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Abstract 

This thesis presents a study of the cooling process of a solid block performed by a turbulent 

air flow channel. The study focuses on the turbulent flow and its influence in the heat transfer 

of the block. 

The first part of the thesis is an analysis of the different turbulent model and their adaptation 

on the necessities of this study. Once the turbulent model has been confirmed it makes a study 

of the behavior of the cooling process by CFD (Computational Fluid Dynamics), and an 

analysis of the numerical accuracy of this computational study. 

When the procedure of the study of the cooling process is defined it proposes some different 

variations in the initial solution to improve this process. The study concentrates in variations 

of the turbulence and the geometry of the studied block.  

Finally, the different improving are discussed analyzing parameters as the heat transfer, 

pressure drop, time consuming or energy consuming.  
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1. Problem under consideration 

This thesis studies the behavior of the cooling system of an industrial oven. It is an industrial 

oven from the Sanvik factory that works at high temperature and it needs to be refrigerated in 

the minor possible time. The ultimate goal of this thesis is analyze which kind of 

improvements can be done in the cooling system to reduce this time. 

The cooling system is performed by air convection; therefore it is not studying only the 

behavior of a solid block but also a fluid. To do a specific study of this process it needs to use 

a CFD (computational fluid dynamics) software, since it is the unique tool that allows to do a 

simulation of the process. The CFD software used in this thesis is Fluent.  

As it is impossible to do a complete study of the whole oven due to its dimensions, it studies 

only the behavior from one piece of the oven as an example of the methodology for all the 

pieces. Besides this, it makes a simplification of the block with the same physical properties 

to facilitate the task of making the model and the calculations. 

The cooling process begins from 400ºC. This decision is taken because a too fast cooling of 

the material over this temperature could change its physical properties. Then, the study of the 

cooling of the block is performed from 400ºC until reaching a temperature near to 

environment of 40ºC. 

Firstly the block is modeled and it makes an appropriate mesh for running the simulation. 

Then, it analyzes all the necessary steps to run a satisfying simulation. Finally, it modifies the 

initial model to try to improve the cooling system and reduce the duration of this process. 
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2. Introduction to Computational Fluid Dynamics (CFD) 

Flows and related phenomena can be described by partial differential (or integro-differential) 

equations, which cannot be solved analytically except in special cases. To obtain an 

approximate solution numerically it has to use a discretization method which approximates 

the differential equations by a system of algebraic equations, which can then be solved on a 

computer. The approximations are applied to small domains in space and/or time so the 

numerical solution provides results at discrete locations in space and time. Much as the 

accuracy of experimental data depends on the quality of the tools used, the accuracy of 

numerical solutions is dependent on the quality of discretizations used.  

Contained within the broad field of computational fluid dynamics are activities that cover the 

range from the automation of well-established engineering design methods to the use of 

detailed solutions of the Navier-Stokes equations as substitutes for experimental research into 

the nature of complex flows. At one end, one can purchase design packages for pipe systems 

that solve problems in a few seconds or minutes on personal computers or workstations. On 

the other, there are codes that may require hundreds of hours on the largest super-computers. 

The range is as large as the field of fluid mechanics itself. Also, the field is evolving so 

rapidly that it runs the risk of becoming out of date in a short time. 

2.1 Possibilities and Limitations of Numerical Methods 

Some problems associated with experimental work are easily dealt with in CFD. For example, 

if it wants to simulate the flow around a moving car in a wind tunnel, it needs to fix the car 

model and blow air at it - but the floor has to move at the air speed, which is difficult to do. It 

is not difficult to do in a numerical simulation. Other types of boundary conditions are easily 

prescribed in computations, for example, temperature or opaqueness of the fluid. If it solves 

the unsteady three-dimensional Navier-Stokes equations accurately (as in direct simulation of 

turbulence), it obtains a complete data set from which any quantity of physical significance 

can be derived. It sounds too good to be true. Indeed, these advantages of CFD are conditional 

on being able to solve the Navier-Stokes equations accurately, which is extremely difficult for 

most flows of engineering interest. First of all, it has to bear in mind that numerical results are 

always approximate. There are reasons for differences between computed results and 

“reality”, i.e. errors arise from each part of the process used to produce numerical solutions. 
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Compromises are also needed in solving the discretized equations. Direct solvers, which 

obtain accurate solutions, are seldom used, because they are too costly. Iterative methods are 

more common but the errors due to stopping the iteration process too soon need to be taken 

into account. 
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3. Model the moulding block 
The oven consists on a lot of big blocks connected one to each other (as it can be seen in 

appendix A. It can see that there are two different kinds of oven parts: one formed by two 

blocks, and a bigger one formed by three blocks. 

In appendix B there is a figure of one block from the smaller oven part, where it can see that it 

is formed by four different smaller blocks: a skid block, a top block, an insulation block, and a 

compensation layer. The block that has the cooling channels for the air flow is the top block. 

The bigger oven part has a similar structure. 

Then, the study is focused on the top block of the bigger oven part, because it is bigger and 

needs more time to refrigerate, and the improving of its heat transfer must be better. In 

appendix C there is a figure of the analyzed block. It has two different channels for the air 

flow in the bottom of the block with different section size, and the block has an irregular 

shape. To do the CFD analysis the block is simplified into a rectangular box with a unique 

rounded tube at half height to facilitate making the model and the computation. In any case, to 

get a simulation of the behavior of the block, the model must have the same properties as the 

real block. The more important properties to conserve are the volume of the solid material, the 

volume of the air channel and the heat transfer surface between the air channel and the solid 

material of the block. 

The given data from the block is: 

• Volume of the material: 62.26 dm3  

• Width: 629 mm  

• Depth: 596 mm  

• Material: Plicast Petrolite 39 

• Small channel length: 1112.5 mm + 67 mm 

• Big channel length: 535 mm 

The model conserves the width and the depth of the original block, and the new height is 

calculated with the total volume of the block and the channel because the new channel is 

inside the block, not in the bottom. 
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Cross section channel details: 

 
Figure 3.1: air flow channels sections (units in millimetres) 

With these data it is possible to calculate the cross sectional area of the channels: 

• Cross sectional area of small channel: 1828.32 mm2  

• Cross sectional area of big channel: 4028.32 mm2  

With the areas and the lengths of the channels it is easy to calculate that the total volume of 

the channels is 4.31 dm3. Now it is possible to calculate the total volume (block and channel) 

and the height of the box: 

• Total volume: 62.26 dm3 + 4.31 dm3 = 66.57 dm3 

• Height of the box: 177.6 mm 

Another important data is the total heat transfer area between the channel and the material. It 

can be calculated with the channels lengths and the borders length of the sections. The heat 

transfer area is 32.20 dm2. 

With all these data it can raise a system of equations to know the radius and length of the 

modeled box’s channel. It results a radius of 26.78 mm and a channel length of 1913.33 mm. 

As the length of the channel is longer than the box depth it is necessary to curve the channel. 

The raised solution is a three times curved channel that goes in and out through the same box 

face. This is a symmetrical solution and it gives a more homogeneously pass of the channel 

through the material of the box, reducing the differences of temperature between different 

points of the box. 
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Figure 3.2: view of the model (dimensions in mm) 

 
Figure 3.3: 3-D view of the model 
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4. Methodology 

This chapter analyzes all the steps to perform the study of the cooling process of the box. 

Firstly it presents the physical model that governs the fluid motion, including a precise 

analysis of turbulence and all its different models in CFD. Then, it focuses in some important 

aspects for setting up the simulation and on its numerical accuracy. 

4.1 Physical model 

In this chapter it develops the mathematical basis for a comprehensive general purpose model 

of fluid flow and heat transfer. For all kind of flow studies, the conservation equations for 

mass and momentum have to be solved, and other additional equations can be necessary to 

solve the problem like energy equation, turbulence equations, species conservation equations, 

etc... 

For the study of the model of this thesis, besides the flow equations (conservation of mass and 

momentum), it is necessary to use the turbulence and the energy equations, since it wants to 

do a study of the temperature from the box. 

4.1.1. Governing equations 

The governing equations of fluid flow represent the mathematical statements of the 

conservation laws of physics: 

• The mass of a fluid is conserved. 

• The rate of change of momentum equals the sum of the forces on a fluid particle 

(Newton's second law). 

• The rate of change of energy is equal to the sum of the rate of heat addition to and the 

rate of work done on a fluid particle (first law of thermodynamics). 

4.1.1.1 Mass Conservation Equation (or continuity equation) 

The unsteady, three-dimensional mass conservation equation at a point in a compressible fluid 

can be written as follows: 
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The first term on the left hand side is the rate of change in time of the density (mass per unit 

volume). The second term describes the net flow of mass out of the element across its 

boundaries and is called the convective term. 

