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The present study numerically investigated the three-dimensional turbulent flow and heat transfer char-
acteristics of longitudinal vortices embedded in a turbulent boundary layer in a bent channel and exam-
ined the effects of a spanwise pressure gradient on the distortion of the turbulent boundary layer. The
commercial code (ANSYS Fluent v17.0) was used for the simulation with the Reynolds stress model
(RSM) to consider anisotropic effects. The simulation results showed that an asymmetric distortion of
the turbulent boundary layers and a substantial change in the vortex shape were caused by the presence
of an additional mean shear rate, originated from the spanwise pressure gradient. It was also found that
an increase in the spanwise pressure gradient contributed to an enhancement of production of turbulent
kinetic energy, resulting in stronger mixing flows. In particular, the Stanton number had an asymmetric
distribution mainly in the bent region where the spanwise pressure gradient was dominant.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Longitudinal vortices embedded in turbulent boundary layers in
various flows such as those over swept wings of aircraft, those
inside turbomachines, and pairs of horseshoe vortices generated
by a blunt body mounted on the wall have received considerable
research attention since a long time. These longitudinal vortices
must be controlled precisely to prevent flow separation, enhance
heat transfer, and ensure cooling effectiveness. During the past
decades, considerable efforts [1–7] have been made toward under-
standing the detailed physics behind the interaction of a pair of
longitudinal vortices with the turbulent boundary layer under con-
ditions where the turbulent flow structure varies with the large-
scale evolution of vortices and the heat transfer changes consider-
ably. It must be such a crucial issue in controlling skin friction and
boundary layer separation.

In fact, many studies have been conducted for investigating the
interaction between longitudinal vortices and the turbulent
boundary layer. Shabaka et al. [8] measured the circulation,
streamwise velocity, eddy viscosity, and friction factor and demon-
strated the formation of the complex flow structures distorted by
longitudinal vortices. Further, Cutler and Bradshaw [9,10] reported
that the velocity boundary layers around vortices thinned or thick-
ened depending on the lateral divergence or convergence of fluid
flow. They concluded that for common-flow-down and common-
flow-up vortices, the growth of the velocity boundary layer dif-
fered with the rotation direction of the vortices and the effect of
these two vortices on the friction factor was dissimilar. Meanwhile,
Kim and Patel [11] performed a simulation of a pair of vortices
mounted artificially in a two-dimensional turbulent boundary
layer and showed that circulation around the primary vortex
decreased on flat and convex surfaces but increased on a concave
surface.

Also, the effects of the longitudinal vortex on heat transfer
enhancement have also been extensively studied [12–14]. Gentry
and Jacobi [12] examined the augmentation of heat transfer using
delta wings placed on a flat plate, which resulted in substantial
changes in the flow structure, a relatively low-pressure drop, and
heat transfer enhancement. They also found that the maximum
spatially averaged heat transfer increased by 35%–80% at low Rey-
nolds numbers. Biswas et al. [13] also examined the augmentation
of heat transfer by longitudinal vortices at high Reynolds numbers,
and they reported that the promotion of mixing within the fluid
layer and the disruption of the thermal boundary layer enhanced
the heat transfer.

Indeed, the configuration of a vortex generator affects the vor-
tex strength and also has directional effects on turbulent flows.
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Previous studies [15–20] have reported that some relevant param-
eters such as the attack angle and the configuration of a vortex
generator are closely related to flow and heat transfer characteris-
tics. Schubauer and Spangenberg [17] developed the mixing
devices with various shapes to examine the influence of device
configuration on the evolution of the boundary layer, and they
showed that a variety of mixing devices had similar effects on fluid
flow, except for flow variation caused by changes in displacement
and momentum thickness. Also, Fiebig et al. [18] measured the
drag and heat transfer coefficients in a laminar flow with various
wing-type vortex generators and determined the appropriate
attack angle and shape of the vortex generator for stabilizing lon-
gitudinal vortices and enhancing heat transfer. They also reported
that triangular vortex generators with an attack angle between 45�
and 70� were more effective than rectangular vortex generators.
Schwarz and Bradshaw [21] showed that the crossflow generated
in curved tunnels contributed to increasing the additional mean
velocity gradient oUz/oy, where Uz is the spanwise mean velocity,
and y denotes the transverse direction.

