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Introduction

Ethylene is one of the most valuable products from the petrochemical industry. The main reason for this is that it can be used in a wide variety of applications. For example, it is a starting building block for polymers. Ethylene can either be used as a monomer for the creation of polyethylene by polymerization and this latter product could then be transformed into packaging films, plastic bottles, Low Density Polyethylene (LDPE) and so on and so forth. Or it can also be combined with other compounds to form ethanol, Polyvinyl Chloride (PVC) or plastics and synthetic rubbers [6,7,8].

The leading way of producing ethylene is by a petrochemical process called steamcracking. Although alternative routes exist to produce olefins such as the Fischer-Tropsch synthesis, oxidative coupling of methane or the catalytic dehydrogenation of light alkanes [9], the vast majority of the production is done by steam cracking of hydrocarbons [8].

I Steam cracking

Steam cracking is an endothermic chemical reaction which consists in heating up at very high temperatures (> 850 • C) with steam a hydrocarbon feedstock either gaseous, for instance natural gas like ethane, propane and the like or liquid such as naphtha, HydroCracker Residue (HCR) or Atmospheric GasOil (AGO), in order to break the chemical bounds in the molecules to form lighter molecules such as ethylene, propylene, 1-3butadiene and other heavier olefins [8].

Due to the required high temperatures to perform steam cracking of hydrocarbons, it is therefore mandatory to have a huge heat input. As a consequence, steam cracking is the most energy consuming process in the whole chemical industry and consumes about 8% of the sector's energy demand [10]. Nevertheless, at a 100 up to 1000 $ the ton of ethylene coupled with a plant annual capacity of production of approximately 1.5×10 6 t/a and with an annual demand of 105 × 10 6 t/a there are tremendous profit at stake [8,11]. Although environmental impact of steam cracking plants is not the main concern [9], it is necessary to cut their energy demand by improving their efficiency or by replacing some parts such as the conventional furnaces by electrical ones. One other aspect is the massive emission of NOx particles by the flames in the furnace. Numerous researches have been performed in order to reduce the pollutant emission such as Oxy-fuel oxidation [12,13,14].
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Steam cracking can only be done in specific and well designed furnaces which could meet the stringent demands of this chemical process. Moreover, steam cracking is a more than 50 years old process and the dedicated plants have been continuously improved throughout the decades thanks to a large spectrum of furnace designers and to a highly competitive market. However, steam cracking plants are all composed with the same core units.

A Steam craking furnaces

An example of a steam cracking unit can be seen enclosed in the dotted frame in figure 1. The first part is called the convection section, this is where the feedstock enters the unit and where its temperature starts to rise as a consequence of the heat transfer between the hydrocarbon stream and the hot flue gas from the Transferline Exchanger (TLE). The fluid is then mixed with steam at a specific proportion, also known as steam dilution, and its temperature is risen to up to 500 -650 • C depending on the nature of the feedstock (gaseous or liquid). The goal here is to preheat the fluid before the radiant section yet without activating the cracking of hydrocarbons. Then the feedstock flows through a bundle of tubes, or coil, such as the one seen in figure 3, located in the radiant section.

The coil is enclosed in the firing box which has numerous burners (floor and/or wall burners). The flames provide the heat, mainly through radiation and secondly by convection, to the tubes external wall. Then the thermal energy is transported by conduction through the tube thickness to reach the internal wall. Finally heat is transferred by con- arrives at the transfer line exchanger where the mixture is quenched to stop the cracking reaction in order to prevent any undesirable product to be formed. Above all, the role of the TLE is to avoid the lost of valuable products such as ethylene, propylene and so on. [8,11,15].

The cracking reaction actually takes place in the radiant section within the refractory steel tubes. The heat triggers the thermal cracking of the fluid and countless of reactions occur to form different products. Although the hydrocarbon stream remains in the steam cracking tubes for less than a second, the thermal reaction is highly three dimensional and the profile of temperature in a cross-section of the tube has a large effect toward the selectivity of the desired products [16]. Different chemical mechanisms are involved such as carbon-carbon, carbon-hydrogen bond scission, hydrogen abstraction, radical recombination and many others [17]. Primary reactions form the most valuable products (i.e.

ethylene and propylene) whereas secondary reactions form heavier products such as C4 hydrocarbons and aromatics but also a very problematic one which has no commercial value whatsoever: coke [8]. 
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B Coke fouling of the coils

Due to the very high temperatures in the radiant section that the tubes have to sustain, they are typically made of a special Iron-Nickel-Chrome alloy [11]. Many phenomena could harm the integrity of the tubes such as creep, corrosion, carburization and fouling which will be further discussed in the following. Iron and nickel are also known to be catalytic sites for the deposition of a carbonaceous compound known as coke. Carbon radicals of the coke diffuse through the metal particle and locally build-up [18]. This leads to a slow carburization of the tube and puts their life at risk but also it creates a carbonaceous layer which covers the internal surface of the tube. This coke layer is characterized by a dense network of carbon filament with metal particle at their top. In addition, this structure is porous and contains many active sites for more coking to be developed at its surface [19]. This is the catalytic coking of the tube and can only be mitigated by develop-
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ing new heat resistant alloys or by using special coatings.

Furthermore, coke precursors in the gas or liquid phase can react with the existing coke layer and yield to a continuously increasing carbonaceous layer. Besides, the higher the wall temperature, the higher the coking rate. A solution to mitigate coke fouling is to increase heat transfer between the tube wall and the flowing fluid, this will be covered later in this manuscript. This coking mechanism is called non-catalytic or pyrolytic coking. Coke formation has been extensively studied in the past decades [18,20,21,22] especially because it has several drawbacks on the steam cracking process.

First of all, fouling of the tube causes a reduction of their cross-section which in turns yields to an increase in pressure drop of the processed fluid. On the one hand, as the outlet pressure of the coil as to be maintained at a constant value, the inlet pressure has to be risen and therefore more energy is required to keep the fluid flowing. On the other hand, selectivity of lower olefins such as ethylene and propylene is favored at low partial pressure and thus the rise of the inlet pressure promotes the production of larger and undesirable compounds instead [8,23]. Besides, depending on the furnace design, a too high pressure drop will force the shutdown of the cracking unit.

Secondly, due to its low conductivity the coke layer forms a heat transfer resistant barrier [24]. Hence, in order to maintain the cracking reaction inside the coil, the outer wall temperature has to be increased. Although refractory steel tubes are designed to sustain very high temperatures above a certain point their life could be put at risk, especially because of creep and thermal fatigue. When the external wall temperature of the tube, also known as Tube Metal Temperature (TMT), has reached its upper limit, typically above 1100 • C, the steam cracking process has to be halted in order to process to an elimination of the coke [8].

Ultimately only after a few weeks of operation, coke fouling of the coil, as observed in figure 4, will inevitably lead to a stop of the cracking unit, either because of a too high pressure drop or because of a too high TMT.

Figure 4 -Example of a tube completely fouled with coke
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Consequently the production of ethylene and other valuable products is interrupted and the coils have to be cleaned to get rid of the coke in another process called decoking [18]. This latest operation demands to isolate the radiant tubes from the TLE and inject in the tubes a mixture of air and steam at around 850-950 • C to burn-off the coke. However, the water from the steam are chemisorbed and deprotonated which give rise to oxygen radicals that could react with the coke on the wall to form CO and CO 2 [25]. The emission of these gases are participating to climate change and it is estimated that the steam cracking of hydrocarbons produces one ton of CO 2 per produced ton of olefin [9]. The decoking process can last up to 48 hours and not only has severe adverse effects on the economic of the plant but a repeated cycle of coking and decoking of the tubes will eventually critically damage their structure and they will then have to be replaced [8,26].

It is now obvious that coking has several negative impacts on the yield of the steam cracking reaction, on tubes life span and also on the economic of the process. That is why several solutions have been developed to mitigate this coking problem.

C Solutions to mitigate fouling

During the past decades, many solutions have been developed to tackle the coke fouling problem and they can be divided into three main categories [11]:

• Use of feed additives

• Surface technologies (Alloy composition and coatings)

• Three dimensional reactor technologies

For the first category, the principal solution is to add Dimethyl Disulfide (DMDS) to the flowing mixture in the tube. DMDS can act directly on the coke layer catalytic sites and passivized them thus reducing the coking rate especially when the concentration of sulfur is high in the feedstock [27]. However, this conclusion is not shared by everyone and questions are still not completely answered regarding the effect of sulfur on the coking rate. Yet, it is understood that the method of sulfur addition in the feedstock which are presulfidation, continuous addition and a mix of the two, can have a significant impact on the produced carbon monoxyde (CO) and on the coke morphology [28,29].

As discussed before, catalytic coking strongly depends on the catalytic sites available on the surface of the tubes and therefore on the composition of the alloy. Moreover, mitigating this coking mechanism can yield to a great reduction of the overall coking rate and that is why many efforts have been made to develop new alloys and surface coatings.

Manoir Industries is a company that is specialized in the production of cast of forged pieces in special steel alloys for the petrochemical and nuclear industries. One of its specialty is to develop and produce centrifugally cast tubes made out of special refractory II. OBJECTIVES OF THE PRESENT STUDY steel alloys. The R&D department of Manoir has developed many solutions and is still investigating ways to propose improved tubes technologies to tackle the various problems that the coils in steam cracking furnaces are facing. For instance to reduce coking, the typical Iron-Nickel-Chrome alloys have been modified by the addition of aluminum in a small proportion such as Manoir Manaurite XA in the 1980's [30] and today's Manoir Manaurite XAl4 [31]. This modification of the alloy composition enables the creation of a protective aluminum scale at the tube surface which inhibits the diffusion of carbon and oxygen from the gas phase into the metal matrix and protects the Iron and Nickel coking catalytic sites [11]. Other efforts have been made toward the creation of a protective layer from the coke without modifying the composition of the alloys and they are the coating solutions.

Nowadays two kinds of high temperature coating for steam cracking application exist.

On the one hand, there is the barrier coating which acts as a protective layer against coke deposition on the tube surface, protecting the tube's metal catalytic coking sites. It tends to eliminate the catalytic coking phenomenon. Nevertheless, it does not prevent the pyrolytic coking from happening. An example of a commercial solution is Manoir and PST coating CoatAlloy [32]. On the other hand, there are catalytic coatings and not only they prevent from catalytic coking but they also act on the pyrolytic coking by gasifying the resulting coke. The YieldUp is such a catalytic coating and has already proven its efficiency [25].

The last category of solution to mitigate fouling gather technologies that consist in modifying the inner surface of the tubes geometry in order to directly act on the flow. The main purposes are either to increase the surface contact area between the fluid and the tube to enhance heat transfer such as with finned tubes or to act on the flow structure by generating a swirling flow for instance. This topic will be covered in more details in the following.

II Objectives of the present study

So called three dimensional technologies already exist in the steam cracking industry to enhance heat transfer by increasing the tube surface area by generating a swirling flow.

One of the main problem of the former is the non uniformity of the temperatures in a cross-section [33] which could yield to a coking non-uniformity and as a consequence to local hotspots [START_REF] Van Cauwenberge | CFD-based design of 3d pyrolysis reactors: RANS vs. LES[END_REF] and also to a loss of selectivity [16]. For the latter, most used technologies generate a swirling flow along the whole length of the coil which in turns causes large pressure drop and thus significantly reduces the selectivity toward ethylene [23]. In some cases the flow is modified locally [START_REF] Zhang | Enhancement of heat transfer by swirling element of radiant tube in cracking furnace[END_REF], however the employed devices are not only a major source of pressure drop themselves but they can also affect the mechanical properties of the tube.

Considering the above mentioned drawbacks, Manoir Industries has wanted to pro-
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pose to its clients a new and innovative solution of swirler that could be applied in a steam cracking furnace and which could mitigate the fouling rate at low pressure drop increase.

The present manuscript is the result of the R&D team efforts and it focuses on developing a new three dimensional tube technology to induce a swirling flow locally to enhance heat transfer and better homogenize the temperature in a cross-section and at a reduced pressure drop. To that end, a parametric study of different swirlers was undertaken to understand how the different geometrical parameters could influence the development of the swirling flow and what impact they have on pressure drop and heat transfer. Considering that the different results are obtained by numerical simulations, it is of prime importance to verify their reliability by performing some validation tests but also by comparing them to some data coming from an experimental campaign that was also performed in the present study. The performance in a steam cracking furnace of the developed technology was also monitored by performing simulations with a dedicated software called Coilsim1D.

In the first place, a bibliographical review of both continuous and decaying swirling flows will be done to have a clearer picture of the effect of a swirling flow on the flow topology and how it enables both heat transfer enhancement and increased pressure drop. This first part will also present the main devices used to generate this kind of flow both in the literature and what is applied in the steam cracking industry.

Then a first new solution of swirler is numerically investigated using the open-source Computational Fluid Dynamics (CFD) software OpenFOAM [START_REF] Weller | A tensorial approach to computational continuum mechanics using object-oriented techniques[END_REF]. Its effect on the flow will be discussed and especially the spatial decay of the swirling flow and the evolution of the heat transfer and wall shear stress downstream of the swirler. After this, a new approach will be discussed and the development with CFD simulations of another technology of swirler will be presented. This chapter will present a parametric study and the choices that have lead to a final solution.

The following chapter will then discuss the performance of the latest swirler technology with the other competing technologies in the steam cracking industry by reproducing their geometry and running other CFD simulations. Furthermore, the comparison will be discussed in greater depth thanks to the results of the simulation of steam cracking furnaces with a commercial simulation software COILSIM1D [START_REF] Djokic | IMPROOF: Integrated model guided process optimization of steam cracking furnaces[END_REF].

The last chapter will cover the experimental part of this study from the description of the test bench to the exploitation of the different results that were obtained with a solution of swirler. One of the goal of this chapter is to further validate the adopted numerical methodology.

Finally conclusions on the study will be drawn and the perspectives for further research and development on the topic will be discussed. 

I. SWIRLING FLOWS IN TUBES

Heat transfer enhancement is of prime importance in many industrial applications such as in shell-tube heat exchanger, HVAC systems or in the steam cracking industry. A better control of the heat transfer could enable a better efficiency of those systems not only from a process point of view but also from an economic perspective.

Depending on the application, many devices have been used to increase heat transfer and they all fall into three categories [START_REF] Liu | A comprehensive review on passive heat transfer enhancements in pipe exchangers[END_REF]:

• Active methods

• Passive methods

• Compound methods

The first category regroups devices which use an external source of energy to act on the flow in order to enhance heat transfer. For instance, application of a rotating pipe to generate a swirling flow with a solid body tangential velocity profile [START_REF] Steenbergen | The rate of decay of swirl in turbulent pipe flow[END_REF][START_REF] Najafi | Numerical investigations on swirl intensity decay rate for turbulent swirling flow in a fixed pipe[END_REF][START_REF] Abotsi | Turbulent heat transfer enhancement in an axially rotating pipe fitted with kenics segment mixer[END_REF]. The second gather technologies which do not use external resources of energy to modify the flow but instead are geometrical modifications of the tube or inserts. However, the created swirling flow always give rise to an increase of the pressure drop penalty. The last category is nothing but a blend of the active and passive method. Irrespective of the employed method, it should be borne in mind that those techniques are generally complex, costly and not easy to implement on an industrial scale especially in a steam cracking furnace where the temperatures are very high. Considering this last point, it becomes clear that active methods are not compatibles with the current domain of applications. That is why, this study focuses only on passive methods to generate swirling flow in tubes.

I Swirling flows in tubes

A swirling flow in a tube is characterized by a main axial velocity component and in addition has a secondary tangential or azimuthal velocity component which enables the flow to rotate. A radial velocity component could also arise yet its magnitude is most of the time really low compared to the tangential velocity and especially in comparison to the axial velocity [START_REF] Algifri | Turbulence measurements in decaying swirl flow in a pipe[END_REF].

This specific kind of flow could be obtained all along the tube to have a swirling flow with a constant intensity of rotation. This could only be achieved if flow modifiers are present along the whole length of the tube. They can be of different types like twisted baffles [START_REF] Eiamsa-Ard | Convective heat transfer enhancement using Ag-water nanofluid in a micro-fin tube combined with non-uniform twisted BIBLIOGRAPHY tape[END_REF][START_REF] Eiamsa-Ard | Influence of three-start spirally twisted tube combined with triple-channel twisted tape insert on heat transfer enhancement[END_REF][START_REF] Bhuiya | Thermal characteristics in a heat exchanger tube fitted with triple twisted tape inserts[END_REF], rifled fins [START_REF] Schietekat | Computational fluid dynamics-based design of finned steam cracking reactors[END_REF][START_REF] Agra | Numerical investigation of heat transfer and pressure drop in enhanced tubes[END_REF][START_REF] Zdaniuk | Experimental determination of heat transfer and friction in helically-finned tubes[END_REF], corrugations [START_REF] Labbé | Large-eddy-simulation of flow and heat transfer in a ribbed duct[END_REF][START_REF] Zheng | Effects of rib arrangements on the flow pattern and heat transfer in an internally ribbed heat exchanger tube[END_REF] or the tube geometry itself could be modified such as with serpentine tubes [START_REF] Van Cauwenberge | CFD-based design of 3d pyrolysis reactors: RANS vs. LES[END_REF] or twisted tubes with an elliptic cross-section [START_REF] Tan | Experimental and numerical study of convective heat transfer and fluid flow in twisted oval tubes[END_REF][START_REF] Yang | Experimental study on convective heat transfer and flow resistance characteristics of water flow in twisted elliptical tubes[END_REF]. The swirling flow could also be created at one specific location in the tube and then the rotational motion will gradually decay downstream of it and will tend to recover its turbulent developed profile [START_REF] Steenbergen | The rate of decay of swirl in turbulent pipe flow[END_REF]. Compared to a classic turbulent developed flow a swirling flow has several perks to enhance heat transfer especially because of its tangential velocity component.

A Flow characteristics

Hydrodynamically and thermally developed turbulent flows in tubes are characterized by several aspects. First of all, their mean axial velocity profile is constant and most of the time, could be approximated by a power law formula whose exponent depends only on the Reynolds number [START_REF] Çengel | Heat and Mass Transfer: Fundamentals & Applications[END_REF]. Second, the evolution of the axial velocity gradient close to the wall of the tube is constant as seen in figure 1.1 and this region is called the viscous sub-layer and is characterized by y + < 1. The viscous sub-layer could also be divided into two sub-regions to better describe the evolution of the velocity gradient. At the wall, the velocity is zero according to the no-slip condition. A bit further away from the wall, for a Newtonian fluid, the evolution of the axial velocity gradient is steep and linear in the viscous sub-layer, then it grows rapidly in the buffer layer (5 < y + < 30) and then follows a logarithmic trend (y + > 30). For a thermally and hydrodynamically turbulent flow the wall shear stress and the heat transfer rate between the fluid and the wall of the tube are constant in this region.

In swirling flows, the tangential velocity greatly disturbs the previously described boundary layer because it intensifies the mixing of the fluid between the core and the wall region [START_REF] Jafari | Thermal performance enhancement in a heat exchanging tube via a four-lobe swirl generator: An experimental and numerical approach[END_REF]. Furthermore, a noticeable effect of a swirling flow is that it reduces the height of both the hydrodynamic and thermal boundary layers [START_REF] Liu | A comprehensive review on passive heat transfer enhancements in pipe exchangers[END_REF]. Finally, the swirling flow raises the level of turbulence in the stream and as a consequence of all those combined effects both heat transfer and wall shear stress are significantly increased. On top of these effects, the rotational motion rises both the mean and instantaneous axial, tangential and radial velocity gradients in the flow yet not to the same extent which could conduct to high anisotropy. As a consequence it makes the modeling and the simulation of such flows complicated but this topic will be covered later in the manuscript.

The aforementioned characteristics of swirling flows are very general and can be more Nevertheless, such a swirling flow with a wall-jet tangential velocity distribution all along the tube's circumference can only be obtained with an active technique such as with a rotating pipe or with tangential jets enclosed to the wall of the pipe [START_REF] Hay | Heat transfer in free swirling flow in a pipe[END_REF]. The concentrated vortex could be obtained with a radial guide vane swirler such as in the experimental study of Steenbergen and Voskamp [START_REF] Steenbergen | The rate of decay of swirl in turbulent pipe flow[END_REF] yet it has little interest for the field of application aimed in the present study.

With that being said, with passive methods, the most frequently encountered type of tangential velocity profile is the solid-body rotation whether or not the swirling flow is continuous or decaying [START_REF] Liu | A comprehensive review on passive heat transfer enhancements in pipe exchangers[END_REF]. The principal reason for this is that for inserts or surface modifications, it is difficult to design a swirler which will generate a strong swirling flow only close to the wall. Instead, most of the time, the swirling motion is imparted to the whole flow and therefore the tangential momentum is distributed accordingly.

As mentioned earlier, the generation of a swirling flow intensifies the level of turbulence in the flow. The interaction between the tangential velocity and the wall of the tube results in the creation of large eddies which are then transported toward the tube's axis as reported in the Direct Numerical Simulation (DNS) performed by Vaidya et al. [START_REF] Vaidya | Numerical simulations of swirling pipe flows-decay of swirl and occurrence of vortex structures[END_REF].

Those eddies are causing large turbulent anisotropy in the flow between the wall and the core region, especially among the components of the Reynolds stress tensor and there is In their experimental study, Pashtrapanska et al. [START_REF] Pashtrapanska | Turbulence measurements in a swirling pipe flow[END_REF] reported that in a swirling decaying flow generated by a rotating pipe, the decay of the swirl is followed by an explosion of the turbulent production and the swirl becomes asymmetric. The work of Chang et al.

[59] has shown that in a swirling flow, turbulence is promoted by the radial gradient of the tangential velocity. Furthermore, they have reported that the eddy viscosity is greatly anisotropic with even regions in the pipe, close to the axis, where this latter becomes negative meaning that turbulence kinetic energy is transferred to the mean flow.

It is clear that swirling flows are anisotropic even though this characteristic could vary by several orders of magnitude with the intensity of rotation. As mentioned earlier, the swirling flow could be generated locally and then it will evolve downstream of the swirler, leading to a decay of the intensity of rotation and also on the effect of the swirl on the heat transfer enhancement. This is this specific kind of swirling flow that was chosen to be investigated in the present work and its main characteristics are described in the following sections.

B The decay of the swirl

In order to quantify the intensity of rotation of the swirling flow, several numbers have been defined which are called swirl numbers. One of the first definition of the swirl number is the ratio of the mean tangential velocity magnitude over the mean axial velocity magnitude:
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where, U is the mean axial velocity and W is the mean tangential velocity.

However, many studies have been conducted on swirling decaying flows and the usually adopted definition of the swirl number is according to Kitoh [2]:

S = R 0 2π 0 WUr 2 d r d θ R R 0 2π 0 U 2 r d r d θ (1.2)
The swirl number as defined in equation (1.2) represents the ratio of the axial flux of angular momentum over the axial flux of axial momentum in the flow. Although this definition is widely used [START_REF] Steenbergen | The rate of decay of swirl in turbulent pipe flow[END_REF][START_REF] Liu | A comprehensive review on passive heat transfer enhancements in pipe exchangers[END_REF][START_REF] Najafi | Numerical investigations on swirl intensity decay rate for turbulent swirling flow in a fixed pipe[END_REF]2] the way the number is made non-dimensional has no physical sense. That is why alternatives to this definition have emerged from other researchers. One example is the torque swirl number defined by Beaubert et al. [1] as:

S T = T T r e f (1.3)
where T is the torque of the investigated swirling flow and T r e f is the torque generated by a swirling flow with a perfect solid body rotation.

The torque swirl number represents the ratio of the angular velocity of the swirling flow compared to the angular velocity of a swirling flow with a perfect solid-body rotation.

The principal assumption here is that during its decay, the swirling flow will tend to evolve toward its fundamental mode which is a solid-body rotation and this ought to be true regardless the way it has been generated.

Independently from the definition of the swirl number, it is also important to understand the decay process of a swirling flow. It is well known that the weakening of the intensity of rotation away from the swirler follows an exponential trend [START_REF] Steenbergen | The rate of decay of swirl in turbulent pipe flow[END_REF][START_REF] Najafi | Numerical investigations on swirl intensity decay rate for turbulent swirling flow in a fixed pipe[END_REF]2,[START_REF] Chang | Turbulent flow field in tangentially injected swirl flows in tubes[END_REF][START_REF] Reader-Harris | The decay of swirl in a pipe[END_REF]. Although some exceptions exist such as in the experiment of Hay and West [START_REF] Hay | Heat transfer in free swirling flow in a pipe[END_REF], where they monitored an oscillating decay of the swirl, which might be due to the way the swirling flow was generated which was with tangential inlets in a square duct positioned at 90 • of the tested tube, the law which describes the evolution of the swirl intensity can be written as:

S = S 0 exp -βz * (1.4)
where, S 0 is the initial swirl number before the decay, β is the decay factor, z * is the non-dimensional axial coordinate.

Despite the wide variety of swirlers, this law has proven to be true in many studies. In their experiments Steenbergen and Voskamp [START_REF] Steenbergen | The rate of decay of swirl in turbulent pipe flow[END_REF] have studied the decay of two kinds of swirling flows. One whose tangential velocity profile is of the concentrated vortex type as shown on figure 1.2 and the other whose tangential velocity profile is of the wall-jet type.

They have shown for both swirling flows that at a given Reynolds number their decay rate β was identical. Algifri et al. [START_REF] Algifri | Turbulence measurements in decaying swirl flow in a pipe[END_REF] have also put in evidence that the initial swirl number S 0 is independent on the Reynolds number. Moreover, in their numerical investigation, Najafi et al. [START_REF] Najafi | Numerical investigations on swirl intensity decay rate for turbulent swirling flow in a fixed pipe[END_REF] have studied a swirling flow generated by a rotating honey comb to have a solid-body rotation and they found that the decay rate β depends more on the initial swirl intensity S 0 than on the Reynolds number. Reader-Harris [START_REF] Reader-Harris | The decay of swirl in a pipe[END_REF] has demonstrated that for a swirling flow with a solid-body rotation and at a Reynolds number of 10 5 the swirl intensity has not vanished even as far as 65D downstream the swirler. What is also linked to the decreasing intensity of a swirling flow is the reduction of both the heat transfer enhancement and of the wall shear stress.

C Decay of wall shear stress and heat transfer

Kitoh [2] has demonstrated the relationship between the decay of the swirl and the attenuation of the wall shear stress for an incompressible, permanent and axially symmetric flow, and he derived an expression for the tangential wall shear stress as follows:

τ w θ = ρ R 2 R 0 r 2 ∂ ∂z u θ u z + u θ u z -ν ∂u z ∂z d r (1.5)
where r 2 u θ u z is the flux density of angular momentum per unit mass at radial position r . Turbulent shear stress u θ u z and viscous shear stress ν ∂u z ∂z can be neglected in turbulent flow having a slow axial development so that equation (1.5) becomes:

τ w θ = ρ R 2 ∂ ∂z R 0 r 2 u θ u z d r (1.6)
This equation is made non-dimensional by the following transformations of z * = z/D,

r * = r /R, U * = u z /U b and W * = u θ /U b
The non-dimensional tangential wall shear stress is rearranged as:

τ * w θ = τ w θ 1 2 ρU 2 b = 1 2 d S d z * (1.7)
With equation (1.7) it is clear that there is a linear relationship between the tangential wall shear stress and the axial gradient of the swirl number. In the study of Pàlsson et al. [START_REF] Palsson | Inducing swirling flow in heat exchanger pipes for reduced fouling rate[END_REF], the authors have shown, with their long axial vanes swirler, that the evolution of wall shear stress downstream of the swirler follows the same trend as the swirl number in equation (1.4) which is in line with equation (1.7) within a given constant. Najafi et al. [START_REF] Najafi | Numerical investigations on swirl intensity decay rate for turbulent swirling flow in a fixed pipe[END_REF] have also exposed that the magnitude of the wall shear stress is highly dependent on the initial swirl number and to a far lesser extent to the Reynolds number. Along with the decreasing magnitude of the wall shear stress, which is linked to the pressure drop, the heat transfer becomes also weaker as the swirl flow decays in the tube.
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Although no general equations like equation (1.7) have been derived to link the deterioration of heat transfer enhancement with the decay of the swirl intensity, numerous experimental and numerical studies have shown such a behavior. In the investigation of Hay and West [START_REF] Hay | Heat transfer in free swirling flow in a pipe[END_REF], it is experimentally proven that heat transfer is increased by a factor 8 compared to a bare tube close to the test section's inlet where the swirl intensity is at its highest and then it goes down with the decay of the swirl to reach an enhancement of a factor 3 at the end of the test section. The authors claimed that with a swirling flow, the thermal entry length is shorter than with a developed turbulent flow, leading to such high heat transfer enhancement. In their study of a swirling flow generated by a twisted tape Zhang et al. [START_REF] Zhang | Enhancement of heat transfer by swirling element of radiant tube in cracking furnace[END_REF] clearly showed the decay of the heat transfer with the evolution of the Nusselt number. The same trend is observed in the experimental work of Eiamsa-ard et al. [START_REF] Eiamsa-Ard | Turbulent convection in round tube equipped with propeller type swirl generators[END_REF]. Besides, a stronger swirl which yields a greater initial swirl number S 0 also leads to a higher heat transfer as demonstrated by the previous authors and by Ahmadvand et al. [START_REF] Ahmadvand | An experimental study and CFD analysis towards heat transfer and fluid flow characteristics of decaying swirl pipe flow generated by axial vanes[END_REF] who achieved this result in their numerical work by changing the inclinations of the vanes of their axial guide vanes swirler. Furthermore, they have also shown that the heat transfer enhancement does not depend on the Reynolds number but mainly on the swirl intensity. This result is really close to the one of Algifri et al. [START_REF] Algifri | Turbulence measurements in decaying swirl flow in a pipe[END_REF] mentioned earlier.

With the information of all the previous studies, it is obvious that the decay of a swirling flow is followed by a decreasing intensity of the wall shear stress, hence of the pressure drop, and a weakening of the thermal enhancement. A low increase of the pressure loss is especially interesting for an application in steam cracking where the yield of the most valuable products strongly depends on the pressure drop [23]. It was also emphasized that swirling flow are creating more turbulence in the stream and that this latter is anisotropic which makes the numerical simulations of such kind of flow particularly challenging.

II Numerical simulation of swirling flows in tubes

Although, numerical simulations of simple turbulent flow in a bare tube give accurate and reliable data, for more complex turbulent pipe flow problems the numerical prediction of the exact behavior of the turbulent flow has been a challenge for decades. This is especially due to the erratic eddies and the different scales of turbulence which could be characterized by the so called Kolmogorov energy cascade [START_REF] Kolmogorov | A refinement of previous hypotheses concerning the local structure of turbulence in a viscous incompressible fluid at high Reynolds number[END_REF]. Several numerical techniques exist and most of them are based on the resolution of the Navier-Stokes equations by using the Finite Volume Method (FVM).

The most accurate numerical method compared to experimental data is the Direct Numerical Simulation which solves the Navier-Stokes equations in every cell of the given meshed domain. DNS enables to capture all the energetic spectrum from small scales where viscous effect dominates to large scale. However not only this technique requires high order temporal and spatial schemes to compute the different gradient, divergence or laplacian operators but also it demands very small time steps along with an extremely fine mesh which in turns lead to an extensive computational cost and can hardly be used on high Reynolds numbers and on complex geometries. This technique should also be prohibited to conduct a parametric study on a given geometry.

Another numerical method which is less demanding than DNS is called Large Eddy Simulation (LES) and it adopts a slightly different approach. While the most energetic structures are directly solved as with DNS, small scales motions are modeled using subgrid scale models [START_REF] Zhiyin | Large-eddy simulation: Past, present and the future[END_REF]. In order to distinguish between the two a spatial filtering operation is done by either explicit or implicit methods. The threshold region between the high and low energy structures is handled by functions that assures the continuity of the turbulent energy spectrum. LES, while less accurate than a DNS is also far less computationally expensive which makes the LES a good trade off to accurately investigate a realistic turbulent transitional flow at a reasonable computational cost.

An alternative to the above mentioned numerical method is the Reynolds Averaged Navier-Stokes Simulations (RANS) or Reynolds Averaged Simulations (RAS) which consist in using a time average, in case of unsteady problems, and an ensemble average of the Navier-Stokes equations in order to get rid of most of the fluctuating quantities.

Nonetheless, a specific tensor emerged from this ensemble averaging operation which is the Reynolds stress tensor and has 6 unknowns terms summing up to more unknown (mean velocity components, mean pressure, components of the Reynolds stress tensor,...) than equations available. This is called the closure problem. In order to close the equation system, a vast array of model exist and can be broken down into two categories: Eddy Viscosity Model (EVM) and Reynolds Stress Model (RSM). For the sake of clarity, and because this is not the purpose of the present manuscript, the derivation of the RANS equations and the later mentioned EVM are not described here but could be found in [START_REF] Holzmann | Mathematics, numerics, derivations and OpenFOAM[END_REF].

EVM are first order models and use the Boussinesq hypothesis which states that the components of the Reynolds stress tensor are proportional to the mean shear stress [START_REF] Schmitt | About Boussinesq's turbulent viscosity hypothesis: historical remarks and a direct evaluation of its validity[END_REF].

The coefficient of proportionality is called the eddy viscosity: ν t . It is important to bear in mind that the eddy viscosity is fundamentally different from the fluid viscosity because the former is only a property of the turbulent flow and not of the fluid. With the Boussinesq hypothesis it is therefore possible to solve the closing problem by introducing one or two additional equations. The most famous turbulence models are one-equation and two equations with the k -and the k -ω models. There are also other enhancements of those base models and they all have their strengths and flaws. On the bright side, EVM is not as computationally expensive as DNS and LES and could provide good to great predictions of the mean flow properties. Furthermore, it is a great tool to numerically test solutions such as swirlers and conduct different numerical experiments upon it in order to latter use, if required, another method to get more insight into the flow. On the other hand, because of the Boussinesq hypothesis, EVM does not compute the components of the Reynolds stress tensor and therefore cannot take into consideration the anisotropy of such flows [START_REF] Jakirlic | Modeling rotating and swirling turbulent flows: A perpetual challenge[END_REF]. However, the accuracy of the modeling largely depends on the intensity
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of rotation of the swirling flow and hence of the level of anisotropy in the flow [START_REF] Jakirlic | Modeling rotating and swirling turbulent flows: A perpetual challenge[END_REF]. Nevertheless, it is possible to take account of the anisotropy in a swirling flow with a RANS method by employing a RSM.

Instead of considering that there is a linear relationship between the Reynolds stress tensor and the shear stress tensor, the RSM model proposes to solve all of the six unknowns in the Reynolds stress tensor. This is a second order closure model. By doing so, it is therefore possible to gain more information related to the flow like the strain of rotation.

In the case of a swirling flow generated by the rotation of a cylinder and where the tangential velocity profile of the swirling flow is a solid body, Najafi et al. [START_REF] Najafi | Numerical investigations on swirl intensity decay rate for turbulent swirling flow in a fixed pipe[END_REF] performed CFD simulations using a RSM turbulence model and a two layers zone model as wall-function and they achieved to get results that closely match their experimental results.

Yet, RSM simulations are computationally more expensive than EVM simulations and despite their higher mathematical fidelity to the physic of the problem they do not systematically yield to better solutions. In the case of more complex swirling flows than only generated by a rotating pipe, some studies have shown some discrepancies between the results of the simulation using a RSM turbulence model and experimental or LES data. Li et al. [START_REF] Li | Large eddy simulation and Reynoldsaveraged Navier-Stokes based modelling of geometrically induced swirl flows applied for the better understanding of Clean-In-Place procedures[END_REF] have studied a swirl decaying flow and have shown that the magnitude of the tangential velocity calculated with a RSM model was underestimated compared to their LES results. They have also shown that there is a large variation between the results of wall shear stress downstream the swirler computed with a LES and a RSM. Escue and Cui [START_REF] Escue | Comparison of turbulence models in simulating swirling pipe flows[END_REF] have shown for weak swirl in straight pipe, that EVM gives better results compared to experimental data than a RSM model and that the contrary is true for strong swirl. This conclusion can also be found in the numerical study of Tang et al. [5] who have tested various EVM models and a RSM model to simulate a swirling flow obtained in a twisted tube with a non-circular cross-section and their results explicitly show that the RSM model overestimates both the Nusselt number and the friction factor over a large Reynolds spectrum while a EVM model such as a k -ω SST closely match these two last quantities.

