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Helical serrated finned-tubes are well established in many thermal systems. This paper presents the results of numerical calculations carried out for the performance improvement of these devices. The work is divided into three main investigations conducted for Reynolds numbers between Re = 600 and 2600. The first investigation shows the effect of the fin serration, where a comparison between performances of finned tubes with and without fin serration is presented. Another main investigation is conducted on the effect of fin twisting of the outermost part of the fin on the performance of the serrated finned-tubes. Here, twisting angles considered are between β = 0 • and 25 • .

The third investigation deals with the effect of the number of fin segments per period.

Introduction

Due to the widespread utilization of heat exchangers in various daily and industrial applications, the improvement of their performances is of great importance. Usually, more attention and research efforts are devoted to regions where the energy-carrying fluid is a gas since gases have a very low thermal conductivity compared to liquids.

Many passive techniques are used to enhance the heat transfer on the gas-side of heat exchangers. ∆T temperature difference (K)

Nomenclature

Among them is the periodic interruption of the growth of the fluid boundary layers close to the heat transfer surfaces. Another technique is the increase of fluid mixing, fluid vorticity and turbulence intensity (see, e.g., [START_REF] Dupont | Experimental study of the flow in a compact heat exchanger channel with embossed-type vortex generators[END_REF][START_REF] Biswas | Heat transfer enhancement in fin-tube heat exchangers by winglet type vortex generators[END_REF][START_REF] Gentry | Heat transfer enhancement by delta-wing-generated tip vortices in flat-plate and developing channel flows[END_REF] ). Webb and Kim [START_REF] Webb | Principles of Enhanced Heat Transfer[END_REF] provided a detailed summary about the heat transfer enhancement technology.

One of the most popular geometries which ensure the techniques mentioned are the segmented fins also known as serrated fins. Serrated finned-tubes are becoming well established in many thermal systems, especially air-conditioning and boiler economizers.

However, compared to other forms of finned-tubes, only a few studies were performed for this family of finned tubes. Among these studies is the one done by Weiermann [START_REF] Weiermann | Correlations ease the selection of finned tubes[END_REF]. He investigated the performance of inline and staggered tube arrangements of steel segmented and plain fin geometries and proposed empirical correlations for both arrangements. Weiermann and Tanborek [START_REF] Weiermann | Comparison of inline and staggered banks of tubes with segmented fins[END_REF] studied the effect of the arrangement of the thermal performance of segmented tubes. They compared both inline and staggered arrangements and recommended to use the latter one. Additional data about both arrangements for heat recovery systems were presented by Rabas et al. [START_REF] Rabas | Comparison of the thermal performance of serrated high-finned tubes used in heat recovery systems[END_REF]. Eckels and Rabas [START_REF] Eckels | Heat transfer and pressure drop performance of finned tube bundles[END_REF] studied the heat transfer and pressure drop of many finned tube bundle configurations including the serrated finned-tubes. Holtzapple and Carranza [START_REF] Holtzapple | Heat transfer and pressure drop of spined pipe in cross flow, Part I: Pressure drop studies[END_REF] and Holtzapple et al. [START_REF] Holtzapple | Heat transfer and pressure drop of spined pipe in cross flow, Part III: Heat Transfer studies[END_REF] provided friction and heat transfer data for spine finned tubes of copper. Caranza et al. [START_REF] Carranza | A generalized correlation for pressure drop across spined pipe in cross-flow, Part I[END_REF] proposed an empirical pressure drop correlation for a spined pipe in cross-flow. The "Extended Surface Corporation of America" (ESCOA) [START_REF] Ganpathy | Industrial boilers and heat recovery steam generators: Design applications and calculations[END_REF] presented a modified version of the correlations of Weiermann [START_REF] Weiermann | Correlations ease the selection of finned tubes[END_REF] in order to obtain better predictive models. ESCOA and Weiermann's correlations for the solid and serrated fin performances were used by Hofmann et al. [START_REF] Hofmann | Performance evaluation of solid and serrated finned-tube bundles with different fin geometries in forced convection[END_REF] in order to evaluate the results of their experimental investigations. These experimental studies were carried out for solid and serrated finned-tube bundles for different fin geometries. Martinez et al. [START_REF] Martinez | Single-phase experimental analysis of heat transfer in helically finned heat exchanger[END_REF] conducted experimental investigations on helical serrated finned-tubes and proposed a methodology of designing these devices at an industrial scale. Naess [START_REF] Naess | Heat and pressure drop in serrated-fin tube bundles for waste heat recovery applications[END_REF] studied the heat transfer and pressure drop in different serrated-fin tube bundles for waste heat recovery applications.