As mentioned, the interaction of turbulent boundary layer with
longitudinal vortices must be a significant research topic. From the
literature, there is still the lack of knowledge on close interaction of
spanwise pressure gradient with embedded longitudinal vortices
in the turbulent boundary layer. It is necessary to examine the
influence of the spanwise pressure gradient on the turbulent flow
structure and heat transfer characteristics. Thus, the present study
aims to numerically investigate the fluid flow behavior and heat
transfer characteristics of turbulent flows with longitudinal vor-
tices embedded in bent channels. This study also provides such
quantitative fluidic and thermal assessment with the use of impor-
tant parameters such as the velocity boundary layer, the direction
of the velocity gradient vector (cg), the skin friction coefficient (Cf),
and the Stanton number (St).

2. Numerical details

2.1. Mathematical representation

When the spanwise pressure gradient is spatially exerted to the
embedded longitudinal vortices in the turbulent boundary layer,
substantial flow distortion occurs in the bent region, making aniso-
tropic flow structure and subsequently a rapid change in the con-
vective heat transfer. For accurate prediction of the anisotropic and
asymmetric behavior of mean and turbulent flow structures, we
adopted the Reynolds stress model (RSM) based on the Reynolds-
averaged Navier–Stokes (RANS) equations for steady and incom-
pressible flow. The governing equations are expressed as follows
[22]:
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In Eq. (3), Pij, Dij, eij,Pij, andXij are the rate of production of Rey-
nolds stress, the transport of Reynolds stress by diffusion, the rate
of dissipation of Reynolds stress, the transport of Reynolds stress
by pressure–strain interactions, and the transport of Reynolds
stress by rotation, respectively. This study also uses the turbulent
diffusion model proposed by Lien and Leschziner [23] and the
pressure-strain correlation proposed by Gibson and Lauder [24].
The empirical constants used for RSM model are summarized in
Table 1.

2.2. Computational domain and boundary conditions

Fig. 1 shows the entire computational domain and a constructed
vortex generator with two half-delta winglets, based on a previous
experiment of Pauley and Eaton [25], for forming a spanwise pres-
sure gradient in the bent region. The curvilinear coordinate system
is adopted here, where the X-axis represents the streamwise direc-
tion along the centerline of the channel, and the Y-axis and Z-axis
represent the transverse directions normal to the bottom surface
and the centerline, respectively. Given a channel with a 61 cm �
13 cm rectangular cross-section, the inlet surface is located at X
= �5 cm and the vortex generator is mounted at X = 0 cm. Different
bend angles of 0�, 30�, and 60� are considered in the present sim-
ulation to examine the effects of the spanwise pressure gradient
for the fixed attack angle of 18� and the spacing (d) of 4 cm. The
bent region is in the range of X = 10 cm–147 cm, and the bottom
wall is heated from X = 10 cm to the end of the channel. A constant
heat flux of 817 W/m2 was used in the heated region. The grid sen-
sitivity analysis was performed in the present study for a different
number of grids ranging from 190,000 to 3,170,000. Based on the
maximum relative errors of 1.29% in Stanton number, we deter-
mined the optimized grid system with approximately 2,100,000
cells in all simulations. Based on previous literature [25], the
free-stream velocity was given as 16 m/s with a turbulence inten-
sity of 0.3%, and the corresponding Reynolds number (�q1U1L/l)
based on the channel width was about 57,000. The power-law rela-
tionship was used for creating a fully developed turbulent bound-
ary layer. This study also used Neumann condition and the no-slip
boundary condition to the outlet surface and the walls. The non-
equilibrium wall functions [26] to consider the pressure gradient
effect with the modification of the turbulent kinetic energy was
used to account for the near-wall anisotropic characteristics
induced by the pressure gradient near the wall. This simple near-
wall treatment to reduce computational cost shows that substan-
tial improvement can predict the complex turbulent flows includ-
ing separation, recirculation, and reattachment accurately.

