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Abstract

Currently, the storage ring vacuum chambers of ALBA are protected by 156 crotch absorbers made of copper

and Glidcop. After more than 10 years of operation as a third-generation light source, the ALBA II project

arose, aiming to transform this infrastructure into a fourth-generation synchrotron. This introduces new

challenges in terms of the thermal and mechanical design of the future absorbers.

The absorbers’ cooling channels consist of a set of 8-mm-diameter holes parallel to each other and drilled in

the body of the absorbers. In each hole, there is a 6x1 mm stainless steel concentric inner tube coiled in

spiral wires, whose aim is to enhance the heat transfer. The convective heat transfer coefficients used for the

original design of the absorbers come from experimental correlations from the literature, and are applied as a

global value for the whole system.

In this work, Heat Transfer-Computational Fluid Dynamics (HT-CFD) studies of the convective heat transfer

coefficients and pressure gradients in three different cooling channel geometries are carried out, aiming at

leading the way of designing the cooling systems toward the CFD simulations rather than applying global

experimental values. This information will be useful for the sizing of the new absorbers for the ALBA II

project.
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Chapter 1

Introduction

1.1 Objective

Modern synchrotron light sources widely utilize crotch absorbers to protect the vacuum chambers from

synchrotron radiation, and their proper refrigeration is essential for their optimal functioning since they are

exposed to very high power densities [1]. The impact of the geometry on the refrigeration capacity of their

cooling channels has not been properly reported, and there is little information in the speci�c literature.

The aim of this research is to perform HT-CFD studies of the �uid inside di�erent refrigeration channel

geometries in order to better understand the heat transfer phenomenon and quantify how conservative or

optimistic experimental correlations from the literature are, since they are the main mechanism of designing

refrigeration systems in the industrial �eld.

1.2 Scope

This �nal degree project will include the following set of work packages that will allow the achievement of the

proposed objectives:

1. An in-depth analysis of the theoretical framework regarding �uid dynamics, with a particular focus on

pipe �ow and annular �ow.

2. An in-depth analysis of the theoretical framework regarding heat-transfer, with a particular focus on

forced convection and the obtaining of the analytical Nusselt number and the experimental convective

coe�cient.

3. A characterization of the computational basis of the CFD solvers and their thheoretical background.

4. An overview of the previous researches in this �eld of study and their contribution to the actual

knowledge.

1



1.2. SCOPE 2

5. A summary of the characteristics of ALBA's crotch absorbers and the basic criteria followed for their

design.

From here, the numerical analysis will be conducted in three stages of increasing geometrical di�culty,

starting with the simplest case and ending with the current cooling channel geometry:

1. Conventional pipe: reproduction of the pinhole of the absorber with its corresponding inner diameter.

2. Concentric channels: an tube inserted inside the pinhole, leaving a free end where the reversing of the

�uid occurs.

3. Concentric channels with spiral wires: for the last geometrical con�guration, a wrapping spiral wire is

added in the outer wall of the interior pipe.

Each of the above stages includes di�erent phases of study of the numerical results with its own speci�c

purpose. Starting with the �rst stage, the conventional pipe, three velocities are determined in order to

obtain the three main �ow regimes: laminar, transitory, and turbulent. From here, the following analysis will

be carried out:

1. A study of spatial mesh convergence by varying the element size and in�ation layers.

2. A veri�cation and validation of the geometry and mesh discretization for the optimal convergence of

the computational �uid dynamics using Roache's method [2].

3. The acquisition of the velocity, pressure, and temperature maps and the computation of the pressure

loss and convective heat transfer coe�cients.

4. The theoretical characterization of the �uid �ow for laminar and turbulent models and its comparison

to the numerical results.

5. The veri�cation and validation of the election of the viscous model solver for the transition and turbulent

�ow regimes.

6. The theoretical characterization of the Nusselt number throughout the main experimental correlations

from literature (Dittus and Boelter, Sieder and Tate, Gnielinski and Petukhov) for laminar and turbulent

regime and its comparison with the numerical results when heat transfer is involved.

For the second stage, the concentric channels, the di�erent �ow scenarios will result from the velocities which

will be selected in concordance with the real case of interest and its limitations. Henceforth, the following

studies will be included:

1. A study of spatial mesh convergence by varying the element size and in�ation layers.

2. A veri�cation and validation of the mesh discretization for the optimal convergence of the computational

�uid dynamics using Roache's method.
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3. The acquisition of the velocity, pressure, and temperature maps and the computation of the pressure

loss and convective heat transfer coe�cients.

4. The theoretical characterization of the �uid �ow for laminar model and its comparison to the numerical

results.

5. A comparison of the numerical results for the two proposed geometries.

6. A comparison of the numerical results for a reverse �ow case.

For the concentric channels with spiral wires (third stage), the velocities simulated follow the same criteria as

in the second stage. The following items are included in the last numerical simulation stage:

1. The acquisition of the velocity, pressure, and temperature maps and the computation of the pressure

loss and convective heat transfer coe�cients.

2. An examination of the impact of the spiral wires on the turbulence formation and the heat transfer

capacity of the �ow.

3. A comparison of the results for two di�erent geometries of the spiral wire, varying the pith height.

4. A comparison of the impact on the heat transfer capacity of the geometry of the end of the pinhole,

where the reversion of the �ow occurs, speci�cally: �at, concave, and convex.

This thesis will be completed with the experimental results obtained from the measures collected from a

hydraulic setup that will include an ALBA absorber. An experimental correlation of pressure drops against

�ow rate will be obtained for the current geometry.

Due to shortage of time and complexity of the matter, the experimental set-up for the heat transfer cases and

comparison with the CFD results are beyond the scope of the thesis and will consequently not be included.

1.3 Requirements

The thesis will be developed in collaboration with the ALBA Synchrotron Light Facility, aiming to study

and optimize their current absorber's cooling system by utilizing their software and equipment. Hence, the

following requirements are derived:

1. The research will be implemented speci�cally for the current ALBA's crotch absorbers.

2. The geometrical variances of the inner tube must be found in the market for further application

purposes.

