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Abstract

Abstract

This research addresses the highly important topic of "Enhancing Heat Transfer in Horizontal and
Vertical Pipes," within the field of thermal engineering. The aim of this study is to investigate the
factors influencing heat transfer efficiency and to develop techniques for its improvement under the
influence of forced internal heat load.

Using simulation and numerical modeling software Gambit and Fluent, the study provided an
opportunity to analyze the thermal behavior of pipes with high precision. The Finite Volume
Method was adopted for heat transfer efficiency analysis by solving equations based on the k—¢
model.

Experimental results revealed that in both horizontal and vertical pipes, with and without control
elements at various positions, heat transfer efficiency in the laminar system is superior when
employing control elements at three positions. Conversely, in the turbulent system, natural heat
transfer efficiency is better than when control elements are added. It was also concluded that heat
transfer efficiency in the turbulent system is superior to the laminar system. Finally, the use of
control elements in horizontal and vertical pipes enhances heat transfer.

Keywords: Heat transfer, forced internal heat load, horizontal and vertical pipes, Finite
Volume Method, Fluent and Gambit, control elements.

Résumé

Cette recherche aborde un sujet crucial en ingénierie thermique "Amélioration du transfert de
chaleur dans les tubes horizontaux et verticaux". L'objectif de cette étude est d'examiner les facteurs
influencant I'efficacité du transfert de chaleur et de développer des techniques pour I'améliorer sous
I'effet de la charge thermique interne forcée.

En utilisant les logiciels de simulation et de modélisation numérique Gambit et Fluent, I'étude a
offert une opportunité d'analyser précisément le comportement thermique des tubes. La méthode
des volumes finis a été adoptée pour analyser I'efficacité du transfert de chaleur en résolvant les
équations basées sur le modele k-«.

Les résultats expérimentaux ont montré que dans les tubes horizontaux et verticaux, avec et sans
éléments de contrble a différentes positions, I'efficacité du transfert de chaleur est meilleure dans le
systéeme laminaire lorsqu'on utilise des eléments de contrdle a trois positions. En revanche, dans le
systéme turbulent, I'efficacité du transfert de chaleur naturel est meilleure que lorsque des éléments
de contr6le sont ajoutés. De plus, il a eété conclu que l'efficacité du transfert de chaleur est
supérieure dans le systeme turbulent par rapport au systéme laminaire. Enfin, 'utilisation d'éléments
de contr6le dans les tubes horizontaux et verticaux améliore le transfert de chaleur.

Mots-clés : Transfert de chaleur, charge thermique interne forcee, tubes horizontaux et
verticaux, méthode des volumes finis, Fluent et Gambit, éléments de controle.
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General Introduction :

The issue of improving heat transfer in horizontal and vertical tubes is one of the fundamental
topics in thermal engineering, directly impacting the efficiency of thermal systems in various
industrial applications. This study aims to address this vital subject by exploring the factors
affecting heat transfer efficiency and developing effective techniques to enhance it under the
influence of internal forced convection.

This research highlights the significant importance of improving the performance of thermal
systems by providing advanced technical solutions that enhance heat transfer efficiency, thereby
boosting the overall performance of thermal systems in various industrial applications. By focusing
on horizontal and vertical tubes, a deeper understanding of thermal processes can be achieved,
leading to the development of new methods for improvement.

Simulation and Simulation and numerical modeling programs such as Gambit and Fluent were
used to accurately analyze the thermal behavior of the tubes. The study relies on the finite volume
method in calculations to analyze heat transfer efficiency, allowing for a precise understanding of
complex thermal phenomena within the tubes. Through these tools, a variety of scenarios and
different cases can be simulated and analyzed to achieve tangible improvements in thermal
performance.

Experimental results have shown that the use of control elements significantly improves the
effectiveness of heat transfer in horizontal and vertical tubes. These improvements include
increased efficiency of thermal systems, contributing to energy consumption reduction and overall
performance enhancement. The results provide practical evidence of the proposed methods'
effectiveness, allowing for their wide application in the industry.

The results of this research can be applied in a wide range of industrial fields that rely on thermal
systems, such as petrochemical industries, power generation, and food and beverage manufacturing.
By improving heat transfer, substantial energy savings and operational efficiency improvements can
be achieved, enhancing competitiveness and innovation in these industries.

This research constitutes an important contribution to the field of thermal engineering by offering
new techniques and methods to improve heat transfer in horizontal and vertical tubes. Relying on
numerical modeling and precise analysis, significant improvements in thermal system efficiency
can be achieved, contributing to enhanced performance and efficiency in various industrial
applications. We hope this study serves as a starting point for further research and development in
this vital field.
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Chapter I: General information on heat transfer in tubes

I.1 Introduction

Enhancing heat transfer is considered as a fundamental element in the continuous development
of engineering and technology. Therefore, improving the efficiency of thermal systems promotes
sustainability and reduces reliance on other energy sources, leading to increased efficiency and
improved overall performance of engineering systems [3].

In this chapter, we will start by introducing the three fundamental mechanisms of heat transfer,
including conduction, convection, and radiation. We will then move on to advanced aspects of
evaluating and understanding various aspects of natural and forced heat transfer. We will also
mention the classification of fluid flows based on their common properties, and then discuss flow
velocity, thermal boundary layers, laminar and turbulent flows. Next, we explore forced internal
heat transfer, beginning with a general material description of internal flow, average velocity, and
average temperature. We proceed with the entrance region, overall heat analysis, plate and turbulent
flow in pipes.

Finally, we discuss heat transfer enhancement techniques, which are divided into two types:
active and passive methods and we conclude with the vortex generator.

.2  Heat transfer mechanisms :

Heat transfer is a field of science that allows us to estimate the rate of heat transfer or the
amount of heat transferred per unit time. The latter occurs when there is a different temperature
between two bodies. As we observe in daily life when we pour hot water into a cup, causing the
temperature of the cup to increase and the temperature of the water to decrease over time, until the
temperatures equalize. [3]

In conclusion, we can infer that there are different mechanisms of heat transfer, including
conduction, convection, and radiation.

I.2.1 Conduction :

Conduction is the process of transferring energy from particles with higher energy to
neighboring particles with lower energy in a solid body due to interactions between them [1]. In this
case, thermal energy is transferred through the vibration of molecules. [3]

In this process, molecules gain kinetic energy from their original positions, and the range of
vibration increases with higher levels of thermal energy.

I.2.2 Convection :

Convective heat transfer is defined as the mechanism of transferring heat within a fluid by the
movement of the fluid from a hotter region to a cooler region. As such, the presence of liquid or gas
motion is essential in facilitating the process of conducting heat transfer. [3]

There are three types of heat transfer: natural convection, forced convection and mixed
convection. The rate of heat transfer in convection is calculated using Newton's cooling law
according to the following equation: [3]

@=h.S.(T,— Ty) L1
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h : convection heat transfer coefficient. [mzv K]

S : heat transfer surface area. [m?]
T, : Temperature of the surface. [K]

Ty . Temperature of the fluid sufficiently far from the surface. [K]

1.2.2.1 Natural Convection (free Convection) :

Heat is transferred through the movement of a fluid due to buoyancy forces. When a cold fluid is
heated, a continuous flow called convection current occurs. This current is utilized in applications
such as cooling electronic devices and designing efficient heat exchangers, in addition to
understanding atmospheric phenomen like clouds and air patterns. [3]

Warm

Figure I-1 : Natural convection.

1.2.2.2 Forced Convection :
Forced convection is a mechanism of transferring heat through the movement of fluid, where

the fluid moves due to external pressure such as a pump or a fan. [1]

The fluid flows over a certain surface or inside a tube, allowing the efficient transfer of large
amounts of heat energy. This mechanism is widely used in everyday life in central heating, air
conditioning, steam turbines, and other machines.
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Figure 7-2 : Forced convection.[13]
1.2.2.3  Mixed Convection :

In the context of forced convection, natural convective heat transfer is present to some extent
unless the system is in a self-limiting or adiabatic state. When the influence of natural convective
heat transfer is considerable, these flows are referred to as mixed convective heat transfer. Entropy
plays a crucial role in heat transfer systems and fluid friction.

I. 2.3 Radiation :

Heat transfer by radiation, also known as thermal radiation, is the process which heat is
transferred through electromagnetic waves. It does not rely on any intermediate medium and can
occur in a vacuum,

This type of heat transfer is governed by the laws of thermodynamics and involves radiation
emission, absorption, and transmission of electromagnetic radiation.

Some common examples of heat transfer by radiation include the transfer of heat from the sun
to the Earth, the emitted heat from a fire, or the radiant heat from a hot object. It is also an important
factor in various industrial processes. [3]

.3  Dimensionless Number in Natural Convection :

Natural convection analysis in heat transfer, which is caused by fluid movement driven by
temperature variations and density differences, involves the use of dimensionless numbers.

These dimensionless numbers help in understanding and predicting the behavior of natural
convection. Some commonly used dimensionless numbers in the study of natural convection
include:[6]

1. Grashof Number (Gr):

The Grashof number, denoted by Gr, is a dimensionless number used in the field of fluid
dynamics to characterize the relationship between buoyancy forces and viscous forces in a fluid
flow system.

It is defined as the product of the ratio of buoyancy forces to viscous forces and the ratio of
characteristic length to the squared kinematic viscosity.

5
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The formula for the Grashof number can be expressed as:

_ (9. B.AT. L3)

Gr 52

1.2

where:
g : is the acceleration due to gravity.

B : is the coefficient of thermal expansion.
AT : is the temperature difference across the fluid.
L : is the characteristic length representing dimensions of the system.
9 : is the kinematic viscosity of the fluid.
2. The Rayleigh number (Ra) :

Is a dimensionless number used in fluid dynamics, specifically in studies of buoyancy-driven
flows, such as natural convection. It measures the relative importance of buoyancy forces compared
to viscous forces in a fluid. The Rayleigh number (Ra) is defined as the product of the Grashof
number (Gr) and the Prandtl number (Pr) :

Ra = Gr .Pr 1.3
3. The Nusselt number (Nu)

The Nusselt number can be approximated using various correlations based on the physical
conditions and geometry involved. One commonly used correlation for natural convection from a
vertical plate is given by the following equation :

Nu = 0,54 .Ra'/* 14
Where : Nu : is the Nusselt number.
Ra : is the Rayleigh number, and the constants in the equation depend on the surface
orientation and boundary conditions.