4.1.1.2. Momentum Conservation Equations 

Newton's second law states that the rate of change of momentum of a fluid particle equals the 

sum of the forces on the particle. It distinguishes two types of forces on fluid particles: surface 

forces (viscous and pressure forces) and body forces (gravity, centrifugal, Coriolis and 

electromagnetic forces). 

The x-component of the momentum equation is found by setting the rate of change of x-

momentum of the fluid particle equal to the total force in the x-direction on the element due to 

surface stresses plus the rate of increase of x-momentum due to sources: 
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z-component of the momentum: 
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Where u, v, w are the components of the velocity and SM include de body forces. 

4.1.1.3. Energy equation 

The energy equation is derived from the first law of thermodynamics which states that the rate 

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

plus the rate of work done on the particle: 
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Where E includes the internal energy i and the kinetic energy of the fluid particle 

( )(
2
1 222 wvuiE +++= ). The changes in gravitational potential energy of the fluid are 

included in the source term.  

The term on the left side of the equation represents the change of energy on a fluid particle. 

The first and second terms in the right represent the rate of work done on the fluid particle by 

surface forces, and the third term is the net rate of heat addition to the fluid. The last term is 

the rate of increase of energy due to sources. 

4.1.2. Navier-Stokes equations 

The governing equations contain as further unknowns the viscous stress components τij. The 

most useful forms of the conservation equations for fluid flows are obtained by introducing a 

suitable model for the viscous stresses τij.  

In a Newtonian fluid the viscous stresses are proportional to the rates of deformation. The 

three-dimensional form of Newton's law of viscosity for compressible flows involves two 

constants of proportionality: the (first) dynamic viscosity, μ, to relate stresses to linear 

deformations, and the second viscosity, λ, to relate stresses to the volumetric deformation. 

The nine viscous stress components are: 
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Substituting the viscous stress components into the conservation momentum equations it 

reaches the Navier-Stokes equations: 

x-momentum: 
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And together with the continuity equation governs the time-dependent three dimensional fluid 

flow of a compressible Newtonian fluid: 

Mass: 
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4.2. Turbulence flow 

There are two different kinds of flow regimes: laminar and turbulent. Laminar regime occurs 

when a fluid flows in parallel layers, with no disruption between them. This kind of flow is 

completely defined by the Navier-Stockes equations. Turbulent flow is a flow regime 

characterized by chaotic, stochastic property changes as rapid variation of pressure and 

velocity in space and time. Then, turbulence is an important phenomenon that needs to be 

properly modeled.  

The parameter that indicates the regime of a fluid flow is the Reynolds number, and is defined 

as: 

ν
Lu ⋅

=Re           Eq. 4.11 

This parameter gives a measure of the relative importance of inertia forces and viscous forces. 

The laminar flows have low Reynolds numbers, and turbulence flows have high Reynolds 

numbers. 

4.2.1 Turbulence characteristics 

There is no definition on turbulent flow, but it has a number of characteristic features such as: 

Irregularity: Turbulent flow is irregular, random and chaotic. The flow consists of a 

spectrum of different scales (eddy sizes) where largest eddies are of the order of the flow 

geometry. At the other end of the spectra we have the smallest eddies which are dissipated 

into internal energy by viscous forces (stresses).  

A typical point velocity measurement might exhibit the form shown in Figure 4.1: 

 
Figure 4.1: typical fluid point velocity measurement 
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The random nature of a turbulent flow precludes computations based on a complete 

description of the motion of all the fluid particles. Instead, the velocity in Figure 4.1 can be 

decomposed into a steady mean value U with a fluctuating component u’(t) superimposed on 

it:   

u(t) = U + u’(t) 

Even though turbulence is chaotic it is deterministic and is described by the Navier-Stokes 

equations. 

Diffusivity: In turbulent flow the diffusivity increases. This means that the spreading rate of 

boundary layers increases as the flow becomes turbulent. The turbulence increases the 

momentum, heat and mass transfer. The increased diffusivity also increases the resistance 

(wall friction) in internal flows such as in channels and pipes. 

Large Reynolds Number: Turbulent flow occurs at high Reynolds number. For example, the 

transition to turbulent flow in pipes occurs that ReD=2300, and in boundary layers at 

Rex=10,000. 

Three-dimensional: Turbulent flow is always three-dimensional. However, when the 

equations are time averaged we can treat the flow as two-dimensional.  

Dissipation: Turbulent flow is dissipative, which means that kinetic energy in the small 

(dissipative) eddies are transformed into internal energy because of the friction forces. The 

small eddies receive the kinetic energy from slightly larger eddies. The slightly larger eddies 

receive their energy from even larger eddies and so on. The largest eddies extract their energy 

from the mean flow. This process of transferred energy from the largest turbulent scales 

(eddies) to the smallest is called cascade process. 

The smallest scales where dissipation occurs are called the Kolmogorov scales: the velocity 

scale υ, the length scale η and the time scale τ. We assume that these scales are determined by 

viscosity ν and dissipation ε. Since the kinetic energy is destroyed by viscous forces it is 

natural to assume that viscosity plays a part in determining these scales; the larger viscosity, 

the larger scales. The amount of energy that is to be dissipated is ε. The more energy that is to 

be transformed from kinetic energy to internal energy, the larger the velocity gradients must 

be. 
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Continuum: Even though we have small turbulent scales in the flow they are much larger 

than the molecular scale and we can treat the flow as a continuum. 

4.2.2. Effect of turbulence on time-averaged Navier-Stokes equations 

A typical flow domain of 0.1 by 0.1 m with a high Reynolds number turbulent flow might 

contain eddies down to 10 to 100 μm size. It would need computing meshes of l09 up to 1012 

points to be able to describe processes at all length scales. The fastest events take place with a 

frequency on the order of 10 kHz so we would need to discretize time into steps of about 100 

μs.  

Evidently, this procedure would need a computational effort that nowadays is not available. 

Meanwhile, engineers need computational procedures which can supply adequate information 

about the turbulent processes, but which avoid the need to predict the effects of each and 

every eddy in the flow.  

The Reynolds equations are the simplifications of the Navier-Stokes equations that give 

information about the time-averaged flow properties. 

4.2.2.1. Reynolds equations 

For a property of the fluid φ(t) = Φ + φ’(t), the mean is defined as: 

∫
Δ

Δ
=Φ

t

dtt
t 0

)(1 ϕ          Eq. 4.12 

In theory we should take the limit of time interval Δt approaching infinity, but Δt is large 

enough if it exceeds the time scales of the slowest variations (due to the largest eddies) of 

property φ. This definition of the mean of a flow property is adequate for steady mean flows. 

In time-dependent flows the mean of a property at time t is taken to be the average of the 

instantaneous values of the property over a large number of repeated identical experiments: 

the so-called 'ensemble average'. 

Applying the turbulence component (φ(t) = Φ + φ’(t)) to the Navier-Stokes equations using 

the time-averaging and making some mathematical corrections, it reaches the Reynolds 

equations: 
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Eq. 4.13 

In performing the time-averaging operation on the momentum equations it throws away all 

details concerning the state of the flow contained in the instantaneous fluctuations. As a result 

it obtains six additional unknowns, the Reynolds stresses, in the time averaged momentum 

equations that have to be appropriately modeled to solve the equations. The different turbulent 

models have different ways of modeling them and will be explained for each model. 
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4.3. Turbulence modeling 

There are three different kind of turbulent models: the RANS (Reynolds Averaged Navier-

Stokes) models, the LES (Large Eddie Simulation) model and the DNS (Direct Numerical 

Simulation) model. The RANS model are based on the Reynolds equations (Eq. 4.13), and 

there are some different models as the mixing length model, the k-ε model and the RSM 

(Reynolds stress models). LES model solves for the largest scale motions of the flow while 

approximating only the small scale motions. Finally, in the DNS the Navier-Stokes equations 

are solved for all of the motions in a turbulent flow. 

4.3.1. RANS models 

The RANS models are based on the Reynolds equation and gives information about the time-

averaged flow properties; it doesn’t calculate all the motions. This modeling approach greatly 

reduces the required computational effort and resources, and is widely adopted for practical 

engineering applications. 

As commented before, the Reynolds equations have six unknown variables (the Reynolds 

stresses) that have to be appropriately modeled to solve the equations. There are two different 

models to solve the Reynolds stresses: the boussinesq hypothesis and the Reynolds stress 

transport model. The boussinesq hypothesis is used in the mixing length model, the k-ε model 

and the Reynolds stress transport model is used in the RSM. 