Although RSM models can compute the anisotropy generated in the core of the flow, it is different close to the wall. In this region either wall functions which are a collection of empirical laws are applied to predict the flow behavior, this is called the High-Reynolds (High-Re) approach where y + > 30. Or the flow is calculated, this is called the Low-Reynolds approach (Low-Re) where y + < 1. As seen before in section I, swirling flow greatly disturb the boundary layer and Jakirlic et al. [START_REF] Jakirlić | DNS, experimental and modelling study of axially compressed in-cylinder swirling flow[END_REF] stressed out the necessity to correctly determine the velocity gradient close to the wall in the case of a swirling flow in order to correctly predict the whole evolution of the flow. This feature cannot be done by employing general laws such as wall-functions. However, it is more difficult to implement Low-Re approach with a RSM model than with a EVM model and that is why RSM models could give poor results with swirling flows if they are used with wall-functions. Fokeer et al. [START_REF] Fokeer | An experimental investigation of pneumatic swirl flow induced by a three lobed helical pipe[END_REF][START_REF] Fokeer | Numerical modelling of swirl flow induced by a three-lobed helical pipe[END_REF] have experimentally studied a decaying swirling flow generated by a twisted tube with a three-lobed cross-section and have tried to reproduce their experimental re-
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sults by numerical simulations using a RSM turbulence model and wall-functions but they showed that with their numerical prediction of axial and tangential velocity that the maximum error compared to their experimental results are respectively as high as 7.5 and 25 %. Furthermore, in spite of a more accurate mathematical representation of the nature of a swirling flow, the multiple modelings are case sensitive and in addition it is difficult to run a RSM simulation that converge to a solution. It could be added that RSM simulations are more time consuming, for instance, in the present study a simulation of a swirling flow was performed with both a k -ω SST EVM and a RSM and the second simulation took 3.5 more time than the first to lead to a convergence of the results. Finally, EVM give satisfactory results regarding global quantities such as the friction factor and the Nusselt number, and the purpose of this study is more on determining those quantities for various swirler technologies than accurately depict the velocity field they generate.

One of the goal of this study is to develop and study the heat transfer and pressure drop performances of a new design of swirler. Considering the computational cost implied by both DNS and LES, these tools cannot be used for this purpose but could be employed at a later stage to describe into greater depth the characteristics of the generated swirling flow.

Although RSM simulations could be a good alternative, they remain quite costly and besides it is necessary to implement a RSM model with a Low-Re approach to investigate a swirling flow in order to have confidence in the obtained results. That is why, the best option to fulfill the above mentioned goal is to use an EVM model with a Low-Re approach.

With this method an extensive parametric study could be performed and the numerical results should be reliable provided that some validation steps are undertaken.

In order to opt for the best base swirler design that is in accordance with the requirement for an application in steam cracking, that is to say, enhanced heat transfer at reduced pressure drop, it is interesting to investigate the energetic performances of various solutions of swirlers that exist and are used in several applications.

III Review of different swirling flow devices A Swirlers applied in numerous industrial sectors

There is a broad spectrum of passive solutions to generate a swirling flow in a pipe or tube.

They can either be based on enhanced surface roughness such as ribs, grooves or dimples, inserts in the tube like twisted baffles or axial guide vane swirlers or also surface or tube shape modifications such as twisted non circular cross-section tubes or serpentine tubes.

Ribs roughened tubes

One common passive technique to increase turbulence in a pipe is the utilization of ribs on its inner surface. A rib is an obstacle to the flow and will generate several flow detachment regions. In her LES study of the flow behavior past a rib in a squared cross-section III. REVIEW OF DIFFERENT SWIRLING FLOW DEVICES channel, Labbé [START_REF] Labbé | Large-eddy-simulation of flow and heat transfer in a ribbed duct[END_REF] has put in evidence three distinctive zones upstream, downstream and on top of the rib where the flow structure was modified as it can be seen on figure 1.4.

One of the most striking feature is the recirculation zone created downstream of the rib which is not only caused by the rib but also by the redevelopment of the boundary layer. Heat transfer in a ribbed tube could be enhanced thanks to several phenomena. Labbé [START_REF] Labbé | Large-eddy-simulation of flow and heat transfer in a ribbed duct[END_REF] stressed out that there is a great heat transfer enhancement in the recirculating zone downstream of the rib because of the generation of a secondary vortice. Hossainpur and Hazzanzadeh [START_REF] Hossainpour | Numerical investigation of tub side heat transfer and pressure drop in helically corrugated tubes[END_REF] have numerically studied using a standard k -EVM the flow behavior in a continuously ribbed tube and explained that heat transfer could be improved because of the different recirculation zones where both the dynamic and thermal boundary layers are disrupted and are thinner but also because of the increased mixing between the core flow and the flow close to the wall of the pipe. The same authors also claimed that these highly turbulent areas are the main source of pressure drop in the tube because of the drag force that acts upon the ribs. The experiments conducted by Cheng and Chen [START_REF] Cheng | Study of single phase flow heat transfer and friction pressure drop in a spiral internally ribbed tube[END_REF] on heat transfer and pressure drop of a single phase flow in a ribbed tube have exposed that within their studied Reynolds number range heat transfer could be enhanced by a factor ranging from 1.2 to 1.6 while pressure drop is increased by a factor from 1.4 to 1.7. The LES simulations performed by Akermann et al. [START_REF] Akermann | Large-eddy simulation of turbulent heat transfer in a multiple-started helically rib-roughened pipe[END_REF] on a multiple started ribroughened pipe showed that heat transfer could be increased by a factor ranging from 1.7 to 1.9 depending on the Reynolds number yet the pressure penalty is greater with a factor 2.0. Finally, it should be noticed that if the ribs are not inclined compared to the tube axis and as a consequence no swirling flow is generated then little heat transfer enhancement is achieved on the contrary of pressure drop which is highly increased as it was shown in the numerical investigation performed by Ozceyhan et al. [START_REF] Ozceyhan | Heat transfer enhancement in a tube using circular cross sectional rings separated from wall[END_REF].

One of the specificity of ribs is that they are placed on the wall of the tube and do not significantly decrease the tube cross-section while they have a global impact on the flow structure. Other technologies like straight or helical fins could significantly increase the III. REVIEW OF DIFFERENT SWIRLING FLOW DEVICES tube heat transfer area to enhance the thermal exchange between the fluid and the wall of the tube.

Finned tubes

One of the most straightforward way to increase heat transfer between the tube wall and the flowing fluid is by increasing the tube wall surface area. This is easily understandable given Newton's law on convective heat transfer:

Q = hA (T w -T b ) (1.8)
where Q is the heat rate, h the convective heat transfer coefficient, A the heat transfer surface area, T w the wall's temperature and T b the bulk's temperature.

This can be achieved by using fins in the tube. Although tubes with straight fins are largely employed and can lead to significant heat transfer enhancement, they cannot generate a swirling flow. This can be done only if fins follow a helical path.

In their literature survey Ji et al. [START_REF] Ji | Summary and evaluation on single-phase heat transfer enhancement techniques of liquid laminar and turbulent pipe flow[END_REF] explained that there is a combination of favorable and adverse pressure gradients respectively before and after the fin tip that is responsible for the generation of a secondary flow. Close to the fin and due to the generation of vortices, the boundary layer might detach from the wall and creates a recirculation zone. On the one hand, this improved mixing is responsible for the enhanced heat transfer but on the other hand it leads to additional pressure drop. The flow can be largely influenced by many geometrical parameters regarding the fins. the wall and near the tubes axis. Schietekat et al. [START_REF] Schietekat | Computational fluid dynamics-based design of finned steam cracking reactors[END_REF] have drawn the same conclusions in their numerical parametric study of different finned tubes and they have also underlined that on the contrary of straight fins, helical fins can also boost the temperature homo-
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geneity in a tube cross-section. They have defined a quantity to compute the temperature uniformity in a cross-section, the dimensionless mixing cup temperature which is basically a non dimensional standard deviation of the temperature and is defined by Schietekat et al. [START_REF] Schietekat | Computational fluid dynamics-based design of finned steam cracking reactors[END_REF] as:

Θ = φ m,i T i -T 2 φ m,t ot T (1.9)
where for a meshed cross-section composed by several cells, φ m,i represents the mass flow rate at a cell center i , T i is the temperature at the cell i , T and φ m,t ot are respectively the averaged temperature and mass flow rate over all the cells in the cross-section.

Whether or not fins follow a helical path, there is an extended pressure drop compared to a bare tube which is caused by the increased tube surface area. Nonetheless, for helical fins, the adverse pressure gradients as explained by Ji et al. [START_REF] Ji | Summary and evaluation on single-phase heat transfer enhancement techniques of liquid laminar and turbulent pipe flow[END_REF] entail an even greater pressure drop. In their numerical study Schietekat et al. [START_REF] Schietekat | Computational fluid dynamics-based design of finned steam cracking reactors[END_REF] clearly show that not only pressure drops are always greater for helical finned tubes than straight finned tubes but also that the heat transfer enhancement is constantly superseded by the increased pressure drop penalty as seen in figure 1.6. In their experiments Zdaniuk et al. [START_REF] Zdaniuk | Experimental determination of heat transfer and friction in helically-finned tubes[END_REF] have shown that even with their best configuration of helical finned tube heat transfer is improved by a factor 2 while pressure drop penalty is increased by a factor 2.8 compared to a bare tube. However, in their literature survey Ji et al. [START_REF] Ji | Summary and evaluation on single-phase heat transfer enhancement techniques of liquid laminar and turbulent pipe flow[END_REF] gave examples of experimental investigations where there is more heat transfer improvement than added pressure loss and those results were obtained with helical micro finned tubes. This is the case with the experimental investigation of Copetti et al. [START_REF] Copetti | Experiments with micro-fin tube in single phase[END_REF] where the authors claimed for a Re ≥ 10, 000 that heat transfer is enhanced by a factor 2.9 while pressure drop is only increased by a factor 1.7. Nonetheless it should also III. REVIEW OF DIFFERENT SWIRLING FLOW DEVICES be noticed that in this latter work no uncertainties on the experimental values were given.

Although fins could be quite efficient at enhancing heat transfer, there are other passive techniques that drive more efficiently the flow to a swirling flow such as twisted tapes.

Twisted tapes inserts

Insertion of twisted tapes in pipes or tubes is another widely used technique to generate a swirling flow which in turns promotes heat transfer. Depending on the application, it is relatively easy to produce a twist tape because most of the time it consists of a strip of metal which is machined to follow a helical path. An example can be seen on figure 1.7. and Sakr [START_REF] Liu | A comprehensive review on passive heat transfer enhancements in pipe exchangers[END_REF]. The tape forces the flow to follow a helical pattern and as a consequence a strong swirling flow could be generated. Thus turbulence is promoted and the boundary layer becomes thinner which leads to heat transfer enhancement. However, not only the brutal modification of the flow could dramatically increase pressure drop but also the tape itself causes large pressure drop penalty because of the flow blockage that it creates and because of the additional friction area of the baffle itself. This last aspect is specifically true when twisted tapes are present all along the tube length. That is why efforts have been made to prevent such large pressure drop by investigating short length twisted tapes.

One of the asset of such technique is that a strong swirling flow could be created locally by the helical baffle while the intensity of the swirling flow is left to decay until another insert is met by the flow. Consequently, heat transfer could still be promoted while pressure drop is limited compared to a continuous twisted tape. In their experimental work Eiamsa-ard et al. [START_REF] Eiamsa-Ard | Convective heat transfer in a circular tube with short-length twisted tape insert[END_REF] have investigated the heat transfer and pressure drop performances of several short-length twisted tapes and have compared them to the results obtained with a plain tube and a full length twisted tape. From their results the authors highlighted that the pressure drop penalty caused by a full length twisted tape could be reduced by up to 21 % if the length of the insert is reduced by 71 % while the heat transfer enhancement is III. REVIEW OF DIFFERENT SWIRLING FLOW DEVICES also lowered by 14 %. The authors have also revealed that the efficiency of short length twisted tape is lower than unity meaning that heat transfer enhancement is overbalanced by the increased pressure drop. In their numerical investigation using a realizable k -EVM, Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] have conducted a parametric study of regularly spaced short length twisted tape and have shown that with increasing Reynolds number the enhancement efficiency of the twisted tape becomes closer to unity. Other researches have been done to keep on improving heat transfer with this kind of swirler like the work of Du and Wong [START_REF] Du | Experimental investigation on thermal-hydraulic characteristics in a traverse rib tube fitted with regularly spaced helical tapes[END_REF] who have experimentally investigated the heat transfer enhancement capacity of a ribbed tube equipped with several short length twisted tape. Despite great heat transfer improvement up to a factor 2.77 compared to a bare tube, the pressure drop increase is tremendously higher with a factor of 15.31. Other works on twisted tape [START_REF] Saysroy | Enhancing convective heat transfer in laminar and turbulent flow regions using multi-channel twisted tape inserts[END_REF][START_REF] Fagr | Performance evaluation of the characteristics of flow and heat transfer in a tube equipped with twisted tapes of new configurations[END_REF] have drawn the same conclusions that even though there is a great heat transfer enhancement with this kind of swirler, the resulting pressure drop caused is overwhelming. It could already be concluded that twisted tapes might not be appropriate for an application in steam cracking because of the too large pressure drop penalty it generates and because of its likely adverse influence on the yields selectivity [23].

Another kind of swirler that uses insert in a tube and which can generate a swirling flow with high intensity is axial guide vanes swirlers.

Axial guide vanes swirler

Axial guide vanes swirler could be found in a wide variety of applications from combustion chambers to turbo-machinery and one of the reasons behind this is that this kind of swirler could dramatically improve the mixing of the flow due to the intense swirling flow it generates. The geometry of an axial guide vanes swirler in a tube could be broken done into several parts. First, the vanes (or blades) of the device are the elements that effectively guide the flow into rotation and are characterized by several parameters. Among them, the vanes angle relative to the tubes axis, their length and their number. Second, there is the the central shaft that is supporting the blades. The high intensity of the swirling flow comes at the cost of a large blockage ratio of the flow yielding to great energetic loss. In order to balance this drawback, axial guide vanes swirlers are only present in a portion of the tube and hence could be put into the category of decaying swirling flow devices. 
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A lot of studies are focused on heat transfer enhancement and pressure drop increase of such device and amid them Ahmadvand et al. [START_REF] Ahmadvand | An experimental study and CFD analysis towards heat transfer and fluid flow characteristics of decaying swirl pipe flow generated by axial vanes[END_REF] have experimentally and numerically studied, using a RSM turbulence model, the influence of the vanes angle on those properties. They claimed that the greater the vanes angle the higher the heat transfer.

With their numerical simulations they showed that even though with the greatest vanes angle of 60 • the highest swirl number, as defined in equation (1.2), of S = 1.4 is reached, it is also at this angle that the decay rate of the swirl intensity is the highest. Their swirler had a central shaft and the authors have highlighted with their numerical results that it has created large flow separation downstream of the swirler which was also accompanied by an increase of the turbulence kinetic energy. Thanks to the high intensity of the swirling flow, the heat transfer over a length of 40 times the tube diameter, could be increased by a factor up to 2.1. However, because of the large flow modifications and the unwanted recirculations zone caused by the central shaft, the pressure drop penalty is increased by a factor of 6.0. Bali and Ayhan [START_REF] Bali | Experimental investigation of propeller type swirl generator for a circular pipe flow[END_REF] have experimentally studied the influence of the flow distribution on the energetic performances of an axial guide vane swirler. They showed that if the swirler device is placed at a location where the inlet flow is fully developed then the generated swirling flow could enhance more effectively heat transfer while pressure losses are lowered compared to a non-developed inlet flow condition. Numerous work [START_REF] Durmuş | Investigation of the effect of co-axis free rotating propeller-type turbulators on the performance of heat exchanger[END_REF][START_REF] Saraç | An experimental study on heat transfer and pressure drop characteristics of decaying swirl flow through a circular pipe with a vortex generator[END_REF][START_REF] Karuppa | Study on the effect of various parameters on flow development behind vane swirlers[END_REF][START_REF] Eiamsa-Ard | Turbulent convection in round tube equipped with propeller type swirl generators[END_REF][START_REF] Bali | Experimental investigation of decaying swirl flow through a circular pipe for binary combination of vortex generators[END_REF] have shown that the greater the vanes angle and number of blades the higher the heat transfer. However, heat transfer enhancement is largely superseded by the pressure drop penalty. Studies have been conducted to try to reduce pressure drop caused by the central shaft. Rocha et al. [START_REF] Rocha | Numerical and experimental study of an axially induced swirling pipe flow[END_REF] have experimentally studied the influence of adding a conical trailing edge to their axial guide vanes swirler and they have noticed that while this specific piece help to reduce flow separation, it also creates more friction with the flow leading to a greater pressure drop. Although the vanes are generally flat, they could have more complex shapes to generate a swirling flow with a specific tangential velocity profile as shown in the investigation conducted by Beaubert et al. [START_REF] Beaubert | Design of a device to induce swirling flow in pipes: A rational approach[END_REF].

Even if this design of swirler might generate a swirling flow with large pressure drop, it is possible to reduce them by employing more advanced blade shapes to effectively drive the flow into rotation as proposed by Beaubert et al. [START_REF] Beaubert | Design of a device to induce swirling flow in pipes: A rational approach[END_REF]. Moreover it might be possible to largely reduce the pressure drop penalty by getting rid of the commonly used central shaft. Furthermore, axial guide vane swirlers enable the generation of intense swirling flow leading to high heat transfer enhancement over a quite long distance downstream of the swirler as shown by Ahmadvand et al. [START_REF] Ahmadvand | An experimental study and CFD analysis towards heat transfer and fluid flow characteristics of decaying swirl pipe flow generated by axial vanes[END_REF]. That is why, a new design of axial guide vane swirler was investigated in the present work and is presented in chapter 2.

Although axial guide vane swirlers are quite effective at generating strong swirling flows by forcing the fluid to follow a specific path, other techniques exist such as guiding the fluid into rotation directly with the wall of the tube.

Twisted tubes with non-circular cross-section

Twisted tubes with non-circular cross-section are another alternative to create a swirling flow. The cross-section could be an ellipse or composed by several lobes. Along the tube length the cross-section follows a helical path leading to a so-called twisted tube. With these tube geometries, the tangential momentum is imparted to the flow by the curvature of the wall. This device could be used to generate a continuous swirling flow and there are numerous studies that have investigated the thermal and energetic performances of such tube geometry. Tan et al. [START_REF] Tan | Experimental and numerical study of convective heat transfer and fluid flow in twisted oval tubes[END_REF] have experimentally and numerically inspected various oval twisted tubes with different aspect ratios (AR) and twisted pitches (P). The AR is the ratio between the radius of the inner inscribed circle and the radius of the outer inscribed circle for a tube with a non-circular cross-section, while the twist pitch P is the length over which the non-circular cross-section has performed a full rotation along the tubes axis.

The results of their numerical simulations performed with a Realizable k -EVM and wall functions revealed that for a given twisted pitch, the lower the aspect ratio the greater the heat transfer and the higher the pressure drop. The authors also conducted a parametric study with the twist pitch and they showed that there is an optimum value at which the balance between heat transfer enhancement and pressure drop increase is the best.

In their experimental work Yang et al. [START_REF] Yang | Experimental study on convective heat transfer and flow resistance characteristics of water flow in twisted elliptical tubes[END_REF] have studied several twisted oval tubes and have emphasized that the twist pitch has a greater influence on heat transfer enhancement than the aspect ratio while the opposite is true for the pressure drop penalty. It is therefore of paramount importance to correctly select these parameters to have the best improvement of heat transfer at a reduced pressure drop penalty. Nevertheless, the shape of the cross-section also plays a significant role.

Tang et al. [5] have conducted an experimental study on the energetic and thermal performances of an oval and a three-lobed cross-section twisted tubes and their results pointed out that the three-lobed tube enables a better heat transfer enhancement than the other twisted tube yet a the cost of a greater pressure drop. The same authors have also conducted an extensive parametric study on the three-lobed twisted tube by the means of CFD simulations using a k -ω SST EVM. They shared the same conclusion as Yang et al. [START_REF] Yang | Experimental study on convective heat transfer and flow resistance characteristics of water flow in twisted elliptical tubes[END_REF] regarding the influence of the twist pitch, that is it exists an optimum to achieve the best heat transfer enhancement at a reduced pressure loss penalty. They have also
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studied the effect of the number of lobes and the shape of the lobes and they showed that the best balance between heat transfer enhancement and pressure drop increase could be reached with a three-lobed twisted tube and that the shape of the lobes has little influence on those quantities. Fokeer et al. [START_REF] Fokeer | An experimental investigation of pneumatic swirl flow induced by a three lobed helical pipe[END_REF] revealed with their Laser Doppler Anemometry (LDA) measurements that the tangential velocity profile of the swirling flow generated by their three-lobed twisted tube is a wall-jet type which could help to explain the origin of the heat transfer enhancement. Although this kind of twisted tube might be used to generate a continuous swirling flow, it is also possible to only use a short portion of this geometry to create a decaying swirling flow.

Short length three-lobed twisted tubes have been investigated by Fokeer et al. [START_REF] Fokeer | An experimental investigation of pneumatic swirl flow induced by a three lobed helical pipe[END_REF] and they have shown that close to the swirlers exit the flow is clearly imprinted with the shape of the three lobes and this trend fades away as the swirling flow progresses downstream of the swirler depicting the decay of the swirl intensity. In their comparative numerical study of three different kinds of swirlers namely a short length three-lobed tube, a helical finned tube and a ribbed tube, Zhou et al. [START_REF] Zhou | Comparison of three types of swirling generators in coarse particle pneumatic conveying using CFD-DEM simulation[END_REF] have calculated that the strongest swirl intensity was reached by the three-lobed twisted tube yet this is also with this technology that the decay of the swirl is the fastest. Jafari et al. have experimentally and numerically studied using LES simulations the heat transfer enhancement and increased pressure drop capabilities of short three-lobed [START_REF] Jafari | Effects of a three-lobe swirl generator on the thermal and flow fields in a heat exchanging tube: An experimental and numerical approach[END_REF], four-lobed [START_REF] Jafari | Thermal performance enhancement in a heat exchanging tube via a four-lobe swirl generator: An experimental and numerical approach[END_REF] and five-lobed [START_REF] Jafari | An experimental study on the effects of a new swirl generator on thermal performance of a circular tube[END_REF] twisted tubes. It could be summed up from their studies that both twist pitch and swirler length have a great impact on the improved heat transfer and increased pressure drop but also that it is not necessary to have a too long twisted tube because at one point the additional length causes more pressure drop than heat transfer enhancement. On the one hand, for the highest twist pitch and longest twisted tube at a Reynolds number of 20 000, heat transfer enhancement calculated over the whole test section comprising the short length swirler and the tube with a circular cross-section, with three, four and five-lobed twisted tubes are respectively of 1.59, 1.82 and 1.83, on the other hand increased pressure drop are respectively of 1.39, 1.46 and 1.49. It should be noticed that heat transfer enhancement is greater than the pressure drop increase.

Ultimately, cautions have to be taken with this kind of short length swirler when inserted in line with a circular cross-section tube because of the abrupt change of crosssection between circular to non-circular could cause undesirable increased pressure loss.

That is why Ariyaratne and Jones [100] have recommended to use transitions parts between the straight and the twisted tube. While Jafari et al. [START_REF] Jafari | Thermal performance enhancement in a heat exchanging tube via a four-lobe swirl generator: An experimental and numerical approach[END_REF][START_REF] Jafari | Effects of a three-lobe swirl generator on the thermal and flow fields in a heat exchanging tube: An experimental and numerical approach[END_REF][START_REF] Jafari | An experimental study on the effects of a new swirl generator on thermal performance of a circular tube[END_REF] have used transition parts which are a loft between the circular and the lobed cross-section, Li et al. [START_REF] Li | Large eddy simulation and Reynoldsaveraged Navier-Stokes based modelling of geometrically induced swirl flows applied for the better understanding of Clean-In-Place procedures[END_REF] have used transition parts which initiate or terminate the rotation of the twisted tube.

While this concept of twisted tube with non-circular cross-section seems promising at enhancing heat transfer, it is also important to find the best set of geometrical parameters to have the greatest heat transfer enhancement at the lowest pressure drop increase possible. Furthermore, it remains to decide if for an application in steam cracking a short III. REVIEW OF DIFFERENT SWIRLING FLOW DEVICES length twisted tube should be adopted over a full length twisted tube. Furthermore, what kind of transition should be adopted in order to obtain the most efficient swirling flow possible? All of these considerations are investigated in this manuscript and are presented in chapter 3.

Finally, while all the above mentioned swirlers could be used in a wide variety of applications, only some of them have been implemented as commercial solutions for the steam cracking industry.

B Applications in the steam cracking industry

Fouling has always be a major problem in the steam cracking process and to mitigate this issue tubes which enable higher heat transfer between the processed fluid and the wall of the tube have been implemented. Historically, finned tubes have been used for that purpose. However, they are responsible for increased pressure drop and can cause coke spalling [8] coupled with non-uniform temperature distribution along the tubes circumference [START_REF] Schietekat | Computational fluid dynamics-based design of finned steam cracking reactors[END_REF] which in turns could lead to significant thermal stresses which might shorten the coils lifetime [33]. Because of all these flaws, other technologies have been developed

to help mitigating coke fouling of the tubes.

Mixing Element of Radiant Tube (MERT)

The MERT is a technology of ribbed tube developed, patented [START_REF] Junichi | Heat exchange tube[END_REF] and commercialized by the japanese company Kubota. The first version of the MERT was a tube equipped with a continuous spiral rib and this technology could act on the flow in the same way as the ribbed tube technologies described above.

According to the experiments done by Torigoe et al.

[? ], the MERT enables a heat transfer enhancement of a factor 1.2 to 1.5 for an increase of heat transfer area of 1.01.

However, this technology also generates large pressure drop and steam cracking furnace operators along with the authors of some studies [START_REF] Györffy | Mert performance and technology upyear[END_REF] have reported that this increased pressure drop was as high as 4.0. This large pressure drop should be detrimental toward light olefins selectivity and yield [23] and that is why improvements of the base MERT These new versions of the MERT no longer have a continuous rib but instead multiple discrete ribs arranged in a helical pattern. Györffy et al. [START_REF] Györffy | Mert performance and technology upyear[END_REF] have reported that while III. REVIEW OF DIFFERENT SWIRLING FLOW DEVICES heat transfer is enhanced by 1.40 for all of the three technologies of MERT, pressure drop increase could be significantly reduced from 4.0 for the MERT, to 3.4 for the S-MERT and 3.1 for the X-MERT.

Numerical simulations on the behavior of a tube with discrete ribs in a steam cracking process have been performed by Vandewalle et al. [START_REF] Vandewalle | Dynamic simulation of fouling in steam cracking reactors using BIBLIOGRAPHY CFD[END_REF] and the authors have shown that while heat transfer enhancement due to flow modifications by the ribs causes a diminution of the TMT, the increased pressure drop is responsible for a loss in ethylene selectivity of 1.4 % but the propylene selectivity is increased by 5.0 %. The same authors have also simulated the growth of the coke layer and have shown that their ribbed tube could yield to a lower coking rate compared to a bare or a finned tube. As a consequence, run length of furnaces could be extended. However, the large pressure drop caused by the X-MERT could be detrimental toward the economics of the steam cracking process, especially because it has an uncertain effect on the selectivity of the light olefins [33]. Instead of creating flow separation with obstacles other technologies have proposed to guide the flow into rotation more smoothly.

SCOPE

The SCOPE is a kind of helical low amplitude finned tube developed by the German company Schmidt + Clemens [START_REF] Wölpert | Finned tube for the thermal cracking of hydrocarbons and process for producing a finned tube[END_REF]. This technology uses helical fins to not only enhance heat transfer by increasing the heat surface exchange but also by generating a swirling flow which help to promote convective heat transfer. The utilization of low amplitude fins also helps to reduce the recirculations that could happen up and downstream of the fin in the same way as for a rib. 
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This type of furnace is known under the commercial name of Millisecond furnace. The used feedstock was propane and they have shown, at start of run conditions, that despite a higher propane conversion with their optimized helical fins geometry, the ethylene selectivity was lower than for a bare tube by 1.2 % whereas the propylene selectivity was higher by 0.56 %. The other benefit from this technology is that it helps reducing the coking rate compared to a bare tube and even compared to a more classical helical finned tube. Furthermore, the authors stressed out that their small amplitude finned tube technology could greatly increase the temperature homogeneity in a cross-section leading to a more uniform coking rate over the circumference of the tube. This helps to avoid the creation of local hot spots as with straight or classic helical finned tube where, according to the authors results, the coking rate grows 30 % faster in the fin valley than at the fin top.

Djokic et al. [START_REF] Djokic | IMPROOF: Integrated model guided process optimization of steam cracking furnaces[END_REF] have conducted an experimental study on a pilot plant furnace at the university of Ghent on a SCOPE tube. Their results showed that for the cracking of propane, the ethylene yield was reduced by 0.9 % while the propylene yield was increased by 3 %. They have also emphasized that the coking rate was lower and also that the furnace fuel consumption was 10 % lower thanks to the SCOPE ability to have a more uniform temperature distribution in its cross-sections. Finally, even though the SCOPE technology enables a better temperature distribution homogeneity, one of its main flaw is the high pressure drop penalty it creates as reminded by Amghizar et al. [33]. In order to mitigate the pressure drop penalty problems some companies have proposed to generate a swirling flow only locally using inserts.

Swirling Element of Radiant Tube (SERT)

The SERT is a swirling flow technology developed by Lummus Technology in cooperation with Sinopec which is basically a short length twisted tape [START_REF] Zhu | Heat exchanger tube, a method for making the same, and a cracking furnace or other tubular heat furnace using the heat exchanger tube[END_REF]. The numerical study conducted by Zhang et al. [START_REF] Zhang | Enhancement of heat transfer by swirling element of radiant tube in cracking furnace[END_REF] has put in evidence that this device enables a great heat transfer enhancement compared to a bare tube. Furthermore, as the baffle creates a decaying swirling flow, the heat transfer improvement is maintained over a distance of 20 times the tube diameter. One of the benefits of such technology is that the twisted baffle is only present in a portion of the tube leading to a limited increase of the pressure drop in a steam cracking furnace with a 1.15 to 1.20 increase as reported by Amghizar et al. [33]. In their numerical study, Van Goethem and Jelsma [START_REF] Van Goethem | Numerical and experimental study of enhanced heat transfer and pressure drop for high temperature applications[END_REF] have reproduced numerous swirling flow devices that are used in steam cracking and among them they have performed simulations with a SERT like twisted baffle and their results pointed out that this technology enables a heat transfer enhancement of 1.52 while pressure drop is increased by 1.82. However, even though Amghizar et al. [33] have stated that the SERT technology was employed in more than 50 furnaces and that the run length extension was up to 2 times higher than for a bare tube, they also warned that several problems have been encountered with this technology. Among them, coke could build up on the baffle leading to a complete blockage of the tube. Besides, during rapid cool down of the furnace for decoking, the tube and the twisted tapes are likely to have different temperature decrease leading to distinct elongations which in turns could result in the breakage of either the baffle or the tube. With this problem in mind, other companies have proposed to get rid of any inserts in their tube by modifying the tube geometry itself to act on the flow.

Swirl Flow Tube (SFT)

The SFT is an original tube design developed by the Franco-American company Tech-nipFMC [109] and is a tube whose axis line follows a helical path which can be seen in Reynolds number around 30 000.

Van Goethem and Jelsma [START_REF] Van Goethem | Numerical and experimental study of enhanced heat transfer and pressure drop for high temperature applications[END_REF] have also conducted an experimental study on the SFT technology and have found that for a Reynolds number of 120 000 a heat transfer enhancement of 1.33 while the added pressure drop penalty was also of 1.33. In their numerical investigation comparing a SFT tube to a bare and finned tube, van Cauwenberge et al. [START_REF] Van Cauwenberge | CFD-based design of 3d pyrolysis reactors: RANS vs. LES[END_REF] have calculated that for a Reynolds of 38 000 a heat transfer enhancement of 1.37 at a pressure drop increase of 1.39. In their study they have also simulated what might be the behavior of a SFT tube in a steam cracking furnace by using the commercial software CoilSim1D developed by the AVGI company [START_REF] Djokic | IMPROOF: Integrated model guided process optimization of steam cracking furnaces[END_REF], this software will be described in greater depth later in this manuscript. They simulated a Pyrocrack 4-2 furnace equipped with a SFT tube and the feedstock was ethane. Their results put in evidence that the SFT enables 
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that the temperature is more uniformly distributed in a cross-section of a SFT tube than in a bare tube. Nonetheless, van Cauwenberge et al. [START_REF] Van Cauwenberge | CFD-based design of 3d pyrolysis reactors: RANS vs. LES[END_REF] argued that the recirculation zone at the center of the SFT could lead to a local high coking rate which in turns means that the coke layer will not be uniform over the circumference of the tube and as a consequence that the fluid dynamics might be changed to a point where no more swirling flow is generated. Amghizar et al. [33] reported that despite the several advantages offered by the SFT technology only a few have been installed in industrial furnaces and the test performed on site have not fully validated this technology.

Other technologies and conclusions

There are other concepts of technologies than those presented above, that are currently investigated but have not been yet implemented in industrial steam cracking furnaces. One of them is a dimpled tube with spherical cavity such as the one shown in figure 1.14. The idea here is not to generate a swirling flow but more on creating local zones of flow separation in order to improve heat transfer. In their LES investigation of a channel equipped with one shallow spherical dimple Turnow et al. [START_REF] Turnow | Flow structures and heat transfer over a single dimple using hybrid URANS-LES methods[END_REF] have shown that the dimple generates a recirculation zone and that this turbulent structure also releases vortices in an oscillating pattern. This flow structure is favorable at enhancing the flow mixing and therefore heat exchange between the fluid close to the wall and the fluid further away. They also revealed that heat transfer enhancement is greater than pressure drop increase with respectively 1.32 and 1.06 at a Reynolds of 42 000 and a Prandtl number of 0.7. In their experimental investigation, Virgilio et al. [START_REF] Virgilio | Dimples in turbulent pipe flows: experimental aero-thermal investigation[END_REF] studied the aero-thermal performances of a dimpled tube and with their PIV measurements they explained that heat enhancement is possible because of flow separation at the dimples leading edge and flow reattachment close to the cavity rim. However this also causes added pressure drop yet within the array of investigated Reynolds number from 20 000 to 80 000 the pressure drop
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penalty was always doubled compared to a bare tube while heat transfer enhancement varied between 1.85 and 1.95 which makes this technique quite efficient compared to the X-MERT technology for instance.

Studies have also been performed to determine the fouling behavior of dimple tubes such as the numerical work conducted by Kasper et al. [START_REF] Kasper | Numerical modeling and simulation of particulate fouling of structured heat transfer surfaces using a multiphase eulerlagrange approach[END_REF] who revealed that even though solid particles could be accumulated in the first half of the dimple close to the leading edge, very little to no fouling could be found in the other half of the dimple. Moreover, no fouling was also observed in the close vicinity of the dimple. This fouling distribution could be explained by the flow separation and reattachment caused by the dimple and the corresponding distribution of wall shear stress. Another study was performed to evaluate the performance in a Millisecond steam cracking furnace of a dimple tube using the commercial software CoilSim1D [START_REF] Djokic | IMPROOF: Integrated model guided process optimization of steam cracking furnaces[END_REF] by Dedeyne et al. [111]. The feedstock was propane and they stressed out with the results of their simulations that the dimple tube technology produced far less pressure drop than a ribbed tube and the pressure drop increase compared to a bare tube is therefore moderated. Although, both the dimple tube and the ribbed tube showed comparable level of reduced coking rate along the coil length compared to a bare tube, the reduced pressure drop penalty exhibited by the dimple tube causes a less severe reduction in selectivity toward ethylene. All these results have conducted the company BASF to patent the dimple tube technology for an application in steam cracking [START_REF] Van Cauwenberge | Reactor for a cracking furnace[END_REF].

Another kind of device is a local static mixer with obstacles arranged in a wave like pattern along the tube circumference such as the one revealed in the study of Zhou et al. [START_REF] Zhou | Numerical investigation of turbulent reactive mixing in a novel coaxial jet static mixer[END_REF] and was called Hollow Cone Disk (HCD). The geometry of this device is shown in figure 1.15.

HCD enables the generation of pairs of counter rotating vortices which improve the mixing between the fluid next to the wall and close to the tube axis. The authors emphasized that this device enables a better mixing than a short length twist tape, however this is at the cost of an increased pressure drop. This last conclusion is not shared by Zhong et al. [118] who have also conducted a numerical study on both HCD and short length twisted tape and they have put in evidence that while at a Reynolds number of 300 000 heat transfer was enhanced by a factor 1.1 with a twisted tape compared to a bare tube, heat transfer was enhanced by a factor 1.29 with the HCD. Comparing the increased pressure drop, the twisted tape reached a factor 5.5 while the HCD has only reached a factor 2.0 which is considerably less. In the investigation of Bai et al. [117] the authors studied the effect of inserting both a twisted tape and a HCD in line on heat transfer enhancement, pressure drop increase and cracking reaction yield. Their results indicated that heat transfer could be intensified by 1.11 while pressure drop is increased by also 1.11 at a Reynolds number around 10 5 . The authors have also conducted reactive simulations to have indications on the selectivity toward ethylene and propylene resulting from the cracking reaction of propane. They showed with their results that both ethylene and As seen in the different sections above, there are various type of swirlers which have been developed for an application in the furnaces of the steam cracking industry and they all have different characteristics regarding their heat transfer enhancement and pressure drop penalty capabilities. The previous data are gathered in table 1 1.1 -Recapitulation table on the heat transfer enhancement and pressure drop increase of various swirlers developed for the steam cracking industry. The results for the X-MERT are from [START_REF] Györffy | Mert performance and technology upyear[END_REF], SCOPE [START_REF] Schietekat | Computational fluid dynamics-based design of finned steam cracking reactors[END_REF], SERT [START_REF] Van Goethem | Numerical and experimental study of enhanced heat transfer and pressure drop for high temperature applications[END_REF], SFT [START_REF] Van Cauwenberge | CFD-based design of 3d pyrolysis reactors: RANS vs. LES[END_REF], Dimpled Tube [START_REF] Virgilio | Dimples in turbulent pipe flows: experimental aero-thermal investigation[END_REF] and HCD from [118]. f / f p indicates the pressure drop increase and Nu/Nu p is for the heat transfer enhancement. The method row indicates whether the results were obtained experimentally (E) or numerically (N). ToE is an abbreviation of type of element and indicates either the swirler is continuous (C) or discrete (D).