I.4  Dimensionless Number in Forced Convection

Dimensionless numbers are used to quantify the relative importance of different parameters
influencing heat transfer. Some of the important dimensionless numbers in forced convection
are:[6]

1. Reynolds number (Re)

It relates the inertial forces to viscous forces and is given by the ratio of inertial forces
(characterized by velocity) to viscous forces (characterized by viscosity).

It defined as :
Re — P .Uo .D 1.5
i
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Where :  p:is the fluid density.
Uy : is the velocity of the fluid.
D : is a characteristic diameter .
w : is the dynamic viscosity of the fluid.

2. Prandtl number (Pr)

It represents the ratio of momentum diffusivity to thermal diffusivity of a fluid. The Prandtl
number is essential in determining the velocity and thermal boundary layer thicknesses and hence
influencing the convective heat transfer.[1]

. .C
It difinedas: Pr= ”—I{p 1.6

Where : p : is the dynamic viscosity.
Cp : is the specific heat capacity at constant pressure.
A : is the thermal conductivity.

The Prandtl numbers of fluids range from less than 0.01 for liquid metals to more than
100,000 for heavy oils (Table). Note that the Prandtl number is in the order of 10 for water .

Table I- I Typical ranges of Prandtl numbers for common fluids.

Fluid Pr

Liquid metals 0.004-0.030
Gases 0.7-1.0

Water 1.7-13.7
Light organic fluids 5-50

Oils 50-100,000
Glycerin 2000-100,000

3. Nusslet number (Nu)

It describes the ratio of convective heat transfer to conductive heat transfer across a fluid
boundary layer. The Nusselt number indicates the effectiveness of convective heat transfer and
varies with different flow conditions. [6]

It is defined as : Nu = h'TD 1.7

Where :
h : is the convective heat transfer coefficient.

A : is the thermal conductivity.
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.5 Classification of fluid flow

Fluid mechanics is a branch of engineering and physics that deals with the study of fluid behavior
in motion or at rest. Various engineering, kinematic, and physical standards are used in these
sciences to describe and analyze the behavior of fluids during their evolution. In order to facilitate
the study of fluid behavior and avoid the problems that researchers may encounter in fluid flow,
fluids can be classified into groups based on their common characteristics.
T here are several general categories of fluids, including: [1]
I.5.1 Steady, Unsteady Flow

Steady flow is a term used to describe a situation where the properties of a fluid, such as

dynamic viscosity u, specific heat capacity C,, , thermal coductivity A and fluid density p , remain
constant at any specific point within the flow over time.

On the other hand, unsteady flow is characterized by changes in these fluid properties over
time. [1]

I.5.2 Laminar flow and Turbulent flow
Laminar and turbulent flow are two types of fluid motion. Laminar flow refers to a smooth and
orderly movement of a fluid in distinct parallel layers, with minimal mixing between them.

On the other hand, turbulent flow is characterized by chaotic fluctuations and mixing of the
fluid, resulting in irregular patterns and eddies. [2]

I. 5.3 Compressible versous Incompressible Flow
Compressible flow refers to a flow where changes in fluid density are significant, typically
occurring at high speeds or in gases.

Incompressible flow, on the other hand, assumes that the fluid density remains constant during
the flow [1].

I.5.4 Viscous versus Inviscid Flow

When two fluid layers move relative to each other, there is a friction force that develops
between them, causing the slower layer to resist the movement of the faster layer. This resistance is
known as viscosity, which quantifies the internal stickiness of the fluid. Viscosity arises from
cohesive forces between liquid molecules and molecular collisions in gases. Every fluid possesses
some level of viscosity. Therefore, all fluid flows involve the effects of viscosity to some extent.
Flows which exhibit significant viscosity effects are referred to as viscous flows. Conversely,
idealized flows of fluids with zero viscosity are known as frictionless or inviscid flows. In these
flows, the effects of viscosity are negligible, allowing for simpler analysis without sacrificing much
accuracy.[2]

I.5.5 Natural flow versus forced flow

Natural flow, or unforced flow, refers to the movement of fluids that occurs through natural
means such as buoyancy or gravity. In natural flow, no external force or energy is required to move
the fluid. For example, in a solar water heating system, the warm fluid rises due to its lower density,
while the cool fluid sinks due to its higher density. This effect allows for the circulation of the fluid
without the need for a pump.
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On the other hand, forced flow requires the use of external means such as pumps or fans to push
the fluid over a surface or through pipes. In forced flow, the fluid is pushed or pulled by an external
force, which provides the energy needed to overcome any resistance and move the fluid.

In general, the distinction between natural flow and forced flow lies in how the fluid's motion is
initiated, where natural flow relies on natural forces and forced flow requires an external means to

move the fluid.

I.5.6 Internal versus External flow
The classification of fluid flow as internal or external depends on whether the fluid is confined

within a channel or flows over a surface. Internal flow occurs when the fluid is completely bounded
by solid surfaces, such as in a pipe or duct. For example, the flow of water in a pipe is considered
internal flow (Figure I-3-b).

On the other hand, external flow refers to the unbounded flow of fluid over a surface flowing.
Additionally, when a pipe is partially filled with liquid and has a free surface, it is referred to as
open-channel flow. This type of flow is seen in the flow of water in rivers and irrigation ditches
(Figure I-3-3). [2]
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Figure I-3 : Internal versus External flow. [5]

I.5.7 One-Two and Three dimension flow

Fluid flow can vary in all three dimensions of a three-dimensional geometry, but some cases
allow for simplification by treating the flow as one- or two-dimensional. For example, in a circular
pipe, the velocity only varies in the radial direction, remaining constant in the angular and axial
directions. However, the no-slip condition prevents uniformity across the pipe's cross-section, so the
velocity is often assumed constant and uniform.[3]
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1.6 Velocity Boundry Layer

The flow of a liquid on a flat plate can be modeled using the surface of turbine blades and
adjacent layers. The non-slip state causes particle velocity to zero, causing friction between layers.
The plate's presence is felt up to the velocity limit layer, where sticky shear forces from fluid
viscosity are felt. The flow is divided into boundary layers with significant sticky effects and speed
changes, and a hidden flow area with minimal friction effects[1].as shown in the shape (Figure 1-4) :

Uo
— L Laminar boundary Jo Transition __, Turbulent boundary
— layer region layer
—i 2
— Uo
R
= [
—_— 7
>y Uo " = ) \) Turbulent
' (7 & ) ot S layer
— — =AY 3 f) J N\ =8 \.\ 2]
v | R R S e ] = DS
—( - 7 er layer

/ ; ) " Viscous sublayer
Boundary layer thickness, o

Figure 1.4: Velocity Boundary Layer In Flat Plate.[1]

When we have a tube, a boundary layer forms for the velocity inside the fluid near the solid
boundaries, and this layer is influenced by viscosity effects (Figure I-5). Viscosity is an important
factor in determining flow behavior as it affects the movement of fluid molecules near the solid
boundaries at a slower rate compared to fluid molecules in the outer part of the flow. The velocity
inside the boundary layer differs due to this difference in movement. Simply put, the velocity
boundary layer refers to the thin layer of fluid near the solid boundaries where changes in velocity

and viscosity effects occur.

Understanding this phenomenon is crucial in studying flow behavior and fluid motion in its
surroundings.[1]

Irrotatio-nal Velocity Developing Fully Developed
flow region Boundary Layer Velocity Profile Velocity Profile

& = [
\;l\\ >
—> B = >
—_— e > /
b / :/,/
Hydrodynamic entrance region Fully developed region

Figure 1.5 : The development of the velocity boundary layer in a tube. (The developed mean velocity profile will be
parabolic in laminar flow, as shown, but somewhat blunt in turbulent flow).
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1.7  Thermal Boundary Layer
The thermal boundary layer develops when a liquid flows at a certain temperature on a surface at

a different temperature, as shown in the shape (Figure 1-6): [1]

o Frece-stream T

boundary
T layer

SRR SSSSSSSSSSSSSSS I
!

T_+09%7T..—-T)
Figure 1.6: Thermal Boundry Layer In Flat plate.

Thermal boundary layer: is a liquid flow area at Too temperatures above the surface where
temperatures vary in a natural direction. The thickness of the boundary layer t is defined as the
distance from the surface in which itisequal : T — T, = 0,99 (T, — T) along the surface. [1]

They are thickened in the direction of flow as the heat transfer effects between the solid surface
and the flowing liquid are felt. Thermal boundary layer according to Prandlet is very thick in liquid
metals and thin in oils. [11]

Heat transfer occurs when a fluid flows inside a tube, causing the wall layers to heat or cool. The
fluid's core temperature is equal to the entry point'sTO, and does not participate in heat transfer.

However, temperature changes across wall layers create a thermal boundary layer near the tube
surface, increasing in thickness with distance from the entry point. The entire fluid participates in
heat transfer, resulting in dimensionless and similar temperature profiles. [1]
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Figure 1.7: Thermal Boundary Layer In Tube.
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1.8 Laminar flows and Turbulent flows

When a candle is lit, we can see that the smoke initially rises in a vertical direction for a few
centimetres, and the flow pattern is smooth and orderly. However, after some time, it becomes
turbulent and begins to fluctuate randomly in all directions while still rising (Figure 1-8). [2]

This change in behavior indicates the transition of the flow from a smooth and orderly state
(known as laminar flow) to a chaotic and unpredictable state (known as turbulent flow). This
transition usually takes place in a specific region where the flow alternates between laminar and
turbulent states, and it is termed transitional flow. [4]
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Figure 1.8: Laminar and turbulent flow regimes of candle.[2]

The distinction between these three flow systems was experimentally established by the British
engineer Osborne Reynolds more than a century ago. Reynolds conducted an experiment in which
he injected dye into a glass tube.