Boussinesq hypothesis 

It is experimentally observed that turbulence decays unless there is shear in isothermal 

incompressible flows. Furthermore, turbulent stresses are found to increase as the mean rate 

of deformation increases. It was proposed by Boussinesq that Reynolds stresses could be 

linked to mean rates of deformation. Using the suffix notation it gets: 
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4.3.1.1 Mixing length model 

The Mixing length model is a relatively simple one-equation model that solves a modeled 

transport equation for the kinematic turbulent viscosity. 

It assumes that the kinematic turbulent viscosity νt, can be expressed as a product of a 

turbulent velocity scale ϑ (m/s) and a length scale l (m): 

lCt ⋅⋅= ϑν            Eq. 4.15 

Where C is a dimensionless constant of proportionality. Of course the dynamic turbulent 

viscosity is given by: 

lCt ⋅⋅⋅= ϑρμ          Eq. 4.16 

Most of the kinetic energy of turbulence is contained in the largest eddies and the turbulence 

length scale l is therefore characteristic of these eddies which interact with the mean flow. If it 

accepts that there is a strong connection between the mean flow and   the behavior of the 

largest eddies it can attempt to link the characteristic velocity scale of the eddies with the 

mean flow properties. This has been found to work well in simple two-dimensional turbulent 

flows where the only significant Reynolds stress is τxy and τyx and the only significant mean 

velocity gradient is yU ∂∂ / . For such flows it is at least dimensionally correct to state that, if 

the eddy length scale is l: 

y
Ulc
∂
∂

⋅⋅=ϑ           Eq. 4.17 

where c is a dimensionless constant.  

Combining Eq. 4.15 and Eq. 4.17 and absorbing the two constants C and c which appear in 

these formulae into a new length scale lm we obtain the Prandtl's mixing length model: 

y
Ulml ∂
∂

= 2ν           Eq. 4.18 

Using this formula and noting that dU/dy is the only significant mean velocity gradient the 

turbulent Reynolds stress is described by: 



Improving of the heat transfer from a moulding block in an industrial oven  23

y
U

y
Ulvu myxxy ∂

∂
∂
∂

⋅=−== 2'' ρρττ        Eq. 4.19 

Turbulence is a function of the flow and if the turbulence changes it is necessary to account 

for this within the mixing length model by varying lm. For a substantial category of simple 

turbulent flows this can be achieved by means of simple algebraic formulae. 

Advantages of the Mixing length model: 

• easy to implement and cheap in terms of computing resources 

• good predictions for thin shear layers: jets, mixing layers, wakes and boundary layers 

• well established 

Disadvantages of the Mixing length model: 

• completely incapable of describing flows with separation and recirculation 

• only calculates mean flow properties and turbulent shear stress 

 

4.3.1.2. k- ε model 

The k-E model focuses on the mechanisms that affect the turbulent kinetic energy. The 

instantaneous kinetic energy k(t) of a turbulent flow is the sum of the mean kinetic energy K  

and the turbulent kinetic energy k: 

k(t) = K + k 

Where ( )222

2
1 ZVUK ++=  and ( )222 '''

2
1 zvuk ++=  

An equation for the mean kinetic energy K can be obtained by multiplying the x-component 

Reynolds equation by U, the y-component equation  by V and the z-component equation by W 

After adding the results together and a fair amount of algebra it can be shown that the time-

average equation governing the mean kinetic energy of the flow is as follows: 
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Where E is the mean of the rate of deformation: eij(t) = Eij + eij’ 

Multiplication of each of the instantaneous Navier-Stokes equations by the appropriate 

fluctuating velocity components (i.e. x-component equation multiplied by u' etc.) and addition 

of all the results, followed by a repeat of this process on the Reynolds equations, subtraction 

of the two resulting equations and very substantial re-arrangement yields the equation for 

turbulent kinetic energy k: 
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Eq. 4.21 

The last terms in both equations are equal in magnitude, but opposite in sign. This term gives 

a positive contribution in the k-equation and represents a production term. In the K-equation, 

however, the term is negative, so there it destroys mean flow kinetic energy. This expresses 

mathematically the conversion of mean kinetic energy into turbulent kinetic energy. 

It is possible to develop similar transport equations for all other turbulence quantities 

including the rate of viscous dissipation ε. The exact ε-equation, however, contains many 

unknown and unmeasurable terms. The k-ε model has two model equations, one for k and one 

for ε, based on the best understanding of the relevant processes causing changes to these 

variables.  

It uses k and ε to define velocity scale ϑ and length scale l representative of the large scale 

turbulence as follows: 
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One might question the validity of using the 'small eddy' variable ε to define the 'large eddy' 

scale l. It is permitted to do this because at high Reynolds numbers the rate at which large 

eddies extract energy from the mean flow is precisely matched to the rate of transfer of energy 

across the energy spectrum to small, dissipating, eddies. If this was not the case the energy at 

some scales of turbulence could grow or diminish without limit. This does not occur in 

practice and justifies the use of ε in the definition of l. 

Applying the same approach as in the mixing length model we specify the eddy viscosity as 

follows: 

ε
ρρϑμ μ

2kClCt ==          Eq. 4.22 

Where Cμ is a dimensionless constant. 

The k-ε model uses the following transport equations for k and ε: 
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Where Cμ, σk, σε, C1ε and C2ε are constants that have to be adjusted depending on the range of 

the turbulent flow. 

To compute the Reynolds stresses with the k- ε model an extended Boussinesq relationship is 

used: 
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Advantages of k- ε model: 

• simplest turbulence model for which only initial and/or boundary conditions need to 

be supplied 

• excellent performance for many industrially relevant flows 

• well established 

Disadvantages of k- ε model: 

• more expensive to implement than mixing length model 

• poor performance in a variety of important cases such as: 

1. some unconfined flows 

2. flows with large extra strains (e.g. curved boundary layers, swirling flows) 

3. rotating flows 

4. fully developed flows in non-circular ducts 

4.3.1.3. RSM 

The most complex RANS turbulence model is the Reynolds stress equation model (RSM). 

Several major drawbacks of the k-ε model emerge when it is attempted to predict flows with 

complex strain fields or significant body forces. Under such conditions the individual 

Reynolds stresses are poorly represented by boussinsq hypothesis even if the turbulent kinetic 

energy is computed to reasonable accuracy. Then, it solves the transport equations for each of 

the terms in the Reynolds stress tensor. An additional scale-determining equation is also 

required. This means that seven additional transport equations must be solved in 3D flows. 

Since the RSM accounts for the effects of streamline curvature, swirl, rotation, and rapid 

changes in strain rate in a more rigorous manner than one-equation and two-equation models, 

it has greater potential to give accurate predictions for complex flows. 



Improving of the heat transfer from a moulding block in an industrial oven  27

The modeling strategy is based on: 

Reynolds stress: jiijij uuR ''/ =−= ρτ  

The equation for the transport of Rij takes the following form: 

ijijijijij
ij DP

Dt
DR

Ω+Π+−+= ε        Eq. 4.26 

 

Where: 

( I ) = rate of change of Rij + transport of Rij by convection 

( II ) = rate of production of Rij 

( III ) =transport of Rij by diffusion 

( IV ) = rate of dissipation of Rij 

( V ) = transport of Rij due to turbulent pressure-strain interactions 

( VI ) = transport of Rij due to rotation 

Advantages of the RSM: 

• potentially the most general of all RANS turbulence models 

• only initial and/or boundary conditions need to be supplied  

• very accurate calculation of mean flow properties and all Reynolds stresses for many 

simple and more complex flows 

Disadvantages of the RSM: 

• very large computing costs (seven extra equations) 

• not as widely validated as the mixing length and k-E models 

III IV V VI I II 
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• performs just as poorly as the k- ε model in some flows owing to identical problems 

with the ε-equation modeling (e.g. axisymrnetric jets and unconfined recirculating 

flows) 

 

4.3.2. Large eddy simulation model (LES) 

Turbulent flows contain a wide range of length and time scales. The large scale motions are 

generally much more energetic than the small scale ones; their size and strength make them 

by far the most effective transporters of the conserved properties. The small scales are usually 

much weaker and provide little transport of these properties. A simulation which treats the 

large eddies more exactly than the small ones may make sense. LES provides an alternative 

approach in which large eddies are explicitly computed (resolved) in a time-dependent 

simulation using the “filtered” Navier-Stokes equations. Filtering is essentially a 

mathematical manipulation of the exact Navier-Stokes equations to remove eddies that are 

smaller than the size of the filter, which is usually taken as the mesh size. Like Reynolds-

averaging, the filtering process creates additional unknown terms that must be modeled to 

achieve closure. LES for high Reynolds number industrial flows requires a significant amount 

of compute resources. This is mainly because of the need to accurately resolve the energy-

containing turbulent eddies in both space and time domains, which becomes most acute in 

near-wall regions where the scales to be resolved become increasingly smaller. 