3. The geometries will be modeled throughout the Siemens NX software.

4. The CFD simulations will be executed throughout the ANSYS Fluent software.
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5. The hydraulic setup to measure pressure drops will be provided by ALBA.

The high level of interest this research has in the �eld of particle accelerators made it suitable for a paper

publication. This thesis has been concluded with the presentation of its results at the 13th International

Particle Accelerator Conference (IPAC'22), held in Bangkok, Thailand on June 12-17, 2022.

1.4 Justi�cation

The ALBA Synchrotron Light Facility is a Singular Scienti�c and Technical Infrastructure which, since

its inauguration in 2010, has become an exceptional tool for science in Spain and internationally. More

speci�cally, ALBA is a third-generation light source powered by a 3 GeV electron storage ring with a 270 m

circumference [3].

A total power of 407 kW is radiated by the charged-particle beam when bent by the dipole magnets along the

curve. Whilst the bending radiation is the main product o�ered by a synchrotron, only a small percentage of

it is extracted to the experimental beamlines, whereas nearly 95% of the remaining radiation is intercepted

by the photon (i.e. crotch) absorbers [1]. For this reason, crotch absorbers are critical elements in the

safety assurance of the facility, and their proper refrigeration is essential in order to guarantee its ability to

withstand the temperature and thermal stress induced by the high heat load.

ALBA houses 156 crotch absorbers that have been designed following a detailed set of criteria, models all

veri�ed with a proper FEM or experimental simulation.

Regarding the design of the cooling channels, the convective heat transfer coe�cient was required for the

proper dimensioning of the latter. Nevertheless, the only information available was an experimental correlation

obtained from a private communication with professionals from the Swiss Light Source (SLS) [1]. The covered

cases for the inner tube and helix geometries were limited and the information regarding the measurement

factors, the e�ect of the pinhole end, and the helix length, among others, was ambiguous. To account for

these uncertainties, the water mass �ow circulating in the refrigeration system and its temperature have been

determined under highly conservative criteria, allowing for further optimization.

With the approval of the ALBA II project, an ambitious program that will transform ALBA into a fourth-

generation synchrotron facility by upgrading the accelerator and other components [4], it is the perfect time

to deeply research and document the above issues. The results of this thesis will be of high interest in the

design of the next-generation crotch absorbers for ALBA II. Depending on how conservative the previous

design was, this work may have a considerable impact on the consumption requirements of the refrigeration

system of the whole storage ring.
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1.5 Planning

The main work packages and correspondent tasks are listed bellow. The Gantt diagram depicts the �nal

planning followed and the delivery deadlines for the IPAC'22 paper and FDT.

1. Introductory work

- 1A: Research of information and background

- 1B: Familiarization with ANSYS software

2. Document writing and deliverables creation

- 2A: Project Charter

- 2B: Final Degree Thesis Memory

- 2C: IPAC Article

- 2D: IPAC Poster

3. CFD simulations with ANSYS Fluent of several geometry, �ow and thermal con�gurations

- 3A: 1st Stage: Conventional Channel

- 3B: 2nd Stage: Concentric Channels

- 3C: 3rd Stage: Concentric Channels with Spiral Wires

January February March April May June

Introductory work

Task 1A

Task 1B
Document writing and deliverables creation

Task 2A
FDT

Task 2B

Task 2C
IPAC'22

Task 2D
CFD Simulations and Analysis

Task 3A

Task 3B

Task 3C



Chapter 2

State of the Art

2.1 Theoretical Frame

This section is dedicated to cover the mathematical equations that describe the physical phenomenons of the

motion of the viscous �uid and the heat transfer occurring in a forced convection, their development and

solving methods.

2.1.1 Navier-Stokes Equations

The laws of Physics that govern the �uid �ow are derived from the general principles expressing the

conservation of mass, momentum and energy. The mathematical expressions that state the above for �uids

are dominated Navier-Stokes equations.

The equation of continuity expresses the conservation of mass.

D�
Dt

=
@�
@t|{z}

Accumulative
term

+ r � �~v
| {z }

Convective
term

= 0 (2.1)

The linear momentum conservation, which is equivalent to Newton's second law of motion, is expressed in

the di�erential form as follows:

D(�~v )
Dt

=
@(�~v )

@t| {z }
Accumulative

term

+ r � (�~v~v)
| {z }
Convective

term

= � r p
|{z}

Pressure
gradient

+ �~g
|{z}

Mass force
(gravitational)

+ r �|{z}
Super�cial force

(viscous)

+ ~Fe|{z}
External

force

(2.2)

6
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Where � is the viscous stress tensor, given as:

� =

8
>>>>>>><

>>>>>>>:

� xx � yx � zx

� xy � yy � zy

� xz � yz � zz

9
>>>>>>>=

>>>>>>>;

(2.3)

The equation translating the conservation of thermal energy expresses the �rst principle of thermodynamics

with a �uid element, and the energy balance in the di�erential form reads:

D(�u )
Dt

=
@(�u )

@t| {z }
Accumulative

term

+ r � (� ~V u)
| {z }
Convective

term

= � r ~_q
|{z}

Heat �ux
divergence

� pr � ~V
| {z }

Compressibility
e�ects

+ � : r ~V| {z }
Viscous

dissipation

+ � e
|{z}
Joule
e�ect

(2.4)

where u is the internal energy of the �uid.

In case of studying solely the �uid dynamics, the energy equation 2.4 decouples from the problem and does

not interfere in the solution, whereas it is taken into account in heat transfer cases, where energy transfer

impacts the �uid properties among others.

Furthermore, a parameter that highly a�ects the solving method of the �uid dynamics of the �ow is the

dimensionless Reynolds number, which describes whether fully developed �ow conditions lead to laminar or

turbulent �ow. The Reynolds number is the ratio of the inertial force to the shearing force of the �uid, and

its mathematical formulation reads as follows:

Re =
�V d

�
(2.5)

where V is the average stream velocity,d is the characteristic length, and � is the dynamic viscosity.