3. Results and discussion

Unfortunately, it turns out that there are no available experi-
mental data reported previously on the interaction of spanwise
pressure gradient with longitudinal vortices embedded in the tur-
bulent boundary layer. For justifying our numerical results, there-
fore, we compared the numerical predictions of skin friction
coefficient and Stanton number with the previous experimental
data [25], obtained from the case without the spanwise pressure
gradient. In the middle section at X = 89 cm, Fig. 2 shows the distri-
butions of the skin friction coefficient and Stanton number, defined
as follows:
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where q1 means the density of the free stream and �u1 indicates the
free-stream velocity. And, Tw and T1 are the wall temperature and
the free stream temperature, respectively. As presented in Fig. 2, the



Table 1
Model constants of the Reynolds stress model [22].

Cl Ce1 Ce2 C1 C2 C0
1 C0

2 rk Prt

0.09 1.44 1.92 1.8 0.6 0.5 0.3 0.82 0.85

Fig. 1. (a) Computational domain and (b) mesh generation focusing on the vortex generator.

Fig. 2. Comparison of the predicted skin friction coefficient and Stanton number
with the experimental data [25].
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highest skin friction coefficient and Stanton number are present at
the vortex core region because of the strong downwash flow. Also,
there is a qualitatively good agreement between the numerical pre-
dictions and the experimental results. In fact, the peaks of the Stan-
ton number are slightly overestimated. Considering the maximum
deviation less than 9% and the flow complexity, we deem that the
present numerical results are acceptable in regards to the qualita-
tive investigation.

The presence of the spanwise pressure gradient in the bent
region, as illustrated in Fig. 3, causes a significant change in the
turbulent flow structure and heat transfer characteristics owing
to the competitiveness between crossflows and lateral flows near
the wall. In turn, it leads to the generation of a new vortex (namely,
secondary recirculating vortex). It is reported that there are four
representative regions in the turbulent boundary layer: the vortex
core region and the downwash, upwash, and undisturbed regions
as shown in Fig. 5(a). Because of the rotational motion, the local
boundary layer thickness rapidly decreases in the downwash
region, affecting the skin friction and heat transfer characteristics.
Once the crossflow encounters the lateral motion of the primary
longitudinal vortex, the secondary flows are generated and pushed
away from the wall. As depicted in Fig. 3, it is interesting that the
secondary longitudinal vortex with the opposite direction is newly
created near the upwash region, making direct interaction with the
primary longitudinal vortex in the bent region. Consequently, this
interaction causes substantial distortion of the velocity boundary
layers.

Fig. 4 shows that the pressure difference in the spanwise direc-
tion increases by approximately 70 Pa and 140 Pa in the 30� and
60� bent channels, respectively, compared to the straight channel.
The change in spanwise pressure gradient would be one of the
driving forces affecting the flow structure and heat transfer charac-
teristics. The magnitude of spanwise pressure gradient also
changes with the bend angle, mainly affecting the near-wall region
with relatively smaller flow momentum and subsequently creating
complex flow structure.

Fig. 5(a) yields the contours of the normalized streamwise
velocity at different bend angles in the middle section at X = 89
cm. Unlike the case of the straight channel (i.e., the 0� bent chan-
nel) [27], we found different flow patterns, especially showing that
asymmetric growth of the boundary layer occurs in the bent chan-
nel. The flow distortion in the bent region increases with an
increase in the bend angle. The clockwise vortex on the left side
is also observed to enlarge and extrude away from the surface,
whereas the counter-clockwise vortex on the right side is found
to shrink in size. In Fig. 5(b), it is seen that a new secondary vortex
is generated on the left-hand side at bend angles of 30� and 60� by
the interaction between the lateral flow and the crossflow near the
wall. Physically, the presence of additional secondary vortex is
related to strong upwash flow induced by the interaction between
the spanwise pressure gradient and the lateral flow of the clock-
wise vortex [28].

Fig. 6 shows the contours of the streamwise vorticity (Xx) at X
= 89 cm. Asymmetric characteristics appear in the bent channel,
unlike in the case of the straight channel with no spanwise pres-



Fig. 3. Interaction of primary vortex with secondary vortex created by the spanwise pressure gradient.

Fig. 4. The local pressure distributions for different bend angles.
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sure gradient. Also, the spanwise pressure gradient decreases the
strength of positive longitudinal vortex, despite the increase in
the intensity of the secondary recirculating vortex. The counter-
clockwise vortex on the right side tends to move towards the bot-
tom wall, and it seems to be the primary cause of the increased
skin friction. The gradient causes an increase in shear stress and
has significant effects on the longitudinal vortex. An increase in
the mean shear rate @Uz/oy causes an increase in the turbulent
kinetic energy and contributes to flow distortion in the down-
stream region.