The numerical investigations carried out in this study are a contribution to the research done for the heat transfer enhancement using serrated finned-tubes. Here, a performance comparison between finned-tubes with serrated and with full (non-serrated) fins is presented. A further investigation is conducted in order to see the effect of fin twist-ing of the outermost part of the fin on the performance of serrated finned-tubes. This fin twisting is usually produced during the manufacturing process and is in most of the cases unavoidable. To the knowledge of the authors, no previous study was published on this subject. Finally, the effect of the number of fin segments on the performance is investigated.

Simulation Model

For the different investigations performed, a basic simulation model for three-row finned-tube arrays in a staggered equilateral arrangement is used. This simulation model is depicted in Fig. 1. On each tube, fins with two helical periods (rotations) are assumed to be perfectly fixed as shown in Fig. 1a. The geometrical details of a unit cell (a tube and a fin fixed on it) are shown in Fig. 2 for both cases with serrated and with full fins.

In the following investigations, the basic simulation model with the details given in Table 1 is used as a reference model for comparison purposes. The corresponding changes to each case studied are prescribed accordingly.

The boundary conditions adopted are presented in Fig. 1a. The top, bottom and sides of the model are assumed to be adiabatic slip walls. The tubes are no-slip walls at a fixed temperature (T w = 350K). The conjugate heat transfer analysis is considered in the simulations performed. Therefore, the solid-fluid interface between the fins and the energy-carrying fluid are no-slip walls where the heat flux and the temperature are continuous across the boundary plane. At the inlet, a uniform velocity U = U in and a fixed temperature T in = 300K are assumed. Moreover, a constant pressure boundary condition is used at the outlet. In this study, the investigations are performed for Reynolds numbers between 600 and 2600. Here, the Reynolds number is calculated based on the inlet velocity U in and the tube diameter d. Due to the high computational costs required and due to their comparative nature, some investigations are performed only for some specific Reynolds numbers which are mentioned in the corresponding sections (Section 5.1 and 5.3).

Methodology

Governing Equations of the Fluid Flow and Heat Transport

The flow and heat transfer computations are performed for a three-dimensional, time-dependent flow of air. The governing equations for the compressible fluid flow are:

Continuity equation ∂ ρ ∂ t + ∂ (ρ u i ) ∂ x i = 0 (1) 
Momentum equation

ρ ∂ u j ∂ t + u i ∂ u j ∂ x i = - ∂ p ∂ x j - ∂ τ ij ∂ x i + ρ g j (i, j = 1, 2, 3) (2) 
Energy equation

ρ ∂ h ∂ t + u i ∂ h ∂ x j = ∂ ∂x i λ ∂ T ∂x i -τ ij ∂ u j ∂x i + ∂ p ∂ t + u i ∂p ∂x i . (3) 
Here ρ denotes the fluid density, t the time, u i the velocity component in i direction and

x i the Cartesian coordinate. p is the pressure, g j is the gravitational acceleration. h is the specific enthalpy, T is the temperature and λ is the thermal conductivity coefficient.

τ ij stands for the viscous stress tensor and can be expressed for a Newtonian fluid as:

τ ij = -µ ∂ u i ∂ x j + ∂ u j ∂ x i + 2 3 δ ij ∂ u k ∂x k . ( 4 
)
where µ is the dynamic viscosity and δ ij is the Kronecker delta function.

Although the flow is only weakly compressible, the advantage of the application of the compressible set of equations is that buoyancy effects are directly included and thus do not need modeling based on the Boussinesq approximation.

