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1. Introduction

Heat exchangers are used in many types of applications with the aim of transferring heat from one fluid to the other in
an efficient manner. The shell and tube type heat exchangers are among the most common heat exchangers. In most cases,
the fluid flowing inside the pipes of these kinds of heat exchangers is in the turbulent regime, since it provides heat transfer
rates much higher than in the laminar regime (see, e.g., [1]). However, there are some specific applications where laminar
flow can be expected, for example when the working fluids are highly viscous or when the transporting pipe diameter is
small. Consequently, low heat transfer rate and increased fouling rate occur.

Different methods for increasing heat transfer in laminar and mildly turbulent flows in tubes have been investigated for
years. One particular technique leading to wall shear stress enhancement is to induce rotating or swirling flows inside the
pipe. Swirling flows in circular or annular tubes have been widely investigated for the turbulent regime [2-4] but less for
the laminar regime [5-7]. These flows are formed supplementing the axial velocity with a tangential velocity component,
turning the flow either clockwise or counter-clockwise and giving it a helical motion, or the so-called corkscrew pattern. One
of the most widely used methods consists in installing helical spirals or other fins, either inside or outside heat exchanger
tubes [8-10]. This method greatly enhances heat transfer and, since it increases the wall shear stress, the fouling rate is also
globally reduced. But the drawbacks of such an installation are a really high increase in pressure drop and the presence of
local fouling in areas close to the fins where low velocities can be expected. It also may complicate cleaning procedures.
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Confined swirling flows can be classified into two main categories: the first one is the continuous swirling flow, for
which the swirl pattern is quite constant along the pipe. The second category is the decaying swirling flow. Most continuous
swirling flows are produced by inserting full-length twisted-tapes or helical screw tapes into the pipes [11,12]. Such a way
to induce swirling flows is particularly efficient in increasing heat transfer, but it usually generates a too large pressure drop,
which is a drawback. This is even worse if an inner rod is installed to hold the tapes on location, which is equivalent to an
annular tube configuration. Swirl can also be driven by an axially rotating pipe wall [13]. This technique is mainly used for
fundamental investigations and validation of numerical models developed to predict swirling flows.

For decaying swirling flows, the flow which is axial is given an additional angular component at a specific cross section,
usually at the inlet of the tubes. The helical movement continues along the pipe for a certain distance, but residual swirl
effects might still be visible after a considerable greater distance [14]. One advantage of inducing the swirl motion at a
single cross section is that a large portion of the downstream pipe volume is free of any inserted objects that could trap
deposits (local fouling) or a hindrance when cleaning the tubes.

Decaying swirling flows can be generated by rotating a section of the pipe, by using tangential injectors [15,16], or by
the use of a so-called swirl inducing device, whose appellation in the literature can slightly differ. Among others, the names
are: swirling device, swirler device or even shorter: swirler. Various swirler types exist and their applicability can be forced
rotating, freely rotating, or fixed (static), to name a few. Forced swirlers, as for example rotating honeycombs, must be
avoided in tubular heat exchangers because of excessive pressure drop, power consumption and installation costs. For the
purposes of swirling flows in heat exchangers, they should be considered as a source of flow structure information. Static
swirlers in circular tubes can be short-length twisted tapes, short twisted-fins or axial guide vanes [17-19].

Two main conclusions can be drawn from the already cited works. Firstly, studies of the profiles of the radial component
of the velocity show that it does not play an important role in the evolution and decay of the swirling motion. Secondly,
the main contribution to the swirl is related to the tangential component of the velocity. The tangential velocity field
can generally be divided into three regions: i) the core region near the axial centerline where the tangential velocity is
proportional to the radius, as in a forced vortex; ii) the annular region, where a free vortex occurs and the tangential
velocity is inversely proportional to the radius—note that at the intersection of the first two regions, the tangential velocity
reaches a maximum,; iii) the wall region, which corresponds to a boundary layer. A swirling flow can thus be considered as
a combined vortex. The maximum of the tangential velocity decays in the axial downstream direction and the position of
this maximum moves towards the center line. So the size of the core region decreases along the axis.

