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A B S T R A C T

Vorticity generation has been identified, since the 80's, as an efficient means for enhancing heat transfer; the
mean radial velocity component due to the induced flow pattern contributes to the heat removal. In the present
work, momentum and heat transfer are studied in a test section designed to mimic the industrial HEV (High-
Efficiency Vorticity) mixer. It consists of a basic configuration with a unique vorticity generator inserted on the
bottom wall of a heated straight channel. The aim of this work is to analyze to which extend the convective heat
transfer is correlated to the vorticity, as it is presumed to cause the intensification. In this case, the driving
vorticity is the streamwise vorticity flux Ω, and the heat transfer is characterized by the Nusselt number Nu, both
quantities being spanwise averaged. The study is mainly numerical; we have used the previous PIV measure-
ments and DNS data from the open literature to validate the numerical simulations. It is shown that there exists a
strong correlation between the vorticity flux and Nusselt number close to the vortex generator. However, the
axial variation diverges for these quantities when moving downstream. The Nusselt number presents a sharp
peak over the VG and decreases nearly to its basic level just behind the VG, while the vortex persists far
downstream from the tab and relaxes very slowly. Heat transfer intensification at the Nusselt peak is about
100%, and reduces to about 6% downstream of the VG, the intensity of the vorticity momentum being decreased
only to about 50% of its peak value at the test section outlet.

1. Introduction

Vorticity is an inherent feature of fluid flow and is often considered
as an efficient mechanism in the heat and mass transfer phenomena. In
many situations of practical interests vorticity is artificially generated
to enhance heat and mass transfer [1–10], but also vorticity exists
naturally in many types of fluid flows such as in the near-wall region of
turbulent boundary layers [11,12] or surfaces with curvature and/or
rotation [13–15]. Physical understanding of the mechanism of heat
transfer by vorticity is therefore crucial for active and passive control in
numerous technological applications [16–20]. However, most of pre-
vious studies consider a global relationship between the velocity field
and heat transfer coefficient, and little attention was paid to the role of
the vorticity intensity.

Some studies investigated the analogy between the heat transfer and
different flow parameters describing the strength of secondary flow
such as the vortex circulation and vorticity flux. It was shown from
experimental studies by McCroskey [21] that the theoretical predictions
of the temperature-vorticity analogy agree well with the experimental

results in laminar flows, but the theory failed in the transitional and
turbulent flows. Song and Wang [22] defined a dimensionless sec-
ondary flow intensity (Se) that is the ratio of inertial force to viscous
force induced by the characteristic velocity of secondary flow to study
the relation between vorticity and heat transfer in laminar flow. They
obtained a fair correlation between the local and global dimensionless
secondary flow intensity and the Nusselt number. Chang et al. [23]
suggest the use of the span-averaged absolute streamwise vorticity flux
to characterize the intensity of the secondary flow produced by vorti-
city generators. It was shown qualitatively that a similar behavior is
observed between the longitudinal variation of the streamwise vorticity
flux and the span-averaged Nusselt number downstream from the
vortex generators. Actually, this spanwise-averaged absolute stream-
wise vorticity flux characterizes the convective heat transfer caused
only by longitudinal vorticity, and does not account for the effects of
transverse vorticity. Actually, it was shown [2,24] that most of the heat
transfer enhancement is caused essentially by the streamwise vortices,
while the transverse stationary vortices, e.g. the wake recirculation, are
globally “hot fluid traps”, that poorly exchange.
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In the present study, the spanwise-averaged absolute streamwise
vorticity flux is computed only with the longitudinal vortex component,
and is used for the discussion on the relationship between the heat
transfer and the flow structure. The aim is to assess whether, in the VG
case, this parameter is a relevant criterion for the heat transfer in-
tensification.

The test section used in this study is designed based on the industrial
HEV (High-Efficiency Vorticity) static mixer [25] that is a well-studied
device and is used as multifunctional heat exchangers/reactors [26,27].
This apparatus is being increasingly incorporated in process industry
for its mixing and heat transfer capabilities.