When the �uid is �owing through a pipe, the following approximate ranges of �ow regimes depending on the

Reynolds Number occur:

0 < Re < 1 : Highly viscous laminar �creeping� motion

1 < Re < 100 : Laminar, strong Reynolds number dependence

100 < Re < 103 : Laminar, boundary layer theory useful

103 < Re < 104 : Transition to turbulence

104 < Re < 106 : Turbulent, moderate Reynolds number dependence

106 < Re < 1 : Turbulent, slight Reynolds number dependence

Table 2.1: Flow Characterization through Reynolds number [5].

More speci�cally, the critical Reynolds number for pipe �ows is Red;crit = 2300 which is the value above

which laminar �ow starts its transition to turbulence. The transitional �ow is unstable due to the onset of



2.1. THEORETICAL FRAME 8

turbulence and can be considered for a range of Reynolds number between about 2000 and 4000.

In the following sections, the solving methods and/or solutions for each �ow regime is described.

Figure 2.1: Laminar (left), transitional (middle) and turbulent (right) pipe �ow, where arrows indicate
direction of �uid �ow. The right side of each �gure show the velocity pro�le across the diameter, averaged in
time and at a given instance in time. [6]

2.1.2 Laminar Flows

In �uid dynamics, laminar �ow is characterized by the motion of the �uid in in�nitesimal parallel layers with

no disruption between them, such as eddies, swirls or cross-currents perpendicular to the �ow itself. This

occurs due to the fact that laminar �ow is ruled by high momentum di�usion, whereas momentum convection

has an insigni�cant impact. In more physical terms, it means that viscous forces are higher than inertial

forces, i.e. low Reynolds Number values, which leads to a predictable orderly �ow.

All these characteristics allows for simplifying assumptions to be made in order to solve the mathematical

problem. Hence, the simplest forms of laminar �ows can be solved analytically by applying the adequate

hypothesis and boundary conditions. The next subsections describe the analytical solution for �uid �ow

inside a circular cross-section pipe and inside an annular section, which are the cases of interest for this thesis.

2.1.2.1 Hagen-Poiseuille �ow in a circular cross-section pipe

Hagen-Poiseuille �ow refers to an incompressible, Newtonian and viscous �uid in laminar �ow �owing through

a long cylindrical pipe of constant cross section. For this speci�c problem, the usage of cylindrical coordinates

is indicated. Next, the development of the analytical solution for the obtainment of the velocity distribution

and pressure drop is depicted, following the example of the bookMecánica de �uidos by J.M. Bergadà [7].

Simplifying hypothesis:

- incompressible �uid: � = cte �! @�
@t = 0

- steady �ow: @~v
@t = 0

- unidirectional, bi-dimensional �ow: vr = v� = 0

- velocity dependent only on the radius: vx = f (r )

Boundary conditions:

- for r = 0 �! vx = vmax (From experimental observation)

- for r = R �! vx = 0 (No slip condition)
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By applying the simplifying hypothesis to the continuity and Navier-Stokes equations, the di�erential equations

in cylindrical coordinates have been reduced to the following.

Continuity equation:
@vx
@x

= 0 (2.6)

Navier-Stokes in each direction:

~r :
@p
@r

= 0 (2.7)

~� :
1
r

@p
@�

= 0 (2.8)

~x :
1
�

@p
@x

=
1
r

@
@r

�
r

@vx
@r

�
(2.9)

Equations 2.7 and 2.7 state that the �uid pressure is independent from the radial and angular directions,

meaning that it will only vary within the pipe length. From equation 2.9 two statements can be deduced: (1)

pressure decreases whitx's increase (�uid loses pressure while �owing along the pipe), (2) since the left-hand

side is only a function of x and the right-hand side term is only a function of r , this implies that both terms

must be the same constant, and hence the pressure gradient can be written as:

@p
@x

=
� p
� x

= cte (2.10)

By integrating equation 2.9 after substituting eqaution 2.10, and applying one of the boundary conditions, it

is obtained:

Z
r
�

� p
� x

dr =
Z

d
�

r
@vx
@r

�
�!

1
�

� p
� x

r 2

2
+ c0 = r

dvx

dr

BC: vx (r = 0) = vmax �! c0 = 0

Integrating for second time and applying the remaining condition:

Z
1
�

� p
� x

r 2

2
1
r

dr =
Z

dvx �! vx =
1
�

� p
� x

r 2

4
+ c1

BC: vx (r = R) = 0 �! c1 = �
1
�

� p
� x

R2

4

It is �nally obtained the velocity radial distribution dependant on the pressure drop and �uid viscosity:

vx (r ) =
1

4�
� p
� x

(r 2 � R2) (2.11)

In the central axis v(r = 0) = vmax , the maximum velocity is obtained:

vmax = �
1

4�
� p
� x

R2 (2.12)
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By combining the last two equations (2.11 and 2.12), the �uid velocity can be de�ned by the following

expression, which denotes the parabolic distribution of the �ow velocity:

vx (r ) = vmax

�
1 �

� r
R

� 2
�

(2.13)

Once the velocity distribution depending on the radius is known, the volumetric �ow rate that circulates

inside the pipe can be determined by integrating the product of the velocity and the in�nitesimal area.