For external flows across cylindrical tubes, the boundary layer on the cylinders remains laminar for Re ≤ 2 • 10 5 and transition may occur in the free shear-layers behind the cylinder (see [START_REF] Incorpera | Fundamentals of Heat and Mass Transfer[END_REF] for more details). Therfore, the flow is assumed in this study to be laminar. Owing to the moderate Reynolds number range considered (i.e., 600 ≤ Re ≤ 2600), there is no need to take a subgrid-scale or even a RANS turbulence model into account. As verified by preliminary simulations of comparable cases [START_REF] Lemouedda | Optimization of the angle of attack of delta-winglet vortex generators in a plate-fin-and-tube heat exchanger[END_REF][START_REF] Breuer | Direkte Numerische Simulation und Large-Eddy Simulation turbulenter Strömungen auf Hochleistungsrechnern[END_REF],

it is fully sufficient to solve the Navier-Stokes equations in an instantaneous manner on an adequate numerical grid. Thus, the present computations can be considered as large-eddy simulations without a subgrid-scale model or as coarse-grid direct numerical simulations.

As already mentioned, in this study the conjugate heat transfer is considered. In this model, the calculation of the conduction in a solid region is coupled with the calculation of the temperature distribution in the working fluid flowing over or through this solid region. In addition to the solution of the Navier-Stokes equations for the fluid region, the heat transport equation is solved for the solid part. For the case without a heat source and a constant thermal conductivity for the solid region as in this study, the heat equation is presented as follows:

1 a ∂ T ∂ t = ∂ ∂ x i ∂ T ∂ x i . ( 5 
)
Here a is the thermal diffusivity with a = λ/ρ c p , where c p denotes the specific heat.

Eq. ( 5) for a solid region with constant properties can be obtained from Eq. ( 3) by setting the velocity (including τ ij ) and the pressure derivatives to zero.

Numerical Settings

In these investigations, three-dimensional transient calculations are carried out for the flow of air over the finned tubes. The energy-carrying fluid (air) is assumed to behave like an ideal gas. The fins are assumed to be with constant properties and in copper. For the solution of the governing equations presented in Section 3.1, the finite-volume-based CFD code "STAR-CCM+ (V.4)" [19] is used. A coupled implicit solver with second-order accurate upwind schemes is employed for both space and time discretization.

The grid-dependency is checked for seven different unstructured grids with polyhedral cells and prism layers close to the no-slip walls. The grids checked have 6.1, 6.9, 8.1, 8.2, 8.5, 10 and 10.2 millions cells, respectively. As expected, the error in the heat transfer rate and the power input per unit volume decreases by refining the grid. The error between the finest grid having 10.2 millions cells and the grid having 8.1 millions cells was less than 1.2% for the heat transfer rate per unit volume and less than 0.9%

for the power input. Therefore, the settings of the grid of the latter (8.1 million cells)

were used for further investigations in the current study. Fig. 3 shows the grid used on an horizontal plane section in the middle of the simulation model. In this grid, six prism layers close to the walls were used in the fluid region and three layers in the solid region. The mean distance of the first grid lines in the normal direction to the walls is

∆ f /d = 16 • 10 -4
for the fluid region and ∆ s /d = 4 • 10 -4 for the solid region.

Performance Assessment Method

In the current work, the performance assessment of different cases investigated is done based on the direct plot of the heat transfer rate reduced to the volume of the heat exchanger ( qv ) versus the required power input (e v ) also reduced to the volume of the heat exchanger. The optimal designs are selected based on the maximization of heat transfer per unit volume with a minimization of the power input. More details on this assessment method are given in [START_REF] Sahiti | Strategy for selection of elements for heat transfer enhancement[END_REF][START_REF] Sahiti | Performance comparison of pin fin in-duct flow arrays with various pin cross-sections[END_REF].

The heat transfer per unit volume is calculated as follows:

qv = ṁf c p (T out -T in ) v , (6) 
with

T out = out u T dA out out u dA out . (7) 
Here, v is the design volume, ṁf c p is the heat capacity rate, T in is the bulk inlet temperature considered as constant and T out is the bulk temperature at the outlet. u denotes the velocity in the streamwise direction and A out the outlet cross-section.

The power input per unit volume is given as follows:

e v = ṁf ∆P ρ m η v , (8) 
where ρ m denotes the average of the density values at the inlet and outlet, ∆P is the total pressure drop between inlet and outlet and η is the fan efficiency here assumed to be 0.8. Since in Eq. ( 8) except ∆P all other variables are either constants or have a negligible variation, the power input per unit volume e v is a direct measure for the pressure drop in the heat exchanger.