Advantages of the LES model: 

• resolution in four dimensions 

• exact resolutions for the large eddies 

• applied successfully for many flows 

Disadvantages of the LES model: 

• The computational effort is much higher than in RSM 

• It has to be run for a sufficient long flow-time to obtain stable statistics of the flow 

being modeled 
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4.3.3. Direct Numerical Simulation (DNS) 

The most accurate approach to turbulence simulation is to solve the Navier-Stokes equations 

without averaging or approximation other than numerical discretizations whose errors can be 

estimated and controlled. It is also the simplest approach from the conceptual point of view. 

In such simulations, all of the motions contained in the flow are resolved. The computed flow 

field obtained is equivalent to a single realization of a flow or a short-duration laboratory 

experiment. 

In a direct numerical simulation, in order to assure that all of the significant structures of the 

turbulence have been captured, the domain on which the computation is performed must be at 

least as large as the physical domain to be considered or the largest turbulent eddy. A valid 

simulation must also capture all of the kinetic energy dissipation. This occurs on the smallest 

scales, the ones on which viscosity is active, so the size of the grid must be no larger than a 

viscously determined scale, called the Kolmogorov scale η. Then, the length of the elements 

has to be really small, and the number of points of the grid has to be huge. 

Furthermore, the time step size has to be small enough because the fluid particles don’t pass 

through more than one element mesh. All this reasons makes that the time-consuming and the 

computational effort of the DNS need to be huge. 

Advantages of the DNS: 

• Resolution in four dimensions 

• Complete resolution of the turbulence, including Kolmogorov scales 

Disadvantages of the DNS: 

• Computational effort much higher than in LES 

• Long-time simulations 

4.3.4. Choose a turbulent model: 

After describing the possible turbulent models it has to choose the better one for its 

simulation. First of all, the LES and the DNS are directly discarded. These models are very 

accurate since they solve the real equations of turbulence and give nearly real solutions; 
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however, the amount of time necessary for these models is totally inaccessible for the study of 

this thesis. 

The mixing length model is a simple one-equation model and it is only applicable to simple 

flows. For the simulation of the block of the oven, it might not be precise enough. 

The other options are the k-ε model and the RSM. First of all, it is important to say that the 

RSM requires a 50-60% more CPU time per iteration than the k-ε, furthermore 15-20% more 

memory is needed. Then, it is important to check if the advantages of the RSM about the k-ε 

model are needed or not. 

The more important difference between these two models is that the RNS has a better 

prediction in the normal stresses than the k-ε model. It can be very important in flows with 

strong curvature, swirling flows or flows with strong acceleration or retarding.   

In the model of the block of the oven these characteristics are not really needed, since the air 

channel is a regular rounded tube where there is no acceleration or retardation. Furthermore, 

the curvature effect is less important in circular flow channels. 

For all these reasons the turbulent model chosen for the study of the block of the oven is the 

k-ε model. 

Fluent provides three different k-ε models: the standard k-ε model, the RNG k-ε model, and 

the realizable k-ε model.  

The RNG is similar in form to the standard k- ε model, but includes the following 

refinements: 

• The RNG model has an additional term in its ε equation that significantly improves 

the accuracy for rapidly strained flows. 

• The effect of swirl on turbulence is included in the RNG model, enhancing accuracy 

for swirling flows. 

• The RNG theory provides an analytical formula for turbulent Prandtl numbers, while 

the standard k- ε model uses user-specified, constant values.  
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• While the standard k- ε model is a high-Reynolds-number model, the RNG theory 

provides an analytically-derived differential formula for effective viscosity that 

accounts for low-Reynolds-number effects. 

These features make the RNG k- ε model more accurate and reliable for a wider class of flows 

than the standard k- ε model. On the other hand it takes 15% more CPU time. 

Then, the chosen turbulent model for the CFD simulations is the RNG k-ε model. 

4.3.5. Turbulent heat transfer model 

Compared to the large amount of turbulence models for the flow field there exists only a 

relatively few heat transfer models. The heat is modeled with the concept of Reynolds 

analogy to turbulent momentum transfer. The energy equation is: 
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4.4. Set up the numerical simulation 

This chapter explains the application of the theory defined in the previous chapter on solving 

the cooling process of the studied model using the CFD. 

4.4.1. Grid generation and accuracy 

4.4.1.1. Definition of the grid. 

The discrete locations at which the variables are to be calculated are defined by the numerical 

grid. The grid is, essentially, a discrete representation of the geometric domain where the 

problem is to be solved; it divides the solution domain into a finite number of subdomains 

(elements, control volumes etc.). Basically, there are three different kinds of grids: structured, 

unstructured, and non-conformal grids.  

1. Structured grids: Regular or structured grids consist of families of grid lines with the 

property that members of a single family do not cross each other and cross each 

member of the other families only once. This allows the lines of a given set to be 

numbered consecutively. The position of any grid point (or control volume) within the 

domain is uniquely identified by a set of two (in 2D) or three (in 3D) indices, e.g. (i, j, 

k). This is the simplest grid structure, since it is logically equivalent to a Cartesian 

grid. Each point has four nearest neighbors in two dimensions and six in three 

dimensions. This kind of connectivity simplifies the computation. 

 The disadvantage of structured grids is that they can be used only for geometrically 

simple solution domains. Another disadvantage is that it may be difficult to control the 

distribution of the grid points: concentration of points in one region for reasons of 

accuracy produces unnecessarily small spacing in other parts of the solution domain 

and a waste of resources. This problem is exaggerated in 3D problems. Figure 4.2 

shows an example of structured grids: 
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Figure 4.2: 2-D example of structured grid 

2. Unstructured grids: For very complex geometries, the most flexible type of grid is 

one which can fit an arbitrary solution domain boundary. The elements or control 

volumes may not have any shape, nor is there a restriction on the number of neighbor 

elements or nodes. In practice, grids made of triangles or quadrilaterals in 2D, and 

tetrahedra or hexahedra in 3D are most often used. The advantage of flexibility is 

offset by the disadvantage of the irregularity of the data structure. Node locations and 

neighbor connections need be specified explicitly. The matrix of the algebraic 

equation system no longer has regular structure. The solvers for the algebraic equation 

systems are usually slower than those for regular grids. An example of an unstructured 

grid is shown in Figure 4.3: 

 

Figure 4.3: 2-D unstructured quadrilateral grid 

3. Non-conformal grids:  The grid node locations are not identical at the boundaries 

where two subdomains meet. This kind of grid is more flexible than the previous ones, 

as it allows use of finer grids in regions, where greater resolution is required. The 
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programming is more difficult than for grid types described above. An example is 

shown in the Figure 4.4: 

 

Figure 4.4: 2-D non-conformal grid 

4.4.1.2. Choose the grid type 

For choosing the grid type there are some aspects that have to be borne in mind: 

• In the model there are two different volumes (the box and the channel) and they have a 

boundary between themselves. The easier solution would be to use a non-conformal 

grid, i.e., use an independent grid for each volume, since Fluent supports this kind of 

grids. It would give a great freedom in making the volumes gridding, but it would be 

more difficult and time-consuming to do the simulation. Therefore, since the model 

has not an extremely complex geometry and it is possible to create a conformal grid, it 

discards the possibility of using a non-conformal grid. 

• The model created doesn’t seem to be a very complex model, but the three curves of 

the air channel make it really complex to make a structured grid for all the set and it 

would take a lot of time. Since it will have to make some different grids to do all this 

study, the best option is to use unstructured grids to save of time. 

• The elements for meshing the model can be tetrahedral, pyramidal, hexahedral or 

prismatic. The hexahedral elements are better for the simulation because fewer 

elements are needed to make the meshing. Another important aspect about the 

elements is that it is good for the computation that the grid is aligned with the flow. 

With pyramidal or tetrahedral elements it is impossible to align the grid and the flow; 

instead, hexahedral elements perfectly fit in air channel like model’s one and can be 

aligned with the flow. 
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Then the chosen grid for the model is a conformal and unstructured grid; it has a unique 

connected grid for the entire model. The flow channel is meshed with hexahedral elements 

and the box is meshed with tetrahedral and pyramidal elements. The reason of that choice is 

that due to the three curves of the air channel it is nearly impossible to do an hexahedral mesh 

inside and outside the channel, since the orientation of the elements in the straight sections of 

the channel are opposite than in the curves. Then, it is not possible to do an hexahedral mesh 

for the box connected with the channels mesh. 