In most studies dealing with short static swirlers, the effect of the variation of different parameters such as the twist
angle of the blades, the number of blades, the distance between blades or the length of the blades are presented. To the
authors’ knowledge no study presents the swirler design process as is done in [20] or [21] for turbine blades; the focus of
this paper is the presentation of such a process. It should however be added that a static swirler does not exactly resemble
a turbine, nor a compressor, but rather something in between, since no mechanical energy is involved when the fluid flows
through the swirler. This design process is three-fold and is followed in the present study. The first step is the selection of a
2D profile, based on the lift-to-drag ratio of the blades. The second step is the computation of 3D flow fields in the domain
affected by the swirling flow. The last step is the determination of the Reynolds number range for which the assumption
made in the first step is valid. Thus, in the first part of this paper, a blade design process is presented, which is based on
hydrodynamic considerations in order to get a desired tangential velocity profile. The second part of the paper presents
the resulting flow properties that are obtained using Computational Fluid Dynamics (CFD), for Reynolds numbers in the
range 50 to 1600, ensuring a laminar flow regime. The latter is based on the tube diameter and on the mean axial velocity
upstream the swirler.

2. The blade design

A general design concern of a swirler is to maximize the swirling effect of the internal flow in a tube, without increasing
pressure drop excessively. Two sources of pressure drop are most important here: i) friction because of insertion of blades
(hydrofoils). ii) The disturbance of the otherwise smooth flow profiles in a low Reynolds number tube flow. The first source
can be related to the number of blades chosen and to their thickness, as well as the structure of the swirler (e.g., how blades
are connected). The second source is related to the blade shape and how well they direct the flow into a smooth swirling
motion, preferably without generating local vortices. Fig. 1 shows an example of a static swirler having eight blades.

The purpose of the blades is to force the fluid to deviate from its initial direction. This deviation, which represents the
amount of swirling in the tube, is defined by the so-called “flow exit angle” ¢. Fig. 2 shows the definition of the parameters
that define the shape of the blades in this study. The blades have zero thickness and are therefore only defined by the
camber line shape. Note that as the paper focuses on the geometrical definition of the swirler, it is more adapted to define
the swirler in terms of geometrical parameters than to define the swirler in terms of fluid dynamics parameters such as the
swirl number.

The blade exit angle 0, at a given radial location determined by a diameter D, differs from the actual flow exit angle
¢ of the velocity by a deviation angle § due to the fact that the fluid will not “follow” the blade profile exactly. A rule of
thumb is
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Fig. 1. Example of an eight-blade swirler.
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Fig. 2. Blade parameters.

where both angles (6 and §) are given in degrees and o = ¢/t is the ratio between the chord length and the distance between
blades, also called the solidity. In this study o is constant, since a fixed diameter D has been chosen. The coefficient n is
different between turbines and compressors, but as mentioned before, the swirler is neither a turbine nor a compressor
and thus n =1/2 is chosen arbitrarily here. The other coefficient m depends on several parameters such as the shape of the
blade and the stagger angle, but in the current study a value of m = 0.26 is used which is recommended in [22].

To keep the solidity constant, the length of the blade varies with the radial location. The chord is ¢ = +/H2 + L? and the
distance between two blades is t = 7D/n,, where D is the diameter and ny, is the number of blades. It has to be noted that
this rule is valid for standard turbine geometries where the radius is quite large with respect to the radial width of the flow
channel. Hence, for swirlers studied in this paper and shown in Fig. 1, the deviation could be much different towards the
axis of the flow.

It is well-known that there is no direct link between the performance of a 2D blade and its 3D counterpart when the
height of the blades is not small compared to the hub radius due to 3D effects; see, e.g., the conclusion of [23]. In fact,
in that case, the flow exit angle close to the hub observed in 3D is quite far from the flow exit angle determined in a 2D
computation. So, among the infinite possible shapes for the blades, it has been decided to limit the present study to four
different definitions of blade profiles. They are all based on the following constraints: i) the blade must be tangent to the
axial flow at the inlet of the swirler. ii) The flow exit angle has to be respected for all radial locations. Note that for the
application here, the blade exit angle is arbitrarily set to 48°, § is set to 4°.

The simplest profile studied here is defined by the linear variation of the tangent of the angle 90 — 6.

The second profile is described by a polynomial that is constrained to give correct values of the tangent as well as zeros
curvature at both extremities of the blade.

- The third profile is a Bézier curve (see, e.g., [24]) defined by the tangent at both extremities and a null curvature at the
outlet extremity.

The fourth profile is a Bézier curve defined by the tangent at both extremities and a null curvature at both extremities.