By observing the bending and dispersion of the dye, he was able to detect fluctuations in the
main flow and the rapid mixing of liquid molecules from adjacent layers. When the flow becomes
completely turbulent, the friction factor reaches its maximum value. [1]

1.9 Internal Forced Convection

In heating and cooling applications, focusing on the determination of friction factor and
convection coefficient. It highlights the difference between exterior and interior fluxes, with
external flow having a free surface and boundary layer expansion, and internal flow being entirely
contained by tubes. The text covers mean temperature, velocity, and physical description of internal
flow, as well as developing flow, fully developed flow, and hydrodynamic and thermal entry
lengths. [7]
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Figure 1.9 : Internal forced convection. [12]

1.9.1 Average Velocity and Temperature

The free flow velocity is used to determine the Reynolds number and coefficient of friction, but
there is no freedom of movement in inner flow. It is recommended to work with a medium speed
1}, for incompressible flow velocities with a constant pipe section.

Average speed in heating and cooling applications may vary slightly due to temperature
variations, but consistency in properties is usually more accurate. Mass conservation conditions
determine average velocity 17,, min pipes.[1]

m= pV,V. = [pV(x,y)dA, 1.8

Where : m is the mass flow, p is the density , A, is the cross section and ( r, x ) is the velocity
profile .

Then the average velocity of an incompressible flow in a circular pipe of radius R can be
expressed as:

R
x)2md
_ JpvGay)dac _ Jo pvrx2mdr _ %IOR V(r; x)rdr 19

V
m pAc pTR?

Average tempurature

When a liquid flows through a pipe, its temperature varies from wall surface to pipe center. It's
advisable to maintain a uniform average temperature (T,,) throughout the route. The average
temperature T,,is determined by the law of conservation of energy, ensuring the energy transferred
equals the constant temperatur

E=m.CyTy=[Cp.Téh = [p.T.Cp,.VdA, 1.10

The average temperature of a constant density, specific heat liquid in a circular tube of radius R
can be calculated using the following formula:

13
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[ Cp.Tom f(f CpT(pV2mrdr) 2
Tm —_— p— —_—

R
Cprn pVin(MR2)Cp  Vim.R2 Jo Ta, )V (r,)dr 111

The average temperature T,,0f a liquid changes with temperature change, and internal fluid
properties are typically evaluated at the bulk medium's average temperature.such as :

T, = (Tm,i + Tm,e)/2 1.12

I. 9.2 The Entrance Region

In a circular tube, a fluid flows at constant velocity, creating a velocity gradient along the tube.
The fluid particles in the contact layer with the pipe surface remain stationary due to friction,
causing fluid particles in neighboring layers to slow down.

This results in a velocity gradient along the tube. The flow region is called the velocity boundary
layer, where viscous shear forces act and flows become noticeable. The hydrodynamic layer entry
zone divides flows through the pipe into two areas: the boundary layer area, where viscosity and
velocity changes are significant, and the hydrodynamic entry length, where the flow in the inlet
zone develops.[2]

1. 9. 3 The Fully Devoloped Region

Fully hydrodynamic developed regions remain unchanged, and shear stress on the pipe wall is
related to the velocity gradient profile. The pressure drop in the hydrodynamic inlet region increases
the average coefficient of friction, which can be significant for short tubes but negligible for long
tubes.[2]

I.9. 4 General Thermal Analysis
The energy conservation equation for a constant fluid flow in a pipe can be expressed as :

Q=mC,(T,—T)) .13
Where : T;and T, : are average temperatures of the inlet and outlet fluid tubes.

Q : is the temperature of the liquid circulating in the pipe.

The thermal conditions at the surface can be estimated with adequate accuracy at constant surface
temperature (Ty=constant) or constant surface heat flux (g, = constant).

The surface heat flow is expressed by :
Gs = hs(Ts — T) 1.14

If hy = h is constant, the surface temperature T, must vary when g is constant, and the surface
heat flux must vary when T is constant. Convective heat transfer is considered for both cases. [1]

I.9.5 Laminer flow in tube

The term refers to a substance that has no definite shape and takes the shape of its container, such
as gases and liquids. When a fluid flows through a pipe, it experiences resistance caused by friction
and viscosity.

If the average velocity of the fluid through the pipe is low, the fluid will flow or slide in parallel
lines. In this case, the particles of the fluid move in an orderly manner and maintain their relative

14
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positions on different sections during their motion. This type of flow is known as laminar or layered
flow, and in this case Re < 2300.

For steady flow in a circular pipe with constant surface heat flux, the temperature distribution
within the pipe can be obtained through the following formulation: [1]

q = constant Nu = hTD = 4.36 1.15

For a constant temperature, the number of Nusselt can be calculated using the following
equation :[1]

T = constant Nu = hTD = 3.66 1.16

The average Nusselt number for the thermal entrance region of a circular tube of length L
subjected to a constant surface temperature can be determined by a equation : [1]

0.065(D/L)RePr
1+0.04[(D/L)RePr]2/3

Nu = 3.66 + .17

It is used for significant variations in temperature leading to variations in dynamic viscosity of
the fluid, it is also applicable for a condition of constant temperature at the wall, it is given by[1]:

1/3 0.14
Nu = 1.86 (M) (@) 1.18
L Us
ab Nusselt Nwunber Friction Factor
Tube Geometry or 6 7. = Const. g =— Const. r
Circle — 3.66 4. .36 64 O0O/Re
Rectangle =D
1 2.98 32.61 56 .92/Re
2 3.39 412 62 20/Re
3 32.96 4.79 68 _26/Re
4 4. 44 5.33 72.92/Re
s 5.14 &6.05 78 80/Re
b= 3 5.60 &5.49 82 322/Re
- 7.54 s24 96 . 00/Re
5
) 1 3.66 4 .36 64 O0O/Re
2 2.74 4. .56 67 28/Re
£ 3.79 4 88 72.96/Re
2 3.72 5.09 76 _60/Re
16 32.65 S5.18 78_166/Re
Trianglie (3}
107 1.61 2.45 S50 .80/Re
30° 2.26 2.91 52 28/Re
e0~ 2.47 = ¥4 1 | 53 .32/Re
S0~ 2.34 2.98 52 . 60/Re
120 2.00 2.68 50 .96/Re

Figure 1.10: Nusselt number and friction factor for fully developed laminar flow in tubes of various cross sections
(Dp=4A4./p, Re=V,, Dy, Iv, and Nu= hD,, /4).[1]
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The average Nusselt number for the thermal entrance region of flow between isothermal parallel
plates of length L can be expressed as follows: [1]

0.03(Dy,/L)RePr
140.016[(D},/L)RePr]?/3

Nu = 7.54 + 1.19

Where : Dyis the hydraulic diameter, which is twice the spacing of the plates.
This relation can be used for Re < 2800.

1.9.6 Turbulent flow in tube

When a fluid flows through a pipe, it encounters resistance resulting from friction and viscosity.
In the case of increased flow velocity, the fluid particles move in an irregular manner, creating
swirling currents. This type of flow is called turbulent flow, and it has a Re >10,000.[1]

The Dittus-Boelter equation defined as :

Nu = 0.023Re*8Pr™ [’; _ %‘_‘é ];Z’; }Cligfllzg 1.20
The Petukhov equation expressed as :

Nu = 1.07+12.7({f/2)R°(-35P(:r2/ 3-1) 18‘.‘5<SRir<S52>(201%6] 121
f = (0.079InRe — 1.64)™2 10*<Re<10° 1.22
The Gnielinski equation defined as :

NU = (f/8)(Re—1000)Pr 0.53S Pr <2000 6] 123

14+12.7(f/8)3 (Pr?/3 -1) 3% 103 < Re<5x10
f =(0.79InRe, -1.64)” 124

The relations above are not very sensitive to the thermal conditions at the tube surfaces and can be

used for both Ts= constant and g, = constant cases :
Ts = constant : Nu =4.8+0.0156Re %85 prd-%3 1.25
4s = constant . Nu =6.3+0.0167Re %85 pr-%3 1.26

.10 Heat transfer enhancement technique

Heat transfer enhancement methods can be classified into passive and active techniques. Active
techniques use external energy to drive the process, while passive techniques do not require any
additional energy to enhance the thermal and hydraulic performance in the system.

Passive techniques are widely used in experiments and numerical modeling to study heat transfer
enhancement and reduce friction losses for energy and cost savings. Various passive techniques to
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enhance heat transfer include the use of twisted wires, twisted or interlaced tapes, and vortex
generator inserts.

This research focuses on evaluating the performance of twisted wires and twisted tapes as media
for heat transfer enhancement, due to their ease of installation and low cost availability. The thermal
performance of these components affects flow conditions such as laminar flow or turbulence.
Through this current review, we will study investigations conducted on heat transfer enhancement
using twisted wires and twisted tapes in laminar flow and turbulence regions. [8]

I.10. 1 Passive method

Passive techniques are understood to involve changes in the geometry or surface of the flow
channel to improve heat transfer efficiency in fluids. These techniques rely on the use of inserts,
ribs, and roughened surfaces to increase fluid mixing and induce turbulence in the flow, ultimately
leading to an overall enhancement in heat transfer. Negative techniques are characterized by their
low cost, ease of installation, and production. [9]

I.10. 2 Active method

Active techniques are more complex in design and application, as they require external power to
control fluid flow and enhance thermal efficiency. It is challenging to provide external power in
most practical applications, thus limiting the use of active techniques in practical fields. [10]

.11 Vortex Generator

One of the most effective techniques for enhancing thermal transfer is the incorporation of vortex
generators, also known as chicanes, along the path of fluid flow. By introducing vortex generators
of different shapes, the flow structure can be altered, leading to improved thermal transfer
performance.