IV Strategy to develop a new swirling flow device for an application in steam cracking

As explained in the above sections, the purposes that should be fulfilled with a swirling flow device applied in the tubes of a steam cracking furnace are multiple. The modified flow should enhance heat transfer between the wall of the tube and the flowing fluid yielding to a lower coking rate and also if possible to a better temperature distribution homogeneity in a cross-section of the tube. This should lead to a better selectivity toward light olefins such as ethylene, propylene and 1-3butadiene. Moreover, all these improvements should not be followed by a too high pressure drop increase because otherwise the selectivity toward ethylene could be greatly compromised.

Most of the swirling flow devices discussed in section III have no difficulties at enhancing the heat transfer yet the pressure drop increase could be moderated for SFT tubes, to high for the X-MERT technologies to tremendous for twisted baffle or axial guide vanes swirler. The increased pressure drop penalty has several origins.

• First of all, the modification of the stream to create a swirling flow could be done more or less efficiently, that is flow separation and recirculations are quite detrimental toward pressure drop, hence it would be recommended to create a swirling flow by avoiding the generation of too energetic vortical structures.

• Second, the presence of flow modifiers along the whole length of the tube also plays a significant role at increasing pressure drop, therefore it would be better to create only locally a flow modification. The swirling flow could then be left to decay and could be powered up further downstream if necessary.

• Third, abrupt changes in the flow direction are also detrimental toward pressure drop such as with twisted tapes. Thus the modification of the flow from a mainly axial flow to a swirling flow should be made gradually and as smoothly as possible.

• Finally, any other geometry modifications that are known to produce more pressure drop should be also avoided such as reduction of augmentation of the tubes crosssection area.

Although axial guide vane swirlers are reported to generate high pressure loss, they could produce swirling flows with a high intensity of rotation and their geometry could 

I Conception of a swirler with profiled blades

In this chapter, a first design of discrete swirler which is an axial guide vanes swirler is investigated with CFD simulations. In the following, the numerical methodology is described, from the numerical test bench, the mesh of the studied geometry, the hypotheses for the simulations to the boundary conditions. The different quantities of interest will be evaluated and discussed afterwards. Their evaluation will determine whether or not the present swirler design will be appropriated for an utilization in a steam cracking furnace.

In most studies dealing with axial guide vanes swirler, the swirling device has flat blades which are more or less inclined compared to the tubes axis. However, this is not only the angle of the vanes that enables to create a specific swirling flow but also their shape.

In their study Beaubert et al. [START_REF] Beaubert | Design of a device to induce swirling flow in pipes: A rational approach[END_REF] discussed the method to produce the best blades shape in order to obtain a desired tangential velocity profile. They put in evidence that to have the best lift to drag ratio possible, the shape of the vanes should follow a Bézier curve with zero curvature at both ends. Furthermore they argued that to have a better control on the driven flow it is recommended to have 6 to 8 blades but this is at the cost of a higher pressure loss. A design of axial guide vane swirler with a blade shape following a Bézier curve was investigated numerically by Pàlsson et al. [START_REF] Palsson | Inducing swirling flow in heat exchanger pipes for reduced fouling rate[END_REF] and they showed that under a Reynolds number of 2 000, that is in a laminar flow regime, the wall shear stress could be greatly increased close to the exit of the swirler and this increase only disappears at a distance as far as 60 times the tubes diameter. Although the studied swirler only had 4 vanes, the relative axial pressure gradient compared to a bare tube, next to the swirlers inlet was close to 2 but then decreases with the weakening intensity of the swirling flow. In their work, Bouvier et al.

[120] have studied another axial guide vane swirler by following the recommendations made by Beaubert et al. [START_REF] Beaubert | Design of a device to induce swirling flow in pipes: A rational approach[END_REF] and their swirler had 8 blades whose shape follows also a Bézier curve. They showed that this device was able to generate a swirling flow which promotes heat transfer and wall shear stress. Finally, Helgadottir et al. [START_REF] Helgadóttir | Mesh twisting technique for swirl induced laminar flow used to determine a desired blade shape[END_REF] have studied different designs of axial guide vane swirler and have shown that to get a swirling flow with the lowest pressure drop, the blades should not be joined at the tube axis and instead the swirler should be hollow there.

Following all the recommendations made in the above cited investigations, the axial guide vane swirler that was chosen for this study has the subsequent characteristics:

• The shape of the blades follows a Bézier curve with a null curvature at both ends.

• One of the goal of the swirler device is to effectively drive the flow into rotation, the number of vanes has been chosen to be 8 so that more control on the flow could be achieved.

II. SET UP OF THE NUMERICAL SIMULATIONS

• As a high number of blades has been chosen, the increase in pressure drop is expected to be high, hence the vanes are only fixed to the wall of the tube and do not merge a the tube axis. Furthermore, no central shaft is present to prevent any more flow friction or flow separation.

The studied axial guide vane swirler can be seen on figure 2.1. With the purpose of estimating the heat and energetic performances of this device, numerical simulations were undertaken and the different steps that were followed to achieve them are described afterwards. 

II Set up of the numerical simulations

The numerical test bench could be broken down into several parts. The tested tube has a diameter D = 0.4 m and a total non-dimensional length of L * = L/D = 45.56 and the non-dimensional length of the swirler is only L * s = 0.56. The entrance of the swirler is located 5D downstream of the tube inlet and there is a length of 40D between the exit of the swirler and the tube outlet. The tube axis is supported by the z-axis and the origin of the coordinates was taken so that z * = 0 at the swirler exit. Now that the investigated geometry was described, it is important to describe how the domain was meshed in order to get results as accurate as possible.

A Meshing of the investigated geometry

The meshing process was performed using the open-source meshing software cfMesh developed by Juretic [START_REF] Juretic | cfMesh User Guide[END_REF]. The domain was discretized using an unstructured mesh composed of predominantly hexahedral cells. It was not difficult to correctly mesh the tube, however it was more challenging to mesh the blades of the swirler. The vanes have to be precisely discretized as they are the elements that drive the flow into a rotational motion. Therefore, while the intrados and extrados of the blades were meshed with hexahedral elements whose base length is 8.3 mm that is 2.1 % of the tube diameter, the edges were more finely meshed with elements of half the size of the base mesh in order to fully capture the curvature of those elements. The surface mesh of the blades is shown in figure This method requires that the mesh close to the wall of the domain guarantee a nondimensional wall distance y + below 1 where this last quantity is defined as follows:

y + = yu τ ν (2.1)
where y is the normal distance between the center of the face on the wall and the center of the first cell close to the wall, ν is the kinematic viscosity of the fluid and u τ is the friction velocity defined as:

u τ = τ w ρ (2.2)
where τ w is the wall shear stress.

In order to fulfill this purpose, the mesh close to the wall is further refined using 9

additional prism layers with a first layer whose height is close to 0.05 % of the tube radius. is effectively below 1 whereas it is at the limit for 1 × 10 5 and a little bit above for the case where the Reynolds number is 2 × 10 5 . Yet for this last case a sufficient amount of cells could be found close to the wall to correctly capture the development of the axial and tangential velocity gradients along with the thermal gradient in the sub-layers. Now that the numerical test bench has been described and how it was discretized for the numerical simulations, the hypotheses on the investigated flow can be exposed.

B Flow properties and hypotheses

The numerical simulations are performed using the open-source CFD software Open-FOAM, which is an object oriented numerical simulation toolkit developed in C++ and released under the GPL license by the OpenFOAM foundation [START_REF] Weller | A tensorial approach to computational continuum mechanics using object-oriented techniques[END_REF]. Once the numerical domain is discretized, OpenFOAM uses the Finite Volume Method to solve the Navier-Stokes equations in order to calculate the flow of the fluid.

Although in steam cracking furnaces multiple species are flowing through the tubes, it is not only computationally more expensive and more complex to perform CFD simulations with several species but this also might not give more insight toward the heat transfer enhancement capabilities of the investigated swirler. That is why, the simulations were performed using a single phase fluid which is in this case air. Given the fact that no reactive simulations were done, the flow properties were considered not to depend on time.

It is also considered here that the flow is incompressible. Some of the results from the cracking simulation software Coilsim1D [START_REF] Djokic | IMPROOF: Integrated model guided process optimization of steam cracking furnaces[END_REF] that will be presented in more details in chapter 4, indicate that for the steam cracking reaction in a bare tube with a feedstock of ethane, after 20 days of run, the maximum flow velocity in the coil was 158.5 m/s. Considering that the two main products from the steam cracking reaction are ethane and ethylene and that the gas temperature was T g as = 1129 K the speed of sound could be calculated using the following equation:

c = γR g T g as M (2.3)
where c is the speed of sound (m/s), γ is the adiabatic index, R g is the molar gas constant, and M is the molar mass of the gas.

The ratio between the gas velocity and the speed of sound is called the Mach number and was calculated to be 0.25 which is below 0.3 the upper limit to consider that the fluid II. SET UP OF THE NUMERICAL SIMULATIONS could be assumed incompressible. This hypothesis also allows to alleviate the computational cost, and should not have a significant impact on the results of the heat transfer compared to compressible simulations.

Finally, to be able to evaluate the heat transfer effectiveness of the studied swirler, the wall of the tube was given a constant temperature of 350 K whereas the fluid flows in at a temperature of 300 K. It could be argued that those temperatures are far from being the ones encountered in steam cracking furnaces however, the purpose here is to compute heat transfer and not the temperatures themselves. Besides, the same approach was adopted by numerous studies that have studied a swirler design for an application in steam cracking e.g [START_REF] Schietekat | Computational fluid dynamics-based design of finned steam cracking reactors[END_REF][START_REF] Van Goethem | Numerical and experimental study of enhanced heat transfer and pressure drop for high temperature applications[END_REF][START_REF] Virgilio | Dimples in turbulent pipe flows: experimental aero-thermal investigation[END_REF]110,[START_REF] Campet | Large eddy simulation of a single-started helically ribbed tube with heat transfer[END_REF]. In addition, because a solution of swirler was planned to be studied experimentally for validation purpose of the adopted numerical methodology, it would have been difficult to create an experimental test bench which could sustain the high temperatures encountered in a steam cracking furnace. As a consequence, the thermal conditions adopted in the numerical study are similar to what could be obtained in an experimental set up.

Considering the relatively low difference between the temperatures at the inlet and at the wall of the flow domain, the thermodynamic properties of the fluid were considered constant and their values could be found on table 2.2.

ρ µ c p λ 1.205 1.91 × 10 -5 1006 0.024 Table 2.

-Air thermodynamic properties at 300 K

To sum up all the hypotheses made above, it is considered to numerically simulate using a EVM model with a Low-Re approach, the steady, incompressible and turbulent flow of air with heat transfer between the fluid and the wall of the tube. It shall now be discussed the choice of selected EVM.

C Adopted turbulence model

As discussed in chapter 1, it is computationally less expensive to perform CFD simulations using EVM. Moreover, provided that the intensity of the swirling flow is not too strong and the governing equations are solved in the viscous sub-layer using a Low-Re approach, the obtained results ought to be reliable. It was also discussed that there is a wide variety of first order closure models especially using two equations and some of them are used to simulate turbulent swirling flows like Realizable k -or k -ω SST EVM. Various studies have shown that k -ω SST EVM give reliable results [5,[START_REF] Hossainpour | Numerical investigation of tub side heat transfer and pressure drop in helically corrugated tubes[END_REF]124,[START_REF] Omidi | Numerical study on the effect of using spiral tube with lobed cross section in double-pipe heat exchangers[END_REF], especially regarding the global quantities [START_REF] Van Cauwenberge | CFD-based design of 3d pyrolysis reactors: RANS vs. LES[END_REF], with the simulations of turbulent swirling flow. Furthermore, among various test cases, Robertson et al. [3] have concluded that this turbulence model is the most accurate of the EVM models and that is why this turbulence model along with a Low-Re approach is adopted in this study to investigate the swirler with 8 profiled blades.

D Boundary conditions

At the inlet of the numerical test bench a Dirichlet boundary condition of constant and uniform axial velocity profile was set. The magnitude of the axial velocity is determined by the Reynolds number defined here as:

Re = ρU b D µ (2.4)
where D is the tubes diameter and U b is the bulk axial velocity.

Along with the velocity a uniform and constant temperature of 300 K is put at the inlet while a zero gradient boundary condition is applied for the pressure. Regarding the turbulent quantities, the turbulent intensity I at the inlet is first calculated and is given by Robertson et al. [3]:

I = 0.016 Re -1 8 (2.5)
Then, the turbulence kinetic energy k could be derived from the turbulent intensity and the bulk velocity by the following equation:

k = 3 2 (U b I) 2 (2.6)
Considering the specific dissipation rate of the turbulence kinetic energy ω, its value is set at the inlet using the equation given by Robertson et al. [3]:

ω = 5U b L (2.7)
Regardless of the boundary, the eddy viscosity ν t can be calculated by using both k and ω.

At the outlet, a von Neumann boundary condition of null gradient is applied for both the velocity and the temperature. The value of the relative pressure is 0 pa so that at the outlet, the pressure in the tube reaches the atmospheric pressure. The fluxes of the turbulent quantities are also null at the outlet.

At the walls of the computational domain, a no-slip boundary condition was applied for the velocity which implies that the velocity is zero at the wall. The temperature of the wall is constant with a value of 350 K and finally a zero gradient boundary condition is applied for the pressure. In regard to the turbulent quantities, because of the no-slip condition and also because close to the wall viscous effects dominate over turbulence, k is zero yet for numerical reasons it is advisable to put only a low value of k which was chosen to be k w = 1 × 10 -6 J/kg . The value of ω is given with the subsequent equation [3]:

ω w = 60ν β 1 y 2 (2.8)
where β 1 = 0.075 is a constant and y = 5 × 10 -5 is the distance between the wall and
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the first cell of the discretized domain.

E Finite volume method and discretization schemes

In order to solve the Navier-Stokes equations to determine the behavior of the flow, the FVM requires several methods to compute the different operators which are encountered in the above mentioned equations. Moreover, these equations are often solved using three steps, first the momentum is estimated, then the pressure in the domain is computed and finally the former momentum calculation is corrected [3]. In this study the Semi Implicit Method for Pressure Linked Equations (SIMPLE) method is used to perform those steps at every iteration.

The pressure is computed using the generalized Geometric-Algebraic Multi-Grid (GAMG) solver, while the pressure gradient is solved with a Gauss linear approach and the divergent operators that appear in the convective terms of the momentum and energy equations are solved using a second order linear upwind scheme.

Ultimately, the results of the simulations are only used if the residuals for the continuity and momentum equations falls below 1 × 10 -6 and the residuals for the energy equation are under 1 × 10 -8 . In addition, all the residuals should have reached a steady level for over 5 000 iterations before the results could be exploited.

In order to verify if the case was correctly configured a couple of tests have been done, the first is related to the quality of the mesh and the second is to verify if the numerical methodology is reliable.

III Validity of the numerical method

Because the current investigated swirler has not yet been studied experimentally and that its design is too specific to be compared to an existing axial guide vane swirler, there are no actual data that could be selected to validate the numerical simulations that were performed in this study. However, several tests have been done to give confidence in the results of the realized simulations with the above presented numerical methodology.

A Mesh independence test

Depending on the mesh's refinement, simulations could yield different results [START_REF] Roache | Perspective: A method for uniform reporting of grid refinement studies[END_REF]. That is why 3 different meshes have been investigated to reveal both their influence on the value of some quantities and on the computational cost they impart. The meshing approach for all of the three cases is the same than described in the above section and the sole parameter that differs is the maximum cell size. The maximum cell size of the base mesh is 2.1 % of the tubes diameter while the coarser and finer mesh have a relative maximum cell size of respectively 2.5 and 1.9 %.

Simulations have been performed with the three meshes at the highest Reynolds number of 200 000 and three quantities have been computed in order to compare the results obtained with the three meshes. First there is the swirl number as defined in equation (1.2). Second the skin friction factor C f calculated with the following equation:

C f = τ w 1 2 ρU 2 b (2.9)
Third, the global Nusselt number is computed by calculating the thermal energy balance between two cross-sections of the tube located respectively at z * 1 = 0.625 and z * 2 = 30 downstream of the swirler with the subsequent equation:

Nu = ṁc p T2 -T1 λ(z * 2 -z * 1 )LMTD (2.10)
where ṁ is the mass flow rate, T is the bulk temperature in the cross-section of the tube located at the axial position z * i and LMTD is the Logaritmic Mean Temperature Difference and is defined as:

LMTD = T2 -T1 log T2 -T w T1 -T w (2.11)
The results of the finest mesh are taken as reference and the maximum relative deviation between the values of those different quantities calculated with the coarse and the base meshes are summed up in table 2.3. Furthermore, it could also be noticed that the total computational time required to run all those simulations with 32 processors cadenced at 2.4 GHz is also presented in table 2 On the one hand, the relative deviation on the swirl number between the coarse mesh and the fine mesh is similar as between the base mesh and the fine mesh. On the other hand, for the skin friction factor and the global Nusselt number, there are larger deviations between the coarse and the fine mesh than between the base and the fine mesh.

This tends to show that the mesh has to be fine enough to have accurate results but the refinement comes with a higher computational cost. Considering the relative deviations between the base and the fine mesh in addition to the computational time, it was concluded that the best trade off to perform the other simulations was with the base mesh.

III. VALIDITY OF THE NUMERICAL METHOD

Although a good quality mesh could yield to quality results, they might have no physical sense if the numerical methodology is poorly configured.

B Validity of the numerical methodology

As stated in the first paragraph of section III, no experimental data are available with the current swirler to be confronted with the results of the CFD simulations. In addition, in the vast majority of cases, experimental investigations dealing with axial guide vanes swirlers give little geometrical information on the geometry under study, thus the numerical reproduction of such work could not be accurately done. Nevertheless, one of the aspect of the numerical methodology that has to be validated is its ability to correctly predict heat transfer enhancement along with pressure drop increase caused by a swirling decaying flow with a moderate initial intensity. Hence, it is possible to reproduce the experimental study of another kind of swirler, such as a tube with a twisted tape insert to determine the reliability of the present numerical investigation.

Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] have numerically and experimentally studied the heat transfer enhancement and pressure drop increase capacity of a tube equipped with regularly spaced short twisted baffle. In their numerical test bench, Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] have placed a baffle twisted at 180 • inside a tube and to mimic the presence of several twisted tape, they have configured periodic boundary conditions between the inlet and the outlet of the tube. The test bench is similar to what is shown in figure 1.12. To simulate the turbulent swirling flow they have chosen a realizable k -EVM with wall functions.

With their experimental set up Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] described that the pressure drop measurement was executed with a U-Tube manometer while the temperatures at the inlet and outlet of their test section were recorded using a couple of constantan thermocouples. In the configuration where no twisted tapes were present inside the tube, the authors have confronted their experimental data to the Gneilinsky and Pethukov empirical correlations to estimate the accuracy of respectively their Nusselt number, calculated in the same way as in equation (2.10), and friction factor coefficient f defined as follows:

f = 4 ∆pD ρLU 2 b (2.12)
where ∆p is the pressure drop between the inlet and outlet of the test section, L the length of the test section, D the diameter of the tube used by Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] which is

D = 0.016 m.
They revealed that the largest deviation between their values of the friction factor and the Pethukov correlation is ±5.29 % and the greatest deviation between their value of the Nusselt number and the correlation of Gnielinsky is ±8.06 %.

The numerical test bench of Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] has been reproduced in the present study but instead of a realizable k -a k -ω SST was adopted here to try to match as close as In this figure, it is easily observable that the data from the simulations performed here closely match the experimental data of Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] within the given uncertainties.

Hence, it could be concluded that the numerical methodology is able to capture heat transfer enhancement and pressure drop increase caused by a swirling flow and therefore the results of the simulations obtained with the axial guide vane swirler with profiled blades would be deemed reliable.

IV Results of the CFD simulations

Most of the results that are presented here have already been discussed in the publication of Indurain et al.

[127] which could be found in appendix B. The purpose here is to review the main features of the investigated axial guide vane swirler in order to determine whether or not it could be applied in the steam cracking industry.

A Flow topology and swirl intensity

As axial flow progresses from the inlet of the computational domain to the entrance of the swirler, the latter has a predominant axial velocity component. However, the swirler The intensity of the swirl could be calculated using equation (1.2) of chapter 1 and its evolution could therefore be monitored and this is shown in figure 2.7.

On this figure the evolution of S/S 0 is depicted where S 0 was taken as the swirl intensity located directly at the swirler exit. The maximum swirl intensity is located at z * = 2 downstream of the swirler. Thus three distinct regions could be defined as follows, the developing swirl region between the swirler exit and z * = 2, the maximum of the swirl intensity around z * = 2 and the decaying swirling flow region from z * = 2 to the end of the computational domain. The calculated value of S 0 over the range of the studied Reynolds Finally, it could also be seen in figure 2.7 that close to the end of the domain, the intensity of the swirl has not reached zero even for the case with the lowest Reynolds number.

At Re = 10 000 and Re = 200 000 the swirl intensity has lost respectively 80 % and 50 % of its maximum intensity. In order to evaluate the distance over which the swirling flow still persists, another simulation was performed at the highest Reynolds number Re = 200 000 and with a computational domain whose length downstream of the swirler is not 40D but 120D. The results of the simulation show that the swirling flow has lost 89 % of its maximum intensity close to 120D after the swirler exit. It might be argued with these latest data that the swirling flow generated by the studied axial guide vane swirler is robust especially at high Reynolds numbers. However, it is also likely that within the range of low swirl intensities, the tangential momentum is so low that it has no significant effect on the main flow anymore.

The description of the flow topology has given some information about the behavior of the generated swirling flow downstream of the swirler and how it evolves with the Reynolds number. It remains to determine in what extent the generated swirling flow has an impact on both heat transfer and pressure drop.

B Wall Shear Stress and pressure drop

In the case of a developed turbulent flow in a tube, the wall shear stress is predominantly created by the gradient of the axial velocity in the vicinity of the wall. In the case of a swirling flow and more specifically in the case under investigation, the wall shear stress is not only caused by the gradient of axial velocity but also by the the gradient of tangential velocity which depends on the intensity of the swirling flow and therefore on the position in the tube downstream of the swirler. Therefore, the magnitude of the total wall shear stress is evolving downstream of the swirler and its distribution follows an helical pattern imparted by the swirling motion as shown in figure 2.8. As a consequence, there is a competition between axial and tangential wall shear stress and the evolution of those quantities over the circumference of the tube at several locations downstream of the swirler could be seen in figure 2.9.

Immediately downstream of the swirler and until z * = 5 tangential wall shear stress dominates over axial wall shear stress because this is in this region that the intensity of the swirling flow is the strongest but then axial wall shear stress takes over. It is also interesting to note that the decay rate of both components of wall shear stress are quite different.

While axial wall shear stress seems to decay linearly, tangential wall shear stress appears to weaken in an exponential trend like the evolution of the swirl intensity.

Although tangential wall shear stress fades away quite rapidly, the global wall shear stress of the swirling flow remains higher than in a bare tube over a long distance. This is exhibited in figure 2.10 where the evolution of the skin friction factor in the tube with a test length of 120D is compared to the value of the skin friction factor in a bare tube f p whose value is calculated from the Pethukov correlation [START_REF] Çengel | Heat and Mass Transfer: Fundamentals & Applications[END_REF] f p = 0.79 log(Re) -1.64

-2

(2.13)

And the skin friction factor C f is related to the friction factor coefficient f by the following relationship [START_REF] Çengel | Heat and Mass Transfer: Fundamentals & Applications[END_REF] C

f = f 4 (2.14)
Despite the weakening intensity of the swirling flow downstream of the swirler, the skin friction factor remains higher than in a bare tube over a long distance. Furthermore, it could be deduced from what was discussed before that the main component of the skin friction factor is the axial wall shear stress after a certain axial position thus the increased wall shear stress is not only caused by the tangential wall shear stress. One other source could be the increased level of turbulence with the eddies causing more shear stress at the wall.

On the one hand there is the modification of the flow by the vanes of the swirler. On the other hand, the generated swirling flow significantly increases wall shear stress. Therefore, it is of importance to monitor the increased pressure drop caused by the swirling First of all, it should be noticed that regardless of the Reynolds number, the pressure drop is more than doubled with this swirler which is quite low compared to other axial guide vane swirler technologies encountered in the literature such as in the experimental study of Ahmadvand et al. [START_REF] Ahmadvand | An experimental study and CFD analysis towards heat transfer and fluid flow characteristics of decaying swirl pipe flow generated by axial vanes[END_REF] where the pressure drop is increased by a factor 6 at a Reynolds number of 30 000. However, this increase is quite high compared to the technologies of swirlers used in the steam cracking industry. One of the major source of pressure drop is still the blades and the blockage of the flow they induce. Second, despite this high increase compared to a bare tube, the increase in pressure drop with the increasing Reynolds number is moderated with an augmentation between the pressure loss reached at Re = 10 000 and Re = 200 000 of only 7 %.

Although the pressure drop increase is high, it has to be compared with the heat transfer enhancement caused by the swirler in order to be able to evaluate the thermal and energetic efficiency of the studied device.

C Heat transfer and performance evaluation

Along with the increased wall shear stress, the swirling flow also favors heat transfer between the fluid and the wall of the tube. The greater axial and tangential velocity gradients close to the wall of the tube yields to a thinner thermal boundary layer. In the case of a swirling flow with a decreasing intensity, the increased thermal exchange is a function of the position downstream of the swirler in the same fashion as wall shear stress. In order to observe the evolution of heat transfer enhancement downstream of the swirler, it is possible to perform several thermal energy balances between two close cross-sections of the tube so that a local Nusselt number could be derived by using equation (2.10). This It could be noted that at the exit of the swirler, the heat transfer enhancement is quite intense yet the weakening of the swirl intensity is followed by a continuous decrease of the heat transfer until reaching the value encountered in a turbulent developed flow at the end of the computational domain.

It is also interesting to evaluate the global Nusselt number by performing a thermal energy balance between the inlet of the swirler and the end of the computational domain in order to account for both the heat transfer enhancement capabilities of the generated swirling flow but also of the swirler itself. The evolution of the heat transfer enhancement could be seen in with the first the added pressure loss increases with the increasing Re, with the second the heat transfer enhancement decreases with the increasing Re. However, this is not so surprising because while the blades of the swirler drive the originally predominantly axial flow into a swirling flow and hence causing energetic loss along with the blockage of the swirler device itself, in this region heat transfer is not significantly increased. This is only when the flow has acquired its swirling motion that it effectively enhances heat transfer.

It is therefore of importance to evaluate the thermal efficiency compared to the energetic efficiency of the studied swirler device. Webb and Kim [4] have defined a quantity that enables the evaluation of the efficiency of, among other technologies, a swirling flow device compared to a bare tube and they named it Performance Evaluation Criterion (PEC) and it is defined with the subsequent equation [4]:

η = Nu/Nu p 3 f / f p (2.15)
where η is the PEC and the subscript p denotes a value obtained in a bare tube.

If the PEC is lower than 1 it means that the system using the swirling flow device has an additional pumping power consumption that overbalance the benefits of the heat transfer enhancement and vice-versa. The evolution of the PEC could be seen on figure 2.12.

Figure 2.12 -Evolution of the PEC of the axial guide vane swirler with profiled vanes over the range of investigated Reynolds number

The most striking feature is that the PEC is greater than one only for the two lowest
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Reynolds number. It means that the studied swirler device could be efficient energetically for low values of Re. It could also be noticed that the evolution of the PEC with Re follows the same trend as the heat transfer enhancement that is it decreases with increasing Reynolds number.

V Conclusions

In this chapter, a first solution of swirler that generates a decaying swirling flow was numerically investigated. The geometry of the swirler along with its distinctive assets have been described in section I. Afterwards, the method used in this work to numerically study the chosen swirler device has been described from the presentation of the numerical test bench to the hypotheses and used model to the definition of the applied boundary condition. Then some tests have been presented in order to verify the reliability of the numerical methodology and finally some results on the behavior of the generated swirling flow coupled with its effects on wall shear stress and subsequent pressure drop along with its impact on heat transfer were discussed.

Considering the presented results, it is clear that even though the studied swirler geometry features relatively low pressure drop increase compared to other axial guide vane swirlers in the literature thanks to the specific shape of its blades and its hollow center, it still imparts a great pressure loss penalty with an increase comprised between 2.7 and 2.9 compared to a bare tube. This is still lower than the MERT technology with an increase of 3.1 however this latest swirler is present all along the tube. This high pressure drop increase is likely to decrease significantly the selectivity toward ethylene if this solution is applied in a steam cracking furnace. Furthermore, in spite of a good heat transfer enhancement comprised between 1.35 and 1.57, which is in the same range as the MERT with 1.4 which might lead to a significant reduction of the coking rate downstream of the swirler, the coking behavior in the region where the swirler is located is quite uncertain.

Coke could build up on the vanes of the swirler or at least around the leading edge of the blades and the same problem of coke spalling as encountered with the SERT technology could be faced [33]. Nevertheless, the studied swirler enables the generation of a swirling flow which lasts over a long distance even though the swirler itself represents only a small portion of the tube. Yet, it is also possible that in a real furnace more than one swirler are required to mitigate coke fouling which will lead to an ever increasing pressure drop.

Ultimately it could be concluded that the design of the studied swirler is not best suited for an application in steam cracking especially because of the large pressure drop it generates. In addition, it could be noted that it could be challenging to produce this kind of swirler for an application in a steam cracking tube. Nevertheless, it could be used in another field where the pressure loss is not so problematic. For all these reasons, another swirler technology should be developed which could meet the stringent criteria for an application in steam cracking. 

I Design of a new swirler to be applied in steam cracking furnaces

In the previous chapter it was put in evidence that the studied axial guide vane swirler was able to drive the flow quite efficiently into a rotational motion. However, in spite of the efforts made to the design of the blades, the pressure drop was still high. To try to reduce as much as possible the extended pressure drop of a swirler, it should be worth trying another approach. Instead of using inserts which are obstacles to the flow and are a source of pressure drop, an already existing element of the tube should be used to drive the flow into rotation that is the wall of the tube. Nevertheless, in a tube with a circular cross-section no rotation of the flow could be achieved, that is why the cross-section of the tube has to be changed. A non-circular cross-section combined with a twist of the tube must lead to a swirling flow. It remains to determine the best set of parameters to smoothly guide the flow into this twisted tube with a non-circular cross-section. As a reminder, the purpose is to create a swirling flow that could enhance heat transfer and improve the temperature homogeneity in a cross-section of the tube but at the lowest added pressure drop possible.

A Geometrical parameters under study for the new swirler design

A good starting point for a non-circular cross-section is an ellipse which is defined by both its semi-major axis a and its semi-minor axis b, which are illustrated in figure 3.1.

The ratio of those parameters defines the aspect ratio as follows:

AR = b/a (3.1)
If AR = 1 then the considered ellipse is actually a circle and the lower the aspect ratio the more pronounced the shape of the ellipse.

Another shape of the cross-section that was investigated is composed by three circular lobes, which will be referred later as a three-lobed cross-section and could be seen in figure 3.2.

This shape is created by following the subsequent steps. First, an outer circle that has the same radius as the tube, which is the three-lobed major-axis a is drawn. Then a second inner support circle, whose radius is the minor-axis b is set according to the given aspect ratio. Next, a third in between support circle is defined, whose radius is the sum of the minor axis and the geometrical parameter d , which will later define the depth of the crests. The lobes are arcs of circle which are tangent to the outer circle and whose starting and ending points are placed on the in between circle. The junction between the three arcs of circle is made by three concave arcs of circle, the crests, which are tangent to the inner circle and whose starting and end points are supported by the in between circle. The Once a non-circular cross-section has been chosen, the tube has to be twisted in order to be able to impart a rotational motion to the flow. The magnitude of the torsion of the twisted tube is called the twist pitch and is denoted P. The lower it is the stronger the swirling flow but also the more likely flow separations could occur. With the purpose of generating a swirling flow only locally in the tube to achieve the lowest pressure drop possible, the twisted tube with a non-circular cross-section should only represent a portion of the tube with a circular cross-section, that is why another parameter is defined as the length of the twisted tube L s . An example of a twisted tube with an elliptical cross-section can be seen in figure 3.3. Finally, elements have to be placed between the circular and non-circular cross-section tubes in order to have a continuous geometrical transition. They could be characterized by their length but also by the kind of transition they enable. The effect of those various parameters on heat transfer enhancement, homogenization of temperatures in a crosssection and on increase pressure drop have been studied numerically. Yet the numerical test bench was modified in comparison to the one used in chapter 2 and therefore shall be described.

B Description of the numerical test bench

The numerical test bench used to study this new swirler is different from the one described in Chapter 2 but the axis of the tube is again supported by the z-axis and is shown in figure 3.4. The origin of the system of coordinates is the entry of the swirler so that there z * = 0.

The total length of the test bench is L * = 100 and could be divided into several parts. The inlet of the computational domain is placed at z * = -40 and is followed by a tube with a circular cross-section whose length is L * up = 40. The twisted tube swirler which could be further broken down into three parts: an upstream transition part, the core swirler and a downstream transition part. The length of the swirler L s is a geometrical parameter to be studied so its length will be fixed later in the manuscript. And the downstream tube with a circular cross-section whose length L d own depends on L s and is adjusted so that the length of the test bench is always L * = 100. Finally, the outlet of the computational domain is placed just afterwards the tube downstream and is located at z * = 60.

The tube upstream was inserted in order to enable the development of the flow from the inlet to the entry of the swirler. Depending on the length of the swirler, which is limited to a maximum of L * s = 20, the length of the tube downstream is sufficient to monitor the evolution of the swirling flow from the exit of the swirler to the outlet of the domain.

Aside from the simulations performed to study this new swirler design, simulations were also performed with a bare tube in order to have some base data that could be compared to the results obtained with the swirler. However, for more transparency, the pressure drop and the heat transfer obtained with the swirler are compared to experimental correlations which will be described later.

C Validation of the numerical methodology

The numerical methodology adopted here is the same as the one described in chapter 2, that is the hypotheses on the flow, the numerical schemes and the turbulence model are identical. However, what has changed is the configuration of the test bench and also the geometry of the swirler. That is why a new meshing operation with cfMesh was performed along with a new mesh independence test. For the sake of conciseness, this other mesh independence test study is not presented here but the reader is referred to the publication of Indurain et al. [START_REF] Indurain | Numerical investigation of several twisted tubes with non-conventional tube cross sections on heat transfer and pressure drop[END_REF] , which could be found in appendix C, where this task is presented in details and where the Grid Convergence Index method from Roache [START_REF] Roache | Perspective: A method for uniform reporting of grid refinement studies[END_REF] was used.

The reliability of the results obtained from the CFD simulations could not be guaranteed until some validation tests of the numerical methodology are done. Provided that one of the purpose of this numerical study is to find a design of swirler, no experimental data were available to have elements of comparison. That is why, experimental works from the literature were chosen and numerically reproduced to acquire some numerical data that could be confronted to experimental values. The first step is to find a study whose geometry under investigation is close enough to the presented concept of swirler design.

Tang et al. [5] have numerically and experimentally studied the thermal and energetic performances of a continuous swirling flow generated by twisted tube whose crosssection is composed by three circular lobes. Their numerical test bench is different from the one of figure 3.4, and is composed by a twisted tube and two straight tubes placed at both ends of the latter and they all have a three-lobed cross-section. The twist pitch is P Tang = 4D whereas the length of the swirler is L * Tang = 40 and the length of the straight tubes is 5D. This test bench was reproduced in the present investigation to run simulations with the adopted numerical methodology described in chapter 2 and to compare the results of the simulations with the experimental data of Tang et al. [5].

In their experimental investigation, the working fluid was water and they calculated the pressure drop by measuring the pressure at both the inlet and the outlet of their test section with a differential pressure transducer. The global heat transfer was obtained by measuring the temperature of the fluid at the inlet and outlet of the test section with two T-type thermocouples. The authors have reported that the maximum experimental uncertainties for the friction factor and the Nusselt number were respectively of ±5.0 % and ±4.1 %.

The results obtained from the reproduction of the work of Tang et al. [5] in the present study and the results of the experimental investigation on heat transfer and pressure drop of Tang et al. [5] is exhibited in figure 3.5. Hence, it could be concluded that the adopted numerical methodology is able to capture the heat transfer and pressure drop of a swirling flow generated by a twisted tube with a non-circular cross-section. Although this verification might give confidence toward the reliability of the numerical results from the present study, it should be noticed that Tang et al. [5] have investigated a continuous swirling flow whereas in the present investigation,

II. UNDERSTANDING THE SWIRLING FLOW IN A TWISTED TUBE

the intensity of the swirling flow is decaying. That is why another validation step has to be done to acquire the certitude that the presented numerical simulations could be trusted.

This validation step has already been discussed in chapter 2 by accurately reproducing the results from the work of Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF], and it was shown that the employed numerical methodology was able to correctly compute the pressure drop penalty and the heat transfer enhancement of a decaying swirling flow.

The employed numerical methodology was validated by accurately reproducing the experimental data from the work of Tang et al. [5] and Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF]. Therefore, the results from the CFD simulations obtained with multiple configurations of twisted tube with non-circular cross-section swirler could be deemed reliable.