4.4.1.3. Make the grid 

Once the model is done and it is decided which kind of grid fits with the model, it can begin 

in performing the grid. The software used to do this step is the Gambit (there are some 

alternatives softwares that can be read by the Fluent as TGrid, GeoMesh, PreBFC, and several 

CAD packages). At this point, it will not explain all the procedures for performing the grid 

with Gambit step by step because most of them are trivial, but some relevant aspects that are 

important for future satisfying simulations with the Fluent will be mentioned: 

• Make the geometry: once it has created the geometry of the box and the geometry of 

the channel, it is important to create only one skin between both. It is very important 

for the meshing, because with this structure the unique skin will belong to both 

volumes and the two meshes will be connected. If it creates separate volumes it is only 

possible to create a non-conformal grid. The Figure 4.5 shows the created geometry: 

 

Figure 4.5: model geometry 

• Mesh the model: To get the desired grid it begins with meshing the channel, and 

secondly the box. For the channel it begins by meshing the edges. For the first meshed 

model (later, during the analysis, more different meshes will be done) it meshes each 
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one of the eight rounded edges of the channel in 30 elements. Then, the faces can be 

meshed with quadrilateral or triangular elements; since it wants a hexahedral mesh for 

the channel, it must mesh the faces with quadrilateral elements. The Figure 4.6 shows 

the edge and face meshing: 

 

Figure4.6: meshing of one edge, and two faces 

Once all the faces are meshed it is already possible to mesh the volume of the channel. 

The element type of the meshing is hexahedral. The meshed volume can be seen in 

Figure 4.7: 

 

Figure 4.7: hexahedral mesh of the channel 

Then, it is the moment to make the mesh of the box. It starts by meshing the twelve 

edges of the box. For this model it has divided the height into sixteen elements, the 

depth into fifty elements and the width into sixty elements. As it is impossible to do a 

hexahedral mesh, the chosen element type is tetrahedral/Hybrid. It means that the 
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mesh will be composed of tetrahedral, hexahedral, pyramidal, and wedge elements 

where appropriate. This scheme type creates a mesh that consists primarily of 

tetrahedral elements but which can also contain hexahedral, pyramidal, and wedge 

mesh elements. In fact, in this model the mesh contains a 2.31% of pyramidal 

elements, which are all of them situated in the box side of the boundary, between the 

channel and the box. The other elements of the box mesh are all tetrahedral.  Figures 

4.8 and 4.9 show the pyramidal elements and the meshed model: 

    

Figure 4.8:  detail view of the mesh pyramidal elements     Figure 4.9: meshed model 

With this mesh it can realize that not all the elements have the same size; the elements 

around the channel are smaller than the elements from the external boundary of the 

box. It is because in the zone around the channel, the gradient of temperatures is 

higher than in the external boundary of the box, and with this refining it will get better 

results in the CFD calculations. In Figure 4.10 a detail of the mesh near both 

boundaries can be seen: 

 

Figure 4.10: mesh detail of the outlet of the channel 
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• Examine mesh: The quality of the mesh has a significant role in the accuracy and 

stability of the numerical computation, so checking the quality of the grid is essential. 

There are some criteria to evaluate a mesh that can be checked with the Gambit: 

1. Cell equisize skew: is a non-dimensional parameter calculated using the volume 

deviation method, and is defined as: 
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Where optimal-cell-size is the size of an equilateral cell with the same circumradius as 

the mesh cell. A value of 0 indicates a best case equilateral cell and a value of 1 

indicates a completely degenerate cell. Degenerated cells are characterized by nodes 

that are nearly coplanar. This criterion applies only to tetrahedral elements. 

The application of this criterion to the model result that a 88% of the elements are 

between a 0 and a 0.5, and the worst element has a parameter of 0.77. 

2. Cell equiangle skew: is a non-dimensional parameter calculated using the normalized 

angle deviation method, and is defined as: 
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where: 

qmax = largest angle in the cell 

qmin = smallest angle in the cell 

qe = angle for an equiangular cell (e.g., 60 for a triangle and 90 for a square) 

A value of 0 indicates a best case equiangular cell, and a value of 1 indicates a 

completely degenerate cell. Degenerate cells are characterized by nodes that are nearly 

coplanar. This criterion applies to all elements. 

In this case it applies this criterion separately with hexahedral, tetrahedral and 

pyramidal elements. For the hexahedral the 99.8% of the elements are between 0 and 

0.4, and the worst element has a value of 0.413. For the tetrahedral elements the 
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89.2% are between 0 and 0.5, and the worst element has a value of 0.820. And for the 

pyramidal elements the 99.8% are between 0 and 0.4, and the worst element has a 

value of 0.416. 

3. Squish quality metric: is used to quantify the orthogonality of a 3-D element with 

respect to its faces, a value of 0 indicates a completely orthogonal element, and a value 

of 1 indicates completely non-orthogonal element. 

Applying this criterion to all the elements of the model it has a 96,3% of the elements 

between 0 and 0,4. 

Analyzing the evaluating of this mesh it can say that it is a good mesh; all criteria have 

given good results. It is a correct mesh to successfully simulate the behavior of the 

model with Fluent.  

Here there is a summary of the properties of the model’s mesh: 

Air channel:  

Rounded edges: 30 lineal elements and 30 nodes 

Long straight faces: 2130 rectangular elements and 2160 nodes 

Short straight faces: 1080 rectangular elements and 1110 nodes 

Curved face: 1140 rectangular elements and 1170 nodes 

Volume: 26896 hexahedral elements and 32242 nodes 

Box: 

Height: 15 lineal elements and 16 nodes 

Depth: 50 lineal elements and 51 nodes 

Width: 60 lineal elements and 61 nodes 

Volume: 9840 pyramidal elements and 389250 tetrahedral elements. In total: 399090 

elements and 78684 nodes. 

Total mesh elements: 425.986 elements 
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4.4.2. Select the numerical solver and the physical models. Steady-
unsteady simulation 

The selected numerical solver is the pressure-based solver, instead of density-based solver, 

because it is better for low-speed incompressible flows. The selected turbulence model is the 

RNG K-ε model.  

The equations needed for the simulation are the flow, the turbulent and the energy equations. 

The simulation has to be an unsteady-time simulation since it wants to simulate the behavior 

of the temperature of the box during several hours. However, it is necessary to do a previous 

steady-time simulation with only the flow and turbulence equations. This procedure is done 

because it wants to get a stabilized solution of the flow and the turbulence of the air flow. It 

cannot begin the calculations of the energy equations until the flow and turbulence equations 

are being fulfilled, i.e., the flow is behaving as a real flow. Once the flow is stabilized, and the 

entire box is still at the initial temperature, the unsteady simulation adding the energy 

equation can begin. 

There are some theoretical aspects about the simulation that has not been mentioned and are 

necessary to run it. These aspects are explained and discussed in the Chapter 4.5. Discuss the 

numerical accuracy, but for this discussion it is interesting to have a first simulation which to 

compare with. Then, the taken values for running the first simulations are: 

• Discretization scheme: second-order upwind.  

• Residuals: the residual values for the flow and turbulence equations variables are 10-4, 

and 10-9 for the energy. 

• Time step size: the selected time step size is 60 seconds.  

• Max iterations per time step: 20 iterations per time step. 

4.4.3. Define boundary conditions 

• Inlet of the flow channel: The conditions of the fluid when it goes into the 

simulations need to be specified. Some properties as pressure or velocity are easily 

known, but other properties of the fluid as the kinetic energy or the dissipation rate can 

be more difficult to know.  
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Fluent provides different boundary types for different problems requirements. In this 

case it uses the velocity inlet. Velocity inlet boundary conditions are used to define the 

flow velocity, along with all relevant scalar properties of the flow, at flow inlets. 

This is the chosen boundary type because it will be possible to analyze the model with 

different velocities of the air flow. The velocity for the first simulation is 6 m/s, and 

the temperature of the air in the inlet is set at 20ºC for all the simulations. To define 

the turbulence specification method it uses the turbulence intensity and the hydraulic 

diameter. For the intensity it takes a value of 10%, and the hydraulic diameter is 

calculated with this equation: 

 
h

h P
AD 4

=    Eq 4.27 

Where A is the cross sectional area and Ph is the wetted perimeter of the cross section. 

For round channels like the model’s one, the hydraulic diameter is equal to the 

diameter. Therefore, the hydraulic diameter of the model is 0.05356 m. 

• Outlet of the flow channel: All the outlets of the flow need to be specified. In this 

case, the properties of the fluid don’t need to be defined because they are calculated. 

• Wall: in the model of the box there are to different kind of walls. Firstly, the exterior 

wall is isolated; therefore it has to specify that the heat flux through it is 0 W/m2. The 

other wall is the interior wall between the flow and the box. In this case none heat flux 

has to be defined; the wall is defined as coupled. 