Placing a vortex generator near or away from the wall can completely change the flow direction
and increase turbulence near the heat exchange surface. This increase in turbulence enhances the
heat transfer process.

The significant role of vortex generators in heat transfer has prompted their widespread
application in various industrial settings.[8]
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.12 Conclusion
In conclusion, this chapter covered the fundamental concepts of heat transfer in tubes, starting

with the three basic mechanisms : conduction, convection, and radiation.

It also reviewed different types of flow, including natural and forced convection, along with a
detailed explanation of thermal and velocity boundary layers. The chapter highlighted heat transfer
enhancement techniques, both active, requiring external energy, and passive, relying on changes in
geometry or surface characteristics.

These concepts form the foundation for understanding and efficiently developing thermal
systems, thereby improving the overall performance of engineering systems.
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Chapter I1: Modelling and Numerical Resolution Procedure

1.1 Introduction
Commercially licensed software like Gambit and Fluent offer the capability to conduct 2D or 3D

simulations in fluid mechanics. These simulations cover a broad spectrum, starting from mesh
creation with Gambit to solving Navier-Stokes equations and post-processing with Fluent. Their
robust graphical interfaces and extensive features support the simulation of diverse complex
geometries, be it mobile or fixed, making them indispensable tools in industries like automotive,
aeronautical, and aerospace, among others.

These software packages allow for the creation of fixed, relative, or adaptive meshes, and offer
various physical models including multiphase and turbulent flow, enabling engineers and
researchers to tackle a wide range of fluid dynamics problems.

I1.2  Conservation equation

Reservation equations are the basic principles used in physics and engineering sciences to
describe mass, movement, and energy conservation laws. These models allow you to analyze
physics systems by formulating mathematical equations that reflect the preservation of these
quantities.

This comparison is important for understanding and analyzing the behavior of liquids, forces and
natural phenomena, as well as for resolving these digital challenges and developing their application
areas. [16]

I1.2. 1 Equation of quantity of motion
According to the Second Basic Dynamics Act, the change for movement of the liquid particle

within a unit of time is equal to the amount of external forces operating on this particle [17]. It is
expressed in Cartesian coordinates as follows:[16]

20(pU0;) = op &N O [on O0U 2 &au|| &0, —
SR | 28 )Y | [+ )Y —(~puu; L1
L o Zaxj Mlox o 3 L U

SR RN 20X )| 30X

The equation of the dynamics is written on both axes two- dimensional as follows :

Next x:
ou du 1 6P
lusr—tvs]= S +v[GE s 2
Next y:
ou du 10P 2%v 9%
[ua+v$ = —;a U[axé-l_a_yz]_'_pgﬁ(T_TO) IL.3

With : fluid incompressible : p = cts

. .2
Fluid stasionnair : a—’; =0
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I1. 2. 2 Continuity equation
It expresses the principle of mass retention for a non-compressable neutron liquid as well as for

material control volume, given as follows:[8]
ap 7] T\ _
%+ (6T) = 0 14

In fixed case, the derivative is cancelled relative to the time, then the block save is written (fluid

: .2
stasionnaire : a—’t’ =0):

a —

a—xi(pUi) =0 1.5
If the density of the material is constant (fluid incompressible p = cts), we get :

a —

a5, (U) =0 IL6

With:p =0
Fluid two-dimensional:

du  dv _
T o =0 1.7
I1. 2. 3Energy equation

This is obtained through the application of the first heat principle and the principle of energy
conservation.[8]

0%T = 9°T

aT 0Tq_ 9°T | 0°T.
[ua +v 5]— A [axZ + 6y2] I1.8

Equation after application of conditions:
ol - : . 9p
Material : stationary: = 0
Incompressible : p = cts

two-dimensional : (x,y)

1.3 Presentation of the GAMBIT Software

Gambit software (Geometry And Mesh Building Intelligent Toolkit) is a 2D/3D meshing tool ; a
preprocessor that allows meshing geometrical domains of a CFD problem. It enables the generation
of structured or unstructured eshes in Cartesian, polar, cylindrical, or axisymmetric coordinates.

It can create complex meshes in two or three dimensions with mesh types like rectangles or
triangles. The mesh generation options in Gambit offer flexibility of choice. Users can decompose
the geometry into multiple parts to generate a structured mesh. Alternatively, Gambit automatically
generates an unstructured mesh suited to the constructed geometry type. With mesh verification
tools, defects are easily detected.

Gambit can be used to construct geometry and generate a mesh for it, or geometry from another
CAD software can be imported into this preprocessor. It generates *.msh files for Fluent. [14]
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Transcript
window
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toolpad

Figure II.1: The gambit guide.[18]

Il.3.1 Starting GAMBIT
The Gambit application path is as follows :

¢ GAMBIT  Solver: FLUENT 5/6 ID: default_id2676

File Edit Solver

Help Operation

(& 5|

Geometry

=l

Glohal Control

|| acuve 5 | FA | B |

Figure I1.2: Launch of the gambit.[14]

11.3.2 GAMBIT Features

Gambit combines three main functions: defining problem geometry (constructing if the geometry
is simple or importing CAD geometry), meshing and verification, and defining boundaries (types of
boundary conditions) and calculation domains. If the geometry is designed using CAD software like
SolidWorks or CATIA, it is advisable to import files in ACIS format (*.sat), and often it is
necessary to clean up the geometry.
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In the top right corner, you will find the various operations that can be performed in this
software, as illustrated. [14]

o The first operation is geometry. This menu allows creating volumes, surfaces, lines, and points.
It also enables the modification of imported geometries.

e The second operation is geometry meshing. This menu facilitates meshing volumes, surfaces,
and turning lines into points.

e The third operation allows for defining boundary conditions and fluid domains.
e The fourth button is a tool menu.

By clicking on each functionality of the main menu, a corresponding secondary menu will appear
just below.

Construction de Maillage de Définition des frontieres
la géomeétrie la géomeétrie et domaines fluides

Figure 1.3 : Main functions of the Gambit general menu.

Figure I1.4: Secondary Menus of Gambit.

I1. 3.3 Description of Small Geometry in Gambit
The purpose of constructing geometry is to define the calculation domains that will be surfaces in
a 2D problem and volumes in a 3D problem. [14]

23



Chapter I1: Modelling and Numerical Resolution Procedure

Commande | Point Segment Face Volume Groupe

pRERIINNY

Symbole

Figure 11.5: Table Description of commands in the geometry menu.

I1. 3. 4 Description of the mesh menu
The mesh menu consists of five buttons as shown in the table below. [14]

Commande |  Couches limites Segment Faces Volume Groupe

il

Symbole

Figure 11.6 : Table Description of commands in the mesh menu.

The description of the main mesh menus, as shown in Figure 11.7, is as follows:
. Creation and modification of a boundary layer mesh.
. Size of the first cell.

Mesh expansion factor.

Mesh type (4 specific mesh types are available).

1
2
3
4. Number of lines of the specific mesh.
5
6. Line meshing.

.

. Application of a double ratio that increases point density either on the sides or at the center of

the lines.
8. Use of a ratio for meshing.
9. Choice of mesh option: number of nodes or interval size between the two.
10. Face meshing.
11. Smoothing of deformed meshes.

12. Choice of mesh type: Tri, Quad.
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13. If option checked, creation of a regular mesh according to the parameters below. If not, creation
of a mesh from nodes defined on the edges.

14. Volume meshing.
15. Smoothing of deformed meshes.
16. Choice of mesh type: Tetra, Hex.

17. If option checked, creation of a regular mesh according to the parameters below. If not, creation
of a mesh from nodes defined on the edges.

®E\§_‘J_J_J_J ofF _|_| |1l @ B
el _|ile :

R —— YT
; : b e ‘ b d | ]
:t = f | | % Pakowth Beks  Eeyene
Deovutan i - ]|
Mo & Lofors | I o st wge swtings
A3pect raso Sased | =
@"\wm(.)’ r_ E".' W Avsty }’_:__] Seustinr: Norw =3 g [
@ o [ ——® —®
.mﬂ 4 Deutte na——@ l'&:u'; Py Spacwy: B Appy :aur]
Ot= F ®r== 75 b e F _meien o
== e O —— -
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Depte (D) I 4 :::u 4 e
PeT——— v it
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NS S Fpacns W Apty Ot 4 fmx =
E ' :WT{-— e & Ignorn tize haction LJ—H_ ;m
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== § 1 agmare sow Bnctam
s i | S Sy st
. .4l *

Figure 11.7: Main mesh menus in Gambit.

Il. 3.5 Boundary conditions and definition of domains

Several types of boundary conditions are available depending on the problem being addressed. It
is important to note that the meshed space is assumed to be fluid by default. The name assigned to
each boundary is crucial, as it will be carried over to Fluent. Unclear names may lead to boundary
confusion.

The Gambit meshing tool can generate meshes that many solvers can utilize. Therefore, we need
to specify the solver software with which we want to process the mesh file. The choice of boundary
types varies depending on the solver considered for solving the problem.

Common types of boundary conditions include: [14]

e Velocity inlet: Used for incompressible or moderately compressible flows when the inlet
velocity is known.

o Pressure Inlet: Used for compressible and incompressible flows.
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e Mass Flow Inlet: Imposes a known mass flow rate at the inlet. Mass Flow Inlet is not necessary
for incompressible flow.

e Pressure Outlet: This type is used to define the static pressure at the outlet. Using "Pressure
Outlet" instead of "Outflow" often results in better convergence.

o Outflow: This condition is used to model fluid outlets where the details of velocity and pressure
at the outlet are not known in advance. It is not appropriate for the following calculations.

o If the problem has a "Pressure inlet" condition.
o If you are modeling compressible flow.
o If you are modeling unsteady flow with density variation.

o Wall: This type is used to delineate solid regions from fluid regions. Smooth wall properties are
generally used.

