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ABSTRACT

Numerical simulations were performed with the open-source CFD software OpenFOAM to investigate the
ability of several configurations of short length twisted tube geometries with non-circular cross-section
connected to tubes with circular cross-section to induce a swirling flow. The heat transfer and the pressure drop
linked to the generated swirling flow are also calculated. The swirling flow is modeled using a k-o SST
turbulence model with a Low-Reynolds approach. It is shown that a short length twisted tube with an elliptical
cross-section (STE) is able to generate a swirling flow but its intensity greatly depends on its twist pitch and its
aspect ratio. The lower the aspect ratio, the higher the swirl intensity. For a Reynolds number ranging from
10 000 to 100 000, the results reveal that compared to a plain tube, the STE with the lowest aspect ratio achieves
to enhance the heat transfer from 22 to 90 % at the cost of an increased pressure drop of respectively 63 and
129 %. The second part of the study is focused on a short length twisted tube with a three-lobed cross-section
(ST3L) and the results reveal that the generated swirling flow is even more intense than with the STE and that
the heat transfer enhancement goes from 30 to 105 % at the cost of an increased pressure drop from 137 to
180 %.

ARTICLE HIGHLIGHTS

e Elliptical and three-lobed cross sections twisted tube can generate long lasting swirling decaying flows.

¢ The decay rate of the swirling flow remains approximatively the same for all the studied geometries.

e  The Performance Enhancement Coefficient of all investigated geometries are similar and are close or
above 1.
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Nomenclature h  heat transfer coefficient, W.m=.K*
I turbulence intensity, dimensionless

a  major axis of the ellipse, m k  turbulent kinetic energy, J.kg*

A wetted area, m? 1 turbulent mixing length, m

b  minor axis of the ellipse, m L total length of the tested tube, m

c aspect ratio of the ellipse, dimensionless m mass flow rate, kg.s™

¢, specific heat capacity, J.kg'.K! Nu Nusselt number, dimensionless

C:¢ skin friction coefficient, dimensionless P twist pitch, m

Ap pressure drop, Pa r refinement ratio, dimensionless

Dy hydraulic diameter, m Re Reynolds number, dimensionless

e quantity to evaluate for the GCI S Swirl number, dimensionless

f friction factor coefficient, dimensionless T temperature, K

GCI Grid Convergence Index U fluid velocity, m.s™
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Q heat flux, W

z  axial position, m

z* dimensionless axial position (z.Dy")

z,* downstream dimensionless axial position z*-24
o order of accuracy for the GCI, dimensionless
A thermal conductivity, W.m". K"

i dynamic viscosity, Pa.s

p  fluid density, kg.m?

T, wall shear stress, Pa

® turbulent kinetic energy dissipation rate, s*

Subscript
0 inlet value
b bulk

down downstream tube
LMTD Logarithmic Mean Temperature Difference

in inlet of energy balance (z"=0)
out outlet of energy balance (z'=51)
p plain tube

STE short element of twisted oval tube
ST3L short element of twisted three-lobed tube
tr transition tube

up upstream tube
w wall
Superscripts

area averaged quantity

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.
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 reduce total entropy generation compared
to a single twisted tape or twin co-twisted tapes
[2,3]. 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 short
length 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 et al. [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 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
thermo-hydraulic 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 are 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
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transfer enhancement at a reasonable pressure drop
penalty compared to the previously mentioned
passive techniques. Tanetal. [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 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.

2. Non-conventional Tubes
cross-sections

The most basic deformation of a circular cross
section is an elliptic cross-section as illustrated in
Figure la. The ellipse could be defined by its
aspect ratio c as:

CZE ®

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 Dy.

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 Figure 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 6 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 Dy but the radius of the
circumscribed circle a is equal to Dy/2.

a

(b
Fig.1: (a) sketch of an elliptic cross-section, (b)
sketch of a three-lobed cross-section.

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 of 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.
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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
on Figure2 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 Lwix=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,,=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
Liown=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 uansiions=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.

Transition Transition

upstream downstream
40D, 20D, !

) 17 L '

b b

Tube upstream > STE *— Tube downstream
4D, 4D

b

Fig.2: Sketch of the numerical test bench with
P=10Dy,

h

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
were 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=5D. 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¢=0.2 at z* =47.5.