4.4.4. Material properties 

The material of the box is Plicast petrolite 39, and its properties are: 

• Density: 1550 kg/m3 

• Specific heat capacity Cp: 1150 J/kg·K 

• Thermal conductivity λ: 0.75 W/m·K 

The used fluid for the cooling is air. The properties of the air are: 

• Density:  1.225 kg/m3 
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• Specific heat capacity Cp: 1006.43 J/kg·K 

• Thermal conductivity λ: 0.0242 W/m·K 

• Viscosity μ: 1.7894·10-5 Kg/m·s 

For future models, aluminum will be used. Aluminum properties: 

• Density: 2719 kg/m3 

• Specific heat capacity Cp: 871 J/kg·K 

• Thermal conductivity λ: 202.4 W/m·K 

4.4.5. Initialize the steady simulation 

Before beginning the simulations, it has to set the initial properties of the material. The initial 

temperature for the model is 400ºC, and the initial values for the k and ε are 1m2/s2 and 1 

m2/s3 respectively. 

At this point all the parameters are selected and the simulation can be run. 

To analyze the behavior of the temperature of the box, the most logical option would be to 

look at the average temperature of the box. Instead of this, at this point it analyzes the 

temperature of the middle point of the box. This option is selected because to compare the 

different possible models it is better to have a more important fall of temperatures, and the 

middle point is quite near from the air channel. Later, the study will be focused on the average 

temperature. 

The evolution of the temperature of the middle point for the first simulation run with a flow 

velocity of 6 m/s is: 
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Figure 4.11: graphic of the temperature of the middle point of the box. 

The temperature of the middle point takes 16.97 hours to reach 40ºC.  

The next figures show the distribution of temperatures in the surface at half height of the box 

(this surface contains the middle point), and the distribution of temperatures in the external 

faces of the box: 

 

Figure 4.12: Distribution of temperatures (in K) of the half height surface 
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Figure 4.13: distribution of temperatures (in K) in the external faces of the box 
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4.5. Discuss the numerical accuracy 

In this chapter it discusses some important parameters of the chosen solver and their 

importance in the behavior of the simulation. It begins with the parameters that can take more 

importance in the duration of the simulation. 

4.5.1. Residuals 

Any iteration process has to be stopped at some stage. It must therefore define a convergence 

criterion to decide when to stop the process. One of this criteria and the Fluent’s default one is 

the criterion of the residuals.  

The residual of a variable can be defined as the imbalance of the conservation equation of this 

variable calculated in all cells and summed. For a better understanding, this is the 

mathematical definition of the residuals: 

After discretization, the conservation equation for a general variable ϕ at a cell P can 

be written as:  

 ∑ +=
nb

nbnbPP baa φφ    Eq. 4.28 

Here aP is the center coefficient, anb are the influence coefficients for the neighboring 

cells, and b is the contribution of the constant part of the source term and of the 

boundary conditions. In Eq. 4.28, 

 P
nb

nbP Saa −= ∑    Eq. 4.29 

The residual Rϕ computed by Fluent's pressure-based solver is the imbalance in Eq. 

4.28 summed over all the computational cells P. This is referred to as the “unscaled” 

residual. It may be written as: 

 ∑ ∑ −+=
cellsP nb

PPnbnb abaR φφφ    Eq. 4.30 

In general, it is difficult to judge convergence by examining the residuals defined by 

Eq. 4.30 since no scaling is employed. Fluent scales the residual using a scaling factor 

representative of the flow rate of ϕ through the domain. This “scaled” residual is 

defined as: 
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φ    Eq. 4.31 

Therefore the residual of a variable gives an idea of the error produced in the calculations of 

this variable respect the total value of this variable in the flow. Then, the criterion of residuals 

consists on iterate until the levels of the residuals have been reduced by a particular fixed 

value. 

The fluent default values for the residuals are 10-6 for energy and 10-3 for all other equations. 

However, to increase the accuracy of the solution it sets the residuals at 10-9 for energy and 

10-4 for the others.  

Decreasing the residuals of the flow and turbulence improve the accuracy of the solution, and 

it doesn’t increase too much the duration of the simulation. In fact, it only affects the steady 

simulation, what can mean a few minutes more in this step. On the other hand, the decrease of 

the energy equation residual has a more important role in the simulation. It has to bear in 

mind that the unsteady simulation has about 1000 time steps, and for each time step the 

maximum number of iterations is set at 20. It means that if in every time step the energy 

residual doesn’t go down until 10-9, the simulation will do 20000 iterations. In fact, this is the 

case of the first simulation already done. At this point, it is important to analyze this 

parameter and try to save time for the simulations. 

To observe the role of the energy residual it repeats the same simulation changing only the 

maximum number of iterations per time step to 10. The figures show the evolutions of the 

residuals in both cases: 
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Figure 4.14: residuals with 20 iterations per time step 

 
Figure 4.15: residuals with 10 iterations per time step 

As it can be seen in the figures, in the second simulation the energy residual reaches a similar 

value than the first one. In addition, a 10-7 is a quite good value. Therefore, it is a good 

improvement of the solver since it saves about 10000 iterations, what means a time saving for 

the simulation of about eight hours. To check that the behavior of the temperature has not 

changed, in the next figure it compares the two simulations of the middle point. The behavior 

of the temperature is exactly the same:  
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Figure 4.16: comparison between ten and twenty iterations per time step of the temperature of the middle point 

of the box 

Then, from now, all the simulations will be run with 10 iterations per time step. 

4.5.2. Time step size 

The time step size is the magnitude of Δt. Since the Fluent formulation is fully implicit, there 

is no stability criterion that needs to be met in determining Δt. However, to model transient 

phenomena properly, it is necessary to set Δt at least one order of magnitude smaller than the 

smallest time constant in the system being modeled. 

A good way to judge the choice of Δt is to observe the number of iterations Fluent needs to 

converge at each time step. The ideal number of iterations per time step is 5-10. If Fluent 

needs substantially more, the time step is too large. If fluent needs only a few iterations per 

time step, Δt may be increased. To check the variability of the simulation with this parameter, 

it runs a simulation with a time step size of 30 seconds, and another one with 120 seconds (the 

first one was run with a time step size of 60 seconds). The residuals of the simulations are: 
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Figure 4.17: residuals of the simulation with a time step size of 30 seconds 

 
Figure 4.18: residuals of the simulation with a time step size of 120 seconds 

Comparing the residuals of the 30 seconds simulation with the residuals of the 60 seconds one 

(Figure 4.15), it realize that they are a little bit lowers. To use this value instead of the 60 

seconds one would increase the time of the simulation in eight hours. Since it is using a very 

conservative residual value for the convergence criterion and the improving in the residual 

value is small, it would be a very time-consuming option to use this new parameter value, and 

the solution of the problem wouldn’t really improve.  

The residuals of the 120 seconds simulation are a little bit higher than the 60 seconds one. It 

would save four hours in each simulation to use this new value, but in this case, it will be 

more conservative and it chooses the step size of 60 seconds, because it gives more accuracy 

to the solution. Maybe it will be important in future simulations with more complexes 

geometries when trying to improve the heat transfer of the model.  
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Then, from now, all the simulations will be run with a step size of 60 seconds. 

4.5.3. Elements of the mesh 

The mesh used for the simulation is a mesh of about 400,000 elements. The mesh accuracy is 

very important for a successfully solution, but the number of elements affects directly the 

duration of the simulation, since all the equations are solved for each element. Therefore, as 

more elements have the mesh, the calculations will be more accurate but the total duration of 

the simulation will be longer. Then, it is very important to check if the mesh is too accurate 

and it makes loosing time in the simulations, or, on the other hand, the mesh is not accurate 

enough and the results of the calculations are not good.  

To check the quality of the mesh, it compares it with other meshes of the same model. It has 

performed three different meshes with 800,000 elements, 200,000 elements and 100,000 

elements. 

Next figure shows the first comparison with the four different meshes with a flow velocity of 

6 m/s: 
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Figure 4.19: comparison of mesh densities with a flow velocity of 6 m/s. Evolution of the temperature of the 

middle point of the box. 

With this scale it is difficult to see the differences between the different meshes. For having 

more information about the behavior of each mesh density, it repeats the simulations for all 
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different meshes with a flow velocity of 8, 10, 12 and 14 m/s. The times that each mesh takes 

to reach 40ºC is summarized in the following table: 

 800,000 elements 400,000 elements 200,000 elements 100,000 elements 

6 m/s 16.85 hours 16.97 hours 17.08 hours 17.10 hours 

8 m/s 14.35 hours 14.43 hours 14.50 hours 14.55 hours 

10 m/s 12.78 hours 12.85 hours 12.87 hours 12.92 hours 

12 m/s  11.75 hours 11.75 hours 11.78 hours 

14 m/s  10.95 hours 10.95 hours 10.97 hours 

Table 4.1: time to reach 40ºC for different mesh densities and different flow velocities 

Looking at these values, the difference between the most and the least dense is about a 1.5%. 