FLUENT 5% Solveur choisi pour
Action: réscudre le probléeme
@ fcd « Modsy
~ Dtste ~ Deiste a8
- Hosne Type
Ensembles des limites ==
définies I~
Nom donné & la limite - =y e
en train d'étre définie P s Lt W CHeY,
Marme: [\
Type:
Type de limite choisi WALL — |
Entity:
ges - r— :]
Faces ou lignes b tabet T
definissant la limite / — :
Z/ P J;)’J
Ensembles des faces // remove | Edit |
que comprend la limite T

Figure 1.8 :Main menus for boundary conditions.

II.3.6 Display Menu

The global control window concerns orientation, display, lighting, and mesh checkin (Fig 11.9).
Just to the right of the word 'Active," there are five icons that are used to activate different views.
[14]
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Zlobal Control

Figure 11.9 : Gambit Display Menus.

The rest of the icons have the following functionalities:
>8] This display option adjusts the zoom to fit the dimensions of the window.

Q Allows rotation relative to the origin of the local coordinate system.

2l\/isualize the three views projected onto the global coordinate system and an isometric view.
=—_1Allows modifying the 'lighting’ of the room and adding annotations.

Go back or forward.

3

Show the view according to the global reference frame.

Allows choosing the entities or meshes to make visible.

=—1View with or without hidden edges, renders the faces solid.
:IChange the colors to distinguish different entities.

@AIIOWS examining the mesh plane by plane.

I1. 3. 7 Export of the gambit mesh

Once the geometry is created and the boundary conditions are defined, the mesh should be
exported in. mesh format so that Fluent can read and use it. Afterwards, Gambit can be closed,
saving the session if desired, and Fluent can be launched.

So, once the geometry is created and boundary conditions are defined, the mesh is exported as a
file (mesh: meshing) for easy reading by Fluent software. [14]
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File Ecdit Solwver
Mewr ...
Oper ...
Sawve

Save s ...

Praint Graphics ...

Run Jouwurmad ...
Clean Jourmad ...

Eew File ...

haprort —

e Lt m acis ...

Exit Parasolid ...
IGES ...
STEP ...

Catia Wi ...
rMesh ...

Figure I1.10: Exporting the mesh from Gambit.

Il. 4 Fluent software

Fluent is a powerful software for digital fluid simulation in industries, enabling the modeling and
simulation of fluid behavior in various systems. It is essential for applications in aerospace,
automobiles, energy, and product design optimization.

Fluent is widely used software in the industry to solve complex fluid problems. It enables
engineers and researchers to simulate and analyze fluid flows in various systems, like airplanes,
cars, heat exchangers, turbines, and reactors.

Fluent optimizes product design, reduces development costs, improves performance, and
anticipates potential problems before production. It also reduces costly physical tests and saves
time.

Fluent is ANSYS software for digital fluid simulation, allowing the modeling and resolution of
complex mathematical equations describing fluid movements, including laminar and turbulent
flows, thermal convection, combustion, chemical reactions, and multiphasic reactions.
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Grid Define

EJ FLUENT [2d, dp. pbns, lam]
Solve Adapt

Surface Display

FReport  Parallel Help

Read * Case...
Write > Data...
Import % Case & Data...
Export... PLCF...
DTRM Rays... s1119 .dmp*""

Interpolate...

View Factors...

Hardcopy... Profile...
Batch Options... ISAT Table...
Save Layout Scherme...
Run... Journal...
e caréedl
Exit rect20
S.rect80

réectangle20.10"4

Figuer 71.11: To start the simulation you need to import the file. [14]

Il. 4.1 Verification of the mesh matters
The aim of this work is to evaluate the quality of the flux-imported maillage, identify potential

issues or errors, and ensure it is geometrically conforming to the model's geometry for precise and
realistic simulation.

This step allows you to check whether the imported mesh contains no errors or negative
volumes. [18]

E] FLUEMT [2d, dp, pbns, larm]
File  Grnd Define Sclre Adapt Surface Display Plot Report Parallel Help

Check
3.26

Info >

Polyhedra > |F 1ne-
Loa Merge.- uents.3.26%1ibyxf1_s1112 .dmp™”
Don Separate >

Fuse...
> Zone >

Surface Mesh...
Reorder >

Scale...
Translate...

Rotate...

Smooth/Swap...

Figuer 71.12: Verification of Fluent sou mesh.
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I1. 4.2 Definition of fluid characteristics
The Fluent Database is used to download and verify known liquid properties. [15]

Define / Materials

& FLUENT [2d, dp, segrepated, ske]

File Grid Be=GTEN Solve Adapt Surface Display  Plot Report  Paralel Help
maxi Madels » 2.000000e-002 ~
Checki = o or cell.
Checki 2 cell.
Checki " -
Operating Conditions. ..
Checki pr face.
Checki Boundary Conditions. ..
Checki
g:ec:::! Grid Interfaces, .. " -
ecki )
3
Checkj _Ynamc Mesh istency.
Checki Mixing Plares. ..
Checki
Checki . PS .
Checki Injections. ..
Checki k.
g:ec:j. Custom Field Functions. .. .
ecki )
Checki Pru:l-flles...
Checki Unts-
Done. User-Defined »
v
< >

Figuer II.13: Definition of fluid characteristics.

The pressure on « copy » shows the next interface.

Fluent Database Materials

Fluent Fluid Materials =| =| Material Twpe

winyl-silylidene [hZcchsi) ~ [ﬂuid LI
winyl-sibylidene [hZcchsih)

winyl-trichlorosilane [sicl3ch2ch) Order Materials By
winylidene-chloride [chZccl = Mame

v — .
p—— por (h2ol Chemical Formula

< >

L |
Properies

Density [kgfmd) |cnns|anl j Q

|993 .2
Cp [ifkg-k] |cunsiﬂn‘t j Q
|u132
Thermal Conducthwity fuwim-k] |cungian‘t j Q
|u-6

Viscosity [kgfm-s] |cnnslan‘l ;I —I

|n-nn1 03

| | Copw | Clnsel Help |

Figuer 71.14 :Fluid List Interface.
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Solide (copper)
Lleeoe - i

Marme Material Type Drder Materials By
|'! apper |snl|d ‘:J = MWame
Chemical Fonmula Fluent Solld Materials 7 Chemical Formula
[eu copper [cul = Flucnt Database... |
aalETILE User-Delined Database, .. |
|I1I'H'H'! o
Properties
Density (kafm3) |cnnol|m j Edit.. |
|nu?3
Cp limkg-kl |cnnﬂ|m j Edit..
ETE]
Thermal Conductivity [wim-k] [l:nnulan'l! j Edit
[2m7.a
ChangefCreate I Delete | Close I Help

Figure 11.15: Solid List Interface.

I1. 4. 3 Introduction of gravity
By putting pressure on operating conditioning, selecting gravity, and inputting the value
required. [14]

=] FLUEMNT [2d. dp, pbns, lam]
File Grid @Define Solwve Adapt Surface Display Plot Report Parallel Help

MPModels >
Wed Materials...
Cor Phases...
ALY Operating Conditions...
Loading Boundary Conditions... 1ib%wF1_s1119 .dmp-
Dl"“‘? - Pericdic Conditions...
> Readir Grid Interfaces... twcarréef8@._msh" - - o
6561 Dynamic hMesh >
sE Mixing Planes...
2L
16C Turbo Topology...
1264L1E F -
GOt Injections... o _
B ) DTRM Rays...
Buildinc
qri Custom Field Functions...
mat -
int Profiles...
don Units...
Z0r
User-Defined >
_E] O perating Conditicns e
Pressure Grawity
Operating Pressure [pascal] M Grawity
|1 81325 Grawitational Acceleration
Heference Pressure Location > [mfs2] II-EI
> [m
(m) o o [Imfs2) ||—1 S2NCA60H5 e — A
" [m]) Ig - .
Variable-Density Parameters
I Specified Operating Density

Ok I Cancel I Help I

Figuer I1.16: Introduction of gravity.
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Il. 4.4 Condition at limit
Define / Boundary Conditions

The values of the physical limits entered into the gambit must be set and given at the entry and
exit of the liquid. We adjust the velocity and the pressure, and for the wall, we can adjust the flow,
the temperature, and so on. [22]

|
Zone Type
default-interior - | inlet-vent - |
default-interior:001 intake-fan
interface
fluide_roue massflow-inlet
fluide_ wvolute outflow
fond outletvent
fond_interieur pressurefar-field

interface3_ 3
interfacedq4_ 14
interface_ 3
interface_ 14
interface_entree_roue ~ |

pressure-iniet
pressure-outlet

Set._. | Close I

Copy--. |

Figure 11.17 : Limit Condition Values.

- Velocity inlet

_* FLUENT [2d, dp, segregated, ske]

8 Boundary Conditions

maximum face area (m T
Checking number of nod ype
Checking number of fac inlet-vent
Checking thread pointe intake-fan
Checking number of cel interface

Zone

carré
default-interion
fluid

Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Done.

face cells.
bridge faces.
right-handed
face handedne
element type
boundary type
face pairs.
periodic boun
node count.
nosolve cell
nosolve face
face children
cell children
storage.

new_new_wall
new_wall

Eresslon

wall

mass-flow-inlet
outflow
outlet-vent
pressure-far-field
pressure-inlet
pressure-outlet

symmet
velocity-inlet
wall v

Set...

| Copy... |

ID
|s

Close I Help I

Figurell 18 : Input Speed (velocity inlet).
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- Pessure inlet

Pressure Inlet B x|

Zone Name
Ientree
Gauge Total Pressure [pascal) [g constant -
Supersonic/initial Gauge Pressure [pascal) lg constant z
Direction Specification Method INormal to Boundary :I

Turbulence Specification Method J/FN e T N T N Ty e ~

Turbulence Intensity [%6) I1 )

Hydraulic Diameter [m) I1

0K | Cancel| Help |

Figure I1.19 : Pressure inlet.