It is well known that to reduce the pressure
drop, the aspect ratio, as defined in Equation (1),

4

should be increased. That is why, in the first part of
the present study, a STE with a twist pitch of P=5D
and an aspect ratio of ¢=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.

3. Set up 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 etal. [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
Figure 3. Hence, once developed, the intensity of
the swirling flow remains constant.

i) » i)

Y‘:——“‘-—-“‘-—- e e e S S S
i

PR
UPTREAM " Three-lobe twisted DOWNSTREAM
TUBE fube TUBE

Fig.3: Reproduction of the numerical test bench
with a  three-lobed twisted tube from
Tang et al. [24]

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.

3.1 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
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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 on Figure 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 D4=0.02 m,
the twist pitch is P=10Dy and the length of the
twisted tube is Lranc =4P.

3.2. 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
To=300 K and a zero normal gradient for the
pressure. All along the 100D of the numerical test
bench, at the wall of the tubes a constant
temperature T,=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.

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

C 4175
A 0.6472
m 0.549-3
p 998.2

The simulations run until the residuals for the
continuity and momentum equations are below 10
and 10° 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 5,000 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

5

k- SST turbulence model with standard wall
functions give 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 © are set using the equations
recommended by Robertson et al. [25]:

k:%(UOI)2 )
where,

I=016Re ® )
and

w=§ 4)

where 1 is the turbulent mixing length defined
as:

[=0.07D,, (5)

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™°
for k and 10° for .

3.3. 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:

f=2 ApD,
pU;L
The Nusselt number, Nu, is used to determine

the amount of heat transported by the swirling flow
and is defined as:

(6)

hD, -
A

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:

Nu=

Q:nDth Ty 8
where: B B
T _ Tout B Tin
LMTD — =
ln TW B TOU[ (9)
Tw - Tin

and the energy absorbed by the fluid between two
positions inside the tube:
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Q:mcp Tout_Tin (10)
The convective heat transfer coefficient is
derived from Equation (8) and (10) and it is then
easy to calculate the Nusselt number from
Equation (7):

Nu= )| T~ Ti (11)
TALT {yrp
The mean values of the temperatures T, and
T, are calculated by using the bulk temperature in
the given cross-section and is defined as:

1
Tu,dA

The results of the simulations with the twisted
three-lobed tube of the present study are compared
to the experimental data of Tang et al. [24] and are
shown in Table 2. It can be observed that the
results of the present simulations closely match the
experimental data of Tang et al. for both 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.

T=

Table 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
frang [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%
Nurue [24] | 793 | 88.1 | 962 | 103.6
Nu 83.6 | 90.7 | 949 | 98.9
Rel. dev 5.4% | 3.0% | 1.3% | 4.5%

4. 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.

Table 3. Thermodynamic properties of the fluid
(air) used for the present study simulations.

Cp 1006
A 0.04
M 1.91e-5
p 1.205

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.

4.1. 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:

€1~ €
GC Ii=1.25T (13)
ei( r-= 1)
where the grid refinement ratio r in this study
isr=1.43 and «a is computed as follow [26]:

el_eZ)
In|——=
U leme (14)
“= In(r|

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 Cdefined as:

TW
pU,

and the bulk temperature T, defined in
Equation (12).

The meshing process is achieved by using
cfMesh, an open source meshing software
developed by Dr. Franjo Juretic [27]. 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 are respectively 2.75, 3.0 and 3.5 % of the

C,=2 (15)
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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 on Figure 4 a and b.

(b)
Fig.4: (a) Clip of the meshed geometry with mesh
2, (b) details of the mesh close to the wall of the
tube.

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.

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

a GCL | GCIL,
(%) | (%)

f 7.5 31 | 021
Nu 2.4 028 | 1.1
G 2.95 144 | 05
Ty 2.6 0.35 | 0.14

4.2. 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

7

study (Re=100 000), the condition of y'=1 is
respected as can be seen on Table 5.

Table 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

5. Results and discussion

5.1. Influence of the aspect ratio with the
STE

5.1.1. Intensity of the swirling flow

The STE with a twist pitch P=5D 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 ¢=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=5D on the swirling flow can
be seen on Figure 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.

" 0000s+00 031 062 093 12442400
*? C—

i g
0.000e+00 0.33 0.66 099 1.319e+00
Y C——

Fig.5: Swirling flow in the different STE with
P=5D. Aspect ratio c=0.6 (top), aspect ratio
c=0.7(bottom) at Re=10 000.