This is not a very big difference but it has to be borne in mind. Obviously the densest mesh 

gives the most accurate results, but the simulation takes eight hours more to conclude; 

therefore, since the difference between this and the second densest mesh is not very high, it 

discards the 800,000 elements mesh. 

The possibility of using the less dense meshes would save an important amount of time (four 

hours or more in each simulation) but the solution would loose precision. Maybe in this 

simulation the loose of precision doesn’t means an important error in the solution, but in 

future simulations with improved and more complex models this meshes wouldn’t be good 

enough. 

Then, from now, all the models will be performed with a mesh of 400,000 elements. 

4.5.4 Discretization 

Fluent uses a control-volume-based technique to convert a general scalar transport equation to 

an algebraic equation that can be solved numerically. This control volume technique consists 

on the idea of divide the volume control into a number of control volumes. The Navier-Stokes 

equations are discretized into the computational mesh and numerically integrated over the 

control volumes. The set of differential equations are then solved iteratively until a 

convergence criteria is done. 

a) Spatial discretization 
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By default, Fluent stores discrete values of the scalar ϕ at the cell centers. However, face 

values ϕf are required for the discretized equations and must be interpolated from the cell 

center values. This is accomplished using an upwind scheme. 

 
Fig 4.20: control volume 

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

“upwind”, relative to the direction of the normal velocity. Fluent allows choosing from first-

order upwind and second-order upwind: 

• First-Order Upwind Scheme: When first-order accuracy is desired, quantities at cell 

faces are determined by assuming that the cell-center values of any field variable 

represent a cell-average value and hold throughout the entire cell; the face quantities 

are identical to the cell quantities. Thus when first-order upwinding is selected, the 

face value ϕf is set equal to the cell-center value of ϕ in the upstream cell. 

• Second-Order Upwind Scheme: When second-order accuracy is desired, quantities 

at cell faces are computed using a multidimensional linear reconstruction approach. In 

this approach, higher-order accuracy is achieved at cell faces through a Taylor series 

expansion of the cell-centered solution about the cell centroid. Thus when second-

order upwinding is selected, the face value ϕf is computed using the following 

expression: 

 rSOUf
r
⋅∇+= φφφ ,       Eq. 4.32 

Where ϕ and ∇ ϕ are the cell-centered value and its gradient in the upstream cell, and 

rr  is the displacement vector from the upstream cell centroid to the face centroid. 
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Of curse with the second-order upwind scheme the simulation will be more accurate, but, in 

any case, it is interesting to do the comparison between both discretization schemes. The 

comparison is done in the middle point of the box with a flow velocity of 6 m/s: 
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Fig 4.21: simulation of the temperature of the middle point run at 6 m/s with both different spatial 

discretizations. 

As it can be seen, the two different discretization methods give very similar results. For the 

next simulations it will uses the second-order upwind discretization to have more accuracy 

since the increase of time is not very large. 

b) Temporal discretization 

For transient simulations, the governing equations must be discretized in both space and time. 

The spatial discretization for the time-dependent equations is identical to the steady-state case. 

Temporal discretization involves the integration of every term in the differential equations 

over a time step Δt. The integration of the transient terms is as shown below. 

A generic expression for the time evolution of a variable ϕ is given by: 

 )(φφ F
t
=

∂
∂        Eq. 4.33 

Where the function F incorporates any spatial discretization. If the time derivative is 

discretized using backward differences, the first-order accurate temporal discretization is 

given by: 
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and the second-order discretization is given by: 
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Where: 

ϕ = scalar quantity 

n + 1 =  value at the next time level, t + Δt 

n =  value at the current time level, t 

n - 1 =  value at the previous time level, t - Δt 

The second-order discretization will provide more accuracy to the simulation. To compare the 

two different temporal discretization models, it runs the simulation with both models for the 

middle point of the box at a flow velocity of 6 m/s: 

unsteady formulation
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Fig 4.22: simulations of the temperature of the middle point run at 6m/s, with the two different temporal 

discretization formulation 

The different temporal discretization give the same results.  But as the durations of the 

simulations are nearly the same, it uses the second-order implicit discretization. 
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5. Results 
This step tries to improve the cooling of the model making some changes in the properties of 

the air flow and the box. 

5.1. Effect of the air velocity on cooling of the box 

First of all, it is important to see the influence of the velocity in the duration of the cooling 

procedure. To see this, it makes five different simulations with five different velocities (6, 8, 

10, 12 and 14 m/s).  

At this point, it will not focus on the temperature of the middle point of the box because it is 

not representative of the whole box. To have a more real idea of the temperature it focuses on 

the average temperature of the whole box. Besides, for each simulation, it is interesting to 

know the maximum temperature of the box. 

The evolution of the averaged temperature for the different flow velocity is: 

different velocity flow
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Fig 5.1: simulations of the average temperature of the box for different flow velocities 

As it can be seen, the improving in cooling time is really important. However, it is important 

to notice that the improving when the velocity increases from six to eight is quite more 

important than when it increases from twelve to fourteen.  
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The next table shows the time each simulation takes to reach 40ºC and the maximum 

temperature of the box in that moment: 

 6 m/s 8 m/s 10 m/s 12 m/s 14 m/s 

Time to reach 40ºC 22.93 20.57 19.07 18.02 17.23 

Temperature (ºC) 75.61 79.21 81.92 84.16 85.99 

Table 5.1: time each simulation takes to reach an averaged temperature of 40ºC and the maximum temperature of 

the box in that moment, for each flow velocity 

Obviously, as higher is the velocity, the maximum temperature increase. This happens 

because a higher velocity produces that the temperature of the box near the flow channel 

decreases more quickly. Then, when the averaged temperature of the box is 40ºC, for the 

higher velocities the temperature near the channel is lower and the temperatures of the far 

points of the box are higher. 

Later, to decide the best option it will discuss some criteria as pressure drop, heat transfer 

coefficient or the duration of the procedure. 



Improving of the heat transfer from a moulding block in an industrial oven  57

5.2. Effect of heat transfer area on cooling of the box 

To improve the heat transfer between the air and the box, another possibility is to increase the 

heat transfer surface. There are a lot of different possibilities as changing the length of the 

channel, the diameter of the channel, the shape of the channel and/or the shape of the box, 

etc… But as it is studying a real case, the solution tries to make the fewer changes as possible 

to the initial model. Then, the proposed solution is to increase the heat transfer surface by 

increasing the diameter of the air channel and maintaining the structure of the first model. 

To check this improving, it makes three new models with an increasing of the heat transfer 

surface of a 10%, 20% and 30%. Then it has to recalculate all the calculations from Chapter 3, 

but now it imposes the length of the channel instead of the volume of the channel. As the new 

volume of the channel is bigger, to maintain the volume of the material constant it lengthens 

the height of the boxes. 

 The next figure shows the behavior of the averaged temperature of the box with an air 

velocity of 6 m/s for the original (standard) and the three improved models: 
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Fig 5.2: simulation of the averaged temperature of the box with a flow velocity of 6 m/s of the improved models 

by increasing the heat transfer surface  

The same simulations have been done with a flow velocity of 12 m/s: 
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heat transfer surface increasing at 12 m/s
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Fig 5.3: simulation of the averaged temperature of the box with a flow velocity of 12 m/s of the improved 

models by increasing the heat transfer surface  

The next table summarizes the time each simulation takes to reach 40ºC and the maximum 

temperature of the box in that moment: 

  Standard 
Increase 

10% 

Increase 

20% 

Increase 

30% 

Time to reach 40ºC 

(hours) 
22.93 21.12 19.37 18.08 

6 m/s 
Maximum 

temperature (ºC) 
75.61 77.91 81.05 83.60 

Time to reach 40ºC 

(hours) 
18.02 16.67 15.37 14.38 

12 m/s 
Maximum 

temperature (ºC) 
84.16 87.14 91.7 94.34 

Table 5.2: time each simulation takes to reach 40ºC and the maximum temperature of the box in that moment for 

the standard and the improved models run at 6m/s 

The cooling of the box is clearly improved with this method. 
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5.3. Improving the cooling of the box by applying fin 

Fin application is another way to increase the heat transfer surface and improve the cooling of 

the box. In this chapter it studies two different kinds of fin application: interior fins and 

exterior fins. 