Q =
Z R

0
vx � 2�r dr =

Z R

0
vmax

�
1 �

� r
R

� 2
�

2�r dr = vmax
�
2

R2 = �
� p
� x

R4�
8�

(2.14)

By dividing the �ow rate by the cross-section are, the mean velocity can be computed:

v =
Q
A

=
� � p

� x
R 4 �
8�

�R 2 = �
� p
� x

R2

8�
=

1
2

vmax (2.15)

Finally, by equalizing vmax from equations 2.12 and 2.15 and substituting� x with L (pipe's length), the

Hagen�Poiseuille equation, which gives the pressure drop, can be obtained:

� p =
8�LQ
�R 4 =

8��LQ
A2 (2.16)

2.1.2.2 Poiseuille �ow in an annular section

Obtained in a similar way, for the case of concentric static cylinders, whereRi is the inner cylinder radii and

Ro is the outer cylinder radii, with applied pressure drop between the two ends,� p, the velocity distribution

and the volumetric �ow rate through the annular pipe are:

v(r ) =
� p
� x

1
4�

2

4(r 2 � R2
o) + ( R2

o � R2
i )

ln
� R o

r

�

ln
�

R o
R i

�

3

5 (2.17)

� p
� x

=
8�Q
�R 4

o

1

1 �
�

R i
R o

� 4
�

�
1�

�
R i
R o

� 2
� 2

ln
�

R o
R i

�

(2.18)

Also, knowing that the maximum velocity will be achieved at the center of the pipe (r = 0 ), the following

velocity can be derived from the previous:

vmax

v
= �

2
R2

o

1
2

R 2
o � R 2

i
ln( R o =R i ) � R2

o + ( R2
o � R2

i )
ln( R o ) � ln

� �
1
2

R 2
o � R 2

i
ln (R o =R i )

� 1
2

�

ln( R o =R i )

1 +
�

R i
R o

� 2
� 1� (R i =R o )2

ln( R o =R i )

(2.19)

Form more detail on the obtainment of the former equations consult Chapter 8 from the bookBreve

introducción teórica con problemas resueltosby Josep M. Bergadà [7].
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2.1.3 Turbulent Flow

Turbulent �ow is characterized by chaotic property changes in both time and position, speci�cally rapid

variation of pressure and high �uctuation of the �uid velocity �eld, in both magnitude and direction.

Turbulence is caused by excessive kinetic energy of the �uid �ow, which overcomes the damping e�ect of the

�uid's viscosity, i.e. high Reynolds Number values. In contrast to laminar �ow the �uid no longer travels

in layers, mixing across the tube occurs, unsteady vortices appear and hence the �ow is irregular, 3D and

unsteady.

Due to these unpredictable characteristics, turbulence has long resisted detailed physical analysis, and the

interactions within turbulence create a very complex phenomenon to be modeled. This analytically unsolved

problem of classical physics, has been addressed mainly with numerical solvers and for the simplest cases,

some empirical correlations do also describe the phenomenon with great precision.

2.1.3.1 Empirical Correlations

Regarding the pressure loss due to viscous e�ects in a cylindrical pipe of uniform diameter D, Darcy�Weisbach

equation [8] accurately predicts it:
� p
L

= f D �
�
2

�
v2

DH
(2.20)

where the pressure gradient� p
L is de�ned by the �uid's density, � , mean velocity v, hydraulic diameter DH ,

and the Darcy friction factor f D .

The friction factor f D depends on the characteristics of the pipe, the characteristics of the �uid and its

velocity. This can be obtained from the Moody diagrams, or, if the pipe surface is smooth (relative roughness

" r < 0:0004for Reynolds numbers inferior to 105, which is our case of study), the friction factor's variation

with Re can be modeled by the Kármán�Prandtl resistance equation for turbulent �ow in smooth pipes:

1
p

f D
= 1 :930 log

�
Re

p
f D

�
� 0:537: (2.21)

The Darcy-Weisbach is applicable for �ows in full pipes, for any type of �uid and for any �ow regime, including

the transition region between laminar �ow and fully developed turbulent �ow. It is based on fundamentals

and can be derived analytically in the laminar �ow region.

As for the �ow motion description, the The Power-law velocity distribution will be employed [9]. This set of

equations were introduced by Prandtl in the 1930s and describe the solution for the time-averaged velocity

pro�le for turbulent �ows inside ducts. Since the turbulent core is led by inertial forces and undergoes mixing,

it is more �attened compared to the laminar pro�le, while the �ow velocity drops rapidly extremely close to

the walls due to the di�usivity of the turbulent �ow.

u = umax

�
1 �

r
R

� 1=n
(2.22)



2.1. THEORETICAL FRAME 12

where n is the power-law exponent and determined by:

n = � 1:7 + 1:8 � log(Re) (2.23)

Also, the maximum velocity is encountered at the center of the �ow its ratio to the mean velocity of the �ow

as a function of the parametern:
u

umax
=

2n2

(n + 1)(2 n + 1)
(2.24)

Note that this law is not valid near the wall as it yields in�nite gradient at the wall. Likewise it is not

valid at the pipe center line since the gradient is not null. Still it provides favorable agreement with the

experimentally measured pro�le across most of the pipe.

Additionally, the behaviour of the development of the turbulent (as well as the laminar) pipe �ow was

investigated and documented in [9]. Basically, it de�nes the transition from a free constant stream at the

entrance to a fully developed �ow downstream through the axial velocity pro�le. For developing laminar

�ows, the behaviour of the center velocity is asymptotic whilst the boundary layer thickness grows. For

developing turbulent �ow, the core region accelerates as it is being squeezed by the growing boundary layer.

As the �ow evolves, the boundary layer grows and eventually merges, concluding in a developed state of the

�ow. Yet, the initial core acceleration is so large for a turbulent �ow, that the centre line velocity overshoots

its fully developed value, showing hence a non-asymptotic behaviour. This phenomenon will be depicted in

the results.

2.1.3.2 Computational Solvers

Turbulence has long resisted detailed physical analysis, and the interactions within turbulence create a very

complex phenomenon. For this reason, statistical analyses of turbulence have long been dominant during the

early years of development of turbulence modeling, since they were seen as the only form of modeling the

perceived randomness of turbulent �ows. The statistical approach procedures consisted on averaging the

nonlinear Navier�Stokes equations.