All these profiles are based on a given height H, which is linked to L by the first profile equation: H = 2L tan(#). It results in
c = L/4tan?(9) + 1. By using the definitions of the various swirler parameters, it is found that the length L is determined
by

1
nD( 90—9)ﬁ 1
L=—-1[m
np, ) J4tan(0) + 1
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Fig. 3. Comparison of the four profiles.
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Fig. 4. Distance to the chord for the four profiles.

It can be concluded that L is linearly proportional to D, and consequently the height H also. Although the profiles look
similar (see an example in Fig. 3), the distance to the chord (which is an important design parameter for turbine blades)
is quite different (Fig. 4). Note that the maximum distance to the chord for the fourth profile is about one third of chord
length from the leading edge, which is common for turbine blades.

The ratio of the lift coefficient to the drag coefficient (the lift-drag ratio) is considered to be the best criterion to select
the profile that will be used to build the whole swirler. It depends on the distance between two blades, thus on the number
of blades (Fig. 6). It is computed in 2D using CFD and the results are shown after a standard mesh sensitivity study based
on the radial distribution of the velocity profile. Fig. 5 shows a schematic of the computational domain. The finest mesh
consisted of around 10700 cells and the flow was laminar in all cases. The numerical study has been carried out using
simpleFOAM as a solver, which is part of the OpenFOAM version 2.0.1 package [25,26]. It is a Finite-Volume Method-based
solver [27,28], using a standard SIMPLE iteration scheme for solving the Navier-Stokes equations for incompressible fluids,
in the steady state, with first-order upwind for the convection terms and second-order linear scheme for the diffusion, as
often used in the literature for laminar flows, e.g., [29]. Note that the local Péclet number is higher than 2 for all Reynolds
number considered in the present study. These schemes assure good convergence: the final residuals for the velocity, the
pressure, and the continuity are of the order of magnitude of 10~'1,

It can be seen in Fig. 6 that for a blade exit angle lower than 65°, the most efficient profile is defined by a Bézier curve
having a null curvature at both ends. For this profile, Fig. 7 shows that the ratio of the drag coefficient for four or six blades
to the drag coefficient for eight blades does not depend on the blade exit angle if it is lower than 65°.
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Fig. 5. Schematic of the 2D computational domain with the associated boundary conditions.
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Fig. 7. Drag coefficient ratios when comparing four- and six-blade designs with an eight-blade design.

It is furthermore of relevance to study the energy dissipation of the different blade setups. This is shown in Fig. 8 in
terms of a total pressure coefficient defined by

m u?
cp=1__2 p+,o7 u,dA
ju
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Fig. 9. Flow direction in two dimensions for an eight-blade setup using profile 4.

where A is the cross section area of the channel, 1 the mass flow, p the local pressure and u the velocity (with i denoting
the average velocity in a channel). The figure clearly shows that the losses increase with increasing blade numbers, even
though the four-blade swirler is longer, as seen in the final pressure drop at the blade exit. Finally, Fig. 9 shows the direction
of the flow in the computational domain, going on either side of a single blade. It is clear that there is no reversed flow
present and the velocity profile stabilizes quickly at the exit and becomes uniform.

Fig. 7 shows that the drag coefficient ratio for four blades is the lowest when compared to the eight-blade setup. Hence,
it can be concluded that it is preferable to use four blades if the head loss is the main criterion. However, it can be argued
that in order to obtain a better control of the flow (minimizing the risk of secondary flows) a swirler with higher solidity
should be chosen, which would shift the preference to an increased number of blades.

3. Three dimensional flow field calculation

To verify that the desired effect of the swirler is achieved, a numerical study has been carried out using the same solver
as described for the two-dimensional case. This is only done for the eight-blade design, since it can be argued that there
is less fundamental difference between the 2D and 3D cases when the angle between individual blades is smaller. In a
first step, two-dimensional lateral surfaces are generated in the OFF format, using Scilab [30] to produce the files. The 3D
structured mesh is then constructed using a modified version of the extrudeMesh utility provided as a part of OpenFOAM,
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Fig. 10. Detailed view of the mesh (blade part).
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Fig. 11. Total pressure coefficient (solid line), with a comparison with standard pressure decay in laminar tube flow (dashed lines).

which rotates the 2D mesh around the swirler axis. After a standard mesh sensitivity study, based on radial velocity profiles,
the final mesh consists of around 800,000 hexahedral cells (except on the axis of the tube). Mesh quality criteria such as
skewness, mesh non-orthogonality, and edge ratio are in a good agreement with the constraints required by OpenFOAM.
Fig. 10 shows a detailed view of the mesh that includes the swirler blades.