5.3.1. Exterior fins 

The proposed model for this improving is to change the cross section of the channel into a 

section with the same radius but with four fins of 4 mm width and 13.22 mm height: 

 
Fig 5.4: View of the channel with fins 

With this improving, the total heat transfer surface of the channel increases a 63%.The 

evolution of the averaged temperature of the new model with a flow velocity of 6 m/s, is 

shown in next figure. It is compared with the standard model: 
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Fig 5.5: comparison of the averaged temperature of the block between the standard model and the model with 

exterior fins, with a velocity flow of 6 m/s. 
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As it can be seen, with exterior fins the simulation takes more than two hours less in reaching 

the 40ºC. It is a good improving, but it is important to check which the velocity magnitude of 

the air is when it passes into the fins to know if it is taking the whole profit of the fins. To 

check this, it looks at the flow velocity in a middle height surface of the box that includes the 

two horizontal fins and the channel. The length and direction of the arrows means the velocity 

magnitudes and the direction of the flow in each cell, and the color indicates the velocity 

magnitude too: 

 
Fig 5.6: velocity vectors of the flow in a middle height surface of the box 

The velocity in some parts of the fins is quite low; it happens in the exterior parts of the 

curves. To try to solve this problem, another option is put interior fins. 

5.3.2. Interior fins 

To have a more homogeneous flow velocity it proposes to put four fins in the interior side of 

the channel. In this case, as the fins are in the interior side of the channel, they have to be a 

little shorter. The fins are 4 mm width and 10 mm height. The inlet of the channel can be seen 

in the next figure: 
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Fig 5.7: view of the model with interior fins 

The evolution of the averaged temperature of this model with a flow velocity of 6 m/s, is 

shown in next figure. It is compared with the standard model: 
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Fig 5.8: comparison of the averaged temperature of the block between the standard model and the model with 

interior fins, with a velocity flow of 6 m/s. 

The two simulations are completely superposed; this new model doesn’t improve the solution. 

First of all, it checks the velocity of the flow in a surface immediately higher of the fins so 

that it shows the velocity vectors of the cells that are in contact with the horizontal fins walls: 
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Fig 5.9: velocity vectors on a surface immediately higher of the horizontal fins 

The velocity vectors are normal. Then, why this procedure doesn’t improve the solution and 

the exterior fins do it? To answer that it has to focus at the material properties of the box: the 

thermal conductivity of the Plicast petrolite 39 is 0.75 W/m·K, so it is a very bad heat 

conductor. In addition, in the model with fins, the heat transfer surface increases but the cross 

section area of the channel decreases a little. Then, when it compares the two different cases 

(standard model and model with interior fins) at the same inlet velocity flow, the mass flow 

rate in the model with interior fins is lower. Therefore, it is not good improving to put this 

fins.  

To try to solve this problem, another solution is proposed. It consists on put interior fins but 

changing the material for another one with a higher thermal conductivity as, for example, 

aluminum. In this case the fins are a little longer (13.22 mm), but the length that is inside the 

channel is the same: 10 mm. The width is 4 mm, the same that the other models with fins. 

This is the inlet of the channel of the new model: 



Improving of the heat transfer from a moulding block in an industrial oven  63

  
Fig 5.10: view of the model with interior aluminum fins 

The behavior of this new model is compared with the standard model with a flow velocity of 

6 m/s in the next figure: 
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Fig 5.11: comparison of the averaged temperature of the block between the standard model and the model with 

interior aluminum fins, with a velocity flow of 6 m/s. 

In this case there is a difference between both simulations, the model with fins reach the 40ºC 

about two hours before than the standard. In any case, this improving is still worst than the 

model with exterior fins. 
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5.4. Surface heat transfer coefficient 

The heat transfer coefficient gives the relation between the energy transferred through the 

wall and the difference of temperatures between the block and the air. Next figures show the 

evolution of the heat transfer coefficient as a function of time and temperature for the standard 

model with different velocities: 
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Figure 5.12: surface heat transfer coefficient as function of time with different flow velocities 
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Figure 5.13: surface heat transfer coefficient as function of temperature with different flow velocities 

It can be seen that the coefficient is clearly increased by the velocity and by the temperature 

of the material. 
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5.5. Pressure drop 

Once all the simulations have been run, it is important to analyze the pressure drop for each 

case and compare it with the improvement in the duration of the simulation. The pressure 

drop is the difference between the inlet pressure and the outlet pressure. A table of results for 

all studied cases is shown: 

Pressure drop 
  6 m/s 8 m/s 10 m/s 12 m/s 14 m/s 

standard 40.3 68.82 104.56 147.1 196.24
10% increase heat transf. area 37.94   98.75 138.73   
20% increase heat transf. area 40.14   107.14 153.78   
30% increase heat transf. area 41.22   107.73 159.25   

exterior fins 52.28   139.11 197.05   
interior fins 50.62     180.16   

interior aluminum fins 50.67     180.02   
Table 5.3: pressure drop for all the studied cases 

The pressure drops increases clearly with the velocity, but when the heat transfer area is 

increased, the pressure drop value doesn’t change much. In next figure it gives the correlation 

between the pressure drop and the velocity for the standard case: 
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Figure 5.14: correlation between pressure drop and velocity for the standard model 

869.14141.1 uP ⋅=Δ          Eq. 5.1 

For the cases with increased channel surface the correlation is nearly the same. 
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The pressure drop is directly proportional to the power needed to impulse the air flow by this 

equation: 

ρ

•

⋅Δ=
mPW  

Where m& is the mass flow rate (kg/s) and ρ is the density (kg/m3). The m& is different for each 

case, because each time it changes the velocity or the diameter of the channel, the mass flow 

rate changes. In addition, multiplying the power for the time of each simulation, it can know 

the total energy needed for each case.  

In the next tables there is a summary of the duration of the cooling process and the energy 

required for each simulation: 

time to reach 40ºC (hours) 
  6 m/s 8 m/s 10 m/s 12 m/s 14 m/s 

standard 22.93 20.57 19.07 18.02 17.23 
10% increase heat transf. area 21.12   17.62 16.67   
20% increase heat transf. area 19.37   16.20 15.37   
30% increase heat transf. area 18.08   15.17 14.38   

exterior fins 20.67   17.27 16.33   
interior fins 22.93     18.02   

interior aluminum fins 21.12     16.83   
Table 5.4: time to reach 40ºC in hours for each case 

Total Energy (Wh) 
  6 m/s 8 m/s 10 m/s 12 m/s 14 m/s 

normal 12.37 25.31 44.60 71.19 105.99 
10% increase heat transf. area 13.02   47.15 75.33   
20% increase heat transf. area 15.04   56.11 91.65   
30% increase heat transf. area 16.97   62.02 104.31   

exterior fins 15.88   58.82 94.58   
interior fins 14.50     81.10   

interior aluminum fins 13.37     75.68   
Table 5.5: total energy for the cooling process 

Analyzing these results, the first conclusion is that the cases with interior fins are not a good 

improvement because they don’t reduce the duration of the cooling process and consume 

more energy than the standard case. 
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The model with exterior fins reduces the duration of the cooling, but comparing it with the 

increased heat transfer area models it is worst. For example, if it compares the cases 20% 

increase heat transf. area and the interior fins with any flow velocity, the first one takes less 

time and needs less energy than the interior fins case.  

Exactly the same happens with the interior aluminum fins model. Comparing it with the 10% 

increase heat tranf. area, it takes the same time and needs more energy to do the cooling 

process. 

Finally, it can be seen that is much better to increase the heat transfer area than increase the 

flow velocity. For example, to reduce the time until 18 hours, increasing the velocity it needs 

a velocity flow of 12 m/s and the total energy used is 71.19 Wh. Instead, increasing the area it 

needs to be increased a 30%, but it only consumes 16.97 Wh. The difference is very 

important. 
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6. Conclusions 
The k-ε model has been used to do the present study. This is not one of the most powerful 

turbulence models that exist but it is the only one that could be used in this study for reasons 

of time duration of each simulation. In addition, the simple geometry studied makes it an 

enough powerful turbulence model. In any case, a validation with others more powerful 

models as RSM would be interesting. It is important to note that the evolution of the 

computing resources can make it very easy to analyze this study with more powerful models 

soon. 

The improvements in the solution have given clearly results: 

• With the characteristics of the material of the block, it has no sense to increase the 

surface with fins (both interiors and exteriors). 

• The pressure drop increases quite faster when increasing the velocity than when 

increasing the diameter, for the same time saving. It makes a less energy consuming 

option to use solutions by increasing the diameter than increasing the velocity. On the 

other hand, increase the diameter implies changing the geometry whereas increase the 

velocity doesn’t need any kind of change in the geometric solution. 
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Appendix A: General view of the oven 
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Appendix B: Parts of the moulding block 
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Appendix C: Top block 
 
 
 

 

 
 