Static mixers are composed of a series of identical stationary inserts
(called elements) fixed on the inner wall of pipes, channels, or ducts.
The role of the elements is to redistribute the fluid flow in the directions
transverse to the main flow, that is the radial and tangential directions.
Static mixers divide and redistribute streamlines in a sequential fashion
using only the pumping energy of the flowing fluid. The inserts can be
tailored and optimized for particular applications and flow regimes.
Commercial designs typically use standard values for the different
parameters that provide high performance throughout the range of
possible applications. In the particular case of the HEV static mixer, it is
composed of a tube equipped with a series of four trapezoidal vorticity
generators attached on the wall. The presence of inserts produces a
complex vortex system in which concomitant phenomena simulta-
neously enhance mass and heat transfer. The study of such a flow is
difficult because the longitudinal evolution of the streamlines is dras-
tically modified by the presence of the vorticity generators. The com-
plete geometry of this type of static mixer being complex to study, a
simplified design where only one vorticity generator is included is
proposed in this work. This flow type mimics the main feature, i.e.
pressure driven longitudinal vorticity, of many heat transfer devices
such as multifunctional heat exchangers/reactors [26,27]. Studying a
geometry equipped with only one vorticity generator allows analyzing
the longitudinal evolution of the flow characteristics without the per-
turbations brought about by other VGs downstream of the studied VG.

Numerical simulations are performed with the ANSYS Fluent CFD
software to compute the convective heat transfer and the vorticity flux.
The present flow arrangement is of particular interest since it allows
studying this complex relationship in a vortical flow for which we can
readily quantify the vorticity distribution.

Section 2 elaborates on the numerical procedure and experimental
validation. In section 3, results about the vortex strength and the
temperature distribution are presented and the relationship between
vorticity and heat transfer is discussed. The final section gives the
concluding remarks.

2. Numerical procedure

2.1. Physical domain

The flow configuration studied here consists on a square duct flow
of 7.62 cm each side, i.e. hydraulic diameter Dh = 7.62 cm, and
33.15 cm long, in which a vorticity generator of trapezoidal shape is
inserted on the bottom wall with an inclination angle of 24.5° relative
to the wall plane. The leading edge of the vorticity generator is located
at z = 13.0 cm. The dimensions of the vortex generator and the duct
used here are adopted from Yang et al. [28] and Dong and Meng [29]
for the sake of comparison and validation of the present numerical
results with these previous studies. The dimensions of the physical
domain and of the vorticity generator are schematically shown on Fig. 1
in the Cartesian frame of reference. In the following sections all spatial
scales are scaled with the tab height h = 1.3 cm. The vortex generator
thickness is 0.5 mm.

2.2. Numerical method

Numerical simulations in the present study are performed by the
CFD code Fluent® 6.3 [30]. The computational mesh is a cell-centered
finite volume discretization. The conservation equations for mass,
momentum, and energy are solved sequentially with double precision
[31], segregated and second-order accuracy [32]. Pressure-velocity
coupling is performed by finite volumes with the SIMPLE algorithm
[33].

The choice of the RSM model – Reynolds stress model – is based on a
previous study by Mohand Kaci et al. [34] who have tested different
turbulence models to predict the flow dynamics in a HEV static mixer in
the case of trapezoidal vortex generators. It was shown that the RSM
model [35–37], associated with a two-layer model for the wall region
computation, provides a satisfactory description of the flow pattern and
turbulence statistics of the flow downstream multiple trapezoidal
vortex generators. The Reynolds stress model requires a second order
closure hypothesis as the Reynolds stresses are directly computed from
the transport equations.

The flow in the near-wall region is computed by using a two-layer
model. Following this model, in the viscous sub-layer, the one-equation
model of Wolfstein [38] is used, in which only the turbulent kinetic
energy transport equation is solved and the turbulent viscosity and
energy dissipation rate are computed from empirical correlations based
on length scales, given by Chen and Patel [39]. This two-layer model
avoids the use of semi-empirical wall standard functions, which are not
assessed for three-dimensional complex flows.