Figure 2.2: Diagram depicting the velocity distribution of a �uid moving through a circular pipe, for (A)
laminar �ow, (B) turbulent �ow, time-averaged, and (C) turbulent �ow, instantaneous depiction. [10]

Nowadays, Navier�Stokes equations can be numerically solved with computational �uid dynamics (CFD)

without the need of any turbulence model, through the so-called direct numerical simulation (DNS). This

method resolves the entire range of turbulent spatial and temporal scales and is therefore extremely expensive

in terms of computational cost. For this reason, turbulence models are preferred over the DNS, even if a loss

in accuracy must be assumed.
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The two most widely used turbulence models employed are the large eddy simulation (LES) and Reynolds-

Averaged Navier-Stokes (RANS) equations. Hereafter it is presented a comparative summary of the three

main N.-S. solving methods and their respective computational cost [11]:

1. DNS employs no modeling and demands high mesh resolution, from the large scales all the way through

the dissipation scales, since it solves the entire range of turbulence scales. This results in total arithmetic

scaling at least asRe3, or worse.

2. LES form of turbulence calculation lies between DNS and RANS methods, both with respect to form

and cost to compute. LES directly solves the large-scale, energy-carrying motion, while the �ltered

small, mainly dissipative scales are modeled. The amount of required modeling is set by the amount of

resolution that can be a�orded, but it is unlikely that total arithmetic will scale worse than Re2.

3. RANS requires modeling of nearly all scales of the solution, only computing therefore time mean

quantities. As a consequence, total arithmetic is at most a weak function ofRe.

Figure 2.3: Visual representation of the CFD modelling of a turbulent jet using the three di�erent computa-
tional solvers: RANS, LES and DES [12].

2.1.3.3 Reynolds-Averaged Navier-Stokes Equations

The Reynolds-Averaged Navier-Stokes equations are time-averaged equations of motion for �uid �ows. For

most engineering problems, this method provides a good accuracy with low computation time cost.

Reynolds-Averaged Navier-Stokes equations derive from the application of the Reynolds decomposition into

the Navier-Stokes equation system. This approach states that in a statistically steady �ow, every variable'

can be written as the sum of a time-averaged part' (~x) and a �uctuation of that value ' 0(~x; t):

' (~x; t) = ' (~x) + ' 0(~x; t) (2.25)
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Where these compnents are mathematically de�ned as

' (~x) = lim T !1
1
T

Z T

0
' (~x; t)dt and ' 0(~x; t) = lim T !1

1
T

Z T

0
' 0(~x; t)dt = 0 (2.26)

Hence, from the mathematical properties and the previous equations the following can be extrapolated:

' = ' , ' 0 = 0 , ' + � = ' + � , ' � � = ' � � (2.27)

Where � is another variable in the �ow with � (~x) its time averaged value.

For the derivation of the RANS equations, the Reynolds decomposition will be now applied to the N.-S.

equations. For incompressible Newtonian �uid, the equations of continuity and momentum are:

@ui

@xi
= 0 (2.28)

�
Dui

Dt
= �f i �

@p
@vi

+
@

@xj

�
�

@ui

@xj
� � u0

i u
0
j

�
(2.29)

Aside from replacement of the instantaneous variables by mean values, the only di�erence between the

time-averaged and instantaneous momentum equations is the appearance of the correlationu0
i u

0
j . This is a

time averaged rate of momentum transfer due to turbulence. When negative and multiplied by the density, is

commonly referred as the Reynolds-stress tensor:

Rij = � � u0
i u

0
j = � �� ij = � �

0

B
B
B
B
B
B
B
@

u0
1u0

1 u0
1u0

2 u0
1u0

3

u0
2u0

1 u0
2u0

2 u0
2u0

3

u0
3u0

1 u0
3u0

2 u0
3u0

3

1

C
C
C
C
C
C
C
A

(2.30)

Here lies the fundamental problem of turbulence, since this symmetric tensor introduces 6 new unknowns for

a tridimensional �ow.

In conclusion, six unknown quantities have been produced in the Reynolds averaging process, which summed

to the 4 original time-averaged unknowns (pressure and the three components of velocity) give a total of 10

unknowns. The equations presented for its obtainment are the equation of mass conservation 2.28 and the

three components of the momentum equation 2.29, giving a total of 4. Here appears the closure problem,

since enough equations must be found in order to �nd the unknowns. [13]

2.1.3.3.1 Boussinesq eddy-viscosity assumption

In order to add more equations to the closure problem, the Boussinesq eddy-viscosity assumption is applied

for the solving of the Reynolds stress tensor in most cases. This approximation assumes that the principal

axes of the Reynolds-stress tensor,� ij , are coincident with those of the mean strain-rate tensor,Sij , at all

points in a turbulent �ow. The coe�cient of proportionality between � ij and Sij is the eddy viscosity, � t = � t
� .
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His assumption reads as follows:

� � u0
i u

0
j = � t

�
@ui

@xj
+

@uj

@xi

�
�

2
3

�� ij k (2.31)

where the men stress rate is de�ned as

Sij =
@ui

@xj
+

@uj

@xi
(2.32)

and the term k represents the turbulent kinetic energy given byk = 1
2 u0

i u
0
i and � ij is the Kronecker symbol.

The turbulence can be then characterized by two parameters, or two scales, the turbulence velocity scalev

and the turbulence length scalel .

2.1.3.3.2 Turbulence Transport Models

In essence, Reynolds averaging is a brutal simpli�cation that loses much of the information contained in the

N.-S. equations. Thus, turbulence modelling is employed in order to devise approximations for the unknown

correlations in terms of �ow properties, closing so the system.

The traditional linear-eddy-viscosity RANS models may be divided into the following four main categories:

algebraic (zero-equation) models, half equation models, one-equation models and two-equation models.

As computers have increased in power, turbulence models based upon the equation for the turbulence

kinetic energy have become the protagonists of modern turbulence-modeling research. These models use the

Boussinesq eddy-viscosity approximation to compute the Reynolds stress tensor.

Two equation-models are models in which model transport equations are solved for two turbulence quantities.