II Understanding the swirling flow in a twisted tube

In a first part, the influence of the twist pitch on the swirling flow generated by a twisted tube with an elliptical cross-section is investigated. The goal is to determine the influence of this parameter on the swirl intensity and on the heat transfer and pressure drop in the tube. This investigation was already discussed in Indurain et al. [START_REF] Indurain | Numerical investigation of various geometries of steam cracking furnace tubes for reduced fouling rate[END_REF] (Appendix D) and the reader is referred to this article for further explanations. Then, the twist pitch with which the best thermal enhancement was achieved is selected and another geometrical parameter is studied, the aspect ratio. Afterwards, the shape of the cross-section will be under investigation by comparing the results from a swirler with an elliptical and a threelobed cross-section. Here it is expected that the modification of the cross-section will have a significant impact on the intensity of the swirling flow. Some part of these studies on the aspect ratio and influence of the cross-section were also discussed in Indurain et al. [START_REF] Indurain | Numerical investigation of several twisted tubes with non-conventional tube cross sections on heat transfer and pressure drop[END_REF], (Appendix C).

In a second part, the effect of the transition element on the swirling flow will be covered. It will be shown that this is this specific element that enables a continuity of the swirling flow between the swirler and the tube downstream.

In a third part, the length of the swirler will be shortened to observe its influence on the swirling flow on both heat transfer and pressure drop. From this point forward, other tests will be done in order to have a vast array of data for comparison purpose.

In the last part, the twist pitch of the short length swirler will be investigated into greater depth. It will be put in evidence that short twist pitch enables a great heat transfer enhancement but the increased pressure drop is more severe and it will be shown why. A solution to circumvent this problem will be elaborated by changing from a constant twist pitch to a non-constant twist pitch.

A Twist pitch

The first configuration under investigation is a twisted tube whose cross-section is an ellipse with an aspect ratio of AR = 0.6. For writing convenience the swirler is called Short Element of Twisted Elliptical Tube (SETET) and has a length of L * s = 20. The transition parts are simple linear transitions which were obtained by a loft operation between a circular and an elliptical cross-section and can be seen on figure 3.6. The length of both transition parts is L * t r = 4. 

Evolution of the swirl intensity

The swirl intensity is still calculated using equation (1.2) from chapter 1 and will be used in every calculation of the swirl number for the rest of the manuscript. The calculation is performed at various locations from where the rotation begins, that is, at the exit of the upstream transition to z * = 50, which is, 10D upstream of the exit of the computational domain to avoid any numerical side effect. The evolution of the swirl intensity, for a Reynolds number of Re = 10 000 is shown in figure 3.7 and it could be noticed that the axial evolution of the swirl intensity could be broken down into three phases.

The first one is the region where the flow is in the swirler and where it acquires its where the maximum swirl number at Re = 10 000 was 0.43. It seems that the two SETET with the highest twist pitch could only create a swirling flow with a low intensity, while the SETET with the lowest twist pitch could create a swirling flow with a moderate intensity.

Besides, it could be noted that the two SETET with P * = 20 and P * = 10 could never reach the maximum swirl intensity of the SETET with P * = 5.

The second phase is the region where the flow exits the swirler and enters the downstream transition part and it should be noticed that there is a rupture in the continuity of the swirling flow for the three cases. In the downstream transition element the wall of the tube is not twisted therefore the rotation of the fluid is not supported anymore which leads to a brutal decrease in the intensity of the swirling flow even before the flow has reached the tube downstream with a circular cross-section. Although the transition downstream is essential to assure the geometrical continuity between the elliptic and circular cross-sections, this element should also support the rotation of the flow from the exit of the swirler to the tube downstream where the swirling flow is left to decay. The study of the shape of the transition elements will be covered later in this manuscript.

In the third phase, the swirl intensity decreases and seems to follow an exponential trend, this is the decaying swirling flow region. By performing a curve fitting operation
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between the axial evolution of the swirl intensity in this region and the exponential decay as in equation (1.4), the decay rate of each swirling flow could be calculated. For the P * = 20, P * = 10 and P * = 5 cases the coefficient of determination R 2 for the curve fitting is respectively of 0.9502, 0.9793 and 0.9897 and the decay rate is respectively of 0.0424, 0.0506 and 0.0526. Despite the variations the different decay rate are actually quite close to each other and at the end of the computational domain, each of the investigated SETET has lost around 84 % of their respective maximum values.

It is also interesting to observe the axial evolution of the swirl number with the Reynolds number and this can be seen in figure 3.8 for the SETET with P * = 5 and in figure 3.9 for the P * = 10 case. This evolution has to be compared with the one seen in figure 3.9, where not only the maximum swirl intensity changes from one Re to another but also where the decay rate is a function of the Reynolds number.

Those differences between the two cases might be explained by that in the P * = 5 case, the flow undergoes four 360 • loops and as a consequence the swirling flow is well established on the given length of the SETET and it could not gain anymore strength, as seen in table 3.1 where the maximum swirl number does not vary much with Re, which leads to a similar decreasing intensity on phase 3. In the P * = 10 case, the flow only goes through two 360 • rotations which might no be enough to create a fully developed swirling flow and thus the swirl number could be intensified with the increasing Reynolds number. Because Re 10 000 30 000 50 000 80 000 100 000 S max with P * = 5 0.12 0.14 0.14 0.14 0.14 S max with P * = 10 0.07 0.09 0.09 0.08 0.08 Table 3.1 -Evolution of the maximum swirl number with the Reynolds number for both the SETET P * = 5 and P * = 10

Thermal and energetic performances

The evolution of the pressure drop increase, calculated between the inlet of the swirler and z * = 50, with Re is displayed in figure 3.10.

It could be observed that irrespective of the twist pitch, the added pressure loss increases with the increasing Re, as it is the case for a bare tube. Yet for P * = 5, past Re = 80 000 the added pressure loss seems to stall. At a given Reynolds number it is also clear that the lower the twist pitch the greater the pressure drop even if the variation between P * = 20 and P * = 10 is lower than the increase between P * = 10 and P * = 5. Although the SETET P * = 5 enables a developed swirling flow with the highest swirl number among the three cases, this is at the cost of a higher pressure drop. It is likely that, a considerable amount of the pressure loss is linked to the length of the swirler, because of the extended shear stress imparted by the swirling flow in the twisted tube. A reduction of the swirler length might lead to a significant reduction of the pressure drop. Furthermore, as seen in It could be noted that the SETET enables a good to great heat transfer enhancement depending on the Reynolds number. The evolution of the heat transfer enhancement follows the same trend as the pressure drop increase with the increasing Re. However, the variation in Nu/Nu p between the different cases is less strong than with the added pressure loss.

Therefore, it should be verified if the studied swirler could be energetically efficient by calculating the PEC and the evolution of this quantity could be seen in figure 3.12. The calculations give an increased temperature homogeneity in the P * = 5 and P * = 10 cases of respectively 1.12 and 1.04. Therefore, the P * = 5 case is quite efficient toward the homogenization of the temperature in a cross-section which might be due to its ability

II. UNDERSTANDING THE SWIRLING FLOW IN A TWISTED TUBE

to generate a fully developed swirling flow. This aspect is an asset for an application in steam cracking. Furthermore, the possible sources of pressure drop have been identified

and improvement on the swirler could be performed to reduce the pressure loss penalty.

That is why, it is considered that for the desired application, the SETET with a twist pitch of P * = 5 is the best candidate so far and this value for the twist pitch is hence maintained for the rest of the parametric study.

B Aspect ratio

The second parameter that was tested is the aspect ratio, AR = b/a as seen on figure 3.2.

The same geometric parameters as before are conserved here along with a twist pitch of P * = 5. Just another aspect ratio is tested which is AR = 0.7, which means that the elliptical cross-section is closer to a circular cross-section. It is expected that the generated swirling flow might be less intense than with the AR = 0.6 case but also that the pressure drop is lowered.

Evolution of the swirl intensity

Axial evolution of the swirl number for two SETET with different aspect ratios and, for comparison purpose, the case with SETET P * = 10, AR = 0.6, could be observed in figure 3.13. and P * = 5, AR = 0.7 cases, it is not guaranteed that they will yield the same pressure drop penalty and heat transfer enhancement.

Thermal and energetic performances

Evolution of the pressure drop increase and heat transfer enhancement could been seen respectively in figures 3.14 and 3.15. For both quantities it is easily observable that they increase with the increasing Reynolds number and in addition heat transfer enhancement along with pressure drop increase are higher with the SETET P * = 5, AR = 0.6 than with the two others. What is also interesting is the evolution of those quantities with SETET P * = 5, AR = 0.7 and P * = 10, AR = 0.6.

Although the former exhibits higher heat transfer enhancement and a greater pressure loss, which is in line with the evolution of the swirl number, they both have very similar values. These latest results could have a practical application especially regarding the fabrication aspect of such device. If the shape of a cross-section with a given aspect ratio is deemed too difficult to obtain, in order to still get the desired heat transfer performances, the aspect ratio could be increased provided that the twist pitch is lowered and vice versa. Finally, the evolution of the PEC for the three SETET could be seen in figure 3.16 and it is clear that, at a given Re, they all have the same PEC except at the highest Reynolds number where SETET P * = 5, AR = 0.6 exhibits a higher PEC compared to the two others. imum intensity and because all the SETET features the same decay rate, the effect of this swirler should be maintained over a longer distance downstream of the swirler. This also has a practical consequence where fewer twisted tube swirler could be inserted in a furnace and thus reducing the cost of production of such enhanced furnace. Second, the higher heat transfer enhancement between the tubes wall and the flowing fluid should help to better mitigate the growth of the coke layer and over a greater distance. Finally, the better overall temperature homogeneity in a cross-section could also help toward the selectivity of light olefins in a steam cracking operation. Consequently, both the current twisted pitch and aspect ratio are kept for the rest of the parametric study.

C Modification of the cross-section

The next geometric parameter under study is the shape of the swirler cross-section by changing from an elliptical cross-section to a three-lobed cross-section as presented in section A. The presence of the lobes is thought as channels for the flow in order to divide the main flow into four regions, one in each lobes and the rest at the center of the tube as seen in figure 3.17. As a consequence, tangential momentum could be more easily imparted to the flow. The swirler with a three-lobed cross-section is called short swirler with three lobes and is abbreviated as S3L in the following. In phase 2 for both swirlers the swirl intensity decreases dramatically because of the abrupt end of the twisted wall. However, it is also surprising to notice that on the contrary of the SETET, in the S3L, the swirl number increases again before the end of phase 2. This might be due to the fact that the three-lobed swirler has a smaller cross-section area than the tube downstream with a circular cross-section and because of the surface expansion, the mean axial velocity is lowered and the tangential momentum could then rise a little.

The variation of cross-section area is a source of pressure drop and that is why this issue should be addressed by designing a swirler whose cross-section area is as close as possible as the cross-section area in the tubes with a circular cross-section.
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In phase 3, both swirling flow lose gradually in intensity and the decreasing intensity of the swirling flow could be approximated by an exponential function and for the S3L case the curve fitting operation gives a coefficient of confidence R 2 = 0.9756 and a decay rate β = 0.0488 which is a little lower than for the SETET swirler. This means that the swirling flow generated by the S3L will last over a greater distance in the tube downstream than the SETET. At the end of the computational domain, for the S3L and SETET cases, the swirl intensity has lost respectively 80.4 % and 82.8 % of its maximum intensity. However, this greater swirl intensity is inevitably accompanied by a greater pressure loss.

Thermal and energetic performances

Evolution of the increased pressure drop and enhanced heat transfer could be seen respectively in figure 3.19 and 3.20. Improvements could also be done on the former source of pressure drop especially in the S3L as it was seen that the maximum swirl intensity is not reached at the end of the four 360 • rotations of the twisted tube but after the first one. Hence, a reduction of the swirler
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length might yield to less pressure drop but also because the maximum of the swirl intensity would be greater, the swirling flow in the tube downstream could last over a quite long distance too.

On the bright side, heat transfer is greatly enhanced with the S3L as seen in figure 3.20 and this might be due to the intense mixing within the swirler and the stronger swirling flow in the tube downstream. However, with such high pressure drop, the S3L as it is might not be a good candidate
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for an application in steam cracking. Furthermore, the present transition elements have an adverse effect on the flow, which is detrimental toward pressure drop. That is why, more suitable transition elements have to be designed in order to avoid the fall of the swirl intensity at the exit of the core swirler and in turn to help reducing the global pressure loss.

D Importance of the transitions parts

In figures 3.7 and 3.13 for instances, displaying the axial evolution of the swirl intensity in the swirler and in the tube downstream, the sudden drop of the swirl intensity at the end of phase 1 is a concern because it greatly modifies the developing swirling flow. This is caused by the design of the downstream transition part which is simply a linear loft between the non-circular and the circular cross-sections. While in the core swirler the flow is guided into rotation by the wall of the twisted tube, in the transition part, this support is abruptly halted. One of the purpose of this new design of swirler is to guide the flow as smoothly as possible, hence a new design of transition element has to be created.

In the previous results, it could be easily observed that the evolution of the pressure drop increase and heat transfer enhancement are similar with the increasing Reynolds number that is both are rising. Knowing this and for the sake of clarity, in the rest of the manuscript the results at only one Reynolds number, Re = 10 000, are shown and discussed unless stated otherwise.

Linear transitions parts with a rotation

The idea is to create a transition element which not only performs a geometrical transition between the two different cross-sections but also that initiate the rotation motion for the upstream transition part and that leads the developed swirling flow into its decay phase for the downstream transition. To that end, while the initial cross-section progressively evolves toward its final form, it also performs a rotation whose magnitude depends on the twist pitch. At the junction between the transition part and the core swirler, the rotation should also continue smoothly. Example of a Transition element with Rotation (TR) adapted for a three-lobed cross-section swirler is shown in figure 3.22 but similar TR elements were also designed for the SETET case. It should be reminded here that for the TL case, the swirl number is calculated where the swirling flow starts to emerge which is at the inlet of the core swirler. While for the TR case, the rotating flow is initiated in the transition element. In figure 3.23, it must be noticed that there is a quite strong difference between the evolution of the swirl intensity in phase 2 between the two considered cases. With the TL elements, the swirl intensity drops dramatically as already reported in the sections above, while with the TR elements, no such discontinuity is observed. Instead, the developing swirling flow in phase 1 enters quite naturally in its decay phase by following an exponential decrease. However, the maximum swirl intensity in the TR case is lower than with the TL because in the latter case, the length of the core swirler is 20D while in the former is 10D, hence in both cases not the same number of 360 • rotations are performed within the core swirler. In spite of this difference of maximum swirl intensity, a curve fitting operation performed on the values of the swirl number in phase 3 with the TR case indicates that its decay rate is β = 0.0483 which is slightly lower than the TL case with a decay rate β = 0.0503 which means that the TR elements also enables a slower decay of the swirling flow. But what is also important to determine is whether or not these new transition elements enable a reduction of the pressure drop which was partially caused by the drop of the swirl intensity in phase 2 because of the linear transition element. It must be noticed that the SETET TR has a substantial lower pressure drop increase than the SETET TL. Of course, this might not only be due to the TR element but also because of the length reduction of the core swirler. However, what is also interesting is the increase of the global heat transfer enhancement which might be caused by the improved guidance of the swirling flow into its decay phase. The combined reduced pressure drop and improved heat transfer yield to a better PEC with the SETET TR case which proves that the utilization of TR elements is energetically efficient. Nevertheless, the global temperature homogeneity improvement is lowered in the TR case, which might also be linked to the reduction of the core swirler length. From the latest results, it becomes clear that the utilization of TR elements have several advantages as seen before. It is therefore important to determine if this kind of transition element could be further improved.

Influence of the length of the TR elements

Three distinct TR have been investigated which are characterized by the rotation they performed before joining or quitting the core swirler which are a 2π, π and π/2 rotations.

The lengths of the TR elements are a function of the twist pitch of the core swirler and are respectively P, P/2 and P/4, yet the length of the swirler remains L * s = 20. The axial evolution of the swirl number for the three different cases is displayed in figure 3.24.

The axial evolution of the swirl number for the two SETET with the shortest TR elements are very similar considering either phase 1, 2 or 3. One of the main difference between the two is that the core swirler could perform 3 or 3.5 360 • rotations. On the contrary, the differences with the longest TR are more marked with a global lower swirl intensity.

The global performances of the three configurations are shown in table 3.3.

It should be noted that while the pressure drop penalty increases with the shortening of the TR element, this is not the case with the heat transfer enhancement where the maximum is reached with the TR L t r = P/2 case and this is also for this SETET configuration that the maximum PEC is reached. Nonetheless, it is not clear why the global improved temperature homogeneity in a cross-section decreases with the decreasing length of the TR element. Yet the diminution is quite low between the three cases. It is also interesting to note the increase of the decay rate with the shortening of the transition element which reaches β = 0.0504, a value really close to the one reached by the SETET with a TL element and by the studied axial guide vane swirler in chapter 2. It could be concluded that in order to have the highest swirl number and a swirling flow that could last over a long distance along with a good balance between heat transfer enhancement and pressure drop penalty, the TR element with L t r = P/2 should be chosen.

III Elements to create a unique swirler design

It was seen in the previous sections that some guidelines should be followed to obtain the best swirler possible. The transition elements between the circular and non-circular cross-section tubes should allow both a smooth geometrical transition between the two cross-sections but it should also guide the flow into rotation when entering or exiting the core swirler. It was also seen that the shape of the cross-section of the swirler has a large impact on the intensity of the swirling flow and on the heat transfer and pressure
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drop capacities of the device. A three-lobed cross-section swirler could yield to a more intense and thermally effective swirling flow than an elliptical cross-section swirler yet some efforts have to be made in order to reduce the increased pressure drop penalty. In addition to the improved transition elements, the length of the core swirler should be significantly reduced because the maximum of the swirl intensity is reached in the first 360 • rotation of the S3L. Besides, the cross-section area should be kept constant between the circular and non-circular cross-sections to avoid any additional source of pressure drop. Those elements have been taken into consideration and a new shorter S3L has been created.

A Shortening the length of the swirler

The length of the new swirler with a three-lobed cross-section is L * s = 10 including the TR elements which both have a length L * t r = 2.5. The twist pitch of the short S3L (denoted in the following ShS3L) is P * = 5 and its aspect ratio is AR = 0.6.

The axial evolution of the swirl number in this new swirler compared to the previously investigated SETET with TR elements and S3L with TL elements is shown in figure 3.25. with TR elements achieves the highest swirl intensity. Second, its swirl number decreases continuously in the tube downstream and its evolution in this region matches the evolution of the swirling flow in the tube downstream of the SETET with TR elements. This is interesting because the length of ShS3L TR is half the length of the SETET TR and they both create a decaying swirling flow in the tube downstream that could last over the same distance nonetheless. Finally, it could also be noticed that the maximum of the swirl intensity in the ShS3L case is approximately the same as in the S3L case. However, be-
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cause the core swirler of the S3L is longer than the ShS3L, the swirling flow could last over a greater distance in the tube downstream of the swirler in spite of the discontinuity in phase 2. Yet this is at the cost of a large pressure drop.

The energetic performances of the various investigated swirlers along with some data on their respective swirling flow at Re = 10 000 are shown in table 3 It could be noticed that the ShS3L TR swirler exhibits a lower pressure drop increase than both the S3L and SETET TR cases. This is especially due to the shortening of the length of the core swirler and as a consequence the global heat transfer enhancement is also lower yet its PEC is significantly higher than the S3L swirler and lower than the SETET TR case. The global improved temperature homogeneity is also lower in the ShS3L TR case than with both the SETET TR and S3L. This might be due to the lower forced mixing in the ShS3L case compared to the two others.

From the previously discussed results it is clear that the reduction of the length of the core swirler has a positive impact on pressure drop. Besides, the adoption of TR elements enables a continuous evolution of the swirling flow from the exit of the core swirler and in the tube downstream. Furthermore, the ShS3L TR case exhibits a lower pressure drop than the SETET TR case for a similar decaying swirling flow even if the length of the core swirler is half the one of the SETET TR yet this is at the expense of a lower heat transfer enhancement and global improved temperature homogeneity. Nevertheless, improvements could be done to the ShS3L to obtain a better global heat transfer enhancement and a better global improved temperature homogeneity.

Combining different transitions elements

It was seen, for instance in figure 3.23, that the utilization of a TR element instead of a TL, downstream of the core swirler has a significant impact on the axial evolution of the swirl intensity in phase 2. However, the advantages of placing such element upstream of the core swirler is less clear. That is why, another configuration of ShS3L was tested with a TL element upstream and a TR element downstream of the core swirler in order to determine if there are real benefits to put a TR element upstream of the core swirler.

The axial evolution of the swirl intensity for the previously studied ShS3L TR and the new configuration with both kind of transition elements is shown in figure 3.26. On the one hand, it could be noticed that the utilization of a TR element upstream of the core swirler enables to reach a higher maximum swirl intensity. This might be because the rotational motion is initiated in the TR upstream and then the swirling motion gains in intensity within the core swirler, whereas with the TL upstream the swirling flow has to be initiated within the core swirler itself.

The spacial development of the swirling flow for both cases is therefore not the same.

On the other hand, although both swirlers have a TR element downstream of the core swirler, the axial evolution of the swirl intensity in the tube downstream for both cases is different. The ShS3L TR swirler exhibits a faster decrease of its swirling flow than the other one even if the difference between the two is quite small. The values of the maximum swirl intensity and the decay rate for both cases is shown in table 3.5. There is a quite large difference between the two swirlers regarding their decay rate with a relative difference of 15.5 % which means that the swirling flow in the swirler with the two kinds of transition elements will last over a longer distance in the tube downstream than the ShS3L. Furthermore, this is not at the cost of a greater pressure drop because, as seen in table 3.5, the pressure drop increase of the ShS3L TL & TR is lower than the ShS3L case yet it also has a lower global heat transfer enhancement but the two swirlers have the same PEC which means that they are energetically equivalent. As a consequence of the above discussed results in this paragraph, it would be recommended, as an alternative, to use a ShS3L with TL element upstream and a TR element downstream of the core swirler to get a longer lasting swirling flow and at a reduced pressure drop penalty. 
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Shape of the crests between the lobes

Up to now, the crest of the three-lobed cross-section, as seen in figure 3.2, were round and had a small curvature. It was investigated here, the influence of changing the shape of these crests by decreasing the angle defining the width of the crest γ. As a consequence, the crests are sharper and the area covered by the lobes compared to the area of the crosssection is greater. A sketch of the studied swirlers cross-section is shown in figure 3.27. It is interesting to note that the ShS3L with sharp crests reaches a higher maximum swirl number than the other ShS3L. One explanation could be, given the fact that in the ShS3L with sharp crests, the lobes are larger than in the other case, more fluid could be channeled into rotation, giving the rise of a higher maximum swirl number. This could be seen in figure 3.29 where the tangential velocity in a cross-section of the core swirler at z * = 5 is displayed. It can be noticed that not only the maximum tangential velocity is greater for the sharp crests case but also that in this later case the contours of the tangential velocity are following with more ease the shape of the lobes. When considering the decay rate of both swirlers, which are displayed in table 3 It is interesting to note that despite a higher maximum swirl number, the decay rate is still lower than the ShS3L with round crests and this is on the contrary of what was seen in the previous section, where a higher maximum swirl number did not lead to a lower decay rate. This stronger swirling flow also yields to a greater pressure loss penalty yet it also leads to a better heat transfer enhancement which in turns gives a better PEC for the ShS3L with sharp crests. It should also be noticed that the rise in increased pressure
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loss between the two cases is lower than the extended improved heat transfer. It could be concluded that enlarging the area covered by the lobes leads to a more intense swirling flow which will last over a longer distance in the tube downstream than with the ShS3L swirler with smooth crests. This will also be at the cost of a higher pressure drop but the heat transfer augmentation will also be greater. However, considering the fabrication of such swirler, it is unlikely that such sharp edges could be obtained. Therefore, the ShS3L TR swirler might be a better candidate as its fabrication might be more feasible.

Complementary tests

Another set of tests were performed on the ShS3L swirler geometry to further investigate this design and to verify the findings with the SETET configuration by changing the aspect ratio, the twist pitch and the swirler length. Three new cases were studied, the first is a ShS3L swirler with a lower aspect ratio AR = 0.5 instead of AR = 0.6. The second is a ShS3L with a lower twist pitch P * = 2. The last one is a ShS3L with a shorter core swirler whose length is half the one of the base ShS3L TR case leading to a total swirler length of L * s = 7.5. Every new configurations have TR elements with a length of L * t r = 2.5 which is included in the total length of the swirler L s . Those geometrical parameters are summed up in table 3 The axial evolution of the swirl number for the new configurations is shown in figure 3.30.

One of the most striking feature is the behavior of the swirl intensity in the AR = 0.5 case which exhibits a higher swirl number within the core swirler and in the tube downstream. However, this was expected as seen above in the parametric study of the SETET swirler. What is more surprising is the evolution of the swirl intensity of the P * = 2 case which is very similar to the base ShS3L case while it would have been expected a higher swirl intensity as observed in section A with the elliptical cross-section swirler. Furthermore, within the core swirler an oscillating pattern of the swirl intensity could be noticed.

Nevertheless, in opposition to the other cases, and even those investigated earlier, the steep decrease of the swirl intensity after reaching its maximum value is operated within the TR element downstream and not midway of the core swirler. The causes of such behavior could be detected by analyzing the flow field within the swirler and will be covered afterward. The evolution of the swirl intensity in the shorter ShS3L is quite similar to the It is interesting to note that the decrease of the aspect ratio causes an increase of the pressure drop but to a lower extent of what was seen in section B, but the decrease of the twist pitch generates a tremendous increase of the pressure loss penalty. The shortening of the core swirler is also accompanied by a reduction of the pressure drop but not of the heat transfer enhancement which yields to a slightly higher PEC than for the base ShS3L.

Although, the heat transfer enhancement is greater with the AR = 0.5 and P * = 2 cases, the decay rates are also higher. For the former case, the higher maximum swirl intensity compensates the higher decay rate yet this is not the case for the latter case. These results emphasize that the reduction of the aspect ratio along with shortening the length of the core swirler could be beneficial yet this is the contrary with the twist pitch. Considering the fabrication perspectives, the shortening of the core swirler must be profitable because of the reduction of raw material to create the swirler. However, the reduction of the aspect ratio could make the fabrication of the swirler more challenging.

To further investigate the modifications on the flow enabled by each of the studied parameters, the axial evolution of the mixing cup temperature is shown in figure 3.31. It could be observed in table 3.8 that the global improved temperature homogeneity is ranging from 1.03 for the shorter ShS3L to 1.11 for the ShS3L P * = 2 case. Again the evolution of the mixing cup temperature for both the ShS3L and L * s = 7.5 cases is very similar with a slight difference appearing between z * = 7.5 and z * = 10. What is more interesting is despite a higher swirl intensity, the AR = 0.5 ShS3L exhibits a higher mixing cup temperature than the P * = 2 swirler and this is true within the swirler and in the III. ELEMENTS TO CREATE A UNIQUE SWIRLER DESIGN tube downstream. One explanation could be, even though a greater portion of the flow goes into a rotational motion with the AR = 0.5 swirler, the heat exchange between the different fluid layers is more effective when the flow is more intensively mixed as with the P * = 2 ShS3L than when a greater portion of fluid is being heated. As a consequence, this parameter seems to be quite important to achieve the best temperature homogenization in a cross-section, provided that the pressure drop could be reduced with a low twist pitch.

Flow within the core swirler

With the purpose of understanding the evolution of the swirl number within the core swirler of case P * = 2, the axial and tangential velocity in this region was investigated and could be seen respectively in figure 3.33 and 3.34. As the flow enters the TR element upstream of the core swirler only a small amount of the stream is concentrated in the lobes, yet within the core swirler a greater portion goes into the lobes and the rest of the flow is concentrated around the tube axis. It could also be noticed on the scale that it goes from the positive to the negative values of U z which means that there are some flow reversals in the swirler. At a first glimpse they seem to be located in the lobes and close to the junction between the TR element upstream and the core swirler. A closer look on this region, as depicted in figure 3.35, reveals that there is effectively a small separation region in the lobes. These flow reversals inside the lobes might be the reason why the swirl intensity exhibits such an oscillating behavior within the core swirler. Furthermore, they are a source of added pressure loss. However, it seems that they are less marked within the core swirler close to the TR downstream. This could mean that even if there is a TR element upstream, the adopted twist pitch imposes a too strong curvature to the wall of the swirler and as a consequence the flow is unable to follow the lobes without flow separation. This suggests that there is a need to correctly drive the flow while the swirling flow is developing with an appropriate twist pitch but once it has reached its maximum value, the twist pitch could be shortened to keep the intensity of the swirling flow at its maximum.

B From a constant to a variable twist pitch

Evolution of the twist pitch

As discussed before, the best mixing cup temperature is achieved with the ShS3L P * = 2 case yet at the expense of a great pressure drop. To some extent, the pressure loss is also linked to the flow reversal within the core swirler close to the junction with the TR element upstream which might be caused by a too severe curvature of the walls of the twisted tube whereas the swirling flow is still developing. In order to avoid such flow separation, a higher twist pitch has to be chosen at the entrance of the core swirler and consequently in the TR element upstream. Nonetheless, to keep the swirl intensity high within the core swirler and let it decrease only in the TR element downstream, the twist pitch should be lowered. Hence, this is possible only by adopting a variable twist pitch along the length of the core swirler. Two methods are presented here.

The first one simply consists in dividing the core swirler in half with each half having its own twist pitch. The first half, along with the TR element upstream, has a twist pitch of P * = 5. While the second half, along with the TR element downstream, has a twist pitch of P * = 2. This swirler is shown in figure 3.36 and is called ShS3L two twist pitch and denoted ShS3L 2TP.

In the second, the twist pitch evolves with the axial position from P * = 5 to P * = 2.

The TR elements upstream and downstream have respectively a twist pitch of P * = 5 and P * = 2. The geometry of such design of swirler is shown in figure 3.37 and is called ShS3L It should be noticed here that the scale of the axial velocity does not go below zero which means that there is no flow separation in the axial direction within the core swirler on the contrary of the ShS3L P * = 2 case. For the azimuthal velocity, even if the maximum tangential velocity is reached with the ShS3, P * = 2 case, this is also with this last one that the highest reversal of the tangential velocity occurs. The axial evolution of the swirl intensity is shown in figure 3.40 and it could be observed that the evolution of the swirl number for both non constant twist pitch swirlers is quite different from the base ShS3L case within the core swirler.

For the ShS3L 2TP case the maximum of the swirl intensity is reached further in the core swirler than in the ShS3L case. Furthermore, the steep decrease of the swirl number is initiated at z * = 7.5 that is in the TR element downstream whereas in the ShS3L, this happens at z * = 5.5 which is after the first half of the core swirler. For the ShS3L VTP case, the evolution of the swirl intensity is more complex. It follows the evolution of the ShS3L swirler in its first half reaching a local minimum, then as the twist pitch becomes lower, the swirl intensity rises again up to its maximum value at z * = 7.5 which is at the end of the core swirler. Afterwards, the swirling flow enters its decay phase. In this region the evolution of the swirl number of both non constant twist pitch swirlers is similar and at the end of the computational domain they both have higher values than the base ShS3L swirler. Nevertheless, they exhibit a higher decay rate, as shown in table 3.9, than the ShS3L swirler.

Thermal and energetic performances

Thermal and energetic performances of the investigated geometries are shown in table 3.9. It is interesting to note that the ShS3L 2TP causes less pressure drop penalty than the ShS3L P * = 2 with a reduction of 6.4 % whereas the heat transfer enhancement is further increased by 0.9 % leading to a PEC of 1.15. With the ShS3L, VTP the pressure loss penalty is less severe than in the other non-constant twist pitch case and this comes along a lower heat transfer enhancement yet it remains quite high compared to the ShS3L swirler and its PEC is a little higher. It was seen in the sections above that the ShS3L, P * = 2 swirler enables a good increase of the temperature homogeneity in a cross-section of the swirler and in the tube downstream. It must be verified if this enhancement is still true with the last studied swirlers and the axial evolution of the mixing cup temperature is shown in It should be noted that both non-constant ShS3L have a lower mixing cup temperature than the bare tube and base ShS3L, which means that they achieve to have a greater temperature homogeneity in a cross-section of the swirler and in the tube downstream.

III. ELEMENTS TO CREATE

The ShS3L, 2TP performs a little better with a global increase of temperature homogeneity of 1.10 while the ShS3L, VTP reaches 1.08. The adoption of a non-constant twist pitch seems to give great results considering heat transfer enhancement and increased temperature homogeneity yet this is at the cost of a higher pressure drop increased compared to IV. CONCLUSIONS a base ShS3L swirler even if the added pressure loss is still moderated especially in comparison to the S3L and the axial guide vane swirler presented in chapter 2. The utilization of a continuously varying twist pitch enables a lower pressure drop penalty than the two shifts twist pitch ShS3L which might be better for an application in the steam cracking industry. Furthermore, considering the fabrication of those non-constant swirlers, with the ShS3L 2TP, the core swirler might be composed by two pieces one with its own twist pitch, hence a welding operation should be done to obtain the swirler which could lead to some inconvenience. On the contrary, due to the nature of the ShS3L VTP, the core swirler could only be obtained in one piece which avoids a welding operation.

IV Conclusions

In this chapter the conception of a new design of swirler for an application in the steam cracking industry was investigated. The swirler is a twisted tube whose cross-section is non circular and whose length is short compared to the rest of the circular cross-section tube. In order to ensure a geometrical transition and to correctly drive the flow into rotation into the swirler, transition elements are used between the core swirler and the tube with a circular cross-section. It was shown that the adoption of a Transition element with Rotation (TR) downstream of the core swirler enables a reduction of the increased pressure drop and assures the continuity of the swirling flow between the developing and the decaying regions. In the parametric study, it was also put in evidence that a swirler with a three-lobed cross-section could create a swirling flow with a moderate maximum swirl intensity and that the swirling flow could persist over a long distance in the tube downstream. It was also shown that a ShS3L could achieve similar to better performances than a SETET while having half the length of the latter. The adoption of a non-constant twist pitch for the core swirler leads to a great improved temperature homogeneity along with a great heat transfer enhancement which should be beneficial for an application in steam cracking. Furthermore, it was also stressed out that some combinations of parameters could improve the performances of a given swirler design.

Using a linear transition upstream and a TR element downstream should yield to a lower pressure drop and a lower decay rate, while enlarging the lobes area by having sharper crests could further boost heat transfer. Nevertheless, all these geometrical considerations should be weighted against the constraints linked to the fabrication in order to opt for the best swirler design with the above mentioned recommendations. One of the purposes of chapter 3 was to develop a new swirler technology for an application in the steam cracking industry based on its thermal and energetic performances. This was achieved by proposing the utilization of a short length twisted tube with a three-lobed cross-section swirler, equipped with TR elements, and a non-constant twist pitch. Although the pressure drop increase and the heat transfer enhancement of the new swirler were deemed quite satisfactory compared to the studied axial guide vane swirler in chapter 2 and compared to the data in the literature, it also has to be compared to some swirler designs that are close to the technologies already employed in the steam cracking industry. However, the available data from the literature regarding those technologies, for example those compiled in table 1.1 in chapter 1, are from various sources and were not obtained at the same Reynolds numbers and using the same methods, that is experimental or numerical using LES simulation, numerical using EVM models and so on and so forth. Consequently, even if they might be considered reliable, they could not be directly compared with one another. That is why, in order to compare the results obtained with the newly created swirler, some new geometries that are close to the swirlers used in the steam cracking industry were reproduced numerically and CFD simulations using the adopted method in this study were performed to determine their thermal and energetic performances. It is also interesting to determine the possible benefits of using one swirler design over another in a steam cracking furnace and to do so, a case study of a specific steam cracking furnace design was undertaken by performing simulations with the commercial software Coilsim1D [START_REF] Djokic | IMPROOF: Integrated model guided process optimization of steam cracking furnaces[END_REF] and by using some of the data from the CFD simulations.

I Reproduction of the competing technologies

The reproduction of the steam cracking swirler technologies were done with the available resources in the literature. Furthermore, the adopted numerical test bench is the same as the one described in chapter 3. Depending on the nature of the technology that is, a discrete or continuous swirler design, the tube downstream of the swirler might or might not be present. Furthermore, considering that the previous tests in chapter 3 were performed at the same Reynolds number of Re = 10 000, in order to have a y + < 1, all the simulations presented in this chapter were done at this same Reynolds number. Besides, the same numerical methodology adopted so far was reused in the present work.

A Finned tube

A Finned Tube geometry, shown in figure 4.1, and denoted FT in the following, was created because this technology is widely used in steam cracking furnaces [8,33].

The adopted finned tube is composed of 10 straight fins whose height is h f /D = 0.28.

The fin tops are placed on a circle whose diameter, D, is the same as the circular cross- The HT has both a low amplitude and a low curvature and its geometry could be seen in To prevent the swirling flow from vanishing, Zhang et al. [START_REF] Zhang | Enhancement of heat transfer by swirling element of radiant tube in cracking furnace[END_REF] have inserted several twisted tapes separated from each other by a given distance. This was reproduced here by inserting a second twisted tape 30D downstream of the inlet of the first one. Conse- With the second baffle, the rotational motion should persist until the end of the computational domain. However, the insertion of two baffles might be detrimental toward the pressure drop penalty.