Similar numerical methods and turbulence model were used by
several authors [40–44] to simulate the fluid flow and heat transfer in
different geometries, including flow separation and shear flows which

Nomenclature

Dh channel hydraulic diameter, m
h vorticity generator (tab) height, m
J streamwise vorticity flux, s−1

k turbulent kinetic energy (TKE), m2/s2

Nu Nusselt number
Nu0 Nusselt number for straight channel
Qw wall heat flux, W/m2

Re Reynolds number based on channel hydraulic diameter,
= W D υRe /h

Reh Reynolds number based on the tab height, = W h υRe /h
S cross section area, m2

T x y( , ) local temperature, K
Tinlet averaged temperature at the inlet, K

Toutlet averaged temperature at the outlet, K
U convective heat transfer coefficient, W/m2K
W0 mean flow velocity, m/s
x y z, , Cartesian coordinates, m

+y , ∗y dimensionless wall distance

Greek symbols

ε turbulent kinetic energy dissipation rate, m2/s3

λ fluid thermal conductivity, W/mK
υ kinematic viscosity, m2/s
Θ dimensionless local temperature
ωz streamwise vorticity, s−1

Ω dimensionless streamwise vorticity flux
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both are involved in the actual flow. These studies showed that the RSM
model associated with a two layer model fairly predicts the experi-
mental data.

2.3. Boundary conditions

The heat conduction inside the metallic tab is taken into account by
using the coupled option of two-sided walls model with a small solid
thickness. The thermal conductivity in the tab is taken constant and
equal to 16.27 W/m.K corresponding to the conductivity of the steel.

The viscosity and the thermal conductivity, significantly change
with the temperature. Therefore, these physical properties are assumed
piecewise linear functions of temperature, as proposed by Rahmani

et al. [41], and by using data from Lienhard [45]. Otherwise, the spe-
cific heat and density are assumed to be constant for the temperature
range used here and their values are respectively set at 4182 J/kg.K and
998 kg/m3 [41,45].

The dynamical boundary conditions are set by a no-slip condition at
the walls, and a nil outlet pressure. A fully developed turbulent flow
velocity profile at the inlet section imposes the flowrate. At this inlet,
for numerical purposes, a given turbulent should also be specified, but
these entrance conditions relax very quickly near the inlet and do not
affect the computed turbulent field in the whole domain. In this in-
stance, the turbulent kinematic energy (TKE) k (eq. (1)) and its dis-
sipation rate ε (eq. (2)) are arbitrarily given by the turbulence intensity
I derived from the equilibrium turbulent flow [46]:

Fig. 1. Vorticity generator and duct dimensions re-
presented on (a) global 3D view, (b) on the symmetry plane
of the tab and (c) on a cross sectional plane.
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with

= −I 0.16 Re 1/8 (3)

and ℓ is a characteristic length given by:

= Dℓ 0.07 h (4)

The fluid temperature at the inlet is set constant at 298 K. Flow and
heat-transfer simulations are carried out in a steady turbulent flow with
a free stream flow velocity W0 = 0.16 m/s, which corresponds to a
Reynolds number Re = 12100, based on the channel height, and a
Reynolds number based on the tab height h of Re = 2080, and for a
constant wall temperature of Tw = 370 K applied to all the duct walls.

2.4. Meshing and numerical solution accuracy

A non-uniform unstructured three-dimensional mesh with hexahe-
dral volumes is built and refined at all solid boundaries (using the
software Gambit®). Mesh size is controlled by adjusting the number of
the nodes in the (x, y) directions, on the duct periphery, and on the
axial coordinate z.

To determine the appropriate mesh density, the flow simulations are
run with increasing mesh densities until no significant effect on the
results is detected. The mesh validity verification is performed by using
the method proposed by Roache [47] and Celik et al. [48], where the
grid convergence index (GCI) and the apparent order of convergence
(p) are obtained. The mesh validity verification is applied to the con-
vective heat transfer coefficient h and the streamwise helicity. It is
found that the GCI did not exceed 2.3% while the order of convergence
for the refined mesh case reaches about 3.2. The final mesh size after
refinement is 1,800,566. The maximum value of the wall dimensionless
distance =+

∗y u y υ/ (with ∗u the friction velocity at the wall) in the first
grid point after refinement does not exceed 4. Since <+y 5, it is
guaranteed that the viscous sub-layer is properly modeled.