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 [28] as the
swirl number S:
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R
fﬁ%%m
S=2—— (16)
Rf ru.dr
0

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 on Figure 6,
where the vertical bars delimits the different phase
of the swirling flow as discussed hereafter. Phase 1,
from z*=0 to z*=20, the generation and
development of the swirling flow. Phase 2 at z*=20
the geometrical transition between the elliptical
cross-section of the STE and the circular cross-
section of the downstream tube where the intensity
of the swirling flow falls dramatically because of
the sudden stop of the tubes rotation. And finally
phase 3, from z*=24 to z*=51, where the intensity
of the swirling flow continuously decreases until
the exit of the computational domain.

0.125j
| 0 STE, P=5D, AR=0.6

O STE, P=5D, AR=0.7

0 M & oy
& %M %
B Ty
0025‘ & i .
. i T it
PHASE PiASE PHASE
00000 5 44 8 1‘01‘21211‘6182'02"22212‘6383‘03‘23‘43‘63‘3404‘2444‘648505254

74
Fig.6: Evolution of the swirl number along the STE
with ¢=0.6 and c=0.7 and downstream at
Re=10 000.

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 5D 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 Sm.x=0.12, the
STE with ¢=0.7 remains below 0.10 with
Smax=0.07.

In phase 2, even though the drop of the swirl
intensity is more pronounced with c=0.6 than with
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¢=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 ¢=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:

z

S=S,e ' P 17)
where Sy is the swirl intensity at the beginning
of its decay and p is the decay rate.

The fit curves with Equation (17) have been
calculated and can be seen on Figure 7.

0.100;
O STE, ¢=0.6 with Sp=0.088 and 8=0.0505
¢ STE, c=0.7 with 59 =0.056 and f=0.0505

0.075

0.025

000075522 24 26 28 30 32 34 36,38 40 42 44 46 48 50 52

z
Fig.7: Evolution of the swirl intensity in STE with
¢=0.6 and c=0.7 and curve fitting.

The curves were fitted in the decay phase of
the swirling flow. For the c=0.6 and ¢=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 3 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=

5.1.2 Pressure drop

The swirling flow generated by the two
configurations of STE are 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 Equation (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, which is calculated using the correlation
from Pethukov:

f,=[0.79In(R,|- 1.64]"* (18)
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The evolution of the increase of pressure drop
with the Reynolds number can be seen on Figure 8.
It can be clearly seen that increasing the aspect
ratio of the STE from ¢=0.6 to ¢=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
¢=0.7 does not reach a plateau after Re=80 000 but
keeps increasing. One of the cause 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, this forces are proportional to the square
of the velocity, hence the observed growth of f/f,.
As seen on Figure 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.

@ STE, P=5D, c=0.6 .
2.2} - STE, P=5D, c=0.7
i i
e P
<>., _____________________________
. : 8§ 10

3
Re x 1074
Fig.8: Evolution of f/f, with Re for the STE with
aspect ratio c=0.6 and c=0.7.

5.1.3 Heat Transfer

Along with the increase of 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
Equation (11) between z*=0 and z*=51. The mean
values of the temperature in Equation (11) are
calculated using Equation (12). In a given
cross-section, the temperature and the velocity at
the center of each cell are used to calculate the

integral of Equation (12) using a discrete approach.
The Nusselt number of the STE is compared to the
heat transfer obtained in a plain tube (Nu,) where
Nu, is calculated with the correlation of Gneilinsky:

fy

~2[R,-1000| Pr
I
Nu,= f 05 (19
1+12.7(§P) prooeet
where Pr is the Prandtl number and is defined
as:
puC
Pr=—-=%~ 20
r 3 (20)

The evolution of the enhanced heat transfer
with the Reynolds number can be seen on Figure 9.
Although, the STE with c¢=0.6 enables a higher heat
transfer enhancement than with ¢=0.7, the
differences are quite small. This latest result is
surprising because as seen on Figure 6, the STE
with ¢=0.7 generates a swirling flow with a lower
intensity than the STE with ¢=0.6. Therefore, it
could have been expected that the heat transfer
enhancement with STE with ¢=0.7 would have
been even lower. However, even though the swirl
intensity is lower with this latest STE than with
STE where ¢=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=100000 the maximum
turbulent kinetic energy reached in STE with c=0.6
and ¢=0.7 is respectivelly 140.7 and 124.0 J.kg™.
Besides, note that the increase in heat transfer
Nu/Nu, between Re=10000 and Re=100 000 is
greater than the increase in friction factor.