D Helical ribbed tube

The Helical Ribbed Tube, denoted HRT in the following, is composed of multiple discrete ribs that are placed on the inner wall of the tube and they could be seen in figure 4.7.

Their height is h * HRT = 0.05 and their width is d * HRT = 0.15. They are arranged in the tube so that they follow a helical path whose twist pitch is P * HRT = 1 and there are 6 ribs in one twist pitch. The presence of the ribs causes a reduction of the circular cross-section area of 1 % compared to the circular cross-section tube upstream. The geometry of the HRT is shown in figure 4.8.

Ribs act as obstacles on the flow and thus generating flow separation both upstream and downstream of them as described in the work of Labbé [START_REF] Labbé | Large-eddy-simulation of flow and heat transfer in a ribbed duct[END_REF]. The recirculation zone especially downstream of the ribs should help the mixing of the different fluid layers close to the wall, hence improving the heat transfer in this region [START_REF] Labbé | Large-eddy-simulation of flow and heat transfer in a ribbed duct[END_REF]. Furthermore, the helical pattern of the ribs should be able to convert a portion of the incoming flow into a swirling flow. 

II CFD simulations and comparisons of the different technologies

CFD simulations were performed with all the above presented geometries. With the exception of the LHF, they were performed in the exact same way as for the ShS3L which was discussed in chapter 3. The LHF was simulated in a different way because the meshing of the helical fins over a length of 60D has led to a computational domain composed of more than 6.3×10 7 cells which required too much computational resource. Therefore, a shorter domain, L * LHF = 15, was employed with the application of periodic boundary conditions, in the same way as for the validation case of Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] presented in chapter 2. As a consequence, in the LHF the swirling flow is fully developed meaning its properties will not depend on the axial direction z * , while for the other simulation, the swirling flow is developing along the length of the swirler technology.

A Swirl intensity of the different technologies

The evolution of the axial swirl intensity is shown in figure 4.11.

First of all, it should be noticed that the Twisted Baffle Tube enables the generation of an intense swirling flow, the highest of the studied swirler geometries with a maximum swirl number of S TBT max = 0.50. This is due to the insert which forces the whole incoming flow to follow the curvature of the baffle. As a consequence, tangential momentum Second, it could be observed that, the other continuous swirling flow devices generate rotational flow with a low swirl intensity compared to the maximum reached within the ShS3L. Although for the HT and HRT swirlers, the swirl intensity is increasing with the axial distance, their maximum values are still lower than the ShS3L. The results for the LHF case were adapted to fit on the figure but it could also be noted that despite having helical fins, it does not enable the generation of an intense swirling flow, therefore the mixing of the fluid might be more concentrated close to the fins as explained by Dastmalchi et al. in their study [START_REF] Dastmalchi | Numerical investigation of heat transfer and pressure drop of heat transfer oil in smooth and microfinned tubes[END_REF]. The swirl intensity of the three previously discussed swirler becomes eventually higher than the swirl number of the ShS3L. For the LHF, this happens at z * = 26 whereas for the HT it appears at z * = 32. With the HRT, the swirl intensity is so low that at the end of the computational domain, it reaches the same values as the ShS3L when its swirling flow has decayed over a distance of 40D. This might be due to the low height ribs that modifies only locally the flow. Despite the helical pattern of the ribs, a great portion of the fluid is not turned into a swirling flow. Each swirler technology modifies the flow in it own specific way and therefore, they should also have various heat transfer and pressure drop capabilities.

B Thermal and energetic performances of the studied geometries

Various results from the simulations of the different swirler technologies are displayed in It could be noticed that each kind of swirler design gives distinct pressure drop penalty and heat transfer enhancement. The finned tube yields the lowest heat transfer enhancement but also the lowest pressure drop increase. In this case, both quantities are increased because of the extended surface caused by the fins. On the contrary, the TBT leads to, by far, the highest pressure drop increase and also the highest heat transfer enhancement.

One of the main source of pressure drop is the twisted baffles themselves because not only they reduce the cross-section area of the flow by 6.4 % but they also extend the friction surface by 1.6 % and they force the whole flow into rotation. Despite this tremendous pressure drop increase, it is interesting to note that the PEC of the TBT is PEC TBT = 1.19 which is the second highest. This shows that the PEC might not be the best criterion to select a technology over another for an application in steam cracking, because the tremendous pressure drop penalty caused by the TBT might be highly detrimental toward the selectivity of light olefins [23].

The LHF achieves the second highest heat transfer enhancement and the second best improved temperature homogeneity which ought to be beneficial to mitigate the coking rate [8] and toward the selectivity of ethylene [16]. This might be due to an effective mixing of the fluid close to the wall because of the helical fins. Nevertheless, the modification of the flow along with the extended wall surface leads to a great pressure loss penalty which might counter balance the effect of the improved temperature distribution toward the selectivity of light olefins. The HRT exhibits a higher pressure drop increase and heat transfer enhancement than the ShS3L yet its improved temperature distribution homogeneity is lower. This might be because the ribs of the HRT induce modifications of the flow only locally. It could be seen in figure 4.12 that the HRT generates a flow separation region in the wake of the ribs.

As a consequence, on the one hand, in this region the mixing between the different fluid layers in the vicinity of the wall is intensified and the heat transfer is improved. On of the swirler gives this specific velocity distribution which is the same as the temperature distribution. As a consequence, the temperatures are hotter away from the z-axis than close to it leading to a lower temperature homogeneity compared to a bare tube. In the finned tube, the lower temperature homogeneity is due to the fin themselves. Next to the fins top, the radial temperature gradient is lower because of the extended surface but on the contrary, in the fin valley the radial temperature gradient is higher as already explained in the study of van Cauwenberge et al. [START_REF] Van Cauwenberge | CFD-based design of 3d pyrolysis reactors: RANS vs. LES[END_REF].

The evolution of the mixing cup temperature is shown in figure 4.14. It should be observed that both the HT and FT technologies have greater mixing cup temperature than the bare tube but while with the latter this is true all along the computational domain, for the former the difference becomes lower as the flow progresses in the HT tube. Based on the results of the present simulation, the HT swirler is efficient at increasing the temperature homogeneity in the tube only after a distance of 50D. The ShS3L swirler exhibits higher mixing cup temperature than a bare tube at the beginning of the test section but when the swirling flow is developed and even in the decaying swirling flow region, its mixing cup temperature remains lower than in a bare tube. The HRT technology performs also well at increasing the temperature homogeneity. From the results of the simulation, it appears that the TBT outperforms the other technologies yet, as seen above, this is at the cost of a tremendous pressure drop.

C Conclusions on the CFD simulations

From the CFD simulations that were performed on the various swirler technologies some conclusions could be drawn. First of all, it appears that the PEC criterion might not be adapted to select the best swirler technology to be applied in a steam cracking furnace
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because for instance, the Twisted Baffle Tube swirler exhibits a pressure drop increase as high as 3.97 and a PEC of 1.19. This level of pressure drop penalty might be highly detrimental toward the selectivity of light olefins. Second, the Finned Tube and the Helical axis Tube are not efficient at improving the temperature homogeneity in a cross-section which could have two major drawbacks; first the coking rate might not be the same over the circumference of a cross-section of these tubes as stressed out by van Cauwenberge et al. [START_REF] Van Cauwenberge | CFD-based design of 3d pyrolysis reactors: RANS vs. LES[END_REF] in their numerical study of a similar tube geometries. Second; the selectivity of light olefins might also suffer from this decrease of temperature distribution homogeneity [16]. Finally, the developed swirler in this study, the ShS3L, features a lower pressure drop increase than the Helical Ribbed Tube and Low amplitude Helical Finned tube. Furthermore, it enables a good improvement of the temperature homogeneity. It should be kept in mind that these simulations could only give an idea about how one technology could perform compared to another. The ShS3L is a discrete swirler which generates significantly lower pressure drop increase than the TBT and the LHF and achieves a better heat transfer enhancement than the HT which is a continuous swirler and a better improved temperature homogeneity than the HRT which is also a continuous swirler. If needed, more than one ShS3L could be inserted in a furnace to boost the swirling flow and act where the coking rate is higher with the purpose of mitigate it. The ShS3L could be an interesting alternative to the other swirler geometries and especially the continuous swirler geometries. This could also be verified by simulating the insertion of such swirler in the tubes of a steam cracking furnace by using the commercial software Coilsim1D [START_REF] Djokic | IMPROOF: Integrated model guided process optimization of steam cracking furnaces[END_REF].

III Steam cracking performances comparison of the different swirler technologies using COILSIM1D

Coilsim1D [START_REF] Djokic | IMPROOF: Integrated model guided process optimization of steam cracking furnaces[END_REF] is a software developed and commercialized by the AVGI company in collaboration with the Ghent University. Its purpose is to simulate as accurately as possible steam cracking reactions taking place within the tubes of a user defined furnace based on the resolution of a chemistry reaction network. It also computes the Navier-Stokes equations (continuity and momentum) and the energy equation inside the tubes in order to get numerous information such as velocity of the fluid, pressure drop within the coil, temperature of the wall of the tube and so on and so forth. The resolution of the chemistry reaction network and the above motion equations allow, after integration along the coils length, to get valuable results such as, among other data, product yield, feed stock conversion and coking rate. This last result is computed based on the coking model developed by Plehiers et al. [19]. Another feature of Coilsim1D is that it is able to determine the run length of a furnace which means the duration, in days, before the steam cracking process has to be halted because a limiting criterion has been met such as the maximum tube metal temperature (TMT) or maximum pressure drop. However, the flow is considered to
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be one dimensional along the coil length which means that no radial and no tangential gradients are considered. As a consequence, Coilsim1D could not simulate the effect of a swirling flow, which is three dimensional, on the steam cracking reaction. Nonetheless, as a workaround, it is possible to give some corrections factors, such as pressure drop increase and heat transfer enhancement, at specific locations along the coils length to mimic the presence of a swirler technology.

A Presentation of the studied test case

The first step to work with Coilsim1D is to select a type of steam cracking furnace. Unfortunately, there is a wide variety of furnace designs and it is not possible to only select one to get results that could be true for every furnace. Yet, most of the furnace designs could be described as follows; the feedstock flows in the furnace via a first pass of inlet tubes where the temperature of the feed stock rises and where cracking reaction is initiated.

Then, the flow enters a bend in order to be redirected to another pass of tubes at the end of which there is the Transfer Line Exchanger. It is clear that the geometry of a furnace is far from the ideal cases tested in the previous chapters where the swirler was placed in a straight tube. Although, those tests were important to evaluate the energetic efficiency of the developed swirler, due to the discrete nature of the ShS3L, it is also vital to accurately determine where the swirler modulus should be placed in the steam cracking furnace. At the inlet pass, the bend or the outlet pass and at which precise location in those tubes?

The goal is to mitigate the coking rate and extend the run length of the furnace. However, a misplacement could lead to no extension of the run length whatsoever.

The generic design of the studied furnace is shown in figure 4.15 and this is this design which was chosen to perform simulations with Coilsim1D.

It should be noted that some designs such as the Millisecond only have one pass from In Coilsim1D, the length of the studied tube must be divided into multiple portions and each one of them constitute a node where the different equations are solved and where correction factors for the pressure drop increase and heat transfer enhancement could be specified. Considering that swirler technology developed in this study was designed to be 10 times the diameter of the tube length, the discretization of the furnace was done with a 10D pitch. Unfortunately, due to a lack of time with the license of Coilsim1D, no study on the influence of the resolution on the results was performed.

The subsequent parameters were chosen to be the cracking conditions. The feedstock is pure ethane and the steam dilution ratio is set to 0.3. For one inlet of the furnace, the mass flow rate is 250 kg /h and the conversion rate, which means, the percentage of the feedstock that is effectively turned into different products, is set to 65 %. The sim- This is because, the imposed heat flux profile is not constant throughout the length of the coil as it is the case in a real furnace. This is done, in order to provide more heat where it is needed to control the steam cracking reaction and this profile could be seen in figure 4.18.

This heat flux density profile along the coil length is kept constant for the entire duration of the run length. It could also be noted that the maximum TMT is reached at a specific location which is at z * = 120. As a consequence, if a swirler is applied at or around this position in the furnace, the TMT could be lowered and in turn the run length should be extended. It could also be observed in figure 4.17 that in the outlet pass, the TMT is globally lower than in the inlet pass and the maximum of the TMT in the outlet pass is 1050 • C which is 70 • C lower than the maximum TMT.

Other data from the simulations with Coilsim1D could be collected such as the mean ethylene, propylene and 1-3butadiene yields and also the global coking rate in the furnace. These data are available at every day of the run length, and therefore averaged TECHNOLOGIES USING COILSIM1D These values will be taken as a reference in order to quantify the effect of using a swirling flow technology inside the furnace.

Utilization of swirler technologies in the inlet pass

From the discussed results in section II, it was shown that the different swirler technologies could yield very different results regarding pressure drop penalty, heat transfer enhancement and improved temperature homogeneity. The Finned Tube was the technology that exhibits the lowest heat transfer enhancement but also that decreases the temperature homogeneity distribution and this last result was also found with the Helical Tube. As a consequence, no simulations with Coilsim1D were performed with these technologies as they were not the more pertinent ones and because only a limited amount of simulations could be performed. Furthermore, it was also observed with the Twisted Baffle Tube that this technology is generating a tremendous increase of the pressure drop especially compared to the ShS3L which is also a discrete swirler technology. Consequently, no Coilsim1D simulations were performed with the TBT either.

Three swirler designs were then tested with Coilsim1D. The discrete swirler design developed in this study, the ShS3L with a non-constant twist pitch and TR transitions elements, along with the Helical Ribbed Tube (HRT) and the Low amplitude Helical Finned
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tube (LHF). The presence of the swirler technologies were taken into account in Coil-sim1D by specifying correction factors for the pressure drop penalty and the heat transfer enhancement at every portion of the computational domain. The continuous swirler technologies must replace a whole tube in the inlet and/or outlet pass and that is why in every node of the computational domain, that is at every 10D location, the values of the increased pressure drop and enhanced heat transfer presented in table 4.1 were given if the swirler was present. For the ShS3L swirler the method is different because the swirler itself represents only a portion of the pass where it is inserted. That is why, the values of the correction factors were changed only in the region where the swirling flow has an effect. From the CFD simulations, it has been calculated that the swirling flow generated by the ShS3L has an effect on the pressure drop increase and heat transfer enhancement until z * = 70 downstream of the swirler. Furthermore, the nodes in Coilsim1D were chosen to represent a length of 10D. Consequently, the axial evolution of the pressure drop increase and the heat transfer enhancement were calculated from the CFD simulations by using respectively equations (2.10) and (2.12) every 10D from the inlet of the ShS3L to a distance of 70D downstream of the exit of the swirler. The axial evolution of these quantities for the ShS3L is shown in table 4 As seen in section B, the End-of-Run condition was triggered by the maximum TMT reached at z * = 120 which is in the inlet pass. Therefore, it is advisable to place the swirler design in this pass for the continuous swirler design. Yet for the ShS3L its position should be more specific and that is why a first ShS3L was placed at z * = 90 and a second at z * = 130 so that the whole region where the TMT was the highest in the inlet pass for the bare tube will benefit from the heat transfer enhancement enabled by the swirling Several things could be observed. First, the TMT of the HRT and LHF in the inlet pass are lower than both the bare tube and the ShS3L and this is a direct consequence of their enhanced heat transfer capacities which is applied over the whole length of the pass. On no swirler technology is applied within the outlet pass, it could be observed that the axial evolution of the TMT for every case is the same. In a real furnace, this might not be true because a swirling flow is present in the inlet pass and provided it survives the passage of the bend, it might influence the evolution of the TMT at least at the beginning of the outlet pass.

For every tested swirler the EOR was triggered by the maximum TMT criterion and it was located for every case at z * = 360 which is in the outlet pass. Although the different swirler technologies lead to approximately the same run length and their maximum TMT TECHNOLOGIES USING COILSIM1D is located at the same position within the furnace, they have other effects on the steam cracking reaction and more specifically on the pressure drop over the coil and the yield of light olefins. The results of some data from Coilsim1D after 29 days of run and at EOR condition for each case are shown respectively in tables 4.4 and 4.5. In the first table it could be noticed that the ShS3L has little influence on the selectivity of the different light olefins after 29 days of run yet it enables to mitigate the coke fouling of the coil. In contrast, the influence of the HRT and LHF swirlers is more noticeable on the light olefins where in both cases the ethylene yield is decreased. However, the propylene yield is increased along with the 1-3butadiene yield. Nonetheless, it should be reminded that for the steam cracking of ethane, the proportion of produced ethylene is far larger than the produced propylene as it can be seen in table 4.2. As a consequence, the gain in propylene yield might not balance the loss in ethylene yield in an economic stand point but this topic will be covered later in the manuscript. Both continuous swirler technologies enable a great reduction of the coke layer thickness in the inlet pass and this is due to their heat transfer enhancement capabilities.

∆ Y C 2 H 4 (%) ∆ Y C 3 H 6 (%) ∆ Y 1-3C 4 H 6 (%) ∆ CT (%) ∆ PD (%) ShS3L +0.0 -0
In table 4 First of all, it could be noticed that if the run length of the furnace equipped with one or another swirler technology is extended this is at the cost of a lower averaged ethylene and 1 -3butadiene yields. And it could be also noted that the greater the pressure drop the greater the decrease of ethylene yield. However, the yield of propylene is higher with the swirler technologies. Another interesting aspect regarding the swirler technologies is their ability at reducing the overall coking rate in the coil. Yet, because the run length are longer, the final coke layers would be thicker than in the bare tube at their respective EOR.
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Despite being applied only locally in the inlet pass of the furnace, the ShS3L achieve a run length comparable to the HRT and LHF technologies which are present along the whole inlet pass. For a run length of 29 days, the ShS3L enable to have the same yield of ethylene, propylene and 1 -3butadiene than in the bare tube case yet with the benefit of having a global thinner coke layer on the inner wall surface of the tube. This is interesting regarding the decoking operation of the coil because as the coke layer is thinner with the ShS3L, this action could take less time and thus the duration between two consecutive run length could be shorten. This is also true with the two continuous swirler technologies but at the expense of a greater loss of ethylene yield. If the steam cracking operation with the different swirler technologies is carried on until reaching the maximum TMT of the furnace, the ShS3L is the solution which provide the highest ethylene yield. On the contrary, the LHF swirler achieves the lowest coking rate but at the expense of a lower overall ethylene yield.

The results of the simulations have shown that the maximum TMT was reached in the outlet pass for all swirler technologies. This might be because this is the region where the coking rate is the highest as a consequence of an absence of heat transfer enhancement technology. In order to determine the influence of the position of a swirler in a steam cracking furnace, other simulations with Coilsim1D were performed where the studied enhanced geometry of tubes were placed both at the inlet and outlet passes.

Utilization of swirler technologies at both the inlet and outlet passes

Although, the maximum TMT for the ShS3L case is reached in the outlet pass, in figure 4.20 it could be noticed that there is a peak of TMT in the inlet pass at z * = 120. It was expected that placing a ShS3L module in the outlet pass would enable a run length extension by lowering the TMT in this region. That is why, it would have been counter productive to leave a ShS3L module in the inlet pass at z * = 130. As a consequence, the second The results of the simulations with Coilsim1D give a run length for the ShS3L, HRT and LHF of respectively, 71.7, 76.2 and 86.1 days. These run lengths are significantly higher than those obtained where the swirler was placed in the inlet pass only. This time, the stopping criterion that was met was the pressure drop. The evolution of the pressure drop with the ShS3L swirler placed at the inlet only and at the inlet and outlet is shown in figure 4.22.

From the previous figure, it is interesting to note that when the swirler was at the inlet only, the pressure drop at the EOR was already close to the stopping criterion. However, TECHNOLOGIES USING COILSIM1D ShS3L is at the inlet only is higher than in the case where the swirler is in both passes. And the pressure drop reached at the EOR for the ShS3L inlet only, is attained in the ShS3L inlet and outlet case solely after 67 days of run.

In the inlet only case, the coke layer in the outlet pass should be responsible for a large part of the pressure drop. While in the inlet and outlet cases, the presence of the swirlers enable a heat transfer enhancement both at the inlet and outlet passes resulting in an overall lower coking rate and this is verified in figure 4.23 where the evolution of the coke thickness after 55 days of run for both cases is shown. It must be observed that the utilization of swirler devices at the outlet pass allows a great reduction of the coke thickness which is as high as 24.8 %. As a results, and based on the results of the simulations, it could be argued that even if the swirlers are themselves a source of pressure drop, they might generate less overall pressure loss than the coke layer.

It remains to determine if the addition of a swirler technology in the outlet pass could be beneficial regarding the yields of the steam cracking reaction compared to a bare tube.

Some results from the Coilsim1D simulations after 29 days of run for the new cases are shown in table 4.6. On the one hand, it could be observed that irrespective of the case, the ethylene yield is decreased compared to the bare tube case, yet there is a large difference between the ShS3L and the LHF. On the other hand, the yield in propylene and butadiene is increased compared to a bare tube. One other interesting aspect of placing a swirler in the outlet pass is the reduction of the coke layer thickness which could be reduced by 29.7 % with the ShS3L up to 56.3 % with the LHF. The reduction of the coke layer is not only interesting for the decoking process but also for the tube lifetime. If less coke is generated, the risk of carburization of the tube is therefore reduced. However, after only 29 days of run length, even if the pressure drop penalty with the ShS3L is still relatively low, it increases with the

∆ Y C 2 H 4 (%) ∆ Y C 3 H 6 (%) ∆ Y 1-3C 4 H 6 (%) ∆ CT (%) ∆ PD (%) ShS3L I&O -0.
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HRT and even more with the LHF. The increased pressure drop not only has an adverse effect on the ethylene yield but it also requires a higher energy input for the plant to let the feedstock flow in the furnace and still meet the low residence time requirement.

For each case, some quantities have been averaged over the whole run length in order It is clear that all swirler technologies placed both at the inlet and outlet enable a great increase of the run length. Although this is always accompanied by a loss of ethylene yield but the propylene and 1 -3 butadiene yields are increased compared to a bare tube. The overall coking rate is also reduced. Yet with the extended run length, the coke layer could become thicker than in a bare tube. Hence, it might be advisable to stop the run length of the furnace equipped with a swirler technology before the coke layer becomes too dense.

to
Furthermore, despite reaching a pressure drop that triggers the stop of the run length, when the swirler technologies are placed both at the inlet and outlet they enable a reduction of the tube maximum TMT. This is also interesting toward the life time of the tubes because as the tubes are exposed to lower temperatures they are less likely to undergo creep which could damage the tubes. The results of the Coilsim1D simulations could be further exploited to have an estimation on the possible economic gains that a furnace equipped with one or another swirler technology could make and this is described in the subsequent section.

Economic perspectives of the different swirler technologies

It was seen in the previous paragraphs that employing a swirler technology either at the inlet pass or both at the inlet and outlet passes could have a more or less strong influence, compared to furnace equipped with only bare tubes, on the yield of light olefins. However, to further grasp the potential impact of the loss of ethylene yield and gain of propylene and 1 -3 butadiene yields on the economic of a furnace, estimations could be realized.

Knowing the feedstock mass flow rate in one assembly of tubes (inlet, return bend and outlet) and given the yields of ethylene, propylene and 1 -3 butadiene, it is possible to recalculate at every day of the run length, the quantity of products that is generated by the steam cracking reaction. Besides, it is possible to give an arbitrary price to the three above
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mentioned light olefins to estimate the money that could be generated daily. The assumption here is that the selling price of ethylene is the greatest of the three then followed by the propylene. Based on the data provided by Zimmermann et al. [8] and considering the annual growth of olefins prices and their fluctuation, the arbitrary sale price of ethylene, propylene and 1 -3butadiene was set to respectively 600, 550 and 500 $/t on. Finally, to estimate the possible turnover over a year of a steam cracking furnace, solely based on the associated money from the production of ethylene, propylene, and 1 -3 butadiene, different scenarios could be drawn.

The first one is based on the hypothesis that the run length of a furnace is case dependent which means that a furnace solely equipped with bare tubes will have a shorter run length that a furnace equipped with a swirler technology. The furnace is operated until an End-of-Run criterion is met, then the furnace is not operated for two days and undergoes a decoking operation, then the furnace is operated again and so on and so forth over a year. The results of this first scenario is shown in figure 4.24. First, it could be noted that the utilization of any swirler technology could lead to an extended turnover from 2.55 up to 3.54 %. Considering that a classic furnace with no swirler technology could generate a turnover of 5.0 × 10 7 $/year , the utilization of a ShS3L at the inlet and outlet of the furnace could extend the turnover up to 1.75 × 10 6 $/year . Second, using a swirler technology both at the inlet and outlet passes lead to higher turnover than using only one at the inlet. This is due to the greater run lengths achieved by the former. It is also interesting to note that among the swirler placed only at the inlet or placed at both the inlet and outlet, ShS3L exhibits the highest turnover. One explanation is that the steam cracking reaction in a furnace equipped with ShS3L swirlers produces more ethylene than a furnace equipped with either a HRT or LHF swirler as 123
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seen in tables 4.4 and 4.7. Besides as ethylene is produced in a far larger proportion than propylene and 1 -3 butadiene in the studied cases, the gain in the yield of the two last products do not balance the loss of ethylene yield on a economic stand point.

In the second scenario the hypothesis is that, whether or not a swirler is used in the furnace, the run length is fixed at 29 days which is approximately the run length of the bare tube case. After this period of utilization, the furnace is stopped during two days to perform a decoking operation. This cycle is repeated over a year. The results of this second scenario are shown in figure 4.25. where the increased turnover is close to 0 %. One cause it that, in the different cases with a swirler technology, the ethylene yield is lower than in the bare tube and with this scenario this loss could not be compensated by their respective extended run length. Furthermore, in this scenario, the cases where the swirler are placed both at the inlet and outlet achieve even worst performances than when the swirler is only applied at the inlet. As seen in figure 4.22, in the first 30 days of process, the pressure drop of the two swirler cases is greater than when the swirler is only at the inlet and thus the ethylene production might be lower as well leading to these economic results. However, with this scenario, it should also be reminded that as the furnace is operated over a limited period of time compared to what they can really achieve, the coke layer at the end of one run is lower than with the other scenario and as a consequence, the decoking operation might take less time than the scheduled two days. For the ShS3L placed at the inlet, even if there is no turnover increase compared to a bare tube, the average coke thickness over the whole length of the furnace is 12.2 % thinner as shown in table 4.4. In turn, following this scenario, the

IV. CONCLUSIONS

ShS3L placed at the inlet is an interesting option as it is a solution that helps to mitigate the formation of coke in a steam cracking furnace, without generating a loss in turnover.

IV Conclusions

In this chapter, several swirler geometries based on designs already used in the steam cracking industry were created and their thermal and energetic performances were investigated using CFD simulations with the same numerical methodology presented in chapter 2. The Twisted Baffle tube could generate a strong swirling flow yet at the cost of a tremendous increase of the pressure drop, which is the highest of all the investigated geometries with the adopted numerical test bench. The Helical tube generates a quite low pressure drop increase despite being a continuous swirler design. Nevertheless, it also exhibits a lower temperature distribution homogeneity which could be detrimental toward the selectivity of light olefins [16]. This is also the case with the Finned tube. The Helical Ribs tube (HRT) and the Low amplitude Helical Finned tube (LHF) achieve high heat

transfer enhancement yet at the cost of a high pressure drop increase. The simulations with Coilsim1D of the ShS3L, HRT and LHF have put in evidence that their respective heat transfer enhancement capacities could reduce significantly the coking rate which yields to an extended run length. However, their increased pressure drop penalty also have an impact on the selectivity of the different light olefins which is negative toward ethylene but positive toward propylene and 1 -3 butadiene. Nevertheless, in the investigated case study and on an economic stand point the loss of ethylene yield could only be compensated by an extended run length. If a furnace equipped with a swirler technology is operated during the same period of time as a furnace composed by bare tubes, it might produce less ethylene and therefore lose money. Yet, with the ShS3L, as it is a discrete swirler technology, it produces less pressure drop than the other designs and as a consequence, the results have stressed out that a furnace equipped with this technology could increase its turnover if it is operated over an extended run length or could mitigate the coking rate in the coil without losing the production of ethylene if it is operated over the same run length as a bare tube. With that being said, it should also be reminded that Coilsim1D has its limitations and for instance it does not take into account the improved mixing enabled by the swirling flow and the correction factor for the enhanced heat transfer and increased pressure drop are not corrected as the coke layer is growing.

Nevertheless, with all the presented results regarding the ShS3L it seems that the developed discrete swirler technology could be an interesting alternative to the other swirlers applied in the steam cracking industry. A new discrete swirler design that could be placed within an assembly of tubes for a steam cracking application was developed numerically using CFD simulations. Although the reliability of the performed numerical simulations were verified by conducting numerous tests, among which, mesh independence tests (in chapter 2 and in the associated articles to this manuscript [127,[START_REF] Indurain | Numerical investigation of several twisted tubes with non-conventional tube cross sections on heat transfer and pressure drop[END_REF]) and validation of the numerical methodology by reproducing the results from the works of Wang et al. [START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] and Tang et al. [5], the presented results are still dependent on the choice made by modeling the flow, that is, the utilization of a RANS approach with an EVM. In order to get further data, that are not subjected to any modeling on the studied swirler technology, an experimental test bench was built at the LAMIH within the Polytechnic University Hauts-de-France, to test a configuration of SHort element of Swirler with Three Lobes (ShS3L). For practical reasons, the adopted configuration of ShS3L at the end of chapter 3, that is a short length twisted tube with a three-lobed cross-section, a variable twist pitch and equipped with Transition element with Rotation (TR) elements upstream and downstream, could not be experimentally tested. The reason is, the selection of such configuration came at a later stage than the conception of the experimental test bench along with the order of all the required pieces. Among them, there is the concept of the studied swirler which is a twisted tube with a three-lobed cross-section equipped with TR elements upstream and downstream but whose twist pitch is constant.

In this chapter, the experimental test bench used in the present study is described along with the measured quantities and how they were acquired. One of the main objective of this chapter is to validate the numerical methodology and to that end the experimental test bench was reproduced numerically. New simulations were performed in order to be able to compare their results with those from the experiments. Ultimately, the different data obtained during the experimental campaign and with the new numerical simulations are presented and discussed.

I Description of the experimental methodology

A 3D representation of the experimental test bench used in the present investigation is shown in figure 5.1.

A Description of the experimental test bench

The test bench is composed of several elements. The working fluid, which is ambient air, enters the bench via a convergent whose entrance is a circle with a diameter of 2D

where D = 0.224 m and whose exit is also a circle with a diameter of D. The convergent is followed by a first transparent tube made of plexiglass and whose length is L * t ube = 10 and with a thickness of 3 mm. The subsequent piece is the swirler and could be further decomposed into two parts which are two TR elements and they both have a length of Swi r l -Exp = 1. Downstream of the swirler, there is another transparent tube which is the same as the tube upstream and is called downstream tube. Then, there is the instrumentation tube which holds the devices that were used to measure the local heat transfer and has a length of L * Ins = 1. This previous piece of the test bench is followed by a last transparent tube, which is shorter than the two others with a length of L * shor t -t ube = 2. The latter is connected to a box inside of which a honeycomb mesh is inserted. Downstream of this last element there is the turbo machine which is a wheel composed of 10 vanes.

The rotation of the fan creates a depression which enables the flow of air within the test bench. An electrical motor with a nominal power of 13 kW and which is powered up by an electrical box enables the rotation of the fan. The mass flow rate of air that enters the test bench is controlled by the speed of rotation of the turbo machine and consequently by the electrical motor. The power delivered by the engine is controlled by a frequency modulator placed on an independent control panel. The convergent is used to channel the surrounding air in the room where the test bench is installed into the tube. Its shape was designed following the recommendation from the study of Bell and Metha [START_REF] Bell | Contraction design for small low-speed wind tunnels[END_REF] by using a 5 t h order polynomial. The purpose of the honeycomb box is to generate additional pressure drop in order to get a flow velocity at the exit of the convergent that enables to have a Reynolds number which is comprised between 10 000 and 250 000 which is within the range of the Reynolds number encountered in the tubes of a steam cracking furnace according to van Goethem and Jelsma [START_REF] Van Goethem | Numerical and experimental study of enhanced heat transfer and pressure drop for high temperature applications[END_REF].

Its other goal is to prevent any perturbation of the flow in the tube by the rotation of the fan. A Pitot probe is placed at the exit of the convergent and is aligned with the tubes axis.

The pressure difference in the Pitot probe is monitored by a FCO 510 micro-manometer which is connected to a Dewesoft Sirius 8-STG M plus acquisition system. The flow velocity at the exit of the convergent is derived from the pressure difference by the following equation:

U b = 2 ∆P Pi t ot ρ ai r (5.1) 
where ∆P Pi t ot is the pressure difference measured by the Pitot probe.

An uncertainty analysis is performed using the approach developed by Moffat [START_REF] Moffat | Using uncertainty analysis in the planning of an experiment[END_REF] where the uncertainty of the measurand y depending on x i variables could be determined using the following equation:

u 2 (y) = n i =1 ∂y ∂x i u 2 (x i ) (5.2)
where u is the uncertainty of the considered parameter y. Uncertainty calculation for the flow velocity is obtained using both equations (5.1) and (5.2) which yields to the subsequent equation:

u(U b ) U b = 1 2 u(∆P Pi t ot ) ∆P Pi t ot (5.
3)

The uncertainty of the pressure difference measured by the FCO 510 micro-manometer u(∆P Pi t ot ) is given in its technical documentation and it is therefore possible to determine the uncertainty for the flow velocity at the exit of the convergent which is of 0.05 % of the read value. The evolution of the Reynolds number, calculated with the previously computed flow velocity at the beginning of the test bench, against the electrical motor control frequency is shown in figure 5.3.

The position of the instrumentation tube could easily be changed in order to measure the local heat transfer at various axial positions within the test bench. Besides, all the pieces that composed the test bench, except the honeycomb box and turbo machine, could easily be moved from one position to another depending on the measurements needs. In order to measure the velocity field within the tube, the PIV technique is used 

B Measurement of local heat transfer

With the above presented experimental test bench, several flow quantities could be measured. First, by using a set of devices integrated to the instrumentation tube, the local heat transfer could be estimated. Furthermore, this quantity could be measured at several axial positions as it is possible to move the instrumentation tube location.

Description of the experimental methodology

A schematic representation of the instrumentation tube equipped with the devices that are used to measure the local heat transfer is shown in figure 5.4.

A AIM TTI EL302RT power supply, not shown in figure 5.4, delivers an electrical power Q E to the base of the Heated Element (HE) which is a cylinder with a diameter d HE = 0.02 m and a length l HE = 0.05 m and which is made out of aluminum. The electrical power could be easily derived from the tension V and the current I e provided by the power supply using the following equation:

Q E = VI e (5.4)
The electrical power is converted into heat by the Joule's effect and the temperature at the base of the heated element is monitored with a TC S.A pt100 sensor. The heat is transferred from the base of the heated element to its top by heat conduction. The gradient of temperature in the heated element in a thermal steady state could be calculated using Fourrier's law of thermal conduction:

Q = -λ HE A HE ∆T l HE (5.5) 
where Q is the heat transported in the heated element, A HE is the cross-section area of the heated element and ∆T l HE is the thermal gradient along the length of the heated element. The aluminum cylinder is inserted in the thickness of the tube and its top is flushed at the tubes inner surface. It is maintained in position by a holding element which is fixed to the instrumentation tube. The heated element is insulated from the holding element by a layer of glass wool. The temperature at the top of the heated element is measured with a pre-calibrated Micro-Epsilon thermoMETER CT-SF22 infrared sensor (IR sensor) and is placed across the tube's diameter. The signals from the IR and pt100 sensors along with the power supply are recorded with a Dewesoft Sirius 8-STG M plus acquisition system. Heat is exchanged between the flowing fluid and the head of the heated element by convection following Newton's law of thermal convection as defined in equation (1.8) in chapter 1.

Calibration of the measurement to determine local heat transfer

First, the configuration of the test bench was modified to monitor the evolution of the local heat transfer with the Reynolds number in a bare tube. The convergent is followed by the two plexiglas tubes, then the instrumentation tube is inserted. This last element is followed by the swirler and finally the shorter plexiglas tube is placed just before the honeycomb box. With this configuration, the heat exchanged by convection is only caused by the turbulent axial flow and not by a swirling flow. To determine the local heat transfer at a given Reynolds number, the temperature at the top of the heated element, acquired with the IR sensor, is maintained constant at T HE = 40 • C and to keep this temperature difference, the electrical power is adjusted accordingly to compensate the heat transported by convection. The temperature at the base of the heated element is also recorded with the pt100 sensor and when it has reached a steady state, the supplied electrical power is noted. The local heat transfer coefficient could be calculated using equation (1.8) and afterwards the non-dimensional local heat transfer is calculated using the following equation:

Nu = hD λ (5.6)
The derivation of the local Nusselt number with the different control variables is performed using equations (1.8), (5.4) and (5.6):

Nu = VI e T HE -T 0 D λ A HE (5.7)
It is also possible to derive the uncertainty for the measurement of the local heat transfer, by neglecting the heat loss inside the wall of the tube, with the subsequent equation:

u(Nu) Nu = u(V) V 2 + u(I e ) I e 2 + u(T HE ) T HE 2 (5.8) 
The resulting uncertainty for the determination of the local heat transfer is 1.41 %.