Series of flow simulations are carried out for testing several stop-
criteria values ranging from 10−3 to 10−9. It is found that beyond the
value 10−6, no significant changes are observed in the temperature
field and the turbulence kinetic energy, thus the value 10−6 is retained
as the convergence criterion for the simulations.

2.5. Experimental validation

The simulations are performed in the same hydrodynamic condi-
tions as previous PIV [28] and DNS [29] studies, so that the results of
these studies can be used here to validate the present numerical results.

From Fig. 2 (a) the y component, normal to the wall component, of
the mean velocity V/W0 at =y h/ 0.5 and =z h/ 4 is presented, showing
a fair agreement between the experimental PIV measurements and DNS
data. It is observed that the maximum normal velocity occurs at the tab
symmetry plane due to the presence of the common up-flow induced by
two neighbor counter-rotating vortices as will be detailed in the next
section. The RSM simulations produce a zone of positive mean vertical
velocity (upward flow) in the middle, and zones of negative values
(downward flow) on both sides: these motions are induced by the
streamwise rotation of the counter-rotating vortex pair and hairpin legs,
discussed in section 3.1. The RSM simulations have captured this fea-
ture as well as the DNS simulations and the PIV measurements.

In Fig. 2 (b) the (x, y) Reynolds stress component at =z h/ 4.5 is
presented and compared with PIV measurements and DNS data. The
main difference occurs in the shear region at < <y h1.5 / 2 where the
Reynolds shear stresses are maximum. However, in the wake region

< <y h0 / 1.5, the DNS results are far from PIV measurements and the

present RSM simulations are closer to the experimental results, and in
the region >y h/ 2 the three results are close from each other. The three
methods captured the three distinct layers of Reynolds stress with al-
ternating signs along the wall-normal direction.

Finally, it can be concluded that the present numerical simulations
are in fair agreement with the flow dynamics in the studied geometry.
The discrepancy observed between the three methods, PIV, DNS and
RSM can be attributed to the lack of information in the numerical
models and/or to experimental errors in the measurements inherent to
PIV in low velocity zones. Moreover, in the DNS simulations the tab
thickness is assumed negligible, which is not the case in the RSM si-
mulation. The tab thickness may have a notable influence on the sta-
tistics by inducing additional instabilities and fluctuations near the tab
edges and propagating downstream along the boundary of the wake.

3. Results and discussion

3.1. Secondary flow pattern

The flow streamlines on different cross sections downstream from
the tab are represented in Fig. 3. For =z h/ 2 in Fig. 3 (a), a complex
flow is observed consisting in two types of longitudinal vortices: pri-
mary counter-rotating vortex pair (PCVP) in the wake of the tab, and
secondary corner vortices (SCV) in the corners of the channel.
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Fig. 2. Validation of the numerical results: (a) y component of the mean velocity at
=y h/ 0.5 and =z h/ 4, (b) the (x, y) Reynolds stress component at =z h/ 4.5. PIV results

are adapted from Yang et al. [28] and DNS results from Dong and Meng [29].
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The PCVP are caused by the pressure difference between the high
momentum fluid in the flow core, and the low momentum fluid in the
tab wake. The common-up flow in the tab symmetry plane induced by

the PCVP ejects the fluid particles from the wall region towards the flow
core.

The SCVs are caused by the transverse gradients of the Reynolds
shear stress components that influence the longitudinal shear stress of
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Fig. 3. Streamlines in the duct cross sections at (a) =z h/ 2, (b) =z h/ 8, (c) =z h/ 15
downstream from the vortex generator.

Fig. 4. Longitudinal evolution of the spanwise-averaged vorticity flux Ω.