For the cases investigated, the fluid flow is time dependent and has a periodical variation as depicted, e.g., in Fig. 4. This figure shows the instantaneous velocity magnitude in an horizontal plane section in the middle of the simulation model. It demonstrates the existence of vortex shedding especially behind the tubes. Therefore, equations ( 6)-( 8) are evaluated based on the time-averaged quantities. The time-averaging was done for more than 80 shedding periods and was started after the flow has reached a statistically fully developed state. In this study, the frequency of the vortex generation is calculated as follows:

f = St U in d (9) 
with the assumption that the Strouhal number is about St = 0.2 and considering the tube diameter d as a reference length.

Results and Discussion

CFD calculations are carried out in order to see the effect of the fin serration, the fin twisting and the number of fin segments per period for the helical serrated finned-tubes.

The results obtained are reported in the following subsections.

Effect of fin serration

The effect of the fin serration on the heat transfer and the pressure drop is investigated first. For that purpose, the performances of three different configurations are compared. The first configuration is the reference model with serrated finned-tubes presented in Section 2. In the two other configurations, the serrated fins are replaced with full fins (without segmentation in the fin). Figs. 2b andc show the serrated and the full fin used, respectively.

The fins in the second configuration have the same fin height as in the reference model.

However, this configuration (with full fins) has 12.3% higher area than the reference model which contains gaps between the segments with a uniform spacing (see Figs. 2b).

In the third configuration, the fins have the same heat transfer area as the serrated fins of the reference model. Their height is slightly lower than that of the serrated fins of the reference model. The fin height of the serrated model is 1.09 times the fin height of the third model.

The performance plot for the three configurations investigated is depicted in Fig. 5 for Reynolds numbers 1000, 1800 and 2200, respectively. It is clear that for the same heat transfer area, the case with serrated fins delivers better performances than the case with full fins. The configuration with serrated fins shows an about 9% better heat transfer rate for the same power input than the configuration with full fins having the same heat transfer area.

For the same fin height, even though the model with full fins has a higher area than the reference model with serrated fins, the performances of both configurations are close to each other. However, for a similar performance, the configuration with serrated fins has the advantage of savings in material of 12.3% compared to the case with full fin.

Fig. 5 shows that for a given Reynolds number (for clarity, the points related to Re= 1800 are surrounded by a green circle as an example), the heat transfer rate for the case of serrated fins (reference model) is higher than both cases with full fins. This is due to the refreshment of the boundary layer ensured by the segmentation of the fins.

However, the full fins have smoother geometry than the serrated fins. Therefore, the corresponding flow resistance is lower which leads to lower pressure losses and hence lower power inputs required for the case of full fins compared to the case of the serrated fins.

Furthermore, by comparing the results obtained for both cases with full fins, it is obvious that increasing the area of the full fin yields a better performance within the range of the fin heights studied.

Effect of fin twisting

There are many ways of producing serrated finned-tubes. One of the well-established methods is the wrapping of a serrated fin strip helically around the circumference of each tube and fixing this strip continuously. This fixation is generally ensured by welding or brazing depending on the metals of the tubes and fin strip. Before its fixation on the tube, the fin strip is cut (or serrated) at equally spaced intervals. As the fin strip is wrapped around the tube, the outer part spreads opening the segments like a daisy.

Due to the mechanical cut of the fins, a twisting of the segments of the serrated fins occurs when the strip fin is wrapped around the tube. The level of this twisting, i.e., the fin angle varies depending on factors such as the way and sharpness of the cut, the fin dimensions, the metal used and other factors.

In this section, the effect of the fin twisting is investigated. For that purpose, the basic simulation model is used for configurations with six different fin angles β = 0 • , 5 • , 10 • , 15 • , 20 • and 25 • , respectively. In these investigations, only the outermost part of the segments of the serrated fin is twisted. The continuous part of the fin (the non serrated part) is similar for all configurations (see Fig. 6).