As the heat loss in the wall of the tube could not be accurately estimated, it was chosen to perform a correlation between the electrical power and the heat transfer by using an empirical correlation such as the one from Gneilinsky. According to a recent study per- 

formed

C Visualization and measurement of the velocity field

In order to measure the velocity field downstream of the swirler, the PIV technique was used. The set of instruments that was applied to perform the PIV measurements in the present investigation is the same as in the experimental study of Plumejeau et al. [134] and other work [START_REF] Fadla | Electrochemical measurements for real-time stochastic reconstruction of large-scale dynamics of a separated flow[END_REF][START_REF] Cornu | On the vortex dynamics of shear-driven deep cavity flows with asymmetrical walls[END_REF]137,[START_REF] Graziani | Dynamics of the recirculating areas of a forward-facing step[END_REF]. with a repetition rate that depends on the flow velocity. Due to the curvature of the tube, the laser sheet is partially reflected and this could create visualization areas that are too illuminated. As a result, the velocity field could not be computed in those regions.

Calibration of the PIV measurements

As mentioned above, the two cameras are capturing each half a portion of the tube as shown in figure 5.6.

In order to have the radial evolution of the velocity field over the whole diameter of the tube, it is necessary to recreate the whole image of the tube. To that end, for the calibration operation, a ruler was positioned on a rail that was placed inside the tube. By doing so, the ruler was positioned in the same plane as the laser sheet and could also be seen in figure 5.6. On the left image, two graduation marks are reported and it remains to Between the two images there is an actual height difference of 8 pixels, so that this shift must be corrected in order to have a perfect correspondence between the two images.

The result of this processing is shown in figure 5.8 where it could be observed that the graduation mark 41 mm on the left and right images are perfectly aligned. 

D Numerical reproduction of the experimental test bench

In order to further validate the numerical methodology presented in chapters 2 and 3, the experimental test bench was reproduced numerically so that both experimental and numerical data could be compared to each other.

Description of the new numerical test bench

The numerical test bench is shown in figure 5.9.

Figure 5.9 -Numerical reproduction of the experimental test bench

The tube downstream of the swirler is made longer than its experimental counterpart with L * d own-num = 15, in order to be able to monitor the flow quantities on a greater distance downstream of the swirler. The meshing process was performed with cfMesh+ I. DESCRIPTION OF THE EXPERIMENTAL METHODOLOGY [START_REF] Juretic | cfMesh User Guide[END_REF]. The total number of cells required to mesh all the computational domain is 13 730 035.

The mesh in the vicinity of the wall is composed of 46 prism layers. The refinement of the mesh in this region was performed to be able to adopt a Low-Re approach with an y + max = 0.88 at Re = 121 978, the highest Reynolds number investigated with the PIV measurements, in order to gain in accuracy with the numerical results. A cross-section of the tube with the adopted mesh can be seen in figure 5.10 along with the mesh in a crosssection of the swirler in figures 5.11 and 5.12. At the locations where the boundary condition was applied the temperature of the circumference of the tube was set to 320 K and everywhere else, the temperature boundary condition at the wall is set to 300 K, so that the local temperature difference between The calculation of the local heat transfer is done as follows. At a given azimuthal coordinate θ, the radial thermal gradient ∆T/∆r in the vicinity of the wall is calculated. Then using Fourrier's law of thermal conduction with equation (5.5), in the thermal boundary layer, it is possible to derive the local thermal heat flux. Finally, using Newton's law of thermal convection as seen in equation (1.8), the local heat exchange coefficient could be determined and with equation (5.6) the local Nusselt number at a given azimuthal position Nu l θ is derived. It is also possible to determine the local Nusselt number at a given axial position Nu L , by integrating the local heat transfer at a given azimuthal position over the circumference of the tube:

Nu L = 1 π π 0 Nu L θ d θ (5.9)

Correspondence between the PIV experiments of the numerical simulations

Considering the shape of a cross-section of the investigated swirler, it is expected that the azimuthal evolution of the flow velocity is not constant. However, with the adopted PIV method, the velocity field could be obtained only in one plane of the tube. Never-
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theless, it is possible to rotate the swirler part only in order to have various PIV planes which corresponds to a specific angular position of the swirler. With the adopted test bench, the swirler part could be rotated along the tube axis by 45 • increments. Considering that the shape of the cross-section is composed of three-lobes, and assuming that the flow distribution in each lobe is the same, it is therefore only necessary to perform PIV measurements with the swirler when it is rotated by 0, 45, 90 and 135 • .

With numerical simulations, the determination of the flow velocity is known in the whole computational domain. However, in order to be able to compare the results from the PIV measurements and those from the CFD simulations, it is necessary to know which plane of the computational domain correspond to the PIV planes. The swirler geometry with the annotated angular positions and corresponding PIV plane is shown in figure 5.14. 

II Results from the experimental and numerical investigations

The design of the experimental test bench allows to calculate the experimental local heat transfer at several axial positions downstream of the swirler. However, due to material limitations, measures could only be done at z * = 1, 2, 3 and 4 downstream of the swirler.

A Heat transfer

In order to better grasp the axial evolution of the local heat transfer, the experimental data could be compared to the results from the CFD simulations. Nevertheless, it should be reminded that, for the experimental data, the local heat transfer was calculated at 4 different angular positions and then averaged. Whereas with the numerical simulation, the value of the local heat transfer at a given axial position is obtained by azimuthaly averaging the heat transfer calculated at different angular positions.

Comparison between the experimental and numerical results

It is shown in figure 5.15 that the value of the local heat transfer, calculated with the CFD simulation, strongly varies with the angular position. It is interesting to note that the results from the experiments are within the range of variation of the local heat transfer computed with the results from the numerical simula- than regain in intensity after 4D. It is surprising to note that the local heat transfer calculated with the CFD simulations is not steadily decreasing but presents some oscillations.

Finally, it is difficult to conclude on the agreement between the results from the experiments and from the numerical simulations because for the former, the measurements are only done at a few angular positions and could not represent the global behavior of the local heat transfer at a given position on the contrary of the latter. For a full validation of the numerical results, other experimental tests have to be performed. For instance, measuring the heat transfer between the heated element and the fluid without neglecting the heat loss in the thickness of the tube. But also, more data should be acquired over the circumference of the tube to get the distribution of the experimental local heat transfer.

However, the results from the numerical simulations could give indication on the behavior of the axial evolution of the local heat transfer in the tube.

Heat transfer downstream of the swirler

The evolution of the azimuthal distribution of the local heat transfer at several axial position downstream of the swirler is shown in figure 5.17. For the sake of conciseness, only the case at Re = 77 189 is presented as the evolution with the other Reynolds numbers was similar.

It is interesting to note that close to the swirler exit, the azimuthal distribution of local 

B Velocity field

In order to get information on how the swirler affects the flow field, PIV measurements were performed. Yet, a first set of measurements were realized on a configuration where the visualized flow field is not perturbed by the presence of any flow modifier, that is in a bare tube.

Bare tube

The configuration of the experimental test bench is as follows: convergent, tube upstream, The velocity profile for both the experimental and numerical cases is symmetric with an axis of symmetry corresponding to the tube axis. In the region close to the left wall between r = -0.122 m and r = -0.075 m the measured radial gradient of the mean axial velocity is also correctly predicted by the results obtained with OpenFOAM. This is also true at the right wall. In the region close to the axis of the tube, the correspondence between First of all, it could be noticed that the data from the experiments and the numerical simulations are in good agreement especially close to the tube axis yet the discrepancies are higher in the vicinity of the walls. One possible explanation could be that, the seeding by the oil droplets close to the wall of the tube is not sufficient to correctly determine the axial velocity in this region. Furthermore, the curvature of the tube made the determina-tion of the flow field more challenging. Yet, in order to better understand the origins of the discrepancies between the experimental and numerical results, the radial evolution of the magnitude of the ratio between the mean velocity in an orthogonal plane to the plane of visualization and the mean axial velocity | U ⊥z U z | from the results of OpenFOAM was represented and is shown in figure 5.23. It could be observed that the maximum values of the ratio are encountered in the vicinity of the walls which signifies that this is in these regions where the tangential velocity is the highest. This is not surprising since a swirling flow is generated by the lobes of the swirler. It is also likely that this phenomenon appears in the experimental case too. As a consequence, because the PIV measurements are performed in a plane that is orthogonal to the tangential velocity, it is therefore possible according to the study of Sciacchitano [START_REF] Sciacchitano | Uncertainty quantification in particle image velocimetry[END_REF] that the out-of-plane velocity component, especially close to the wall of the tube, are producing perspective errors by chasing the oil droplets out of the laser sheet, resulting in a miscalculation of the velocity vector during the PIV processing. The evolution of the relative error between the data from OpenFOAM and the PIV measurements with the above mentioned velocity ratio is shown in figure 5.24.

It could be seen that, the highest errors are achieved with the diamond symbols which are referred to the mean axial velocity bounded by the axis of the tube and the right wall.

In figure 5.22 (a), it is clear that this is in this region where the deviation between the numerical and experimental results are the highest. This is explained by the presence of a relatively high magnitude of out-of-plane velocity that induces errors in the determination of the axial velocity by the PIV processing. One other explanation for these discrepancies is the fact that a first order Eddy Viscosity Model (EVM) was chosen in the CFD simulations and as a consequence, the turbulence model might no be able to correctly capture the strong radial velocity gradients. As a result, the deviation between the experimental and numerical data in these regions might be linked to some errors related to the experimental determination of the mean axial velocity and/or to the adopted model for the representation of the turbulence.

Although, there is not as much experimental data close to the left wall of the tube than the right wall, it must be noticed that in the region between r = -0.1 m and r = -0.05 m the simulation captures well the shift between the strong radial gradient of the mean axial velocity and the region where the mean axial velocity is flat. At 0 • , there are large discrepancies between the experimental and numerical data between r = 0.05 m and r = 0.1 m.

However, with the increasing angle, the correspondence between the experiments and the simulation is improved. At θ = 90 • the radial gradient of the axial velocity is correctly predicted by the numerical simulation yet at θ = 45 and θ = 135, the results from the CFD simulations are overestimating the radial gradient of the axial velocity. With the results of the numerical simulations it could be observed that, at 0 • and 90 • , close to the right wall, that is around r = 0.122 m, the radial gradient of the mean axial velocity is sharp over a short radial distance, but then decreases significantly. At 45 • and 135 • the same behavior could also be recognized at one wall yet at the other, the radial gradient is sharper and is also present over a longer radial distance. It is also interesting to observe that while the radial distribution of the mean axial velocity varies strongly with the angular position, they are similar at 0 • and 90 • whereas the profile at 45 • seems to be mirrored at 135 • .

The axial evolution of the radial distribution of the mean axial velocity and is shown in figure 5.25.

As observed in figure 5.22, there are large discrepancies between the results from the experiments and the simulation in the region bounded by the axis of the tube and the right wall. This is observed again further downstream of the swirler. However, this difference From one axial position to another, the distribution of the mean axial velocity does not change greatly close to the tube axis. However, the modifications are emphasized in the wall region. The radial gradient of the mean axial velocity is evolving rapidly as observed both in figures 5. 25 and 5.26. This could be due to the azimuthal velocity generated by the three-lobed swirler which might be mostly present in the vicinity of the wall and which participate to disturb the dynamic boundary layer. In addition, due to the helical pattern and the decaying nature of the swirling flow, the magnitude of the azimuthal velocity at a given angular position is not the same for two different axial positions. Unfortunately, it was not possible to access to the azimuthal velocity with the PIV measurements.

The radial profile of the mean axial velocity at a given angular and axial position but at various Reynolds numbers is shown in figure 5 It is striking that the radial profile of the mean axial velocity does not vary much with the increasing Reynolds number and for all of the studied angular position of the swirler.

The results from the experiments and the simulation are in great agreement close to the left wall and in the neighborhood of the tube axis but there are more disparities close to the right wall, probably because of the out-of-plane velocities, that have produced errors in the determination of the mean axial velocity field with the PIV measurements [START_REF] Sciacchitano | Uncertainty quantification in particle image velocimetry[END_REF].

The effect of the increasing Reynolds number is more marked in the region close to the wall. In figure 5.27, that is at a angular position of 0 • , it could be noticed that at the left and right walls, the radial gradient of the mean axial velocity decreases with the increasing Reynolds number. The observed radial profile of the mean axial velocity at 0 • is very 

III Conclusions

The measurements performed to determine the local heat transfer could only give an indication on its magnitude because, as seen in figure 5.15, the azimuthal distribution of the local heat transfer calculated by the CFD simulations is not uniform. Despite this, the results of the experimental data are included within the range of the azimuthaly averaged local heat transfer with their respective minimum and maximum values. The results from the CFD simulations have shown that the generated swirling flow enables a great heat transfer enhancement from the exit of the swirler to the end of the computational domain which is 14D downstream of the swirler. Moreover, considering the axial evolution of the local heat transfer as shown in figure 5.17, it is likely that the heat transfer might still be enhanced even further away than 14D downstream of the swirler. The calculation of the global heat transfer has shown that the highest performance within the studied range of Reynolds number is achieved at Re = 77 189. According to the results of the simulations obtained with Coilsim1D and discussed in chapter 4, the mean Reynolds number reached in the tubes of a steam cracking furnace is 81 000. In conclusion, although the studied swirler is only 2D long, it achieves a significant heat transfer enhancement and over a distance that is at least 7 times its length. Even if the azimuthal distribution of the local heat transfer is scattered close to the swirler exit, its homogeneity is improved as the swirling flow progresses downstream of the swirler. This should be beneficial toward both mitigation of the coking rate and selectivity of light olefins in a steam cracking furnace.

The PIV measurements have enabled to determine the radial distribution of the mean axial velocity at different Reynolds numbers, various angular positions of the studied swirler and at a couple of positions downstream of the swirler. It was shown that the numerical simulations of the reproduction of the experimental test bench with the adopted numerical method presented in chapter 2, give results on the radial profile of the mean axial velocity that are in great agreements with the experimental data. The correspondence between the experimental and numerical data is excellent in the region close to the tube axis and midway between the tube axis and the wall of the tube. However, there are more discrepancies in the region close to the wall of the tube, because of out-of-plane velocities that might have generated some errors in the determination of the axial velocity in the PIV measurements. The magnitude of the deviation varies strongly from one test to another but overall, the CFD simulations are in good agreement with the experimental data. As a result, it could be concluded that the results from the numerical simulations presented in the previous chapters are reliable.

Conclusions and perspectives

The tubes used in steam cracking furnaces are confronted with a major problem which is the fouling of their inner surface by coke. The coking is highly detrimental on many aspects, first toward the selectivity of valuable olefins by increasing the pressure drop.

Second it endangers the life time of the tubes by increasing the risk of carburization. And finally, on an economic stand point, decoking operations have to be performed and that requires the furnace to be halted and therefore the production to be stopped.

Considering that the coking rate could be mitigated by improving the heat transfer between the wall of the The first design was an axial guide vanes swirler whose blades were created to meet some requirements defined in chapter 2. The CFD simulations which were validated against experimental data from the literature have shown that this first solution was able to generate a swirling flow with a strong intensity of rotation and which last over a long distance downstream of the swirler. However, it was also clear that the increased pressure drop penalty was too high especially compared to the heat transfer enhancement.

The sources of pressure drop were identified with the results from simulations and it appeared that they came from the vanes of the swirler. More specifically from the friction III. CONCLUSIONS on the surface of the blades and from the flow separation zones at the exit of the swirler.

As a consequence it was concluded that to create a swirling flow with less pressure drop, the flow should be driven into rotation more smoothly and by reducing as much as possible the extended surfaces that cause an increased friction. Besides, because here one of the objective is to enhance heat transfer between the wall of the tube and the fluid, the swirling motion should be concentrated in the vicinity of the wall.

In chapter 3, a new shape of swirler was investigated that consists of a tube with a non circular cross-section such as an ellipse or a three-lobed cross-section. A parametric study was undertaken and the base design of swirler was improved by adding several features. To reduce the pressure drop from the swirler itself a special care has to be given to the transitions between the swirler and the circular cross-sections tubes upstream and downstream of it. The transition upstream should evolve continuously from a circular to a non-circular cross-section while for the transition downstream this last feature has to be coupled with a rotation in order to avoid a sudden drop of the swirl intensity which is followed by an added pressure loss. Furthermore, to obtain a swirling flow with a strong intensity of rotation a short twist pitch has to be selected yet to avoid high pressure drop, the twist pitch should not be constant along the length of the swirler but instead it should evolve linearly and continuously from the inlet of the swirler to its exit. These two specific features combined with some other geometrical parameters have conducted to create a new and unique swirler design.

This new swirler device (ShS3L) was also compared to other technologies of swirlers that could be found in the steam cracking industry using CFD simulations. It was shown that, despite being applied only locally in a bare tube, the ShS3L could achieve comparable heat transfer performance than other continuous swirler technologies, while at a reduced cost of pressure drop. Nevertheless, it was also important to extend this study to the potential behavior of the developed swirler in a steam cracking furnace and to that end, further simulations were performed using the steam cracking simulation software An experimental campaign was undertaken to test a design of ShS3L and was presented in the last chapter. Numerical simulations of the experimental test bench were also performed. It was shown one the one hand, that the results of the local heat transfer from the experiments and the simulations were not in good accordance. This was principally due to a misevaluation of the experimental local heat transfer. On the other hand, the results on the velocity field measured with a PIV technique were in great agreement with the numerical results. These last results, along with the different validation steps that were performed, have given confidence in the reliability of the adopted numerical method to correctly capture the features of the generated swirling flow by the ShS3L.

Although the present swirler technology is thought to be applied only locally within the furnace, several modules of swirler could be placed in series in order to have a better heat transfer enhancement in a specific region where the temperatures of the tubes could be a limiting factor or to revive the weakening swirling flow. This configuration should be studied in order to be able to determine the influence of one or more swirlers in series on the pressure drop and heat transfer.

As seen in chapter 4, the configuration of a steam cracking furnace is rather complex and is not equipped only with straight tubes. It should be interesting to study a more complex configuration such as a straight tube followed by a return bend. It is well known that bends are disrupting the flow so it might be worth evaluating whether or not a swirling flow could improve the flow distribution in a bend or not.

The parametric study could be extended to find other parameters that could be optimized for the considered swirler. For instance the number or shape of the lobes. Other kind of transitions might also be investigated along with the evolution of the varying twist pitch.

Furthermore, the investigation of the swirling flow generated by the best configuration of ShS3L could also be deepened by using a LES instead of a first order EVM. With such investigation, the remaining source of pressure drop could be more clearly identified and solutions could be found to act upon them and further improving the design of the developed swirler.

Even if the results of the experimental campaign were satisfactory and have given confidence on the reliability of the numerical results, the data collected from the measurement of heat transfer could be improved. Moreover, the developed swirler technology should now be tested in experimental conditions that are closer to the thermal conditions encountered in a steam cracking furnace.

Finally, from a more mathematical point of view, new characteristics to define the performance of a swirler such as its ability to conserve the incoming flow power while generating a swirling flow and its capacity to convert the incoming power into a swirling motion could more precisely define this device. 
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Introduction

Increasing the heat transfer at the wall of a tube is particularly challenging when the pressure drop has to be maintained at a low level, and this is specifically the aim of the present study. The typical solution is to introduce a twisted tape; see, e.g. [1] for a quite recent review. Bahiraei et al. [2,3] numerically studied the effect of several twisted tapes arrangements combined with nanofluids, and their results showed that using twin counter twisted tapes improves the heat transfer rate with minimum energy consumption because this twisted tapes configuration generates a more intense swirling flow and reduces total entropy generation compared to a single twisted tape or twin co-twisted tapes. But the pressure drop increase is often too high even with self-rotating twisted tapes [4]. Some authors have suggested to cut the continuous tape and studied the influence of the separating distance between these regularly spaced twisted tapes; see, e.g. [5]. It has also been suggested to use shortlength twisted tapes to further decrease the pressure drop; see, e.g. [6]. Improvements to these short twisted tapes have been suggested in the shape of turbine blades; see, e.g. [7] for a review. Another standard solution is to use internally finned tubes; see, e.g. [8] for a review dealing with laminar flows and [9] for an example dealing with a turbulent flow.

As another example, Van Goethem and Jelsma [10] numerically studied heat transfer and pressure drop of air flow in several heat transfer enhancers and among them there were straight and helical internally finned tubes. For Reynolds numbers from 80,000 to 350,000, they reported that these increased surface technologies, respectively, enable an average enhancement in heat transfer of 51% and 66% compared to a plain tube yet at the expense of an average increased pressure drop of 67% and 92%.

In all cases, the better heat transfer performance is linked to the presence of a swirling flow which is characterized by both an axial and a tangential velocity component. This latest enables an intense secondary flow which disrupts the boundary layer and leads to reduce the thermal gradient between the fluid and the wall. Furthermore, swirling flows improve the mixing of the core and near wall flow which allows a more effective and homogeneous heating of the fluid flowing in the tube.

Axial guide vanes swirlers are often used to generate swirling flows with great intensity. Rocha et al. [11] have investigated the performances of an axial guide vane swirler in the laminar flow regime. They observed that although a strong swirling flow was created, recirculations of the flow were also caused by the swirlers vanes. As a consequence, the pressure drop was increased from 450 to 1000% compared to a plain tube within the range of the investigated Reynolds numbers. Another design of propeller type swirl generator was investigated by Ahmadvand et al. [12]. Their device was mounted on a central shaft, and they conducted both experimental and CFD simulations to study the thermohydraulic performances of their swirler in the turbulent flow regime. Their results showed that their axial guide vane swirler can generate an intense swirling flow leading to an enhancement of heat transfer of 110%. However, this is at the cost of an even greater pressure drop and their CFD results revealed that this drawback is mainly caused by the geometry of the swirler itself. Experimental results from Bali and Sarac [13] on the effect of one or two axial guide vanes swirler placed in series on heat transfer and pressure drop proved that swirling flows and more specifically decaying swirling flows can greatly enhance heat transfer. However, their results also pointed out that axial guide vanes swirler is generating too much pressure drop and in turn this kind of device could be detrimental for some applications.

A less conventional solution is to use "deformed" cross sections that are twisted along the tube axis. For example, tubes with elliptical cross sections have been studied and some of those researches focused on the heat transfer and pressure drop performances of twisted elliptical tube either in the laminar flow regime [14] or in the turbulent flow regime [15,16]. They all concluded to a heat transfer enhancement at a reasonable pressure drop penalty compared to the previously mentioned passive techniques. Tan et al. [17] conducted a parametric study of a twisted elliptical tube, and they reported that this kind of tube geometry offers an excellent improvement of the heat transfer compared to the increased pressure loss. It can also be concluded from their study that the greater the aspect ratio of the ellipse, the higher the benefit and this is also true with the twist pitch of the tube but up to a given value. This latest result shows that continuous swirling flow can become less efficient if it is maintained over a too long distance. Thus, after reaching a fully developed state, the swirling flow should decay not to increase pressure drop further.

Yet, another possibility is to use lobed cross sections as presented in [18,19]. Jafari et al. [20] studied experimentally Numerical investigation of several twisted tubes with non-conventional tube cross sections… 1 3 and numerically the thermo-hydraulic performances of a decaying swirling flow generated by a three-lobed tube, and they showed that this kind of swirler offers a good compromise between heat transfer enhancement and increased pressure drop. Zhou et al. [21] numerically studied a similar three-lobe tube along with an internal spiral vanes and a rifle tube, and they showed that the first configuration enables to reach the strongest swirling flow.

The novelty of the study is to consider short-length twisted tubes instead of full length twisted tubes as studied up to now. This paper presents results of a numerical investigation using OpenFOAM on the heat transfer and pressure drop performance of a developing swirling flow generated by a short-length twisted tube with elliptical cross section (STE) and by a short-length twisted tube with a three-lobed cross section (ST3L). For both cases, the fluid downstream of the short-length twisted tube flows in a tube with a circular cross section and the decay mechanism of the swirling flow for both technologies is also investigated along with its effect on pressure drop and heat transfer.

Non-conventional tubes cross sections

The most basic deformation of a circular cross section is an elliptic cross section as illustrated in Fig. 1a. The ellipse could be defined by its aspect ratio c as: where b is the minor axis and a is the major axis of the ellipse. The tube with a circular cross section and the portion of tube with an elliptic cross section have the same hydraulic diameter D h .

A more advanced cross section could be elaborated using three circular lobes connected to each other by small arcs of circle such as presented in Fig. 1b. This three-lobed cross section could also be defined by its aspect ratio, but here a and b are, respectively, the radius of the circumscribed and inscribed circle of the lobed cross section. Furthermore, the depth of the arc of circle, d, is defined as the difference between the radius of the circle which supports the end points of the arc of circle and b. Finally, the width of the arc of circle is defined by the angle θ between the two end points of the arc of circle. The tube with a circular cross section and the portion of tube with a three-lobes cross section do not have the same hydraulic diameter D h , but the radius of the circumscribed circle a is equal to D h /2.

Revolving both those cross sections along the tube axis yields a twisted tube. The flow inside those tubes acquires a tangential velocity component which leads to a swirling flow. However, once the swirling flow is developed, the increase in wall shear stress also generates more pressure drop. Therefore, to avoid too much energetic loss, the twisted tube must only represent a small portion of the whole length of the tube in order to let the intensity of the swirling flow decay.

A numerical test bench was created to simulate the flow inside the twisted tube and the decay of the swirl intensity in a downstream tube with a circular cross section. This test bench can be seen in Fig. 2, and its composition is described hereafter. The diameter of the circular cross sections tubes is D = 0.02 m, and the whole length of the test bench is L = 100 D. The length of the twisted tube is L twist = 20 D, and its inlet is considered as the origin of the axis of coordinates (z* = 0). Upstream there is a tube with a circular cross section whose length is L up = 40 D in order to have a fully developed flow at the inlet of the twisted tube. Downstream of the twisted tube, there is another tube with a circular cross section where the swirling flow decays and with a length L down = 32 D. To ensure the continuity between the twisted tube and upstream and downstream tubes, transition elements are placed in order to gradually evolve from a circular to an elliptical or a three-lobe cross section and vice versa. Those transition elements have a length L transitions = 4 D. Considering the whole length of the numerical test bench, the length of the twisted tube is relatively small, that is why the twisted tube will be referred to as short element of twisted elliptical tube (STE) if its cross section is an ellipse or short element of twisted three-lobed tube (ST3L) otherwise.

The STE and ST3L are also characterized by their twist pitch P which is the distance required to perform a 360° rotation of the initial cross section of the twisted tube. Twist pitch of 20, 10 and 5 D was tested with the STE whose aspect ratio was c = 0.6, and those results can be found in Indurain et al. [22]. It was shown that the highest swirl intensity and the best thermal performances were achieved with a STE whose twist pitch is P = 5 D. However, it was also with this configuration that the pressure drop was the highest. Nevertheless, it was deemed the most interesting configuration of STE because the swirl intensity was relatively high and the swirling flow lasted over a long distance in the downstream tube with S/S 0 = 0.2 at z* = 47.5.

It is well known that to reduce the pressure drop, the aspect ratio, as defined in Eq. ( 1), should be increased. That is why, in the first part of the present study, a STE with a twist pitch of P = 5 D and an aspect ratio of c = 0.7 is tested in order to observe the influence of this parameter on heat transfer and pressure drop generated by the swirling flow.

In a second part, the selected STE will be compared to a ST3L with the same twist pitch and aspect ratio.

Setup of the numerical simulations

The simulations are performed using the finite volume method with the open-source CFD software OpenFOAM 4.1. OpenFOAM is an open-source object-oriented numerical simulation toolkit developed in C++ and released under GPL license by the OpenFOAM ® Foundation [23]. No experimental data are available with the studied configurations of short-length twisted tube on heat transfer and pressure drop performances. That is why, in order to give confidence in the results of the simulations, a validation procedure was performed. Tang et al. [24] conducted both an experimental and a numerical study on the thermal and energetic performances of the swirling flow created in a full length elliptic twisted tube and a full length three-lobed twisted tube as shown in Fig. 3. Hence, once developed, the intensity of the swirling flow remains constant.

The cases studied by Tang et al. are sufficiently close to the one investigated here to be confident in the adopted numerical procedure once their results were correctly reproduced. Therefore, some of their numerical work was recreated and it is detailed in the next paragraph.

Validation procedure steps with the work of Tang et al. [24]

The first validation step is with the twisted tube with an elliptical cross section. This part of the validation is described in Indurain et al. [22].

The second validation step is with the twisted tube with a three-lobed cross section. The radii of the circumscribed and inscribed circle are, respectively, a = 0.0105 m and b = 0.0075 m, and the depth of the arc of circle is d = 0.0025 m. The numerical test bench based on the work of Tang can be seen in Fig. 3. It is composed of a twisted tube and two straight tubes which are located at both end of the twisted tube all having a three-lobed cross section. The hydraulic diameter of the tube is given by Tang et al. to be D h = 0.02 m, the twist pitch is P = 10 D h , and the length of the twisted tube is L TANG = 4 P.

Boundary conditions and numerical schemes

In the numerical simulation of Tang et al., the working fluid is water whose thermodynamic properties are presented in Table 1 and the conditions regarding the flow are: steady state, incompressible, turbulent with heat transfer. Several boundary conditions are imposed. Among them, at the inlet a flat velocity profile is given with the magnitude of the bulk velocity which is calculated based on the Reynolds number. At the inlet, the flow has a constant temperature of T 0 = 300 K and a zero normal gradient for the pressure. All along the 100 D of the numerical test bench, at the wall of the tubes a constant temperature T w = 350 K and a no-slip velocity condition are applied. At the exit of the computational domain, a constant pressure is imposed while the normal spatial gradient of the velocities and the temperature are equal to zero. The simulations run until the residuals for the continuity and momentum equations are below 10 -6 and 10 -9 for the energy equation. Probes also monitored the evolution of the pressure and the temperature at the tubes axis and close to the wall at different axial locations inside the twisted tube and in the tube downstream. The simulations were deemed to have reached a numerical steady state when the monitored quantities did not change for more than 5000 iterations. In order to save time, the simulations were parallelized on 32 processors using OpenFOAM MPI.

All components of the continuity, momentum and energy equations are discretized using a second-order bounded linear UPWIND scheme. The pressure-velocity linked equations are solved using the SIMPLE algorithm. In the work of Tang et al., a turbulence model sensitivity study shows that the k-ω SST turbulence model with standard wall functions gives the results with the lowest deviation from the experimental data and is therefore adopted. Nonetheless, accurate simulations of swirling flows greatly depend on how the variables of the flow are calculated in the boundary layer; thus, in order to compute more accurately both the dynamic and thermal boundary layers, a low-Re approach is used instead of using standard wall functions to reproduce the numerical work of Tang et al. At the inlet, the value of the turbulent kinetic energy k and the turbulent dissipation frequency ω are set using the equations recommended by Robertson et al. [25]: where and where l is the turbulent mixing length defined as:
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At the outlet, a null flux boundary condition is imposed for both turbulent quantities and fixed values are imposed at the wall. The latter are 10 -10 for k and 10 6 for ω.

Validation of the numerical procedure

The friction factor is used to determine the energetic losses caused by the pressure drop between the inlet and outlet of the twisted tube and is calculated as:

The Nusselt number, Nu, is used to determine the amount of heat transported by the swirling flow and is defined as:

The heat transfer coefficient h is calculated by using an energy balance between the heat transferred from the wall of the tube to the fluid: where and the energy absorbed by the fluid between two positions inside the tube:

The convective heat transfer coefficient is derived from Eqs. ( 8) and (10), and it is then easy to calculate the Nusselt number from Eq. ( 7):

The mean values of the temperatures T out and T in are calculated by using the bulk temperature in the given cross section and are defined as:

The results of the simulations with the twisted threelobed tube of the present study are compared to the experimental data of Tang et al. [24] and are shown in 
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the friction factor and the Nusselt number with a maximum relative deviation of, respectively, 3.0 and 5.4%. As a consequence, the adopted numerical procedure is deemed reliable to predict the heat transfer and the pressure drop caused by a swirling flow.

Numerical simulations of the twisted tubes

The same numerical configuration (boundary conditions, numerical schemes, level of convergence of the residuals, stationarity of the monitored values) as in the validation process of part 3 is kept here. However, the working fluid is now air and the thermodynamic properties used are summed up in Table 3. One assumption is that, within the given range of encountered temperatures, the thermodynamic properties are kept constant. Although the numerical procedure has been validated, a mesh independent test study is undertaken to ensure that the results of the simulations are not mesh sensitive.

Mesh independence test

The grid convergence index (GCI) method developed by Roache [26] is adopted here to conduct the mesh independence test. It is a generalization of the Richardson extrapolation, and it provides a uniform measure of convergence for grid refinement studies. The GCI value represents the resolution level and how much the solution approaches the asymptotic value, and the GCI is defined as:

where the grid refinement ratio r in this study is r = 1.43 and α is computed as follow [26] For the sake of clarity, the GCI method is not described here but can be found in [26,27]. Both global and local quantities are investigated with the GCI method. The global quantities are the friction factor f and the Nusselt number Nu. The local quantities are averaged values in a cross section located in z* = 34, and they are the skin friction coefficient C f defined as: and the bulk temperature T b defined in Eq. (12).

The meshing process is achieved by using cfMesh, an opensource meshing software developed by Dr. Franjo Juretic [28]. For the STE configuration, three different unstructured meshes were tested with a refined mesh close to the wall of the tube consisting in 11 additional mesh layers. The three meshes from the finest to the coarsest are noted mesh 1, mesh 2 and mesh 3, and they, respectively, have 10,890,272, 7,632,400 and 5,330,459 cells. The largest cell size of all the three meshes is, respectively, 2.75, 3.0 and 3.5% of the tube diameter. Mesh 2 is obtained with the same meshing parameters used for the validation case. Clips of the meshed geometry with mesh 2 can be seen in Fig. 4a,b.

The results of the grid refinement study are summarized in Table 4, and it can be noticed that the GCI between mesh 1 and 2 is lower than the GCI between mesh 2 and 3 except for the Nusselt number, but the GCI is still low. Therefore, the results of the simulations are less prone to change between mesh 1 and mesh 2. Furthermore, it is computationally less expensive to run simulations with mesh 2; thus, this latest mesh was chosen to perform all the other simulations for the parametric study.

Low-Reynolds approach

As a low-Reynolds approach is adopted in the current study for both the STE and the ST3L, the mesh close to the wall has to be sufficiently refined to guarantee y + ≈ 1. The same meshing parameters were taken to mesh both the STE and the ST3L, but this latest geometry is a little bit more complex than the former and thus is composed by more cells. The results of the simulations show that even under the highest Reynolds number taken for this study (Re = 100,000), the condition of y + ≈ 1 is respected as can be seen in Table 5. 

Results and discussion

Influence of the aspect ratio with the STE

Intensity of the swirling flow

The STE with a twist pitch P = 5 D enables to have the most intense swirling flow but with the highest pressure drop. Thus, to reduce this energetic penalty the aspect ratio of the ellipse is increased from c = 0.6 to c = 0.7. As with this latest aspect ratio the elliptical cross section is closer to a circular one, the flow inside the STE should be less constrained. The effect of the aspect ratio for the same twist pitch of P = 5 D on the swirling flow can be seen in Fig. 5. For both cases, as the fluid flows inside the STE, more and more streamlines of the core flow go to the circumference of the twisted tube and in the downstream tube the flow is clearly turbulent and in a rotation motion. However, this effect is less emphasized with the c = 0.7.

To quantify the axial flux of axial velocity momentum converted into axial flux of tangential velocity momentum, a dimensionless number is usually used and is defined by Kitoh [29] as the swirl number S:

The evolution of the intensity of the swirl for the two cases and from z* = 0 to z* = 51 at the lowest Reynolds number Re = 10,000 is shown in Fig. 6, where the vertical bars delimit the different phase of the swirling flow as It can be noticed that between the two investigated cases there are large differences in the evolution of S along the STE and downstream, especially in phase 1. While the intensity of the swirling flow increases more rapidly with c = 0.6, it is also surprising to observe that after a rotation of 180° of the STE, S suddenly decreases and then regains its strength and further developed at a farther position in the STE. This behavior is not observed with the other case where c = 0.7 and where the development of the swirling flow only has two phases. A first one in the first pitch, where the intensity of the swirling flow increases rapidly and a second one after the first 5 D rotation of the elliptical cross section where the intensity of the swirling flow increases with a lower slope. The maximum of S reached by both cases is also greatly different. While the STE with c = 0.6 achieves to reach a maximum swirl intensity of S max = 0.12, the STE with c = 0.7 remains below 0.10 with S max = 0.07.

In phase 2, even though the drop of the swirl intensity is more pronounced with c = 0.6 than with c = 0.7, its S remains higher and even reaches at the end of phase 2 the same S as at the end of phase 1 with c = 0.7.

In many investigations [29][30][31], it is reported that the decay of the swirl intensity is expected to follow an exponential trend: where S 0 is the swirl intensity at the beginning of its decay and β is the decay rate.

The fit curves with Eq. ( 17) have been calculated and can be seen in Fig. 7.

The curves were fitted in the decay phase of the swirling flow. For the c = 0.6 and c = 0.7 cases the correlation coefficient is very good and is, respectively, of 0.994 and 0.996. These functions are informatives because they provide the decay rate β for each swirling flow. It tends to show that the decay rate is only dependent on the Reynolds number, as shown by Beaubert et al. [32] for laminar flows, and that a kind of "fundamental flow pattern" also exists for turbulent swirling flows. As there is a good fit from the start of the swirl decay, this leads to assume that the swirling motion is close to this "fundamental" pattern from the beginning of the circular cross section. 