Fig. 5. Dimensionless temperature Θ x y z( , , ) distribution in a duct cross section at z/h=2
downstream from the tab. The secondary velocity vector field is represented on the en-
larging centered on the vortex generator. The yellow marked circles correspond to the
vortex centers. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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the primary flow. This was shown experimentally by Gessner [49] and
studied numerically by Husert and Biringen [50]. It has been observed
that these vortices engulf high-momentum fluids in the flow core and
transport them into near wall region, enhancing the heat and mass
transfer phenomena [51]. The difference between the topology of the
upper and lower SCV is caused by the presence of the PCVP near the

bottom wall.
The streamwise evolution of these two types of longitudinal vortices

can be observed by following Fig. 3 (a) to (c). For =z h/ 8 represented
in Fig. 3 (b), and comparatively to =z h/ 2 represented in Fig. 3 (a), the
upper and lower SCVs are getting larger when they move downstream
from the tab. This phenomenon is amplified far downstream, as shown
in Fig. 3 (c) for =z h/ 15. Another fact is that the centers of the PCVP
migrate towards the flow core as one moves away from the tab. The
low-pressure zone in the flow core that sucks up the PCVP causes this
mechanism.

3.2. Vortex strength

In order to quantify the intensity of the secondary flow, we refer to
the absolute spanwise-averaged streamwise vorticity flux J defined by
Chang et al. [23] and given in the following expression:

∬

∬
=J

ω dxdy

dxdy
S

z

S (5)

where ωz is the streamwise vorticity and S the surface of the duct cross
section. Here, a dimensionless value of the absolute cross-averaged
streamwise vorticity flux, called hereafter vortices density, can be ob-
tained from the following scaling:

=Ω JS
Wh (6)

where W is the mean flow velocity.
Fig. 4 represents the longitudinal evolution of the dimensionless

vorticity flux. It appears that the peak value of Ω, about 3.3, occurs at
the location ≈ −z/h 1.0 corresponding to the abscissa of the middle of
the tab. It can also be observed on Fig. 4 that the vorticity density
upstream begins around 1.0 much before the tab, due to the presence of
necklace vortices upstream the vorticity generator, as described by
Habchi et al. [52]. Downstream, the vorticity density is decreasing ra-
ther slowly than the increase upstream.

3.3. Temperature distribution

With T x y z( , , ) the local temperature, Tinlet and Toutlet being the bulk
temperatures on the inlet and outlet of the channel respectively, a di-
mensionless temperature Θ x y z( , , ) is defined in Eq. (7), varying be-
tween 0 and 1:

=
−

−
Θ x y z T x y z T

T T
( , , ) ( , , ) inlet

outlet inlet (7)

In Fig. 5, the temperature contour is plotted in the duct cross section

Fig. 6. Longitudinal evolution of the normalized Nusselt number Nu Nu/ 0.

Fig. 7. Longitudinal evolution of the cross section-averaged vorticity flux Ω and nor-
malized Nusselt number Nu Nu/ 0.

Fig. 8. Streamlines in the duct cross sections at (a)
= −z h/ 1.9, and (b) =z h/ 6.9.
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at =z h/ 2 on the same graph as the secondary velocity vector field. It
can be observed that the heat is essentially transported by the common-
up flow, in the tab plane of symmetry, towards the flow core. The hot
fluid is homogenized into the PCVP, what it clearly shown by the
mushroom shape of the contour. The SCV do appear to play a sig-
nificant part in the heat transfer.

3.4. Heat transfer

The spanwise-averaged Nusselt number calculated by the expression
below can characterize heat transfer:

= =
−

Nu UD
λ

ϕ
T T

D
λ( )

h w

w b

h

(8)

where U is the spanwise-averaged convective heat transfer coefficient,
λ the thermal conductivity of the working fluid, Dh the hydraulic dia-
meter of the square duct, Tw the wall temperature and Tb the flow bulk
temperature.

The Nusselt number is scaled by the Nusselt number for a straight
channel without vorticity generator, Nu0 obtained from numerical si-
mulations with identical conditions carried out in the same geometry of
empty square duct flow.