2.0
~@- STE, P=5D, c=0.6
~4- STE, P=5D, c=0.7

._.
N
—lce

3 5 g 10
Rex 1074
Fig.9: Evolution of Nu/Nu, with Re for the STE
with aspect ratio ¢=0.6 and c=0.7.

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:
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PEC=——+--% 1)

The evolution of the PEC for the different STE
is shown on Figure 10. It can be observed that, the
obtained PEC for both cases are similar and also
always greater than 1. Only at the highest Reynolds
number, the PEC of the STE with ¢=0.6 is
obviously higher than the PEC of the STE with
¢=0.7. Tt 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, ect.) in the twisted
tube. Despite the greater pressure drop in the STE
with ¢=0.6, its better heat transfer enhancement
yields a PEC which is almost the same as the STE
with ¢=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 ¢=0.7. Using Equation (17), a swirl number of
0.01 is achieved after about 34D for the STE with
¢=0.7, when about 43D are necessary for the STE
with c=0.6.

@~ STE, P=5D, c=0.6
1.4 . sTE, P=5D, c=0.7

1.0 § 10

3
Re x 1074
Fig.10: Evolution of the PEC with Re for the STE
with aspect ratio ¢=0.6 and c=0.7

5.2. Influence of the cross-section: STE and
ST3L

The configuration of the STE with a twist pitch
of P=5D 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.
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5.2.1. 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, 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 on
Figure 12.
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: ; %%%
PH[-\SE PH;;\SE PHQSE
IR R E] 26,26 30 32 34 36 38 40 42 44 46 48 50 52 54
z

Lt i)
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Fig.12: Evolution of the swirl number in the STE
and ST3L and downstream at Re=10 000.

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 of 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 Equation (17) was fitted against the
data of the swirl intensity at Re=10 000. This is
shown on Figure 13. It could be noted that the
decay of the swirling flow for the ST3L fits quite
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Uthera/Un Uthera/Up
7.350e-01 1.042e+00
0.49 0.69452
0.245 0.34726
0.000e+00 0.000e+00
Uthera/Up UthetalUp
7.350e-01 1.042¢+00
0.49 0.6%452
0.245 0.34726
0.000e+00 0.000e+00
(2*=2)
Uthers/Un UthetalUp
7.350e-01 1.042¢+00
0.49 0.6%452
0.245 0.34726
0.000e+00 0.000e+00
(z*=3)
Uthera/Up UthetalUp
7.350e-01 1.042e+00
049 0.6%452
0.245 0.34726
0.000e+00 0.000e+00
(z*=4)

Fig.11: Axial evolution of the tangential velocity inside the first twist pitch of the STE (left) and ST3L (right).
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well with the decay coefficient [=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 Sy=0.165 (S=0.165 exp(-0.0505 (z;*)). The
correlation coefficient is also good with R*=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 three-lobed 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 4D
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 10.9D.

0.20
o Spe P, S,=0.088 and f=0.0505
<><><><>0 0 Spe™4, Sp=0.165 and B=0.0505

0.15

Wno.lo

0.05

oo 20-22-24 26 28 30 32 34 16 38 40 42 44 46 48 50 52

z
Fig. 13. Evolution of the swirl intensity
downstream the STE and ST3L and curve fitting at
Re=10 000.

5.2.2. Pressure drop

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

3.00
2 75| &= STaL = e

3 5 8 10
Re x 10~*
Fig.14: Evolution of f/f, with Re for the STE and
the ST3L.

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
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pressure loss as the drop of the swirl intensity in
phase 2 suggests on Figure 12.

5.2.3. Heat transfer and PEC
The evolution of the heat transfer enhancement
for the STE and ST3L is shown on Figure 15.

S MA
2.0t ol
.
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Re x 10~*
Fig.15: Evolution of Nu/Nu, for the STE and the
ST3L with Re.

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-section
tube (Ast=225mm’ and A=314mm?) the heat
transfer enhancement is solely due to the flow
structure modification and not to an increase of the
heat transfer surface. 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 on Figure 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.
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Fig.16: Evolution of the PEC for the STE and the
ST3L with the Reynolds number.

CONCLUSION

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 and 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.
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