Virtually all use the transport equation for the turbulent kinetic energy, k.

Dk
Dt

+ r � T0 = P � " (2.33)

where r � T0 is the turbulence transport of k, P is the production of turbulent kinetic energy, and " is the

dissipation rate.

Several transport variables have been proposed for the second equation, based on dimensional arguments.

The eddy viscosity � t is then formulated from the two transport variables, predicting hence the properties of

a given turbulent �ow.

Among the most popular turbulence models across the industrial applications of the CFD simulations, the

three models that stand out and are available in Ansys [14] are:

1. k � " Model

The k � " turbulence model is the most common model used in CFD to simulate mean �ow characteristics

for turbulent �ow conditions. The second transport variable modeled is the rate of dissipation of the

turbulent kinetic energy, " . For k � " model, its robustness, economy, and reasonable accuracy for a

wide range of turbulent �ows explain its popularity in industrial �ow and heat transfer simulations. In
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the derivation of the k � " model, the assumption is that the �ow is fully turbulent, and the e�ects of

molecular viscosity are negligible.

2. k � ! Model

In this model, the second equation models the speci�c dissipation rate,! , which represents a char-

acteristic frequency of the turbulence. The standardk � ! model in ANSYS Fluent is based on the

Wilcox k � ! model, which incorporates modi�cations for low-Reynolds number e�ects, compressibility,

and shear �ow spreading. This can produce a delayed onset of the turbulent wall boundary layer and

constitute therefore a very simple model for laminar-turbulent transition. One of the weak points of the

Wilcox model is the sensitivity of the solutions to values for k and outside the shear layer (freestream

sensitivity).

3. Shear-Stress Transport (SST)k � ! Model

The SST k � ! model developed by Menter is a hybrid two-equation model that combines the advantages

of both k � " and k � ! models. The SST was developed to e�ectively blend the robust and accurate

formulation of the k- ! model in the near-wall region with the freestream independence of thek � "

Model in the far �eld, being a good compromise between the two. These make the SST model more

accurate and reliable for a wider class of �ows.

Figure 2.4: Visual representation of the spatial distribution of the k � " and -� ! models inside the SSTk � !
viscous model for a �uid �ow near a no-slip condition wall [15].

Additionally, the Transition Shear-Stress Transport (SST) Model developed by R. B. Langtry F. R. and

Menter in 2009 has been taken into consideration as well [16]. The Transition SST model is based on the

coupling of the SST k � ! transport equations with two other transport equations, one for the turbulent

intermittency and one for the transition onset criteria, in terms of momentum-thickness Reynolds number.

ANSYS uses the Langtry and Menter empirical correlation to cover standard bypass transition as well as

�ows in low free-stream turbulence environments.

More precisely, in the Transition SST model, the production of turbulent kinetic energy, P is multiplied by

a turbulence intermittency term called 
 , which indicates the state of the �ow locally. 
 can take values

between 0 and 1, pointing out the percentage of time that turbulent �uctuations are present in the boundary

layer:

� 
 = 0 �! laminar, no �uctuations

� 0 < 
 < 1 �! transitional

� 
 = 1 �! fully turbulent, �uctuations always present
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2.1.4 Heat Transfer in Forced Convection of Water Flow

For the purpose of this thesis, the forced convection �ow in a pipe is aimed to be studied. In order to do so,

the thermal energy equation 2.4 must be considered alongside the Navier-Stokes equations of momentum and

mass conservation. While there is an analytical solution for this set of equations for the laminar case, since

our case of interest is turbulent, a development of the turbulent heat transfer problem will be carried out in

the following section.

Hence, in order to simplify the Navier-Stokes equations, the following assumptions will be considered valid:

Newtonian �uid, constant density and viscosity, negligible body forces, non-participating radiative medium,

and negligible viscous dissipation. For incompressible �ows, which shall be the case for water �ows, the

density of the �uid remains constant, which mathematically is expressed as null divergence (as stated in

equation 2.35) which stands for the continuity equation.

In second place, the momentum equation can be simpli�ed introducing the null divergence in equation 2.2.

Also, for the interest of this case of study, body forces will be neglected and the application of external forces

won't be considered. By applying all these assumption, equation 2.36 is obtained.

In third place, the thermal energy equation will simplify as well. By one hand, while radiation is the main

heat transfer mechanism between the absorber and the photon beam, the principal heat transfer mechanism

between the absorber and its internal refrigeration system is the conduction throughout the walls. Since the

energy transferred through the walls is equal to the energy intake of the �uid at the wall, the external source

of heat transfer rate can be expressed as a conduction at the wall boundary:

_~q= � � r T (2.34)

where � is the thermal conductivity of the �uid.

Also, by assuming constant speci�c heat for water in the range of temperatures of study (� T 2 [23; 50]ºC),

the internal energy di�erential can be expressed asdu = cpdT. Finally, equation 2.37 is derived from the

above assumptions.

In summary, the simpli�ed Navier-Stokes equation for this case of study are the following:

r � ~V = 0 (2.35)

�
D ~V
Dt

= �r p + � r 2 ~V (2.36)

�c p
DT
Dt

= � r 2T (2.37)

Since the method of the solving of the �rst two has been explained in the previous section, in this one the focus

will be on the thermal energy equation 2.37, for which steady state will be considered. A non-dimensional
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analysis of this equation must be carried out. The non-dimensional variables are:

r � = Lr ; V � =
V

V
; T � =

T � Tw

Tc � Tw

where the values used for the non-dimensionalization of the variables are characteristic �ow values, such

as the mean velocity, characteristic length (diameter in this case) and wall and centre �uid temperatures.