The performance plot for different configurations is depicted in Fig. 7. For more clarity, parts I (for Re between 600 and 1800) and II (for Re between 2200 and 2600) of this figure are zoomed in and presented in Figs. 8a andb, respectively. These figures

show that the configurations with fin angles β = 5 • and 10 • have generally better performances than the case without fin twining (β = 0 • ). However, the configurations with fin angles higher than 15 • (i.e., with β = 20 • and 25 • ) have worse performance than the case without fin twisting. The configuration with β = 15 • shows better performances than the case without twisting only for high Reynolds numbers (Re ≥ 1800) visible in Fig. 8b. Fig. 9 shows the time-averaged velocity magnitude and velocity vectors on a vertical plane section. It demonstrates that the fluid twisting increases the contact between the fin segments and the fluid of the mainstream flow. Moreover, the level of vorticity and fluid mixing is also increased in the case of twisted fins. Fig. 10 shows the streamlines and the time-averaged temperatures for cases without fin twisting (β = 0 • ) and a case with twisting (β = 25 • ). It can be seen that the fluid mixing, especially in the wake regions behind the tubes, is higher for the case of twisted fins.

These two effects of the fin twisting lead to an increase of the heat transfer rate. The reason for the higher performances in the case of moderate angles, i.e., β = 5 • and 10 • compared to the cases with high twisting angles, i.e., β = 20 • and 25 • is that in the cases of moderate angles the twisting does not create a dominant obstacles as in the case of the high angles. In the case of strong fin twisting with angles of β = 20 • and 25 • , the heat transfer is increased, but with a greater increase in the pressure drop.

Effect of the number of fin segments

The effect of the number of segments in a period on the performance of the serrated finned-tubes is also investigated. For that purpose, the basic model is used with three different number of segments, 19, 39 (the reference model) and 79 segments per period, respectively. Fig. 11 shows the performance plot of the three cases investigated for Reynolds numbers 1000, 1800 and 2200, respectively. It is obvious from this plot that the performance increases with increasing the number of segments per period. For a given power input e v which is directly related to the pressure drop ∆P as mentioned above, the case with higher number of segments per period has the higher heat transfer rate. The reason is that the increase of the number segments per period leads to the increase of the interruption of the boundary layer close to heat transfer surfaces.

This results in a higher heat transfer rate as confirmed by Fig. 12 which shows the time-averaged temperature distribution in the fins for cases with different number of segments. The fins are cooled by the relatively cold air. The high temperatures in the fins are in the wake regions behind the tubes. These regions are characterized by a low heat transfer rate between fins and the relatively hot fluid which gets trapped in these regions and poorly mixes with the mainstream flow (see Fig. 4). In Fig. 12, generally the temperature of the fins decreases (better heat transfer rate) by increasing the number of fin segments.

Conclusions

The numerical investigations carried out in this study show the advantage of serrated fins in improving the performance of finned tubes. This is mainly due to the fact that the interruption of fins in these devices improves the re-build of the boundary layer close to heat transfer surfaces and increases the level of fluid mixing in the flow domain.

The results obtained show that for the same heat transfer area, the serrated fin tubes have better performances than the full fins. In the current investigations it has also been shown that contrarily to what many manufacturers think, the fin twisting which results from the production process has not always a negative impact on the performance of the serrated finned-tubes. It has been found that no extra work is needed in order to eliminate this twisting if the angles are in the range ]0 • , 10 • ]. However, twisting angles greater than 15 • result in a deterioration of the serrated finned-tube performance. This is mainly due to the higher power inputs, i.e., pressure drop associated owing to the high flow resistance that they produce. Furthermore, the increase of the number of fin segments per period leads to more boundary layer interruption and more fluid mixing. This generally improves the performance of the serrated finned tubes.
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Table 1 :

 1 Dimensions of the main elements of the reference model.

	Dimension	Notation Measure in mm
	Tube diameter	d	25.4
	Outer fin diameter	D	57.15 (= 2.25 d)
	Fin thickness	s	0.203
	Fin pitch	p	2.54 (= 0.1 d)
	Tube spacing	S d	63.5 (= 2.5 d)
	Total fin height		

(a) Serrated fin without twisting (b) Serrated fins with twisting (c) Twisting of the most outer part of the fin

(a) Serrated fin without twisting (b) Serrated fins with twistingFigure 9: Time-averaged velocity magnitude and vectors on a vertical plane section across the serrated fins.
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