Fig. 6 represents the longitudinal evolution of the normalized
Nusselt number Nu Nu/ 0. The maximum value for this ratio is about two
and occurs at about the location ≈ −z h/ 1.0 corresponding to the
middle of the tab. One can observe on this profile that the heat transfer
enhancement is mostly localized on the tab and sharply relaxes
downstream, although the vortices are in their maximum strength.
Usual consensus is that high heat transfer performance with low drag
penalty occurs in the long distance downstream of VG since PCVP
survives further downstream without attenuation. Actually the nu-
merical results in Fig. 6 show that the ratio Nu Nu/ 0 increases from
about 1.13 just upstream of the VG and remains around 1.20 in average
in the range 1 < z/h < 12 beyond which the values drop to unity:
there is about 6% gain in heat transfer performance in the range
1 < z/h < 12.

3.5. Vortex strength and heat transfer

Both axial profiles of the vortex strength and the heat transfer, Ω
and Nu Nu/ 0 are plotted on Fig. 7. Both present a sharp increase just
upstream the vortex generator, where the boundary layer is removed by
the vortices and the local velocity takes a transverse component, as
described by Habchi et al. [52]. The maxima of both profiles takes place
at the tab location, the peak of vorticity being slightly shifted down-
stream compared with the peak of Nusselt number.

However, the behavior of Ω and Nu Nu/ 0 downstream is rather
different: the Nusselt number decreases immediately after the VG but
6% higher than upstream (till z/h = 12), while the vortex persist far
downstream from the tab (till z/h = 12) and relaxes very slowly. This
shows that the momentum transfer has higher Lagrangian persistence
than the heat transfer. The complex structure of the vorticity hence
presents a weak but interesting global effect on the heat transfer just
after the VG. In fact, in the range 1 < z/h < 12 (downstream of the
tab) where the vorticity flux is intensified and is higher than its value
upstream of the tab, one can observe about 6% increase on the Nusselt
number compared to its values upstream of the VG. This interesting
intensification is due to the high value of the vorticity flux.

It can be argued that the main effect is due to the acceleration of the
fluid to the center when the flow meets the tab, combined with a very
local contribution of the PCVP after it. This feature can lead to re-
considering the design of such heat exchangers in industrial devices, by
choosing the tabs spacing based on the vorticity relaxation. Probably, a
thermal optimization study based on a higher intensification on heat
transfer could recommend shorter distance between the tabs, in spite of

higher pressure drops, this distance could be chosen around the value z/
h = 12.

To stress the highlighted behavior difference between the heat
transfer and the momentum transfer, we have plotted on Fig. 8 the
streamlines for two locations at = −z h/ 1.9 and =z h/ 6.9, which are
measured at the same vorticity flux Ω = 1.70. Even though the vor-
ticity flux has the same value, it clearly appears that the streamlines are
totally different and can give an explanation of the behavior difference.
Downstream from the tab (Fig. 8 (b)) the vorticity center is further from
the channel wall than upstream of the tab (Fig. 8 (a)) and therefore, the
Nusselt number is smaller in this case. It seems then quite evident that
the rough comparison developed here does not take into account these
topological characteristics of the secondary flow which have an essen-
tial importance on the convective heat transfer, thus the discrepancy in
the values of the Nusselt number for a given vorticity flux.

4. Conclusions

A numerical study is performed in this work to investigate the
momentum and heat transfers, by the vorticity strength Ω and the
Nusselt number Nu, downstream a single vorticity generator.
Streamwise vorticity is generated in a turbulent straight channel flow
by using a trapezoidal vorticity generator. It is observed that the pro-
files of Ω and Nu in the axial direction present peak in the tab section,
but the spatial relaxation of the momentum is much slower than the
heat transfer. Nusselt number decreases downstream of the VG, while
the vortex persists far downstream from the tab and relaxes very slowly.
Heat transfer intensification downstream of the vortex generator is
about 6% over the high vorticity flux region.

This feature clearly shows that the intensification by the vortex
generators technology requires a tailored design depending on the ap-
plication, as the best spacing for mixing appears to be not same than for
heat removal applications. For multifunctional heat-exchanger-re-
actors, an optimization procedure would be necessary to fulfill a high
level of concomitant heat and mass transfers.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.ijthermalsci.2017.11.021.
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