At the inlet of the computational domain (two diameters upstream of the swirler) a standard parabolic velocity profile is
imposed. The computational domain extends 20 diameters downstream from the swirler outlet section, as shown in Fig. 5.
At the outlet of the domain, a constant static pressure is imposed as well as zero gradients for the velocity. A non-slip
boundary condition is applied to the wall of the pipe, on the swirler blades, and on the swirler inner core. Cyclic boundary
conditions are applied to all other boundaries.

Fig. 11 shows the evolution of the total pressure coefficient along the pipe axis for a Reynolds number of 1600. The rapid
head loss in the swirler corresponds to a loss coefficient of 1.4. It is furthermore interesting to study the flow structure near
the exit of the swirler in order to verify its effect. Fig. 12 shows the results at two locations as normalized components in
cylindrical coordinates, namely Uz/U,, Ur/U, and Us/U,. An asymmetrical effect is clearly seen in all the figures at the swirler
exit (Fig. 12-left), but it has almost disappeared at z/p =1 (Fig. 12-right). A substantial amount of radial flow is present at
the exit, thus indicating strong secondary flow. In spite of the secondary flow at the exit, these effects seem to disappear
quickly and, at z/p =1, the flow is predominantly in a swirling mode with a laminar boundary layer forming on the pipe
wall, but still rather low velocity near the center.

As mentioned before, the main goal of the study is to know if the flow exit angle in the range 48° 4-4° is obtained over
the entire domain at the outlet of the swirler. Figs. 13 and 14 show the flow exit angle distribution at z/D = 0 and the
“swirling” angle at z/D = 1. The swirling angle is computed as the flow exit angle in any cross section. Note that these
figures confirm that the discrepancy between 2D computations and 3D results for the flow exit angle is the largest close to
the hub.

Fig. 15 shows that the mass flow averaged exit angle ¢ = % (see Fig. 2) at the outlet of the swirler varies from
57° to 51°, for a Reynolds number varying from 50 to 1600. It also shows that to keep the mean flow exit angle within the
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Fig. 12. Normalized flow velocity with respect to the average axial speed in the pipe, for axial flow (top), radial flow (middle) and tangential flow (bottom).
The velocities are shown at the swirler exit (left) and one diameter downstream of the exit (right). The dotted contours represent negative values.

desired limit, i.e. 48° 4-4°, the Reynolds number has to be higher than 520. It then can be concluded that the swirler has to
be adapted to the Reynolds number range.

It is then possible to compute the mass-flow-averaged swirling angle at any cross section downstream from the swirler
and to plot its evolution. Fig. 16 clearly shows the dependency of this evolution with the Reynolds number. For highly
viscous fluids (Re = 50), friction forces are so large that the swirl vanishes within seven diameters.
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Fig. 13. Flow exit angle at the outlet of the swirler blades (z/D = 0) for Re = 1600.
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Fig. 17. Radial profile of the tangential velocity at z/D = 1.

A notable characteristic of the swirl is the radial distribution of the tangential velocity. Fig. 17 shows as an example the
reduced velocity profile at z/D = 1. It must be noted that in the studied range of Reynolds numbers, the location of the
maximum tangential velocity varies by less than 10% of the radius.

Then it is possible to plot the evolution of Ug max/(Ug,max)z/p=1 versus z/D (Fig. 18) as a function of the Reynolds
number. It is found that it is possible to approximate the values using the following equations:

w5 1))
————— =exp| —a| = -1
(UG,max)z/D=1 D

o= o +
“Re M
with the dimensionless parameters 0 =41+ 0.1 and © =0.0174 £ 0.0001.
4. Conclusion

This paper has presented the design process of a swirler, and it has been shown that the main goal is achieved, i.e. the
fluid deviates by an angle which is within a given design range, for a quite large range of the Reynolds number (520 to
1600).

It has been shown that it is possible to approximate the evolution of the maximum tangential velocity, knowing that the
radial distribution is self similar at any downstream axial location.

A test rig will soon be available at the “Université de Valenciennes et du Hainaut-Cambrésis”. It will then be possible to
compare the experimental data to the computed values. A particular effort will be made in a comparison of the wall shear
stress distributions, as the final goal is to increase the convection heat transfer coefficient.
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