- Mass Flow Inlet

Mass-Flow Inlet 5 x|

Zone Name
|entree

Mass Flow Specification Method IM,“ Flow Rate
Mass Flow-Rate (kg/s) [4

Supersonicinitial Gauge Pressure [pascal] [g

Direction Specification Method |Ngrmal to Boundary

Lelle ﬂ BN

Reference Frame [pApsolute

Turbulence Specification Method |k and Omega -
Turb. Kinetic Energy [(m2/s2) |4 constant :_l
Spec. Dissipation Rate [1/s] 4 constant LI

OK I Cancell Help I

Figure 71.20 : Mass Flow Inlet.

* A known mass flow rate is required at the inlet, no need to use Mass Flow Inlet incompressible
flow .
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- Pressure Outlet

Specifies the output static pressure. The use of Pressure Outlet is used to set the output static
pressure. Using the Pressure Outlets condition instead of Outflow often results in better
convergence.

Pressure Outlet N x|

Zone Name
Isortie

Gauge Pressure [pascal) [a lmnmam :I

I Radial Equilibrium Pressure Distribution
Backflow Direction Specification Methed |Ngrmal to Boundary

| 4

Turbulence Specification Method |k 344 Omega

| «

Backflow Turb. Kinetic Energy [m2/s2) |4 constant

| «

Backflow Spec. Dissipation Rate [1/s] |4 constant

oK | cancel| Help |

Figurell. 21 : Pressure Outlet.

- Outflow

outflow x|

Zone Name
sortie

Flow Rate Weighting |4

Figure 11.22 :Out flow.
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Zone Name
pression
Gauge Pressure [pascal) |g |constant j
Backflow Direction Specification Method |Ngrmal to Boundary v
Turbulence Specification Method |k 354 Epsilon j
Backflow Turb. Kinetic Energy [(m2{s2] |4 constant v_
Backflow Turb. Dissipation Rate [m2{s3] |4 constant j
| Target mass-flow rate -
0K ‘ Cancel ‘ Help ‘

Figure I1.23: output pressure interface.

I1.5 The finite volume method (FVM)
I1.5.1 Introduction

Provide a general method for calculating the size and defining the surface of the three-
dimensional objects that is used to calculate the size, including abstract mathematical forms that can
be represented by equations.

This approach includes integrated, multifaceted knowledge, such as the quantification of forms
with complex forms such as hearts, and involves the use of equations and insight to arrive at
solutions such as the Gausian.

This method can be catalytic in understanding the concepts of differential and integral calculation
of multiple variables. In addition, the quantification of solid forms is important for a variety of
applications, such as photography, computational engineering, three-dimensional representation,
and industrial industrialization.

This area has been explored for a long time, and there are multiple methods for calculating the
size of three-dimensional forms, including three-dimensional integration, division, and the use of
marginal forms.

11.5. 2 Definition of (FVM)
The finite volume method (MVF) is a discretization technique widely used, in the field of fluid

mechanics where it emerged about twenty years ago. Since then, this method has undergone
considerable development, not only for fluid mechanical modeling, but also for other fields of
scientific engineering such as electromagnetism, thermal engineering, etc. In-depth mathematical
analysis of the finite volume method has recently clarified the fundamental principles that make it
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an effective discretionary technique. The main idea behind the formulation of finite volumes is
intuitive and allowing the appearance of a clear physical interpretation of the phenomena studied.

This approach involves dividing the study area () into several elementary volumes so that each
volume encompasses a main node (P). The differential equations of the model are then integrated
into each control volume using an appropriate approximation scheme. The preservation principle is
verified for both a finite control volume and an infinitesimal control volume.

The intellectual field is divided into several concrete volumes, where all the control volume is
reduced, in a binary case, by four lines represented by small prescriptions indicating its frame (n to
the north, e to the east, w to the west, s to the south) with respect to the "P" central box. High-
altitude vehicles located on the north, east, west and south of the P vehicle are called N, E, W, and
S. Intermediate dimensions such as pressure and rate are stored in the middle of specified volumes,
while the velocity components are located on the limited sides of the volumes. All the size of the
control is marked by the pieces x and y.As shown in figure: [8]

|A |- |A |-
- AX“_ Ll b | Axc »
N
® 7y
Ax
| i Ay,
—— -
Ay v
W T }'
v j}ﬁ
Sl
2
S

Figurell.24: Discretion in finite volumes of the area of study in the two-dimensional case.

Each finite section is crossed by a differential equation, the integral of which is calculated within
that section. To this integral in the section, we use an approximation function to represent the
unknown, such as linear, parabolic, exponential, or power, between two consecutive points.

Then we discretize the integral form on the entire area of study. This discretization results in an
algebraic equation for values at nodal points. [19]

To facilitate the presentation of discretion by the finite volume method, we take the example of
the two-dimensional fish equation:[8]

a ( 00 d (.00\ _
a(ea)ﬁ'a(ea) = pP 11.9

This equation is projected on a projection function that is equal to the unit. Then it is integrated
into the finite volume corresponding to the P node, which gives:

5} [Jo} 0 0
Jo I 3 (e52) axdy + [ [ - (e57) dxdy = [, [T —pdxdy 110
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The integration of the left part of (I1.10) on the finite volume limited by (e, w, s, n) gives:

o7 2 (%) dxdy + 1 [T 2 (e22) dxdy = [(:22) = (=22) Ja +|(

II.11

), = (e53) o

Choose a profile that expresses the variation in ¢ potential between neighboring nodes. The final

result should contain only the node values.

@ _ (Z)E—(Z)p)
(S 6x)e = e ( AXe

), = o (5
€ 0x/ = fw Axy
29
=&

(
(“E ay) = n (%)

n
00 _ Pp_0s
(¢55), =& (50)
The integral of the right part of equality (I1.10) gives:

Jo [ pdxdy = ppAx Ay

Thus the final algebraic equation after the integrals is written in the form :

(Dp = aE(bE + aw(bw + aS(Ds + aN(DN +S

With :

Ay Ay
a =g — =&, —
E eAXe aW WAXW
a =& —AX as—é‘ A—X
n nAyn sAyS

d, =a; +q, +a, +ag

S = p,Ax Ay

I1.12

II.13

I1.14

I1.15

II.16

I1.17

The reformulation of the result reached represents an obligatory equation linking the unknown in

the main contract (P) to the unknowns in the adjacent contract (W, E, S, N).

This forced equation includes a system of linear equations in the form of a matrix [A].[d]=[S].
This system is solved using direct or repetitive methods, such as the method of eliminating a spy
and the method of a Sidle spy, respectively. The requirements of the non-homogeneous Derishle
type are imposed on communications, and the requirements of the Newman type are imposed on

other borders. [8]
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I1.6 The Turbulence Phenomenon
I1. 6.1 Introduction

The technique of enhancing heat transfer through corrugated walls is a highly significant feature
in the design of compact heat exchangers, as evidenced by numerous empirical studies and
numerical analyses reported in the literature.

The physical process of increasing heat transfer stems from the fact that the corrugated shape of
the surface disrupts the boundary layer formed and allows for continuous replacement of the fluid
near the solid wall. Therefore, the optimal solution is to minimize pressure loss while maximizing
heat transfer. [21]

I1. 6. 2 Definition of Turbulence Phenomenon
Turbulence describes the chaotic state of a fluid, whether liquid or gas, where velocity exhibits

vortices at every point, with constant variations in size, location, and orientation. Turbulent flows
are characterized by their disorderly appearance, unpredictability, and the presence of multiple
spatial and temporal scales.

They occur when the kinetic energy driving the fluid is much more intense than the viscous forces
resisting its motion. In contrast, laminar flow is orderly. Understanding turbulence, though ancient,
is still predominantly approached statistically, akin to statistical physics.

To illustrate the dominance of inertial forces over viscous forces in a flow, the Reynolds number
Is used, which must exceed a certain threshold. In natural environments, the Richardson number is
often preferred over the Reynolds number as it accounts for density variation in compressible fluids.

An important aspect of turbulent flows is the energy cascade: large vortices break down into
smaller ones, thus transferring energy from larger to smaller scales. However, this process is limited
by molecular dissipation, which restricts velocity fluctuations.

Additionally, there is a phenomenon of vortices returning to larger structures, known as
backscatter, facilitating the transfer of small structures to one or more larger ones. [21]

I1. 6.3 General characteristics of turbulence
Turbulence can be characterized by the following points: [21]

- Large-amplitude temporal and spatial fluctuations of all physical quantities (velocity components,
pressure, etc.).

- Vertical structures of vastly different characteristic sizes, nested within each other, and interacting
with one another.

- Each physical quantity exhibits an energy spectrum (i.e., spectrum of the square of the fluctuation)
that is continuous and tends toward zero at high wave numbers (i.e., at the smallest spatial scales).

- Persistence of turbulence. Once initiated, turbulent flow tends to sustain itself: it continues to
generate vortices to replace those dissipated. This is particularly true for turbulent flows with walls
and for shear layers; this persistence is not related to the instability mechanisms of T-S waves in
laminar flow.
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- Mixing: Mixing in turbulent flow is much more efficient than mixing in laminar flow (i.e., through
molecular diffusion).

Il. 6.4 K-¢ turbulence model :
You have the ability to determine the actual turbulent viscosity of a fluid system by using the
Turbulent Viscosity model. The latter includes two types of models: [15]

- The standard k-epsilon model: This turbulence model is available in Creo Flow Analysis. It is
based on the formulation of turbulent kinetic energy k as follows:

- X oU:
—pu = |5+ 20 — 2 8pK 11.18

an 6X]

The deformation tensor :

1[ou; Uy,
2

L N2
uj

Turbulent kinetic energy : K = —

3
The turbulent viscosity characterized by a speedvK and a distance L = % is given by :

3
5 2
v = CuVK= = C, = .19
With : C, =0.09
€: is the dissipation rate

K and ¢ are obtained from these two functions:

a)Turbulent kinetic energy transport equation k:

a 9 ne) 9K
o% (pKU;) = o5 [(Hj{) a—xl] + G — pe 11.20

b) Transport equation of the dissipation rate ¢ of turbulent kinetic energy:
0 I TR 2 Gu = Cons
a—xl.(psUj)| = [(HGE) e Creg Gk — Coep 1 .21

Turbulent Prandtl numbers relating to turbulent kinetic energy and dissipation rate are represented
by o, and o, . The empirical constants are C;, and C,.. The formula for the production term G, is
given by:

2 a—"_f] o .22

G ———— U, n
K p ! ) axl- p t an axi ax]'
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All constants are grouped in the following table:

Table I1.1 : K-¢ turbulence model coefficients.