Applying all these equivalences and combining the terms properly we obtain:

r � T � =
1

Re Pr
r � 2T � (2.38)

Hence, from equation 2.38 it is deduced that the convective capacity of the �ux only depend on the

dimensionless values of Reynolds 2.5 and Prandtl. The Prandtl number is the ratio of molecular momentum

and thermal di�usivities:

P r =
�c p

�
(2.39)

Convection relates to the transfer of heat from a bounding surface to a �uid in motion, or to the heat transfer

within the interior of the �owing �uid. A forced convection occur when the �uid motion is induced by

a external device. In convective processes involving heat transfer from a boundary surface exposed to a

relatively low-velocity �uid stream, it is convenient to introduce a heat transfer coe�cient h, de�ned in the

Newton's law of cooling:

q = h(Tw � Tf ) (2.40)

where Tw is the surface temperature andTf is a characteristic �uid temperature, de�ned as the temperature

of the �uid far away from the surface for tubes. The heat transfer coe�cient is sensitive to the geometry, to

the physical properties of the �uid, and to the �uid velocity.

At the wall, the �uid velocity is zero, and the heat transfer takes place by conduction. Therefore, we may

apply Fourier's law to the �uid at y = 0 (where y is the axis normal to the �ow direction, Fig. 1.2):

h =
q

Tw � Tf
=

� @T
@y

�
�
�
y=0

Tw � Tf
(2.41)

where � is the thermal conductivity of �uid.

The temperature gradient at the wall is needed in order to evaluate the heat transfer coe�cient. By

developing the above throughout the dimensionless groups, the Nusselt number is de�ned as the dimensionless

temperature gradient at the surface, expressed as follows:

Nu =
@T�

@y�

�
�
�
y � =0

=
hL
�

(2.42)
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2.1.4.1 Nusselt Number Correlations of Interest

For the laminar circular channel �ow with constant heat �ux through the walls, the Nusselt number has an

analytical solution:

Nu =
hD
k

= 4 :365 for Qw = cte (2.43)

where k is a constant equal to 0.598 W/mK.

Hereafter, the most endorsed investigators experimental correlations for the Nusselt number for fully developed

turbulent �ow in a smooth, circular duct for gases and liquids are presented [17]. As stated in equation 2.38,

these will only be dependent on the Reynolds and Prandtl numbers. Nonetheless, some take into account

the e�ect of the pipe's roughness, including so a friction factor,f. For the computation of this variable, the

Churchill expression will be employed:

f = 2

 
1

(A + B )
3
2

+
�

8
Re

� 12
! 1

12

where B =
�

37530
Re

� 16

& A =
�

2:457 ln
1

( 7
Re )0:9 + 0 :27" r

� 16

(2.44)

This being said, hereafter are depicted the four elected investigators correlations and their correspondent

application range.

1. Dittus and Boelter

Nu = 0 :024Re0:8Pr 0:4 0:7 � P r � 120 and 2500� Re � 1:24� 105, L=d > 60 (2.45)

2. Sieder and Tate

Nu = 0 :027Re4=5Pr 1=3
�

�
� w

� 0:14

0:7 � P r � 16700and Re > 1:24� 104 (2.46)

3. Gnielinski

Nu =

8
>>>><

>>>>:

( f= 2)( Re � 1000) P r
1+12 :7( f= 2) 1= 2 (P r 2= 3 � 1) 0:5 � P r � 2000and 2300� Re � 5 � 106

0:0214(Re0:8 � 100)P r 0:4 0:5 � P r � 1:5 and 104 � Re � 5 � 106

0:012(Re0:87 � 280)P r 0:4 1:5 � P r � 500 and 3 � 103 � Re � 106

(2.47)

4. Petukhov

Nu =
(f=2)RePr

C + 12:7(f=2)1=2(P r 2=3 � 1)
0:5 < Pr < 106 and 4000� Re � 5 � 106 (2.48)

where

C = 1 :07 +
900
Re

�
0:63

1 + 10Pr
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2.1.5 Boundary Layer and Developed Flow

A pipe constitutes an internal �ow, meaning that the �ow is constrained by the surrounding bounding walls.

When the nearly inviscid upstream �ow enters the tube at the inlet for example, the no-slip condition at the

wall starts to act. This creates a viscous boundary layer in which a velocity gradient forms, where velocity

monotonically increases above the surface until it returns to the bulk �ow velocity. Viscous boundary layers

grow downstream, retarding the axial �ow near the wall and thereby accelerating the center core �ow to

maintain the continuity.

At a �nite distance from the entrance, the boundary layers merge and the inviscid core disappears. Slightly

further from that point, at x = L e, the entirely viscous �ow adjusts until it converts in developed �ow: the

velocity pro�le is constant and no longer change downstream, the wall shear is constant, and the pressure

drops linearly with distance, for either laminar or turbulent �ow.

The distance L e at which developed �ow is achieved is called the entrance length. There is the hydrodynamic

entrance length, where velocity pro�le remains constant and the thermal entrance length, where the relative

shape of the temperature �eld no longer changes with the distance, both depicted in Fig. 2.5. The values of

the temperature in the fully developed region changes, however, for constant heat �ux for instance. Hereafter

the correlations for the computation of the hydrodynamic and thermal entrance length for each �ow regimes

are included.

Figure 2.5: Developing temperature and velocity pro�les from the entrance of a duct �ow. [18]

The accepted entrance-length correlations are [5] [18]:

For laminar regime:

L e;h = 0 :06 Re D (2.49)

L e;t = 0 :05 Re Pr D (2.50)

For turbulent regime:

L e;h = 1 :359Re1=4D (2.51)

L e;t = 10 D (2.52)
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2.2 Computational Frame

In this section, the main concepts required for the proper implementation of the CFD simulations will be

reviewed, namely the adequate geometry criteria, the meshing methodologies and topology, and a validation

method for the results obtained. Also, a brief guide on the ANSYS Fluent module usage is presented.

2.2.1 ANSYS Fluent

Ansys Fluent Fluid Simulation Software is the industry-leading �uid simulation software known for its

advanced physics modeling capabilities and industry leading accuracy. The work�ow sections of the Fluent

module are depicted in Fig. 2.6.

Figure 2.6: ANSYS Fluent module work �ow chart.

