 

Cylinder (wall): 24.5 °C 

Pressure outlets: 23 °C 

Backflow Turb. Kinetic Energy (m2/s2) is changed from 1 to 0.1 and Backflow 

temperature is fixed at 293 K. 

- 7. The next step is to choose the solving algorithm, under-relaxation factors and 

discretization order from SOLVE-Solution. 

 

 

Figure 17 

The algorithm used was SIMPLE. 
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From the beginning Relaxation factors were reduced to one third of its default value. By 

reducing them the convergence might be faster. 

The chosen discretization order was Second order Upwind for all the parameters. 

Figure 18 

 

- 8. Residuals: 

 

The residual values come as default as 10+3 what was changed to 10+5. And Plot option 

was activated. 
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- 9. Initialize the problem: 

To initialize the problem, some Initial Values have to be fixed, those ones can be 0 

everywhere as default or can be chosen from where you want to initialize it from. The 

initial values were the ones coming up from choosing Suppliers from “compute from”. 

 

Figure 21 

- 10. Iterate: 

Select the number of iterations it is going to run for. 

 

The number of iterations needed is not a fixed value but it depends when it gets 

convergent. 
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After the problem is converged, some post-processing tools were used: 

- 11. Create a surface, line or point: 

 

This tool is used to create planes and represent the flow and temperature behaviour over 

them. 

- 12. Contour plots: within this section y+, velocity and temperature fields can be 

represented and studied both in the new planes created in step 11 or in the main 

features of the model (wall, corner...). 
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In addition to contour, velocity vector field can be also represented as it can be 

seen from picture 26, vectors menu. 

 

- B. Simulation of Airpak model: 

In order to be able to simulate Airpak model into Fluent it has to be first started 

with Airpak; run some iterations and save “name.cas”, afterwards read directly 

case and data with Fluent and follow the same instructions defined for Gambit 

model. 
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Appendix 5: ThermaCAM Researcher Professional 2.8 

 

ThermaCAM program has been used for two different purposes within this thesis. The 

first one for setting the element temperatures and the second one to accurately prove 

that the field temperatures obtained from simulations suited with the ones coming from 

the infrared camera. 

The main goal of this program is to load pictures taken from the infrared camera and 

provide exact temperatures in the zones of interest. The main screen of the program is 

represented by the picture below: 

 

Figure 1: main screen 
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Once the program is opened, the next step is loading the pictures from: 

Image-Open: 

 

Figure 2: pictures loading 

Select the pictures needed and add them. 

After loading the pictures it lets to change the temperature range in order to represent 

them on the required range and also change the color scale to suit it with the Fluent 

pictures. 

 

Figure 3: main menu options. 
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The picture below represents the colour scales available. 

 

Figure 4: Colour palette. 

 

On the left hand side of picture 3, a vertical menu for selecting surfaces is available. It 

allows to create points, lines or surfaces inside the picture, providing the temperature 

values of the selected zones. 

 

 

Figure 5 
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After explaining a bit how the program works, it will be used for choosing the different 

zones temperatures. All the following represented pictures were taken in the company. 

Pipe and supplying temperature: 

 

Figure 6 

The rectangle represents the pipe temperature while the maximum temperature of the 

picture will be chosen as supplying temperature. 

Large wall and ceiling: 

 

Figure 7 
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Large wall temperature corresponds to the one framed into the white square; as there are 

not available pictures of the ceiling and corner, their temperatures are fixed the same as 

the large wall. 

Floor: 

 

Figure 8 

The bottom left white squared zone represents the floor temperature. 

Pressure outlets: 

 

Figure 9 

The framed zone represents the pressure outlet temperature. 
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Workbench: 

 

Figure 10 

The squared zone represents the average workbench temperature. 

Summing up the results coming up from the infrared camera pictures, a chart will be 

performed: 

Element Temperature(ºC) 

Pipe 24.5 

Supplier 27.5 

Large wall 24 

Ceiling 24 

Corner 24 

Floor 22 

Pressure outlets 23 

Workbench 24.5 

Table 1: Temperature selection. 
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Appendix 6: Extra theory equations. 

 

Momentum equations: 

Ø(�)
Øb + div(ρwu)) = Ø(−3 + #��)

Ø� + Ø(#��)
Ø� + Ø(#��)

Ø� + !"� 

Ø(�)
Øb + div(ρvu)) =  Ø(#��)

Ø� + Ø(−3 + #��)
Ø� + Ø(#��)

Ø� + !"� 

Ø(	)
Øb + div(ρwu)) =  Ø(#��)

Ø� + Ø(#��)
Ø� + Ø(−3 + #��)

Ø� + !"� 

 

Navier-stokes equations 

Ø(�)
Øb + div(ρuu)) =  − Ø3

Ø� + 41� (μ OPQ4 �) + !"� 

Ø(�)
Øb + div(ρvu)) =  − Ø3

Ø� + 41� (μ OPQ4 �) + !"� 

Ø(	)
Øb + div(ρwu)) =  − Ø3

Ø� + 41� (μ OPQ4 	) + !"� 
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Time-averaged Navier-Stokes equations: 

41�(cc�) = − �_
�� +  41�(μ OPQ4 c) + [− �(��×s))))))

�� − �(��×�×)))))))
�� − �(��×�×))))))))

�� ] +
!k�  

41�(¼c�) = − �_
�� +  41�(μ OPQ4 ¼) + [− �(��×�×)))))))

�� − �(��×s))))))
�� − �(��×�×))))))))

�� ] +
!kl  

41�(Ûc�) = − �_
�� +  41�(μ OPQ4 Û)+ [− �f��×�×)))))))i

�� − �f��×�×)))))))i
�� −

�(��×s)))))))
�� ] + !kÜ    

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 