Cle CZe Cu O O¢
1,44 1.92 0.09 1 1.3

I1.7 The Trapezius Method
I1.7.1  Introduction

The trapeze rule method is a numerical technique used to estimate the integral of a function by
replacing it with a trapeze. This method is widely used in numerical analysis to approximate the
area under a curve. In this paper, we will explore in detail this method and its applications in
various mathematical and scientific fields.

11.7.2 Definition

The trapezium rule method consists in dividing the integration interval into several equal sub-
intervals, then approxidizing the curve by trapezius formed by the points of these intervals. By
making the sum of the areas of these trapezius, we obtain an estimate of the integral of the function
over this interval.

This method allows a simple but effective approach for the numerical calculation of integrals.

1. 7.3 Objective of the Method:
The main objective of the trapezoidal rule method is to provide a reasonable estimate of the
integral of a function, especially when the function is difficult to integrate analytically.

This method also makes it possible to divide a complex integration problem into simpler steps,
thus facilitating the numerical calculation process. In addition, it offers an intuitive approach to
visualize the area under a curve geometrically.

Formally, if f(x) is the function to be integrated over the interval [a, b]and we divide this interval
into nn subintervals of width h (h = bn;a), then the estimation of the integral by the trapezoidal rule
IS given by:

[} f)dx =2[2f (@) + 2f (@ + h) + 2f (@ + 2h) + - + 2f (a + (n — Dh) + f(b)]
11.23
This formula is derived by approximating each subinterval with a trapezoid, hence the name of

the method. The greater the number n of subintervals, the more accurate the approximation, as the
trapezoids get closer to the curve of the function being integrated. [20]

1.8 Conclusion
In conclusion, Fluent is computational fluid dynamics program and its Gambit pre-processor
revolutionized the field of fluid dynamics simulation. By using the finite volume method, complex
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engineering problems involving fluid flow and heat transfer can be analyzed and resolved
accurately.

The semi-perverse phenomenon, characterized by distortion of network cells near corners or
sharp edges, can insert errors in simulations if not properly calculated. In addition, the turbulent
flow phenomenon, which occurs in high Reynolds flows, poses challenges in accurately predicting
fluid behavior.

By understanding and integrating these phenomena into our simulations, we can improve the
accuracy and reliability of computational fluid dynamics analyses, as we will use the k-g turbulence
model on which fluent is based in.
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Chapter I1I: Results and interpretation

1.1 Introduction

In this chapter, we present and discuss the results of the convection simulation in our cylindrical
geometry, both vertically and horizontally oriented conduits, with and without a control element in
three different positions, and conduits with a control element in only one position at x = 200 mm.
We adhere to a logical arrangement in this study, beginning with presenting the results related to
smooth conduits (without fins) oriented vertically and horizontally.

Afterwards, we will analyze the horizontal and vertical conduits with a control element in three
positions (x = 50 mm, x = 200 mm, and x = 400 mm), as well as horizontal and vertical conduits
with a control element in only one position at x = 200 mm.

I11.2  Problem Statement

The objective of this work is to study flow control to enhance heat transfer in cylindrical tubes.
The use of control elements has been chosen as a technique to increase heat transfer in both
horizontal and vertical tubes.

The geometry under investigation is a cylindrical copper tube with a length of 500 mm, an inner
diameter of 10 mm, and a thickness of 1 mm. Fins in the form of circular rings with a thickness and
width of 1 mm are inserted along the inner surface of the tube at different positions. The working
fluid is water, transitioning from laminar to turbulent flow with Reynolds numbers of 1500 and
15000 respectively. See Figure 1.
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Figurelll. 1: conduit with control element (x=50,200,400) and x=200 mm).
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I11.3  Mesh Selection

Mesh selection is a crucial step in numerical simulation. It ensures the independence of the
solution obtained from the mesh used and avoids numerical errors. For this purpose, five different
meshes were tested; their details are mentioned in Table (II1.1).

The calculations were performed for a smooth vertical conduit under laminar flow with a
Reynolds number Re = 1500 and for an inlet temperature and pressure of Te = 293 K and Pe = 1 bar
respectively, with a heat flux density at the wall of g = 10000 W/m2. The heat transfer coefficients
calculated using the numerical procedure corresponding to each chosen mesh are also presented in
(Table IIL.2).

It can be observed that, starting from the third mesh (M 3), the value of the convective heat
transfer coefficient remains constant. Therefore, meshes (M 1) and (M2) are not suitable, as there is
an unjustified variation in the heat transfer coefficient. Finally, mesh (M 3) was selected for this
numerical study because it yields the same results as meshes (M 4) and (M 5) but with a smaller
size (see Table III.1). For the chosen mesh (M 3) illustrated in Figure III.1, a total of 270,000
elements were generated in the fluid zone and 30,000 elements in the solid zone.

Table I11.1: Details of the different meshes tested.

Meshes fluid solid

M1 30000 10000
M2 120000 20000
M3 270000 30000
M4 30000 10000
M5 120000 20000

Table I11.2: Average Convective Heat Transfer Coefficient for the Different Meshes.

Meshes M1 M2 M3 M4 M5
ﬁ[w/mZK] 044.9524 (908.4986 [913.217 [913.216 |913.215
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Figure I11.2: Chosen Mesh.

Draw the mesh using Gambit
Validation of the numerical simulation procedure

The approach adopted to determine the convective heat transfer coefficient and the Nusselt
number is as follows:

e The conduit is divided into several sections as shown in Figure (I11.3).

Figure I11.3: Subdivision of the conduit section for the calculation of the local Nusselt number.
« In each section, we determine the heat flux density and the temperature at the wall.

o To calculate the reference temperature (average mixture temperature) in each section, we use the
following equations:
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__ JpucpTdA,
mCp

T (%) L1

In each section, the local convective heat transfer coefficient is calculated using the following
two equations:

_ qp(x)
h(x) = 2t 1.2
Nu(x) = 222 1.3

o The average values of h and Nu are determined from the local values.

The Figure (4) shows a comparison of the locally calculated Nusselt number numerically in a
smooth horizontal conduit under laminar flow with that obtained by the Shah and London
correlation [23] for a Reynolds number Re = 1500. The Shah and London correlation for a
thermally developed region and constant wall heat flux, as well as for laminar flow, is valid for:

Nu=1.953(Re. Pr.2)%33 1.4

Valid for: (Re.Pr.D/L) > 33.3

50 —0— Nu(la,num)

—&— Nu(la,corr)
40

30

Nu

20

10 mmose—o ® —eo————o

0 100 200 300 400 500 600

X (mm)

Figure ZII. 4: Local Nusselt numbers in a horizontal tube calculated by Fluent compared to the average Nusselt number
determined by the correlation of Sahah and London [66].

It can be observed that from the distance x > 200, the two curves converge and coincide. This
zone corresponds to the region where the flow is thermally established. At the exit of the tube, the
average values of the Nusselt number are almost the same for both procedures.
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I11. 4 Flow control for thermal transfer enhancement
1. 4.1 Smooth vertical and horizontal conduits

Before examining flow control through the technique of thermal transfer enhancement (using
vortex generators), it is useful to analyze the results obtained for the reference case of a vertical and
horizontal tube without control elements (fins).

The boundary conditions for the results represented below are for the flow of water in the studied
tube with an inlet temperature and pressure of 293 K and 1 bar, respectively. A constant heat flux of
10kW/m? is imposed on the outer surface of the tube.

Two flow regimes have been studied: a laminar regime with a Reynolds number at the inlet Re =
1500 corresponding to a velocity u = 0.1507 m/s, and a turbulent regime with a Reynolds number
Re = 15000 corresponding to an inlet velocity u = 1.507 m/s.

Figure 5 shows the variation of the local heat transfer coefficient in a smooth horizontal and
vertical tube for a laminar regime.
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3500
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— 3000
Rl
o
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3 2000
—
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1500
1000
500 ® —0
0
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Figure III. 5: Local convective heat transfer coefficient in a smooth vertical and horizontal tube for
a laminar regime.

We observe that the convective coefficient for laminar flow in a smooth horizontal tube is almost
identical to the convective coefficient in a smooth vertical tube at almost all points .

47



Chapter I1I: Results and interpretation

Figure 6 shows the variation of the local heat transfer coefficient in a smooth vertical tube for a
turbulent regime.
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Figure 111.6: Local convective heat transfer coefficient in a smooth vertical tube for a turbulent regime.

The figure 7 shows the variation of the local convective heat transfer coefficient in a smooth
horizontal tube for a turbulent regime.
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Figure I11.7: Local convective heat transfer coefficient in a smooth horizontal tube for a turbulent regime.
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We notice that the convective coefficient for the turbulent regime in a smooth horizontal tube is
identical to the convective coefficient in a smooth vertical tube at all points.

The local convective coefficient for the turbulent regime is higher than for the laminar regime in
both vertical and horizontal conduits at all points of x.

Figures 8 and 9 show the temperature and velocity fields in a vertical conduit for both laminar
and turbulent regimes. Regarding the temperature field, the fluid heats up as it progresses along the
tube. In the central part of the conduit, it is observed that for the laminar regime, the temperature
does not undergo significant variations, unlike the turbulent regime. On the other hand, the cooling
of the wall is better for the laminar regime. As for the velocity evolution, the slowing down of the
flow at the wall leads to an increase in velocity in the central region to satisfy the principle of mass
flow conservation.
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Figure Il .8: Temperature fields for a smooth vertical conduit for laminar regime (a) and turbulent regime (b).
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Figure 111.9: Velocity fields for a smooth vertical conduit for laminar regime (a) and turbulent regime (b).