Pressure drop

The swirling flow generated by the two configurations of STE is quite different from one another regarding their development in phase 1. As a consequence, the added pressure drops caused by their respective swirling flow are not the same. The pressure drop is studied by using the friction factor f as defined in Eq. ( 6) and is computed between z* = 0 and z* = 51. The friction factor of the STE is compared to the friction factor in a plain tube, f p , which is calculated using the correlation from Pethukov:

The evolution of the increase in pressure drop with the Reynolds number can be seen in Fig. 8. It can be clearly seen that increasing the aspect ratio of the STE from c = 0.6 to c = 0.7 enables to reduce significantly the increased pressure drop. One explication could be, as the aspect ratio increases, the maximum tangential velocity reached inside the STE decreases and therefore the wall shear stress also decreases. Furthermore, with a higher aspect ratio, the curvature of the STE is less strong; thus, the flow can more easily follow the shape of the twisted tube. This should avoid the creation of adverse pressure gradient close to the wall leading to flow recirculation zones which causes energetic loss. The evolution of the pressure drop with the increase in Reynolds number is identical for both cases except that the STE with c = 0.7 does not reach a plateau after Re = 80,000 but keeps increasing. One of the causes of such an evolution might be the intensification of inertial forces with rotation of the fluid caused by the swirling flow. The centrifugal and Coriolis forces contribute to the energetic loss and both grow in intensity as the Reynolds number increases. Besides, these forces are proportional to the square of the velocity, hence the observed growth of f/f p . As seen in Fig. 6, the large drop of the swirl intensity in phase 2 might also be linked to high pressure drop because of the geometrical transition between the elliptical cross section of the STE and the circular cross section of the downstream tube in addition to the end of the rotation of the twisted tube which supports the swirling flow.

Heat transfer

Along with the increase in pressure drop, the swirling flow generated by both STE also enables to enhance heat transfer between the hot wall of the tube and the cold fluid by increasing the flow path and disrupting the thermal boundary layer. The heat transfer in the STE, Nu, is calculated using Eq. ( 11) between z* = 0 and z* = 51. The mean values of the temperature in Eq. ( 11) are calculated using Eq. ( 12). In a given cross section, the temperature and the velocity at the center of each cell are used to calculate the integral of Eq. ( 12) using a discrete approach. The Nusselt number of the STE is compared to the heat transfer obtained in a plain tube (Nu p ) where Nu p is calculated with the correlation of Gnielinski:

where Pr is the Prandtl number and is defined as:

The evolution of the enhanced heat transfer with the Reynolds number can be seen in Fig. 9. Although the STE with c = 0.6 enables a higher heat transfer enhancement than with c = 0.7, the differences are quite small. This latest result is surprising because as seen in Fig. 6, the STE with c = 0.7 generates a swirling flow with a lower intensity than the STE with c = 0.6. Therefore, it could have been expected that the heat transfer enhancement with STE with c = 0.7 would have (20) Pr = C p been even lower. However, even though the swirl intensity is lower with this latest STE than with STE where c = 0.6, the level of turbulence should be greatly increased in both cases. Thus, the heat transfer enhancement might also be linked to this intensified level of turbulence in the swirling flow. For instance, at Re = 100,000 the maximum turbulent kinetic energy reached in STE with c = 0.6 and c = 0.7 is, respectively, 140.7 and 124.0 J kg -1 . Besides, note that the increase in heat transfer Nu/Nu p between Re = 10,000 and Re = 100,000 is greater than the increase in friction factor. Both versions of STE can significantly enhance the heat transfer, but this is at the cost of a greater pressure drop. These parameters have to be both taken into account in order to estimate the efficiency of the STE. To that end, the performance evaluation criterion (PEC) proposed by Webb et al. [33] is used here and is defined as:

The evolution of the PEC for the different STE is shown in Fig. 10. It can be observed that the obtained PEC for both cases is similar and also always greater than 1. Only at the highest Reynolds number, the PEC of the STE with c = 0.6 is obviously higher than the PEC of the STE with c = 0.7. It is also interesting to note that the PEC increases with the Reynolds number indicating that there is a good balance between heat transfer enhancement and pressure drop increase. This might be due to how the swirling flow is generated which is by a continuous deformation of the tube shape. On the one hand, the flow path is extended enabling more heat exchanges between the tube wall and the fluid and the swirling flow becomes more intense which leads to a greater mixing and thus a better heat transfer. On the other hand, as the Reynolds number increases, pressure drop evolves at a lower pace and it is likely due to the absence of extended surface exchange (twisted tapes, finned tubes, axial guide vanes swirler, etc.) in the twisted tube. Despite the greater pressure drop in the STE with c = 0.6, its better heat transfer enhancement yields a PEC which is almost the same as the STE with c = 0.7. Nevertheless, the STE with c = 0.6 is more interesting because it creates a more intense swirling flow which should last over a longer distance than the swirling flow created by the STE with c = 0.7. Using Eq. ( 17), a swirl number of 0.01 is achieved after about 34 D for the STE with c = 0.7, when about 43 D are necessary for the STE with c = 0.6.

Influence of the cross section: STE and ST3L

The configuration of the STE with a twist pitch of P = 5 D and an aspect ratio of c = 0.6 is kept, and those parameters are also maintained to create the geometry of the twisted tube with a three-lobe cross section.

Intensity of the swirling flow

The modification of the cross section from an ellipse to a three-lobed enables to better divide the incoming flow from the upstream tube and to induce a swirling flow more efficiently. Figure 11 shows the distribution of the tangential velocity in a cross section of the twisted tube at several axial positions located within the first twisted pitch at Re = 10,000. It can be observed that as the flow progresses in the twisted tube, an increasing fraction of the bulk velocity U b is transformed into a rotation motion close to the wall of the tube. This fraction is notably greater in the ST3L than in the STE. This might be attributed to the fact that a dedicated portion of the flow follows a helical path inside one of the lobes of the twisted tube, whereas in the STE the core flow is not divided in such a way; thus, it is more difficult to induce a tangential velocity to the whole flow. The evolution of the intensity of the swirl for the two configurations of twisted tube is shown in Fig. 12.

Again, the evolution of the swirl intensity can be divided into three sections. The ST3L enables the generation of a swirling flow which is double as intense as for STE in phase 1. The development of the swirling flow in phase 1 of the ST3L is very similar to the one in the STE from z* = 0 to z* = 10. However, whereas in the STE the intensity of the swirling flow increases again after the small drop at z* = 7 and achieves to exceed its value at z* = 4, in the ST3L the peak at z* = 3 is not exceeded further downstream. The two tubes configurations have the same behavior at the beginning of phase 2: a tremendous drop of the swirl intensity. It could also be noted that the decrease in the swirl intensity between the end of phase 1 and the end of phase 2 is slightly higher for the STE than for the ST3L.

In phase 3, both swirling flows decay at their own pace. To further investigate the decay rate of the swirling flow from the ST3L, an exponential function from Eq. ( 17) was fitted against the data of the swirl intensity at Re = 10,000. This is shown in Fig. 13. It could be noted that the decay of the swirling flow for the ST3L fits quite well with the decay coefficient β = 0.0505 determined for the STE if it is considered that it is shifted in space by 1.5 D, and having an initial value of S 0 = 0.165 (S = 0.165 exp(-0.0505 (z 1 *)). The correlation coefficient is also good with R 2 = 0.985. In that case, the decrease is higher in the first part of phase 3; for about 6 D. This might be due to the fact that the threelobed section does not lead to the "fundamental" swirling flow pattern and that it is necessary to have a transition zone where the "non-fundamental" part of the flow pattern is dissipated. Note that in Beaubert et al. [32] it is shown that this transition zone represents about 4 D for a complex laminar flow. It can also be concluded that the decay of the STE corresponds to the decay of the ST3L if it is shifted by 10.9 D.

Pressure drop

The evolution of the friction factor increase for the STE and the ST3L with the Reynolds number is shown in Fig. 14.

The pressure drop of the ST3L is tremendously higher than for the STE. This can be explained by the more complex shape of the three-lobed cross section where the flow is constrained to go inside the lobes. Besides, the swirling flow in the three-lobed tube is more intense; thus, the shear stress on the wall is also greater thus causing more energetic loss. Ultimately the geometrical transitions parts between the three-lobed and the circular cross section could also cause significant pressure loss as the drop of the swirl intensity in phase 2 suggests in Fig. 12.

Heat transfer and PEC

The evolution of the heat transfer enhancement for the STE and ST3L is shown in Fig. 15.

Numerical investigation of several twisted tubes with non-conventional tube cross sections… 1 3 It can be noticed that the heat transfer is more enhanced with the ST3L than with the STE. This is because a greater portion of the flow undergoes a swirling motion; thus, not only more heat is transferred from the wall of the tube to the flow in its vicinity but also more heat is transferred from the flow close to the wall to the core flow. In addition, as the wetted area of the ST3L is lower than the wetted area of the circular cross-sectional tube (A ST3L = 225 mm 2 and A = 314 mm 2 ), the The increased level of turbulence should also play a major role in this increased heat transfer. Although heat transfer is greatly enhanced with the ST3L, pressure drop is also really high and the energetic performance of this tube geometry should be assessed. The evolution of the PEC for the STE and the ST3L can be seen in Fig. 16, and it can be concluded that both technologies have almost the same energetic performances. However, for the lowest Reynolds number the PEC of the three-lobed tube is below 1 which means that the pressure drop penalty overbalances the heat transfer enhancement. Nevertheless, for higher Reynolds numbers the PEC is greater than 1. Both technologies enable to have good energetic performances, but the swirling flow generated by the ST3L is more intense and can last over a longer distance than in the STE.

Conclusions

The present study pursues the work of Indurain et al. [22] and further investigates the influence of the aspect ratio of a short-length twisted tube with an elliptic cross section (STE) on heat transfer and pressure drop generated by a developing and decaying swirling flow. The effects of the modification of the cross section from an ellipse to a three-lobed (ST3L) on the generated swirling flow, heat transfer and pressure drop are also investigated. The main conclusions of the present study are as follow:

• The STE is effective at creating a swirling flow, but its intensity greatly depends on the aspect ratio. • The lower the aspect ratio, the longer the decay of the swirling flow in the tube downstream with a circular cross section. • The ST3L can generate a more intense swirling flow than the STE with c = 0.6. • Tremendous pressure drop is generated with the ST3L, and even if its PEC is almost the same as with the STE, this can be really detrimental for some applications. • The maximum swirl intensity with the ST3L is reached early in phase 1. Therefore, the length of the ST3L might be shortened in order to keep an intense swirling flow while diminishing the pressure drop.

Furthermore, it was also emphasized that the geometrical transitions parts between the non-circular and the circular cross sections cause a discontinuity in the evolution of the swirl intensity and thus might also cause significant singular pressure drop. Hence, these transitions parts have to be modified in order to reduce the energetic loss.

INTRODUCTION

Steam cracking of naphtha and ethane produces about 85% of olefins made in the world, such as light olefins (ethylene, propylene, butene...) and aromatics [1]. The cracking reaction takes place within the tubes of the steam cracking furnaces at very high temperatures (above 1000 K) and produces the aforementioned products but also cokes on the wall of the tubes [2,3]. This growing carboneous layer has several negative effects. First, coke build up decreases the cross-sectional area of the gas flow resulting in higher pressure drop and loss of ethylene selectivity [4]. Secondly, the low thermal conductivity of cokes weakens the heat transfer from the tube wall to the process gas. Consequently, the heat input is raised to counteract the increased heat transfer resistance, leading to higher tube metal temperature (TMT) and still higher coking rate. Eventually, either due to an excessive pressure drop over the reactor or due to metallurgical constraints of the reactor tube alloy, production needs to be halted to decoke the reactor [5]. For obvious economics reasons coking rate must be slowed down. To that end, metallurgy developments of tubes [6,7] or three-dimensional reactor designs are used to enhance heat transfer, resulting in lower wall temperatures and/or higher wall shear stress and so to reduce coking rates as deduced from the well known Ebert and Panchal model (see e.g. [8]). Designs can be divided into two classes based on the physical reason of heat transfer: increased internal surface area or enhanced mixing.

Van Goethem et al. [9] numerically studied heat transfer and pressure drop of air flow in several heat transfer enhancers and among them there were straight and helical internally finned tube. For Reynolds numbers from 80,000 to 350,000, they reported that these increased surface technologies respectively enable an average increase in heat transfer of 51% and 66% compared to a straight tube yet at the expense of an average increased pressure drop of 67% and 92%. The better heat transfer performance of the helically finned tube is linked to its ability to generate a swirling flow and thus improving the mixing of the gas which leads to a more effective and more homogeneous heating of the process gas.

Swirling flow increases mixing in the fluid core section and results in increased shear stress at the wall. The studies conducted by Torigoe et al. [10] and Györffy et al. [11] focused on the heat transfer and pressure drop performances of a single start internally ribbed tube called Mixing Element Radiant Tube (MERT) patented Heat Exchanger Fouling and Cleaning -2019 by Kubota in 1995 (see www.kubotamaterials.com.products/mert.html for a brief description). They found with the latest version of the MERT that the heat transfer is improved by up to 40% while the pressure drop is increased by up to 210%.

Although heat transfer is enhanced with the previous technologies, this is at the cost of a tremendous pressure drop increase. This drawback is mainly due to the added material at the tube surface. However, swirling flows could be generated by other means, such as deforming the tube shape as with the Swirl Flow Tube (SFT) developed by Technip [12,13]. Van Goethem et al. [9] have experimentally and numerically studied this design of tube. The increased mixing is obtained by changing the shape of the tube from a straight to a small amplitude helical tube. Their results showed that for Reynolds numbers ranging from 30,000 to 120,000, the SFT can achieve a good balance between enhanced heat transfer and improved pressure drop with a 33% increase for both. Those results prove that a mere modification of the tube geometry could lead to a power efficient swirling flow.

Tubes with elliptical cross-sections have been widely studied and some of those researches focused on the heat transfer and pressure drop performances of twisted elliptical tube. Tan et al. [14] conducted a parametric study of a twisted elliptical tube and they reported that this kind of tube geometry offers an excellent Performance Evaluation Criterion (PEC) as defined by Webb and Eckert [15] within the studied Reynolds number range with the highest PEC reaching 1.725. It can also be concluded from their study that the greater the aspect ratio of the ellipse the higher the PEC and this is also true with the twist pitch of the tube but up to given value. This latest result shows that continuous swirling flow can become less efficient if it is maintained over a too long distance. Thus, after reaching a fully developed state, the swirling flow should decay and not increase pressure drop further.

This paper presents some results of a numerical investigation on the heat transfer and pressure drop performance of a developing swirling flow generated by a short length twisted tube with elliptical cross-section (SETET) and decaying downstream of the SETET in a tube with a circular cross-section. Several configurations of the SETET are studied in order to find the configuration which provides the highest heat transfer enhancement at the lowest pressure drop increase.

SHORT ELEMENT OF TWISTED ELLIPTICAL TUBE

The numeric test bench for the simulations consists of a tube composed of different elements. First of all, there is a twisted elliptical tube (TET) whose hydraulic diameter Dh is defined as:

D h =4 A E (1)
The twist operation of the elliptical crosssection consists in both a translation over a distance P and a 2π rotation along the tubes axis. The length of the TET is LTET =20Dh and its inlet is considered as the origin of the axis coordinate (z * =0). Upstream of the TET there are two different elements, a transition tube and a tube with a circular cross-section. The latter has the same hydraulic diameter of the TET and has a length Lup=40Dh. The purpose of this tube is to achieve a developed flow before entering the TET. The transition tube is used to have a smooth transition between the circular and the elliptical cross-section tubes over a length Ltr=4Dh. Downstream of the TET, the same elements as upstream are used but the length of the tube with a circular crosssection is Ldown=32Dh so that the total length of the test bench is L=100Dh. LTET is only one fifth of L, that is why the TET is renamed here as SETET. The computational domain can be seen on figure 1. The geometric parameter of this study is the twist pitch P and the aspect ratio of the ellipse c. As it can be seen in table 1 the twist pitch P for a given aspect ratio is tested. For every case five different Reynolds numbers (Re) are tested, they range from 10,000 to 100,000 and Re is defined as:

R e = ρ U b D h μ ( 2 
)
Heat Exchanger Fouling and Cleaning -2019 the working fluid is now air and the thermodynamic properties used are summed up in table 3. One assumption is that, within the given range of encountered temperatures, the thermodynamic properties are kept constant. Table 3. Thermodynamic properties of air at T=300 K [19] cp (J/kgK) 1006 λ (W/mK) 0.024 μ (Pa.s) 1.91e-5 ρ (kg/m³) 1.205

Although the numerical procedure has been validated, a mesh independent test study with case 1-1 is undertaken to ensure that the results of the simulations are not mesh sensitive.

Mesh independence test

The meshing process is achieved by using cfMesh, an open source meshing software developed by Dr. Franjo Juretic [20]. Three different cartesian unstructured meshes were tested with a refined mesh close to the wall of the tube consisting in 11 additional mesh layers. The three meshes from the finest to the coarsest are noted mesh 1, mesh 2 and mesh 3 and they respectively have 10,890,272, 7,632,400 and 5,330,459 cells. Mesh 2 is obtained with the same meshing parameters used for the validation case.

The Grid Convergence Index (GCI) method developed by Roache [21] is adopted here to conduct the mesh independence test. It is a generalization of the Richardson extrapolation and it provides a uniform measure of convergence for grid refinement studies. The GCI value represents the resolution level and how much the solution approaches the asymptotic value and is defined as: G C I i =1.25 e i +1 -e i e i (r α -1 ) (7) where the grid refinement ratio r in this study is r=1.43 and α is computed as follows [21]:

α= ln ( e 1 -e 2 e 2 -e 3 ) ln( r) (8) For the sake of clarity, the GCI method is not described here but can be found in [21,22]. Both global and local quantities are investigated with the GCI method. The global quantities are the friction factor f and the Nusselt number Nu. The local quantities are averaged values in a plane located in z*=34 and they are the skin friction coefficient Cf and the bulk temperature Tb respectively defined as:

C f =2 τ w ρ U b 2 (9) 
and

T b = 1 U b A ∫ A T u z d A (10)
The results of the grid refinement study are summarized in table 4 and it can be noticed that the GCI between mesh 1 and 2 is lower than the GCI between mesh 2 and 3 except for the Nusselt number but the GCI is still low. Therefore, the results of the simulations are less prone to change between mesh 1 and mesh 2. Furthermore, it is computationally less expensive to run simulations with mesh 2, thus this latest mesh was chosen to perform all the other simulations for the parametric study. 

RESULTS AND DISCUSSION

Flow field

For the three cases, the swirling flow is generated in the same way. As the flow progresses through the SETET it acquires a tangential velocity component due to the geometry curvature. However, the lower the twist pitch of the SETET the greater the curvature and therefore the higher the intensity of the swirling flow as it can be seen on figure 3. In a cross-section of the SETET located at z*=10, which corresponds to half the length of the twisted tube, the maximum dimensionless azimuthal velocity Uθ * has been calculated for case 1-1, 1-2 and 1-3 and is respectively of 0.10, 0.28 and 0.53. As the twist pitch decreases, the maximum dimensionless tangential velocity increases significantly which leads to a greater mixing of the fluid, a longer flow path and an improved heat exchange between the swirling flow and the wall of the tube. In those same cross-sections, the mean deviation angle of the flow calculated between the tube axial direction and the flow velocity vector for the three cases is respectively of 9.2°, 16.9° and 24.5°. Again, the lower the twist pitch, the higher the mean deviation angle. This means that the wall of the twisted tube could deflect more efficiently the axial flow yielding to an intense swirling motion.

Heat Exchanger Fouling and Cleaning -2019 In order to quantify the intensity of the swirling flow, a specific quantity is usually adopted and defined by Kitoh [23] as the swirl number S:

S = ∫ 0 R r 2 u θ u z d r R ∫ 0 R ru z 2 d r ( 11 
)
The evolution of S from z*=0 to z*=51 and for the three different cases at the highest Reynolds number is shown on figure 4, where the vertical bars delimitate the different phase of the swirling flow as discussed in the following. It must be noticed that there are three major phases: 1) from z*=0 to z*=20, the generation and development of the swirling flow, 2) at z*=20 the transition between the SETET and the exit tube with circular cross-section where there is a huge drop of the swirl number and 3) from z*=24 to z*=51, the decay of the swirling flow. In phase 1, between all of the three cases, there are large difference of swirl numbers and the slopes are also greatly different from one another. The sharpest slope is achieved with case 1-3 meaning that the swirling flow is rapidly developing inside this SETET. For every case, there is a dramatic drop of the swirl number at z*=20, caused by the end of the curved geometry and the rather sharp transition between an elliptical and a circular cross-section. Moreover, the higher the swirl number, the larger the drop of S.

Besides, it could also be observed that whatever length the SETET of case 1-1 might be, it will never generate a swirling flow whose S is as high as the intensity of the SETET of case 1-2 after 10Dh or of case 1-3 after 5Dh. In addition, if only one twist pitch of every SETET is considered, it must also be noticed that the shorter the length of P, the greater the value of S. Fig. 4. Evolution of the swirl number along the TET and downstream for the cases 1-1, 1-2 and 1-3 at Re=100,000.

Ultimately, because of the logarithmic scale, it is easily observable that all of the three swirling flows have the same decay in phase 3. The calculation of the slope or decay rate of case 1-1 to 1-3 gives respectively a decay rate of 0.04, 0.041 and 0.042. This specific behavior of the swirling flows is shown on figure 5, where the graph has been built as follows. The evolution of S from case 1-3 is used and the last value of S at z*=51 is stored. Then, the closest value of S from case 1-2 to the latest stored S is found and added to the graph along with the subsequent values of S from case 1-2 and the latest value is stored. Then this operation is done once more between case 1-1 and 1-2. Although the pitch of the SETET has a tremendous influence on the development of the swirling flow, it has very little regarding its decay. Figure 5 also illustrates that with case 1-3, the swirling flow could last over almost almost 70Dh after the SETET.

Pressure Drop

The swirling flow generated by the three SETET are greatly different as previously seen on figure 3 and4. Hence it is important to study the evolution of the friction factor with the Reynolds number, depending on the SETET. Figure 6 features the friction factor ratio between the Heat Exchanger Fouling and Cleaning -2019 SETET (f) and a straight tube (fp) where fp is calculated with the correlation from Pethukov: f p =(0.79 ln (R e )-1.64 ) -2 (11) while f is computed by using Eq. ( 3) between z*=0 and z*=51. Fig. 6. Evolution of f/fp with Re for cases 1-1 to 1-3.

The transition between the elliptical crosssection and the circular cross-section might cause a large pressure drop due to a sudden change of the flow topology as depicted with the sharp variation of the swirl number in phase 2 on figure 4. Pressure loss of case 1-2 are higher than case 1-1 but are in the same range especially compared to case 1-3 where the pressure drop are tremendously higher.

Heat Transfer

The amount of heat exchanged between the fluid and the wall depends also greatly on the swirling flow. The calculation of the bulk temperature Tb with Eq. ( 8) and its evolution from z*=0 to z*=51 for every cases, as seen on figure 7, gives information on how effective the swirling flow is to transport the heat from the wall to the bulk flow. The swirling flow generated by the SETET of case 1-3 is more effective at increasing the bulk temperature than the two other SETET. Although this increase is not really high, it means that the swirling flow enables a more effective heat transfer between the wall of the tube and the flow. As a consequence, for a given heat flux at the wall of the tube, the increased heat transfer will have two major effects in steam cracking furnaces. First of all, it will result in a diminution of the wall temperature and according to the coking model of Plehiers [24] yield a lower coking rate. Secondly, because of the imparted swirling motion, it will lead to a more uniform radial temperature distribution which in turn decreases secondary reactions which also participate to the coke formation [25,26]. Furthermore, more heat is transported by the rotating fluid as shown on figure 8 which displays the ratio between the global heat transfer obtained with an enhanced geometry (Nu) and the heat transfer obtained in a straight tube (Nup) where Nup is calculated with the correlation of Gneilinsky: where Pr is the Prandtl number and is defined as:

Pr= μ C p λ ( 13 
)
The Nusselt number is calculated from Eq. ( 5) and the heat balance is done between z*=0 and z*=51. It can be observed that both cases 1-1 and 1-2 provide approximately the same heat transfer enhancement and are both below the heat transfer enhancement of case 1-3. All the SETET are efficient at enhancing heat transfer and the improvement grows with the Reynolds number, except for case 1-1 at Re=100,000 where there is a sudden drop of Nu/Nup. The improved heat transfer and the relatively low pressure drop increase from the twisted tube is of particular interest for the steam cracking industry because again it leads to a lower TMT and provided that the coke deposition occurs at the wall where the temperatures are the highest to a lower coking rate [13,26,27]. Similarly, considering the Ebert and Panchal model, the enhanced heat transfer of the SETET leads to a diminution of the deposition term by increasing the heat transfer coefficient in the thermal boundary layer and by reducing the wall Heat Exchanger Fouling and Cleaning -2019 temperature thus leading to a diminution of the fouling rate [8].

Even though every investigated SETET generate a swirling flow which increases pressure drop, it also enhances significantly the heat transferred between the wall and the flowing fluid. To quantify the energetic efficiency of the SETET, the Performance Evaluation Criterion (PEC), proposed by Webb et al. [15] is used here and is defined as:

PEC = Nu / Nu p 3 √ f / f p ( 14 
)
The evolution of the PEC for the different cases is shown on figure 9. Although the SETET of case 1-3 provides better heat transfer performance at the cost of a higher pressure drop than the two other SETET, it can be observed that all the studied geometries have approximately the same PEC with a slightly higher values for the SETET with the greatest twist pitch. Considering that the SETET of case 1-3 generates the most intense swirling flow which increases both the wall shear stress and the heat transfer at the same PEC as the two other SETET, it is concluded that this SETET is the most interesting studied configuration.

THE BULK TEMPERATURE RELATED PEC

In the steam cracking industry, the temperature of the processed gas is a prime parameter to achieve a better selectivity in highly valuable products (ethylene, propylene…). The higher the bulk temperature, the better the selectivity and also the lower the radial temperature gradient and the lower the coking rate [25] It was seen in section 5.3, on figure 7 that every configuration of SETET generates a swirling flow which yields higher Tb along z* than in a turbulent flow in a straight tube. Thus, the required length of tube in cases 1-1 to 1-3 to reach the same bulk temperature as the one at the end of a straight tube, here at z*=51, is shorter. This length is denoted as Leq and new calculations of the friction factor and the Nusselt number with respectively Eqs. ( 3) and (4) between z*=0 and z*=Leq are performed to determine the PEC associated with this reduction of tube material to achieve the same Tb as in a straight tube. This new number is denoted PECb.

The values of Leq for every cases is shown on table 5 and from this table it is clear that the SETET from case 1-3 achieve the same Tb as in a straight tube within a dramatically shorter distance. Thus the total length of the tube with the SETET of case 1-3 could be reduced to a maximum of nearly 65% at Re=80,000 and to a minimum of 17% at Re=100,000. It is also surprising to observe such an increase of Leq between these two Reynolds numbers from case 1-3. It must also be noticed that the two other SETET are quite inefficient at reducing the length of tube required to obtain the same Tb as in a straight tube. From the latest figure it can be observed that the PECb of case 1-2 is below 1 for Re=10,000 and for case 1-3 is below 1 for the two lowest Reynolds numbers, meaning that this solution causes more pressure drop than heat transfer enhancement. However, at higher Reynolds number the PECb becomes higher than 1 and thus the generated swirling flows are energetically efficient.

CONCLUSION

This work presents a numerical study of different geometry of short length twisted elliptical tube (SETET) used to induced a swirling flow, followed by a transition tube and a tube with a circular cross-section. Three configurations of SETET, whose length remain the same, are studied Heat Exchanger Fouling and Cleaning -2019 and the tested parameter is the twist pitch P of the SETET. The Reynolds number range from 10,000 to 100,000 and from the results of the study the following conclusions can be drawn:

• With this kind of configuration the swirling flow could be decomposed into three phases: a developing, transitioning and decaying. • The SETET with the shortest twist pitch features the highest swirl number S and the best heat transfer enhancement at a given Re but also the highest pressure loss. • The better heat transfer that leads to a higher bulk temperature is expected to yield a lower coking rate according to the coking model of Plehiers [24]. • The PEC of the three cases are in the same range and are above 1. According to this last result, it can be concluded that minor modification of tube geometry or shape could generate a swirling flow which enhances heat transfer at a relative low pressure drop penalty and which might also reduce significantly the coking rate.

It was also shown in the last section of this study that the swirling flow generated by the SETET with the lowest twist pitch can achieve the same bulk temperature reached at the end of a straight tube within a shorter distance. Therefore, tube manufacturers could save money by using this configuration of SETET and by shortening their tubes. Furthermore, more heat is transferred with the generated swirling flow, meaning that the temperature at the wall is lower and therefore that the coking rate could be reduced thus extending run lengths and have less frequent shutting down for decoking operations Nevertheless, the large drop of swirl intensity in phase 2 is detrimental for the swirling flow and future work aims at creating another transition which could reduce this swirl intensity gap. Furthermore, to reduce the pressure drop another parametric study with the aspect ratio c is expected to be undertaken with the most interesting configuration of SETET investigated namely the case 1-3.
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 3 Figure 3 -An example of a tube coil used in the radiant section of a steam cracking unit
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 11 Figure 1.1 -Classification of the different regions encountered in the dynamic boundary layer

  or less significant depending on the selected device to obtain such flow. The ideal swirling flow to obtain the highest heat transfer possible should have a very specific tangential velocity profile which is called wall-jet by Steenbergen and Voskamp[START_REF] Steenbergen | The rate of decay of swirl in turbulent pipe flow[END_REF] and where the tangential momentum is essentially concentrated close to the wall of the tube as it can be seen on figure1.2.
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 12 Figure 1.2 -Classification of swirling flow tangential velocity profile adapted from Steenbergen and Voskamp[START_REF] Steenbergen | The rate of decay of swirl in turbulent pipe flow[END_REF] 

I

  . SWIRLING FLOWS IN TUBES a large imbalance between the normal and the tangential components of the Reynolds stress tensor[2]. Close to the pipe axis, the magnitude of the components of the Reynolds stress tensor are really small compared to the values found close to the wall. Rocklage-Marliani et al.[START_REF] Rocklage-Marliani | Three-dimensional laser-doppler velocimeter measurements in swirling turbulent pipe flow[END_REF] have shown that, for a swirling flow generated by the rotation of a honeycomb mesh, in the vicinity of the wall the normal component of the Reynolds stress tensor could be several order of magnitude higher than the tangential component of the Reynolds stress tensor as shown in figure1.3.
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 13 Figure 1.3 -Radial distribution of the normal radial component of the Reynolds stress tensor (left) and the tangential radial component of the Reynolds stress tensor (right). Adapted from Rocklage-Marliani et al.[START_REF] Rocklage-Marliani | Three-dimensional laser-doppler velocimeter measurements in swirling turbulent pipe flow[END_REF] 
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 14 Figure 1.4 -Details of the flow structure around a rib in a channel from the work of Labbé[START_REF] Labbé | Large-eddy-simulation of flow and heat transfer in a ribbed duct[END_REF] 
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 15 Figure 1.5 -Schematic representation of a helical finned tube
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 16 Figure 1.6 -Heat transfer enhancement vs increased pressure drop for different finned tubes from the study of Schietekat et al.[START_REF] Schietekat | Computational fluid dynamics-based design of finned steam cracking reactors[END_REF] 
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 17 Figure 1.7 -Schematic representation of a helical tape inserted in a tube
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 18 Figure 1.8 -Example of an axial guide vanes swirler that could be placed in a tube adapted from Ahmadvand et al. [63]
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 19 Figure1.9 -Example of a four-lobed cross-section twisted tube geometry adapted from Li et al.[START_REF] Li | Improving the efficiency of 'clean-inplace' procedures using a four-lobed swirl pipe: A numerical investigation[END_REF] 

  technology have been undertaken and the results are the Slit-MERT and the X-MERT[START_REF] Györffy | Mert performance and technology upyear[END_REF] 103] and the three technologies could be seen on figure1.10.
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 110 Figure 1.10 -The three different versions of the MERT technologies[START_REF] Györffy | Mert performance and technology upyear[END_REF] 
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 1 Figure 1.11 -Cross-section view of a SCOPE tube
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 112 Figure 1.12 -Representation of the SERT technology adapted from the work of Zhang et al.[START_REF] Zhang | Enhancement of heat transfer by swirling element of radiant tube in cracking furnace[END_REF] 
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 113 figure 1.13. This technology is different from the MERT, SCOPE and SERT technologies in the way that neither extended surface nor inserts are used to modify the flow. Schietekat et al. [110] have numerically investigated various designs of SFT tubes with CFD simulations using a RSM turbulence model and have described that by following the curvature of the tube, the flow was put into rotation and a swirling flow is then generated. The axial velocity coisncentrated toward the outer bend of the tube while close to the inner bend a recirculation zone is generated leading to a C-shape distribution of the axial velocity. In the experimental part of their study Schietekat et al. [110] have calculated a heat transfer enhancement of 1.26 and an increased pressure drop of 2.2 both at a
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 113 Figure 1.13 -Schematic example of SFT tubes inserted in a steam cracking furnace
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 1 Figure 1.14 -3D drawing of a dimple tube from Dedeyne et al. [111]
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 115 Figure 1.15 -Representation of the Hollow Cross Disk technology from the study of Bai et al. [117]
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 21 Figure 2.1 -Design of the investigated axial guide vane swirler

2. 2 .

 2 

Figure 2 . 2 -

 22 Figure 2.2 -Mesh of the investigated axial guide vane swirler and zoom on the meshed edges

  IV. RESULTS OF THE CFD SIMULATIONS possible their experimental data.Simulations were run at 4 different Reynolds numbers (10 000, 19 000, 28 000 and 35 000) and the results obtained on the friction factor coefficient and the global Nusselt number along with the experimental data of Wang et al.[START_REF] Wang | Configuration optimization of regularly spaced short-length twisted tape in a circular tube to enhance turbulent heat transfer using CFD modeling[END_REF] can be found in figure 2.3.
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 23 Figure 2.3 -Comparison between the results of the experimental data from Wang et al. [84] (black symbols) and the reproduction of the simulations of their case (white symbols) for both the friction factor coefficient (triangles ) with an uncertainty of 5.29 % and the global Nusselt number (squares ) with an uncertainty of 8.06 %

  figure 2.5.
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 24 Figure 2.4 -Streamlines of the flow downstream of the swirler
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 2627 Figure 2.6 -Normalized axial velocity, ūz /U b , around the swirler which could be seen in transparency
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 28 Figure 2.8 -Evolution of the wall shear stress downstream of the swirler at Re = 50 000
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 29 Figure 2.9 -Evolution of the axial wall shear stress τ w z and the tangential wall shear stress τ w θ downstream of the swirler at Re = 200 000
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 2 Figure 2.10 -Evolution of the skin friction factor C f of the swirler and of a developed turbulent flow in a bare tube over a distance of 120D at Re = 200 000

  was done on the case where the test section has a length of 120D at Re = 200 000 to better grasp the effect of the decaying swirling flow on heat transfer. Furthermore, this evolution is compared to what could be obtained in a bare tube and is shown in figure2.11.
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 211 Figure 2.11 -Evolution of the local Nusselt number Nu L of the swirler and of a developed turbulent flow in a bare tube over a distance of 120D at Re = 200 000
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 3132 Figure 3.1 -Sketch of an elliptical cross-section and its associated semi-major (a) and semi-minor (b) axis

Figure 3 . 3 -

 33 Figure 3.3 -Example of a twisted tube with an elliptical cross-section along with the representation of the twist pitch P and the length of the swirler L s
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 34 Figure 3.4 -Sketch of the numerical test bench used to study the twisted tube swirler with a noncircular cross-section
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 35 Figure 3.5 -Comparison between the results of the experimental data from Tang et al. [5] (black symbols) and the reproduction of the simulations of their case (white symbols) for both the friction factor coefficient (triangles ) with an uncertainty of 5.0 % and the global Nusselt number (squares ) with an uncertainty of 4.1 %
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 36 Figure 3.6 -Linear transition between a circular and an elliptic cross-section
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 37 Figure 3.7 -Axial evolution of the swirl intensity in the SETET with three different twist pitches P *
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 38 Figure 3.8 -Axial evolution of the swirl intensity in the SETET with P * = 5 at various Re
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 39 Figure 3.9 -Axial evolution of the swirl intensity in the SETET with P * = 10 at various Re
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 310 Figure 3.10 -Evolution of the pressure drop increase in the SETET for three different twist pitch
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 3118 Figure 3.11 -Evolution of the heat transfer enhancement in the SETET for three different twist pitches
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 312 Figure 3.12 -Evolution of the PEC in the SETET for three different twist pitch P *
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 313 Figure 3.13 -Axial evolution of the swirl intensity in the SETET with two different aspect ratios and twist pitches P *
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 314 Figure 3.14 -Evolution of the pressure drop increase in the SETET for two different aspect ratios and twist pitches P *
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 315 Figure 3.15 -Evolution of the heat transfer enhancement in the SETET for two different aspect ratios and twist pitches P *
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 316 Figure 3.16 -Evolution of PEC in the SETET for two different aspect ratios and twist pitches P *
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 317 Figure 3.17 -Distribution of the azimuthal velocity in the three-lobed cross-section
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 318 Figure 3.18 -Axial evolution of the swirl intensity in the SETET and S3L
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 319 Figure 3.19 -Evolution of the pressure drop increase in the SETET and S3L as function of Re
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 320 Figure 3.20 -Evolution of the heat transfer enhancement in the SETET and S3L as a function of Re
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 321 Figure 3.21 -Evolution of the PEC in the SETET and S3L as a function of Re
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 322 Figure 3.22 -Example of a transition element with a rotation (TR). Left view along the axis of the tube; middle perspective view of the TR; right view in profile of the TR
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 323 Figure 3.23 -Axial evolution of the swirl number for the SETET with TL or TR elements

Figure 3 .