The module consists in a 5 section process that allows modelling the problem to be solved. It counts with a

integrated CAD software (Design Modeler), its own mesh generator and the correspondent setup and solution

modules that allow obtain the results as the last stage of the software.
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2.2.2 Geometry

Since this project is aimed to study the behaviour of the �uid in the developed region, the geometry of the

cooling channels has to take into account the computational needs in order to reach it fairly and converge

unproblematically. The ideal longitude of the pipe for the CFD simulation should be at least 3 times the

developed �ow entrance length [19]:

L Duct;CF D > 3L e (2.53)

2.2.3 Meshing Criteria

In this section the terminology associated with meshing is described. In the �rst place the two main mesh

types are introduced.

- Structured mesh: Any mesh containing an ordered set of locally orthogonal lines, with implicit

connectivity whose structure allows for easy identi�cation of elements and nodes. Often structured

meshes have orthogonal quadrilateral (2D) or hexahedral (3D) elements.

- Unstructured mesh: Any mesh containing unordered set of polygons with general connectivity whose

structure is arbitrary. Typically used elements geometry are triangles (2D) or tetrahedrons (3D).

Other popular types of mesh which are variations of the latter are:

- Sweeping mesh:Obtained by de�ning a source face with an initially de�ned mesh structure, which is

swept through a path to a target face.

- Hybrid mesh: Mesh that combines an unstructured mesh with horizontal prism elements at wall

boundaries.

Figure 2.7: Examples of mesh con�gurations using both structured, unstructured, and hybrid meshes [20].

When a domain is subdivided into multizones with each zone having its own mesh topology, then at the

interface the meshing nodes can match up or not, creating two types of con�gurations.

- Conformal interface: Nodes match up. The advantage related to this is that no interpolation is

necessary, resulting in a faster and more accurate computation.

- Non-conformal interface: Nodes don't match up. Interpolation required at the contact.
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In order to evaluate the quality of the solid mesh, there are four main criteria to take into account, which are

aspect ratio, skewness, orthogonality, and smoothness. Aspect ratio is the most important criteria to evaluate

the qualities of each individual element. On the other hand, skewness, orthogonality, and smoothness, show

the quality prediction for two adjacent elements sharing the same inner face. The de�nition of each quality is

explained below.

- Aspect ratio: The ratio between largest and smallest characteristic dimension of an element.

- Skewness:Measure of asymetry of a function with respect to the origin (or elsewhere).

- Orthogonal quality: Measures how close the angles between adjacent element faces (or adjacent element

edges) are to some optimal angle (depending on the relevant topology).

- Smoothness:Volume ratio of two cells adjacent to the same inner face. The larger smoothness implies

the smoother volume of adjacent elements.

The criteria followed for the characterization of the mesh quality depending on the values of the latter

properties is speci�ed in the ANSYS Lecture 7: Mesh Quality and Advanced Topics[21].

2.2.3.1 Dimensionless wall distance y+

As stated in the theoretical frame, when the �ow encounters itself nearby a wall, a boundary layer forms.

For turbulent �ows, this boundary layer is characterized by a velocity gradient that increases greatly when

approaching the wall. Due to this reason, the mesh must be re�ned more �nely in the vicinity of the wall in

order to capture this phenomenon correctly.

Figure 2.8: Velocity boundary layer development on a �at plate. [22]

Physically speaking, there are three main parts of the boundary layer which are di�erentiated by the

viscous impact and momentum weight. This zones are limited by a dimensionless value of the height,y+ ,

mathematically de�ned as:

y+ =
u� y
�

(2.54)

where u� is the friction velocity, y is the cell distance from the solid wall, and� is the kinematic viscosity of

the �uid considered.
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Figure 2.9: The law of the wall for the sub-
layers inside the boundary layer of a turbu-
lent �ow. [22]

The wall boundary sublayers are:

- The viscous sublayer, y+ < 5. In the viscous layer, the

�uid is dominated by the viscous e�ect, so it can be

assumed that the Reynolds shear stress is negligible. The

linear velocity law that is met here indicates that y+ = u+ .

- The logarithmic area or Turbulent region, y+ > 30. In

the logarithmic layer, turbulence stress dominate the �ow

and velocity pro�le varies very slowly with a logarithmic

function along the distance y.

- The bu�er layer , 5 < y + < 30. The bu�er layer is the

transition region between the viscosity-dominated region

and turbulence-dominated part of the �ow. Viscous and

turbulent stresses are of similar magnitude and since it

is complex, the velocity pro�le is not well de�ned.

When employing the k � " viscous model, the mesh can be

re�ned in the range of 30 < y + < 300 at the wall, and optimal results from the model can be obtained. On

the other hand, when applying k � ! or SST viscous models, in order to adequately capture the viscous

e�ects at the wall since they employ an enhanced wall treatment, the mesh must be smoothly re�ned until

reaching a value ofy+ � 1 [23].

2.2.3.2 Spatial Grid Convergence Study

In order to check the spatial grid convergence of the mesh, a method based on the Richardson's extrapolation,

presented in the book by Roache will be employed. The examination of the spatial convergence of a simulation

on two or more successively �ner grids determines the ordered discretization error in a CFD simulation. As

the grid is re�ned, the spatial discretization errors asymptotically approach zero.

For the grid re�nement, two reference grid spacing have been taken into account: the grid spacing normal to

the walls (i.e. the number of in�ation layers at the walls) and at the �uid bulk (i.e. the size of the cells). Upon

picking a grid re�nement ratio equal to or larger than 1.1 to allow the discretization error to be di�erentiated

from other error sources, this must be applied to these reference spacings.

For each level of re�nement of the mesh, the result of a non-local property will be computed along with the

re�nement ratio compared to the �nest mesh are introduced in the Python code 'convergence' provided as

part of the NASA Examining Spatial (Grid) Convergence tutorial [24]. The program provides the exact value

to which the results tend and the asymptotic ratio, which indicates the accuracy accomplished by each mesh

level.
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