11.4.2 Study of control elements
1.4.2.1 Vertical and horizontal conduits with control element at x = 200 mm

Figure 10 shows the variation of the local heat transfer coefficient in a horizontal and vertical
tube with a control element at x = 200 mm for a laminar regime.
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Figure III. 10: Local convective heat transfer coefficient in a vertical and horizontal tube with a control element
at x =200 mm for a laminar regime.
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We observe that the convective coefficient for the laminar regime in a horizontal tube with a
control element at x = 200 mm is almost identical to the convective coefficient in a vertical tube
with a control element at x = 200 mm at all points except at x = 300 mm.

The figure 11 shows the variation of the local convective heat transfer coefficient in a horizontal
and vertical tube with a control element at x = 200 mm for a turbulent regime.
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Figure I1I. 11: Local convective heat transfer coefficient in a vertical and horizontal tube with a control element
at x = 200 mm for a turbulent regime.

We observe that the convective coefficient for the turbulent regime in a horizontal tube with a
control element at x = 200 mm is identical to the convective coefficient in a vertical tube with a
control element at x = 200 mm at all points except at x = 300 mm.

The local convective coefficient for the turbulent regime is higher than for the laminar regime in
both vertical and horizontal conduits with a control element at (x = 200 mm) at all points of x.

Figure 12 shows the temperature and velocity fields for a horizontal conduit with a control
element at x = 200 mm for a laminar regime.
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Figurelll. 12: Temperature and velocity fields for a horizontal conduit with a control element at x = 200 mm for a
laminar regime.

The figure 13 shows a comparison of the variation of the local convective coefficient in a smooth
horizontal tube and with a control element at x = 200 mm for a laminar regime.

We observe that the local convective coefficient in the horizontal conduit with a control element
at x = 200 mm for the laminar regime is higher than the local convective coefficient in a smooth
horizontal tube in the region from x = 100 mm to x = 500 mm.

The control element at x = 200 mm in the horizontal conduit improves heat transfer starting
from the position x = 100 mm.
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Figure 11.13: Comparison of the variation of the local convective coefficient in a smooth horizontal tube and with a
control element at x = 200 mm for a laminar regime.

111.4.2.2 Vertical and horizontal conduits with control elements(x=50, 200, and 400mm)
Figure 14 shows the variation of the local convective heat transfer coefficient in a horizontal and
vertical tube with control elements at x = (50, 200, and 400 mm) for a laminar regime.
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Figure Ill.14: Local convective heat transfer coefficient in a vertical and horizontal tube with control elements
at (x =50, 200, and 400 mm) for a laminar regime.

The local heat transfer coefficient for laminar flow in a horizontal pipe with control elements at
(x = 50, 200, and 400 mm) is higher than the local heat transfer coefficient in a vertical pipe with
control elements at (x = 50, 200, and 400 mm) at x = 60 mm.

The local heat transfer coefficient for laminar flow in a vertical pipe with control elements at
(x =50, 200, and 400 mm) is higher than the local heat transfer coefficient in a horizontal pipe with
control elements at (x = 50, 200, and 400 mm) at x = 90 mm.

From x = 100 mm onwards, the local convection coefficient for laminar flow in a horizontal tube
with control elements at (x = 50, 200, and 400 mm) is higher than the local convection coefficient
for laminar flow in a vertical tube with control elements at (x = 50, 200, and 400 mm).

In the case of a pipe with a control element at x = 200 mm, the local convection coefficient is
identical for both horizontal and vertical pipes. Therefore, to improve heat transfer using a control
element at x = 200 mm, one chooses either the vertical or horizontal pipe. However, in the case with
control elements at (x = 50, 200, and 400 mm), the local convection coefficient for the horizontal
pipe is higher than that for the vertical pipe in the range from x = 100 mm to x = 500 mm. Hence, to
improve heat transfer, it is preferable to use the horizontal pipe in this case.
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Figure 15 shows the temperature field for laminar flow in a vertical tube with control elements at
(x =50, 200, and 400 mm).
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Figure 171. 15: Temperature field for laminar flow in a vertical tube with control elements at (x = 50, 200, and 400 mm).

Figure 16 shows the variation of the local convective heat transfer coefficient in a vertical tube
with control elements at (x = 50, 200, and 400 mm) for turbulent flow.
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Figure 111.16: Local convective heat transfer coefficient in a vertical tube with control elements
at (x =50, 200, and 400 mm) for turbulent flow.
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Figure 17 illustrates the variation of the local heat transfer coefficient in a horizontal tube with
control elements at x = (50, 200, and 400 mm) for turbulent flow.
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Figure I11.17: Local convective heat transfer coefficient in a horizontal tube with control elements
at (x =50, 200, and 400 mm) for turbulent flow.

The convective heat transfer coefficient for turbulent flow in a horizontal tube with control
elements at (x = 50, 200, and 400 mm) is identical to the convective heat transfer coefficient in a
vertical tube with control elements at (x = 50, 200, and 400 mm) at all points.

The local convective heat transfer coefficient for turbulent flow is higher than for laminar flow in
both the vertical and horizontal conduits with control elements at (x = 50, 200, and 400 mm) at all x
points.

Figure 18 shows the variation of the local heat transfer coefficient in three tubes: the first tube is a
smooth horizontal tube, the second tube is a horizontal tube with a control element at x = 200 mm,
and the third tube is a horizontal tube with control elements at x = (50, 200, and 400 mm) for
laminar flow.
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Figure 171.18: Variation of the local heat transfer coefficient in three horizontal tubes for laminar flow.

The local convective heat transfer coefficient for laminar flow in the horizontal conduit with
control elements (x = 50, 200, and 400 mm) is higher than the local convective heat transfer
coefficient in a smooth conduit and a conduit with a control element at (x = 200 mm) starting from
a distance of x =40 mm.

The use of control elements in a horizontal tube enhances heat transfer for laminar flow whether
using vortex generators at all three positions (x = 50, 200, and 400 mm) or using a single vortex
generator at position (x = 200 mm). However, the best improvement for heat transfer in the
horizontal conduit for laminar flow is achieved by using control elements at positions (x = 50, 200,
and 400 mm).
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Figure 111. 19: Variation of the local heat transfer coefficient in three vertical tubes for laminar flow.

The local convective heat transfer coefficient for laminar flow in vertical pipes decreases more
than the convective local heat transfer coefficient in smooth pipes and pipes containing a control
element at (x = 200 mm), starting from the distance x = 60 mm then rises again to peak at point
(x=200 mm).

The use of control elements in a vertical tube enhances heat transfer for laminar flow, whether
using vortex generators at all three positions (x = 50, 200, and 400 mm) or using a single vortex
generator at position (x = 200 mm). However, the best improvement for heat transfer in the vertical
conduit for laminar flow is achieved by using control elements at positions (x = 50, 200, and 400
mm).

Figure 20 shows the variation of the local heat transfer coefficient in three tubes: the first tube is
a smooth vertical tube; the second tube is a vertical tube with a control element at x = 200 mm , the
third tube is a vertical tube with control elements at x = (50, 200, and 400 mm) for turbulent flow.
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Figure 171.20: Variation of the local heat transfer coefficient in three vertical tubes for turbulent flow.

The local convective heat transfer coefficient for turbulent flow in the vertical conduit with
control elements (x = 50, 200, and 400 mm) and the local convective heat transfer coefficient in the
conduit with a control element at (x = 200 mm) are lower than the local heat transfer coefficient in
the smooth vertical conduit.

The use of control elements in a vertical tube does not improve heat transfer for turbulent flow,
whether using vortex generators at all three positions (x = 50, 200, and 400 mm) or using a single
vortex generator at position (x =200 mm).

I11.5 Conclusion:

In this chapter, we conducted a comprehensive analysis of the impact of changes in the heat
transfer coefficient in horizontal and vertical pipes under conditions with and without control
elements. The study results showed that the heat transfer coefficient is significantly influenced by
the distribution type (horizontal or vertical), as well as the presence of control elements. As for the
Nusselt number in the laminar and turbulent flow regimes, it remains the same for both cases
regarding the pipes.

In horizontal pipes, heat transfer was more stable and less affected by external environmental
factors, whereas vertical pipes demonstrated an increase in heat transfer efficiency with the
presence of control elements, which contributed to improved heat flow and distribution at (x=50,
x=200, x=400) in the laminar flow regime. while it doesn't enhance it in the turbulent flow regime
at these locations, resulting in lower heat transfer efficiency compared to the smooth pipe case.

Conversely, in the case of smooth pipes, whether in the laminar or turbulent flow regime, the heat
transfer efficiency in both types of pipes is weak, with increasing differences in thermal
performance between horizontal and vertical pipes.
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In summary, this study underscores the importance of selecting the appropriate design and
utilizing control elements to achieve optimal thermal performance. The findings highlight the
necessity of considering operational and environmental conditions when designing thermal systems
to ensure effective and efficient heat transfer.

59



General Conclusion

General Conclusion

In conclusion, this study sheds light on the pivotal role of numerical simulation models in
analyzing fluid flow dynamics and heat transfer phenomena within pipe systems. By exploring the
behavior of viscous, incompressible fluids in both horizontal and vertical pipes, we underscored the
significant impact of employing control elements to enhance heat transfer rates.

Utilizing the Fluent software, we conducted simulations that provided comprehensive insights
into the factors influencing heat transfer enhancement. Our results clearly demonstrate that
integrating control elements in both laminar and turbulent regimes leads to significant
improvements in heat transfer rates across horizontal and vertical pipe systems.

Moreover, the positioning of these elements within the pipes exerts varying effects on heat
transfer enhancement. These insights provide valuable guidance for optimizing the design of
cooling and heating systems across diverse engineering applications, thereby enhancing the overall
thermal efficiency of these systems.

This study highlights the necessity of integrating numerical simulation models as indispensable
tools in fluid mechanics and heat transfer studies. Such integration can contribute to meaningful
advancements in improving the performance and efficiency of thermal and hydraulic systems across
various industrial domains.
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