 3 Figure 3.24 -Axial evolution of the swirl number for the SETET with TR elements of different lengths at Re = 10 000
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 325 Figure 3.25 -Axial evolution of the swirl number for different kind of twisted tube swirler with TL or TR elements
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 326 Figure 3.26 -Axial evolution of swirl intensity for the ShS3L TR and ShS3L TL up and TR down cases at Re = 10 000
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 327 Figure 3.27 -Sketch of a cross-section of a three-lobed swirler with sharp crests
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 328329 Figure 3.28 -Axial evolution of swirl intensity for the ShS3L TR and ShS3L TR sharp cases at Re = 10 000
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 330 Figure 3.30 -Axial evolution of swirl intensity for the various ShS3L cases at Re = 10 000
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 331 Figure 3.31 -Axial evolution of the mixing cup temperature for various ShS3L cases at Re = 10 000
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 332 Figure 3.32 -Temperature distribution in a cross-section located at z * = 10. Left; base ShS3L case, right; P * = 2 case at Re = 10 000
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 333334 Figure 3.33 -Axial velocity distribution in the swirler for the ShS3L P * = 2 case at Re = 10 000
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 335 Figure 3.35 -Axial velocity distribution in the lobes of the core swirler just downstream of the TR element for the ShS3L P * = 2 case at Re = 10 000
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 336 Figure 3.36 -Geometry of a ShS3L swirler with a two shifts twist pitch
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 337 Figure 3.37 -Geometry of a ShS3L with a continuously varying twist pitch
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 338 Figure 3.38 -Axial velocity distribution in the core swirler for the ShS3L 2TP case at Re = 10 000
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 339340 Figure 3.39 -Tangential velocity distribution in the core swirler for the ShS3L, 2TP case at Re = 10 000
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 341 Figure 3.41 -Axial evolution of the mixing cup temperature for the non-constant ShS3L cases at Re = 10 000
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 41 Figure 4.1 -Sketch of the cross-section of the finned tube
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 42 Figure 4.2 -Linear transition used in the numerical test bench to assure the geometrical transition between the circular cross-section tube upstream and the finned tube
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 43 Figure 4.3 -Sketch of the Helical Tube
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 44 Figure 4.4 -Representation of the Helical axis Tube (HT), left; view along the axis of the tube, right, profile of the studied HT
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 45 Figure 4.5 -Sketch of the Twisted Baffle Tube, left; view in a cross-section of the tube, right; view of the twisted baffle

Figure 4 . 6 -

 46 Figure 4.6 -Portion of the geometry of the studied Twisted Baffle Tube. The dotted lines indicate a truncation of the geometry
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 47 Figure 4.7 -Geometry of the ribs used in the creation of the Helical Ribbed Tube geometry
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 48 Figure 4.8 -Representation of the Helical Ribbed tube (HRT), left; view along the axis of the tube, middle; view in a plane normal to the tubes axis, right, profile of the studied HRT
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 49 Figure 4.9 -Sketch of the Low amplitude Helical Finned tube
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 4 Figure 4.10 -Representation of the Low amplitude Helical Finned tube (LHF), left; view along the axis of the tube, middle; view in a plane normal to the tubes axis, right, profile of the studied LHF
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 4 Figure 4.11 -Axial evolution of the swirl intensity for the different swirler technologies at Re = 10 000
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 412 Figure 4.12 -Axial velocity in the vicinity of a rib of the HRT. The bulk velocity is U b = 7.94m/s and U z < 0 indicates recirculation zones
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 413 Figure 4.13 -Tangential velocity in a cross-section of the HT along with velocity vectors

Figure 4 . 14 -

 414 Figure 4.14 -Axial evolution of the mixing cup temperature for the different swirler technologies at Re = 10 000

  the inlet of the feedstock to the TLE, and others like the SMK or Pyrocrack 2-2 have more than two passes and one return bend. Examples of different steam cracking furnaces are shown in figure 4.16.
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 415 Figure 4.15 -Representation of one set of pass of the studied furnace design
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 416 Figure 4.16 -Examples of different steam cracking furnace designs
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 417 Figure 4.17 -Evolution of the TMT along the tubes length in the furnace with bare tubes at Endof-run condition

Figure 4 . 18 -

 418 Figure 4.18 -Evolution of the heat flux density along the tubes length in the furnace

  flow. A schematic representation of the placement of the swirlers at the inlet pass for the different cases is shown in figure 4.19. The results from the simulations with Coilsim1D show that all of the swirler technologies permit an extension of the run length of the furnace. The End-of-Run for the HRT, LHF and ShS3L is respectively of 55.5, 55.7 and 54.8 days. It is interesting to observe the evolution of the TMT along the length of the furnace for the different technologies after the same days of operation and more specifically after 29 days which is the run length for the bare tube and this is shown in figure 4.20.
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 4 Figure 4.19 -Schematic representation of the placement of the different swirlers in the inlet pass. Left, position of the discrete swirlers, right position of the continuous swirler
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 420 Figure 4.20 -Evolution of the TMT along the tubes length in the furnace with the bare tube and the swirler technologies after 29 days of run

  ShS3L module was shifted from z * = 130 to z * = 110 in order to avoid the peak of TMT at z * = 120. In the outlet pass, two modules of ShS3L were placed respectively at z * = 310 and z * = 340. While for the two continuous swirler technologies, the bare tubes in the inlet and outlet pass were replaced by either HRT or LHF tubes. A schematic representation of the position of both configurations of swirler is shown in figure 4.21.
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 421422 Figure 4.21 -Schematic representation of the placement of the different swirlers in the inlet and outlet passes. Left, position of the discrete swirlers, right position of the continuous swirlers
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 423 Figure 4.23 -Axial evolution of the coke thickness along the tube in the furnace, for the ShS3L cases where the swirler is placed either at the inlet or both at the inlet and outlet after a run length of 55 days
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 424 Figure 4.24 -Relative turnover compared to a bare tube furnace of the different swirler technology cases calculated with the first scenario. I& O is used to identify a case where a swirler is placed both at the inlet and outlet passes
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 425 Figure 4.25 -Relative turnover compared to a bare tube furnace of the different swirler technologies cases calculated with the second scenario. I& O is used to identify a case where a swirler is placed both at the inlet and outlet passes
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Figure 5 . 1 -

 51 Figure 5.1 -3D representation of the experimental test bench

  The convergent, swirler, instrumentation and module tubes were created by 3D printing and are made out of ABS. The swirler used in the experiment along with its numerical reproduction are shown in figure5.2.

Figure 5 . 2 -

 52 Figure 5.2 -Left; view of the swirler used for the experiments, right; numerical reproduction of the tested swirler

Figure 5 . 3 -

 53 Figure 5.3 -Evolution of the experimental Reynolds number calculated at the exit of the convergent with the control frequency of the electrical engine

Figure 5 . 4 -

 54 Figure 5.4 -Sketch of the instrumentation tube equipped with the different devices to measure the local heat transfer

  figure 5.5. With figure 5.5 it is therefore possible to calculate the local heat transfer in a swirling flow based on the provided electrical power to keep the head of the heating element at a constant temperature of 40 • C and this will be covered later in the manuscript.
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 55 Figure 5.5 -Evolution of the global Nusselt number from the correlation of Gnielinsky with the experimental electrical power in a bare tube

Figure 5 . 6 -

 56 Figure 5.6 -Calibration images captured by the cameras used for the PIV method

Figure 5 . 7 -

 57 Figure 5.7 -Reconstruction of the whole visualization area of the tube

Figure 5 . 8 -

 58 Figure 5.8 -Closer look on the reconstructed image

Figure 5 . 10 -

 510 Figure 5.10 -Meshed surface of the inlet of the computational domain and zoom on the mesh close to the wall

Figure 5 . 12 -

 512 Figure 5.12 -Meshed surface of a cross-section of the swirler in the vicinity of the wall

Figure 5 . 14 -

 514 Figure 5.14 -Studied swirler geometry with annotations of the different angular positions at which the swirler could be rotated to obtain different PIV measurements

Figure 5 . 15 -

 515 Figure 5.15 -Results from the simulations of the azimuthal evolution of the local heat transfer at z * = 1.25 and at a Reynolds number of Re = 121 978

Figure 5 . 16 -

 516 Figure 5.16 -Axial evolution of the local heat transfer calculated with the results from the experiments and the simulation at a Reynolds number of Re = 121 978. The bars for the numerical results indicate the minimum and maximum value of the variation of the azimuthal heat transfer at a given axial position

Figure 5 . 17 -

 517 Figure 5.17 -Azimuthal distribution of the local heat transfer from the simulations at different axial positions downstream of the swirler at Re = 77 189

  tube downstream, instrumentation tube, swirler and short tube. The PIV measurements are performed on a plane centered at a location 21.5D downstream of the swirler that is at the far end of the tube downstream. With the PIV technique, the instantaneous velocity field is captured at every image taken. To get the mean axial velocity, the data are averaged over the 2000 snapshots. Besides, a numerical test bench with no swirler was also created. Comparison between the experimental and numerical data at Re = 29 314 and Re = 121 978 are shown respectively in figures 5.18 and 5.19.

Figure 5 . 18 -Figure 5 . 19 -

 518519 Figure 5.18 -Radial evolution at z * = 21.1, of the dimensionless mean axial velocity from the PIV measurements and the results from the simulations at Re = 29 314

Figure 5 . 20 -Figure 5 . 21 -

 520521 Figure 5.20 -Radial evolution of the relative deviation between the results from the PIV measurements and the results from the numerical simulations at a Reynolds number of 29 314

Figure 5 . 22 -

 522 Figure 5.22 -Radial evolution at z * = 0.1, of the dimensionless mean axial velocity from the PIV measurements and the results from the simulations at Re = 77 189. The swirlers angular position respective to the laser sheet is: (a) 0 • , (b) 45 • , (c) 90 • and (d) 135 •

Figure 5 . 23 -

 523 Figure 5.23 -Radial evolution at z * = 0.1 and θ = 0 • , of the magnitude of the ratio between the mean velocity in a plane orthogonal to the visualization plane and the mean axial velocity from the results from the simulations | U ⊥z U z | at Re = 77 189

Figure 5 . 24 -

 524 Figure 5.24 -Evolution of the relative error between the mean axial velocity from the numerical simulations and the experimental data with | U ⊥z U z | at Re = 77 189

Figure 5 . 25 -

 525 Figure 5.25 -Radial evolution at z * = 0.1 (left) and z * = 0.5 (right) of the dimensionless mean axial velocity from the PIV measurements and the results from the simulations at Re = 77 189. The angular position of the swirler is 0 •

Figure 5 . 26 -

 526 Figure 5.26 -Radial evolution at z * = 0.1 (left) and z * = 0.5 (right) of the dimensionless mean axial velocity from the PIV measurements and the results from the simulations at Re = 79 189. The angular position of the swirler is 45 •

. 27 .

 27 As seen before, the radial distribution of the mean axial velocity strongly depends on the angular position of the swirler, that is why the study of the influence of the increasing Reynolds number on the flow velocity field is extended to cover the 45, 90 and 135 • angular positions and are shown in figures 5.28, 5.29 and 5.30.

Figure 5 . 27 -

 527 Figure 5.27 -Radial evolution at z * = 0.1 of the dimensionless mean axial velocity from the PIV measurements and the results from the simulations at an angular position of the swirler of 0 • . The different Reynolds numbers are: (a) Re = 29 314 (b) Re = 77 189 and (c) Re = 121 978

Figure 5 . 28 -Figure 5 . 29 -Figure 5 . 30 -

 528529530 Figure 5.28 -Radial evolution at z * = 0.1 of the dimensionless mean axial velocity from the PIV measurements and the results from the simulations at an angular position of the swirler of 45 • . The different Reynolds numbers are: (a) Re = 29 314 (b) Re = 77 189 and (c) Re = 121 978

  tube and the fluid by generating a swirling flow for instance, one of the main purpose of the present investigation was to develop a new swirler design that could be applied in the furnace of a steam cracking unit. This device must meet several criteria. First of all, it should enhance heat transfer between the flowing fluid and the wall of the tubes in order to mitigate the coking rate inside the coil. Second, the improved mixing enabled by the generation of a swirling flow should improve the homogeneity of the temperature distribution, which should be beneficial toward the selectivity of light olefins such as ethylene. Finally, this device should not generate too much pressure drop in order to avoid any ethylene selectivity and yield loss. This was achieved by reviewing in chapter 1 the current solutions applied in the industry and by shedding light on their main advantages and flaws. It was put in evidence that the most popular technologies are either generating high pressure drop or exhibit a lack of temperature homogeneity distribution. It was also clear that the vast majority of technologies were creating a continuous swirling flow, while generating a swirling flow only locally could be promising toward the reduction of pressure drop. From this point onward, the present study has investigated a couple of discrete swirler technologies by employing numerical simulations with the open-source CFD software OpenFOAM.

Coilsim1D.

  The investigated swirler was studied along with two other swirler technologies in a GK6 furnace. The results have shown that one of the main advantage of the proposed swirler technology is its discrete nature and its ability to create low pressure drop which results in a low ethylene yield loss compared to the other swirler technologies. The results from Coilsim1D have also shown, among other, a couple of interesting results. First, the proposed swirler technology was efficient at mitigating the coking rate in the coil of a steam cracking furnace. Second, it can significantly extend the run length of a furnace provided that the ShS3L modules are correctly positioned at the inlet and/or outlet pass.

a 1 l

 1 Major axis of the ellipse, m A Wetted area, m 2 b Minor axis of the ellipse, m c Aspect ratio of the ellipse, dimensionless c p Specific heat capacity, J kg -1 K -1 C f Skin friction coefficient, dimensionless Δp Pressure drop, Pa D h Hydraulic diameter, m e Quantity to evaluate for the GCI f Friction factor coefficient, dimensionless GCI Grid convergence index h Heat transfer coefficient, W m -2 K -1 I Turbulence intensity, dimensionless k Turbulent kinetic energy, J kg -Turbulent mixing length, m L Total length of the tested tube, m m Mass flow rate, kg s -1 Nu Nusselt number, dimensionless P Twist pitch, m r Refinement ratio, dimensionless Re Reynolds number, dimensionless S Swirl number, dimensionless T Temperature, K U Fluid velocity, m s -1 Q Heat flux, W z Axial position, m z* Dimensionless axial position (z D h -1 ) z 1 * Downstream dimensionless axial position z* = 24 α Order of accuracy for the GCI, dimensionless λ Thermal conductivity, W m -1 K -1 μ Dynamic viscosity, Pa.s ρ Fluid density, kg m -3 τ w Wall shear stress, Pa ω Turbulent kinetic energy dissipation rate, s -1 Subscript 0 Inlet value b Bulk
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 1 Fig. 1 a sketch of an elliptic cross section, b sketch of a three-lobed cross section

Fig. 2 Fig. 3

 23 Fig. 2 Sketch of the numerical test bench with P = 10 D h
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 4 Fig. 4 a Clip of the meshed geometry with mesh 2, b details of the mesh close to the wall of the tube
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 56 Fig. 5 Swirling flow in the different STE with P = 5 D. Aspect ratio c = 0.6 (top), aspect ratio c = 0.7(bottom) at Re = 10,000
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 1878 Fig. 7 Evolution of the swirl intensity in STE with c = 0.6 and c = 0.7 and curve fitting
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 49710 Fig. 9 Evolution of Nu/Nu p with Re for the STE with aspect ratio c = 0.6 and c = 0.7

Fig. 11

 11 Fig. 11 Axial evolution of the tangential velocity inside the first twist pitch of the STE (left) and ST3L (right)
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 121310414415 Fig. 12 Evolution of the swirl number in the STE and ST3L and downstream at Re = 10,000

4 Fig. 16

 416 Fig. 16 Evolution of the PEC for the STE and the ST3L with the Reynolds number

Fig. 1 .

 1 Fig. 1. Sketch of the numeric test bench with P=10Dh.The geometric parameter of this study is the twist pitch P and the aspect ratio of the ellipse c. As it can be seen in table 1 the twist pitch P for a given aspect ratio is tested.

Fig. 3 .

 3 Fig. 3. Swirling flow in the different SETET. Case 1-1 (top), case 1-2 (middle) and case 1-3 (bottom) are all at Re=100,000.In order to quantify the intensity of the swirling flow, a specific quantity is usually adopted and defined by Kitoh[23] as the swirl number S:

Fig. 5 .

 5 Fig. 5. Reconstruction of the Swirl number from the three cases at Re=100,000.Although the pitch of the SETET has a tremendous influence on the development of the swirling flow, it has very little regarding its decay. Figure5also illustrates that with case 1-3, the swirling flow could last over almost almost 70Dh after the SETET.

Fig. 7 .

 7 Fig. 7. Evolution of Tb along the TET and downstream for cases 1-1 to 1-3 and for the straight tube at Re=100,000.

Fig. 8 .

 8 Fig. 8. Evolution of Nu/Nup with Re for cases 1-1 to 1-3.It can be observed that both cases 1-1 and 1-2 provide approximately the same heat transfer enhancement and are both below the heat transfer enhancement of case 1-3. All the SETET are efficient at enhancing heat transfer and the improvement grows with the Reynolds number, except for case 1-1 at Re=100,000 where there is a sudden drop of Nu/Nup. The improved heat transfer and the relatively low pressure drop increase from the twisted tube is of particular interest for the steam cracking industry because again it leads to a lower TMT and provided that the coke deposition occurs at the wall where the temperatures are the highest to a lower coking rate[13, 26, 27]. Similarly, considering the Ebert and Panchal model, the enhanced heat transfer of the SETET leads to a diminution of the deposition term by increasing the heat transfer coefficient in the thermal boundary layer and by reducing the wall

Fig. 9 .

 9 Fig. 9. Evolution of PEC with Re for cases 1-1 to 1-3.Although the SETET of case 1-3 provides better heat transfer performance at the cost of a higher pressure drop than the two other SETET, it can be observed that all the studied geometries have approximately the same PEC with a slightly higher values for the SETET with the greatest twist pitch. Considering that the SETET of case 1-3 generates the most intense swirling flow which increases both the wall shear stress and the heat transfer at the same PEC as the two other SETET, it is concluded that this SETET is the most interesting studied configuration.

Table 5 .

 5 Leq obtained with cases 1-1 to 1-3 at every Reynolds number18Dh 19Dh 20.5Dh 29.5Dh The evolution of the PECb for the different cases is shown on figure 10.

Fig. 10 .

 10 Fig. 10. Evolution of PECb with Re for cases 1-1 to 1-3.From the latest figure it can be observed that the PECb of case 1-2 is below 1 for Re=10,000 and for case 1-3 is below 1 for the two lowest Reynolds numbers, meaning that this solution causes more pressure drop than heat transfer enhancement. However, at higher Reynolds number the PECb becomes higher than 1 and thus the generated swirling flows are energetically efficient.

  Numerical and experimental study of innovative solutions to mitigate fouling rate in steamcraking ABSTRACT The tubes used within the furnace of steam cracking plants are subjected to fouling problems coke. To mitigate the cocking rate, it is possible to enhance heat transfer between the fluid and the inner wall of the tube by generating a swirling flow. The present study aims at developing a new swirler technology that could be applied in a steam cracking furnace. On the contrary of what is mostly used, the developed swirler design was thought to generate a swirling flow only locally. The goal was to achieve as low pressure drop as possible. Several swirler designs were investigated using CFD simulations. A parametric study of a solution of swirler was also performed to find the best trade off between heat transfer enhancement and pressure drop increase. The most efficient swirler design was also compared to other swirler technologies by CFD simulations. The comparison was further extended by using Coilsim1D, a steam cracking simulation software. The concept of the developed swirler was investigated experimentally and the results were confronted to the numerical simulations. Keywords:Swirl, CFD, Steamcracking, Pressure drop, Heat Transfer, coke RESUME L'encrassement est une problématique à laquelle font face les tubes utilisés dans les fours de vapocraquage et qui est causée par une accumulation de coke. Afin de diminuer le cockage, il est possible d'améliorer les échanges thermiques entre le fluide en écoulement et la paroi interne des tubes par la création d'un écoulement rotationnel ou « swirling flow ». Cette étude a pour objectif principal de développer une nouvelle solution de tourbillonneur qui pourrait être appliquée dans un four de vapocraquage. A l'opposé de ce qui est généralement utilisé dans l'industrie, la présente solution a été pensée pour générer un écoulement swirlé localement. Le but étant de réduire autant que possible les pertes de charge. Plusieurs configurations de tourbillonneur ont été étudiées par l'intermédiaire de simulations numériques de mécanique des fluides (CFD). Une étude paramétrique d'une solution de tourbillonneur a également été effectuée afin de trouver le meilleur équilibre entre l'amélioration des transferts thermiques et l'augmentation des pertes de charge. La configuration de tourbillonneur la plus efficace a ensuite été comparée à d'autres géométries de tourbillonneur par des simulations CFD. La confrontation a été étendue par l'utilisation de Coilsim1D, un logiciel de simulation du fonctionnement d'un four de vapocraquage. Le concept du tourbillonneur étudié a fait l'objet d'une campagne expérimentale et les résultats ont été comparés avec ceux des simulations numériques. Mots clefs: Swirl, Mécanique des fluides numériques, Pertes de charge, Transferts thermique, coke

  

Table 2 .

 2 × 10 4 3 × 10 4 5 × 10 4 8 × 10 4 1 × 10 5 2 × 10 5 y + 1 -Maximum values of y + for the swirler with 8 profiled blades case at different Reynolds numbers

	max	0.19	0.41	0.58	0.86	1.04	1.78

The values of the maximum y + in the meshed domain corresponding to the investigated Reynolds numbers are listed in table 2.1.

The values encountered in this last table were obtained on the blades of the swirler.

Besides, it could be noticed for Re ranging from 1 × 10 4 to 8 × 10 4 that the maximum y + II. SET UP OF THE NUMERICAL SIMULATIONS Re 1

Table 2 .

 2 .3. 3 -Results of the mesh independence test performed on the axial vane swirler

		Coarse Mesh Base Mesh Fine Mesh
	Relative base mesh size	2.5 %	2.1 %	1.9 %
	Total number of cells	7 011 579	10 540 189 13 052 036
	Computational time (days)	2.9	3.1	4.0
	S	1.5 %	1.3 %	Ref.
	C f	11 %	3.7 %	Ref.
	Nu	7.3 %	3.7 %	Ref.

table 2

 2 

	5

.5. Re 1 × 10 4 3 × 10 4 5 × 10 4 8 × 10 4 1 × 10 5 2 × 10

Table 2 .

 2 

5 -Evolution of the pressure drop increase for the 8 profiled blades swirler case at different Reynolds numbers

table 2

 2 × 10 4 3 × 10 4 5 × 10 4 8 × 10 4 1 × 10 5 2 × 10 5

	Nu/Nu p	1.57	1.42	1.39	1.37	1.39	1.35

.6.

The results from table 2.6 have to be compared with the results from table 2.5 and thus it must be noticed that even if the global heat transfer enhancement enabled by the studied swirler is quite satisfactory, it is really lower than the increased pressure drop. Besides,

IV. RESULTS OF THE CFD SIMULATIONS

Re 1

Table 2 .

 2 6 -Evolution of the heat transfer enhancement for the 8 profiled blades swirler case at different Reynolds numbers the evolution of the pressure loss and heat transfer enhancement are in opposition. While

Table 3 .

 3 2 features some results obtained with both the SETET TL and TR at Re = 10 000.

		SETET with TL SETET with TR Relative deviation
	f / f p	1.60	1.38	13.9 %
	Nu/Nu p	1.23	1.27	3.22 %
	PEC	1.05	1.14	8.57 %
	Θ/Θ p	1.12	1.09	2.75 %
	S max	0.12	0.10	14.6 %.
	β	0.0505	0.0483	4.36 %

Table 3 .

 3 2 -Results from the simulations of the SETET with Linear Transitions elements (TL) and Transitions with Rotation elements (TR) at Re = 10 000

Table 3 . 3

 33 

		1.38	1.44	1.47
	Nu/Nu p	1.27	1.33	1.32
	PEC	1.14	1.18	1.16
	Θ/Θ p	1.09	1.07	1.06
	S max	0.10	0.11	0.12
	β	0.0483	0.0495	0.0504

-Results from the simulations of the SETET with TR elements with different lengths at Re = 10 000

Table 3 .

 3 

	.4.

4 -Results from the simulations for various swirler design at Re = 10 000

Table 3 . 7

 37 .7.

		L * s	Transition P * AR
	ShS3L	10	TR	5 0.6
	AR = 0.5 10	TR	5 0.5
	L * s = 7.5 7.5 P * = 2 10	TR TR	5 0.6 2 0.6

-Recapitulation table of the different test cases and their geometrical parameters

table 3

 3 

	.8.				
		ShS3L ShS3L AR = 0.5 ShS3L L * s = 7.5 ShS3L P * = 2
	f / f p	1.41	1.48	1.39	1.79
	Nu/Nu p	1.26	1.29	1.26	1.36
	PEC	1.12	1.13	1.13	1.12
	Θ/Θ p	1.04	1.08	1.03	1.11
	S max	0.22	0.33	0.21	0.21
	β	0.0515	0.0534	0.0513	0.0544

Table 3 .

 3 

8 -Results from the simulations of the ShS3L with different configurations at Re = 10 000

Table 3 .

 3 A UNIQUE SWIRLER DESIGN 9 -Results from the simulations of the ShS3L with non-constant twist pitch at Re = 10 000

		ShS3L ShS3L P * = 2 ShS3L, 2TP ShS3L, VTP
	f / f p	1.41	1.79	1.67	1.62
	Nu/Nu p	1.26	1.36	1.37	1.33
	PEC	1.12	1.12	1.15	1.13
	Θ/Θ p	1.04	1.11	1.10	1.08
	S max	0.22	0.21	0.23	0.22
	β	0.0515	0.0544	0.0539	0.0538

table 4 .

 4 

	1.		
		ShS3L FT	HT TBT HRT LHF
	f / f p	1.62	1.21 1.47 3.97 1.77 2.30
	Nu/Nu p	1.33	1.14 1.28 1.88 1.40 1.77
	PEC	1.13	1.07 1.19 1.12 1.16 1.34
	Θ/Θ p	1.08	0.93 0.96 1.30 1.05 1.13

Table 4 .

 4 1 -Results from the simulations of the various swirler geometries at Re = 10 000

table 4

 4 

	28.8	52.19	0.989	1.520	3.27

.2. EOR (Days) Y C 2 H 4 (%) Y C 3 H 6 (%) Y 1-3C 4 H 6 (%) CT (mm)

Table 4 . 2

 42 

-Results from the Coilsim1D simulation of the bare tube furnace. The data are averaged quantities over the whole run length duration. Y stands for Yield and CT for coke thickness

Table 4 .

 4 .3. 3 -Axial evolution of the pressure drop increase and heat transfer enhancement of the ShS3L

	z *	10	20	30	40	50	60	70
	f / f p	3.75 1.34 1.25 1.19 1.18 1.13 1.02
	Nu/Nu p 1.64 1.34 1.23 1.16 1.14 1.08 1.0

Table 4 .

 4 4 -Relative deviation of some results between the different swirlers and the bare tube from the Coilsim1D simulations after 29 days of run. Y stands for yield, CT is the coke thickness and PD is the pressure drop over the length of the furnace

			.099	+0.0	-12.2	+0.2
	HRT	-0.09	+0.69	+0.0	-21.4	+5.1
	LHF	-1.73	+17.2	+0.59	-28.7	+10.2

Table 4 .

 4 .5, averaged quantities over the run length respective to each cases are fea-5 -Averaged values over the run length of some quantities from the Coilsim1D simulation of all the tested configuration. The pressure drop is the value at the EOR. CR: coking rate, PD: pressure drop

	tured.						
		EOR (Days) Y C 2 H 4 (%) Y C 3 H 6 (%) Y 1-3C 4 H 6 (%) CR (mm/mont h) PD (bar )
	Bare Tube	28.8	52.19	0.989	1.520	6.69	0.964
	ShS3L	54.8	52.00	1.031	1.518	6.20	1.989
	HRT	55.5	51.96	1.038	1.518	6.14	2.015
	LHF	55.7	51.94	1.043	1.518	6.12	2.034

Table 4 .

 4 6 -Relative deviation from the Coilsim1D simulations of the swirler technologies compared to the bare tube case after 29 days of run. Y stands for yield, CT is the coke thickness and PD is the pressure drop over the length of the furnace

		42	+4.55	+0.66	-29.7	+3.7
	HRT I&O	-0.71	+6.87	+0.92	-40.7	+9.5
	LHF I&O	-1.08	+10.1	+1.71	-56.3	+23.7

Table 4 .

 4 get a global idea about how those different technologies perform and those results are 7 -Averaged values over the run length of some quantities from the Coilsim1D simulation of swirler technologies placed both at the inlet and outlet passes. The maximum TMT was taken at the last day of run for each cases.

	presented in table 4.7.					
		EOR (D) Y C 2 H 4 (%) Y C 3 H 6 (%) Y 1-3C 4 H 6 (%) CR (mm/mont h) TMT max ( • C)
	Bare Tube	28.8	52.19	0.989	1.520	6.69	1120
	ShS3L I&O	71.7	51.958	1.040	1.531	4.94	1107.3
	HRT I&O	76.2	51.65	1.096	1.541	3.73	918.0
	LHF I&O	86.1	51.45	1.128	1.553	2.80	909.1

table 5

 5 

		.1.		
	Re	29 314 77 189 121 978
	Nu/Nu p	1.4	1.7	1.6

Table 5 .

 5 1 -Evolution of the heat transfer enhancement calculated with the results of the simulation with the Reynolds number for the configuration of swirler that was experimentally investigated It could be observed in table 5.1 that the heat transfer is improved over the whole range of studied Reynolds number. It increases from Re = 29 314 to Re = 77 189 where it reaches its highest value with a heat transfer enhancement of 1.7 then it seems that it remains on a plateau until Re = 121 978 where the improved heat transfer is 1.6. Such behavior was also observed with the axial guide vane swirler studied in chapter 2.

Table 1

 1 Thermodynamic properties of the fluid (water) used for the validation case from Tang et al.[24] 

	c p	4175
	λ	0.6472
	μ	0.549e-3
	ρ	998.2

Table 2 .

 2 It can be observed that the results of the present simulations closely match the experimental data of Tang et al. for both

	(6)

Table 2

 2 Comparison between the results from the simulations of the present study and the experimental data from Tang et al.[24] 

	Re	14,000	16,000	18,000	20,000
	f Tang [24]	0.034	0.033	0.032	0.030
	f	0.033	0.032	0.031	0.0299
	Rel. dev	1.7%	2.9%	3.0%	0.21%
	Nu Tang [24]	79.3	88.1	96.2	103.6
	Nu	83.6	90.7	94.9	98.9
	Rel. dev	5.4%	3.0%	1.3%	4.5%
	Table 3 Thermodynamic properties of the fluid (air) used for the present study simulations	c p λ		1006 0.04
			μ		1.91e-5
			ρ		1.205

Table 4

 4 Order of accuracy and grid convergence index for several flow quantities and for the three meshes

		α	GCI 2 /% GCI 1 /%
	f	7.5	3.1	0.21
	Nu 2.4	0.28	1.1
	C f	2.95 1.44	0.5
	T b	2.6	0.35	0.14

Table 5

 5 Number of cells of the different studied geometries and their corresponding y + under Re = 100,000

		STE	ST3L
	Number of cells	7,632,400	10,656,511
	Mean y +	0.62	1.01
	Max y +	1.18	1.94

Table 1 .

 1 Tested geometric parameters with c the aspect ratio of the ellipse

	Cases	P (m)	c
	Case 1-1	20Dh	0.6
	Case 1-2	10Dh	0.6
	Case 1-3	5Dh	0.6

Table 4 .

 4 Order of accuracy and Grid Convergence Index (GCI) for several flow quantities and for the three meshes.

		α	GCI2	GCI1
			(%)	(%)
	f	7.5	3.1	0.21
	Nu	2.4	0.28	1.1
	Cf	2.95	1.44	0.5
	Tb	2.6	0.35	0.14

twisted tubes with non-circular cross-sections to determine what are the set of geometrical parameters that yield to the best heat transfer enhancement and temperature distribution homogeneity along with the lowest increase in pressure drop. This study was undertaken in this work and is presented in details in chapter 3.

Acknowledgements

The authors would like to thank the financial support of the Association Nationale Recherche Technologie (ANRT) through the CIFRE Grant No. 2017/1437.

Appendices

bruce.indurainyurricelqui@uphf.fr (corresponding author) 2 Manoir Industries, 27108, Val de Reuil Cedex, Pitres, France

ABSTRACT

In the steam cracking industry of natural gas or naphtha, fouling of tubular heat exchangers by cokes is one of the biggest issues regarding yields of valuable product and life span of the tubes composing the furnace. Coke build up on the tubes wall and this growing carboneous layer has two major negative effects: 1) it increases pressure drop and 2) reduces heat transfer from the tube wall to the processed fluid. Increasing wall shear stress yields higher friction forces at the wall of the tube which could reduce the coking rate. Previous studies prove that minor change of tubes cross section can both enhance wall shear stress and heat transfer by generating a swirling decaying flow. Using the open-source CFD software OpenFOAM, this study numerically investigates wall shear stress and pressure drop performances of swirl decaying flow generated by different elliptical cross-section twisted tube. One of the objectives is to determine if minor modifications of tube geometry can generate swirling flow which could enhance wall shear stress at a reduce pressure drop penalty. For a Reynolds number ranging from 10, 000 to 100 ,000, it is shown that the investigated geometries could enhance heat transfer by 90% at an increased pressure drop of 128% which yields a Performance Evaluation Criterion (PEC) of 1.44. The comparison between the performances of the different geometries is carried out using a newly defined PEC based on the bulk temperature, along with the usual PEC.

SET UP OF THE NUMERICAL SIMULATIONS

The simulations are performed using the open source CFD software OpenFOAM. OpenFOAM is an open source object oriented numerical simulation toolkit developed in C++ and released under GPL license by the OpenFOAM®Foundation [16]. As no experimental data are yet available with the investigated tube configuration, a part of the numerical study conducted by Tang et al. [17] on the heat transfer and pressure drop performance of the flow in a twisted tube with elliptical cross-section was reproduced in this study.

Test case of Tang et al. [17]

The parameters of the elliptical cross-section are the ellipse major and minor axis which are respectively a=0.024 m and b=0.015 m. The numerical test bench, as shown on figure 2, is composed by a TET and two straight tubes with an elliptical cross-section upstream and downstream of the TET. The hydraulic diameter of the TET is given by Tang et al. to be Dh=0.02 m, and the twist pitch is P=10Dh. Ultimately, the length of the TET is L=4P. 

Boundary conditions and numerical schemes

The flow is considered steady, incompressible, turbulent with heat transfer and the flowing fluid is water. Considering the boundary conditions, a constant bulk velocity Ub based on the desired Reynolds number is imposed at the inlet along with a constant temperature T0=300 K. A constant wall temperature Tw=350 K is imposed, and a no-slip condition is applied for the velocities. At the outlet, a constant pressure is imposed while null fluxes for the velocity and the temperature are set.

The different components of the governing equations (continuity, momentum and energy) are discretized using a second order bounded linear UPWIND scheme. The pressure-velocity linked equation are solved using the SIMPLE algorithm. A k-ω SST turbulence model with a Low-Re approach is used to reproduce the numerical work of Tang et al. [17]. At the inlet, the value of the turbulent kinetic energy k is set with the turbulent intensity and the specific dissipation rate ω is determined with the calculated value of k and the turbulent mixing length of the case. The corresponding formulas along with the governing equations can be found in Robertson et al. [18]. At the outlet, a null flux boundary condition is imposed for both turbulent quantities and fixed values are imposed at the wall.

Validation of the numerical procedure

To quantify the pressure drop Δp along the TET, the friction factor coefficient f is used and is defined as:

The heat transfer along the TET is quantified using the Nusselt number (Nu) defined as:

Heat transfer is calculated using a thermal energy balance between the inlet and outlet of the TET and the Nusselt number can be rewritten as:

where:

The results of the comparison between the simulations of the present study and the experimental data of Tang et al. [17] are shown in table 2. It can be observed that the maximum differences between the results of the simulations and the results from Tang et al. for Nu and f are respectively 6.3% and 5.2%. Those differences are sufficiently small to consider that the adopted numerical procedure is suitable to correctly predict heat transfer and pressure drop of a swirling flow generated by a twisted tube with elliptical crosssection. Therefore, this numerical procedure is adopted to study the different geometric configurations of SETET presented in table 1. 

NUMERICAL SIMULATIONS OF THE SETET

The same numerical configuration as in the validation process of part 3 is kept here. However, Heat Exchanger Fouling and Cleaning -2019