It turns out that the spanwise pressure gradient affects the
strength of crossflow causing flow distortion and makes additional



Fig. 5. (a) The contours of the normalized streamwise velocity involving longitudinal vortices at X = 89 cm. (b) The contour of the velocity vector for a clockwise-rotating
longitudinal vortex at X = 89 cm.
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strain rate [20]. For better quantitative analysis, we examined the
variation of the direction of the velocity gradient vector (cg) which
is defined as tan�1[(@Uz/oy)/(@Ux/oy)], where the sign of cg indicates
the direction of vorticity. In fact, cg becomes distinctively larger in
the bent region because of the crossflow effect, indicating that the
additional strain rate, @Uz/oy, is newly created. It is seen in Fig. 7
that the cg value gradually increases and attains a maximum at
the vortex core region. The asymmetric behavior of cg is observed
in case of 30� and 60� because the additional strain rate contributes
to the distortion of longitudinal vortices and the increase in turbu-
lent kinetic energy. As the bend angle increases, the cg increases in
the undisturbed region, whereas it gradually decreases toward the
end of the channel in the downstream region. Furthermore, a pos-
itive peak value in the zone of negative vorticity decreases gradu-
ally in the downstream direction.

Fig. 8 shows that the skin friction coefficient increases with the
bend angle on the convex side, because of the increase in the cross-
flow strength. It is seen that the wall friction increases near the
vortex core region owing to strong sweeping and downwash flows,
whereas it decreases in the upwash region where the boundary
layer is relatively thicker compared to other regions. The increase
in the bend angle causes stronger mixing and an increase of the
skin friction coefficient in the downstream region. Also, the posi-
tion of the maximum value of skin friction coefficient moves to
the right because of additional strain rate caused by the spanwise
pressure gradient.

As discussed, the spanwise pressure gradient strongly affects
the near-wall flow structures, showing boundary layer distortion
and additional vortex generation. Consequently, it changes the
local wall friction and affects the heat transfer characteristics
[2,14]. Fig. 9 shows the spatial distributions of the wall tempera-
ture and the Stanton number. The wall temperature decreases with
the increase in the spanwise pressure gradient owing to higher
mixing in the bent region. Similar to the flow characteristics, very



Fig. 6. The contours of the streamwise vorticity (Xx) at X = 89 cm.

Fig. 7. Estimated values of the direction of the velocity gradient vector at X = 44, 89, and 135 cm.
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complicated and asymmetric distributions of wall temperature are
shown. Accordingly, the simulation predicts an asymmetric distri-
bution of the Stanton number. Fig. 10 presents the spanwise vari-
ation of the Stanton number captured at X = 89 cm. The substantial
increase in heat transfer is predicted near the vortex core and
downwash regions. It is because cooled free-stream flows sweep
the surface after being transferred toward the heated surface. Con-
sequently, the downwash flow caused by the two primary vortices



Fig. 8. The asymmetric spatial distribution of the skin friction coefficient in the curved channels and the spanwise variation of the skin friction coefficient at X = 89 cm.

(a) 30° (b) 60°

Fig. 9. The asymmetric spatial distributions of wall temperature and Stanton number in the 30� and 60� bent channels.
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contributes to the variation of heat transfer near the wall, resulting
in a change of wall heat flux. The local Stanton number increases
with the spanwise pressure gradient owing to higher mixing flows,
generated by crossflow and recirculating vortices. The result shows



Fig. 10. The spanwise variation of Stanton number at X = 89 cm.
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that the Stanton numbers in the 30� and 60� bent channels increase
by 9.1% and 11.8%, respectively, in comparison to that in the
straight channel.

4. Conclusions

The present study numerically investigated the influence of a
spanwise pressure gradient on the vortex structure, turbulent
boundary layer, and heat transfer characteristics of longitudinal
vortices embedded in the turbulent boundary layer flow. The con-
clusions are as follows: First, the difference in the spanwise pres-
sures between the left and right walls increase in the 30� and
60� bent channels. The spanwise pressure gradient affects the
three-dimensional turbulent flow with the embedded longitudinal
vortices. It causes a substantial distortion, which, in turn, induced
asymmetric flow characteristics because of the additional mean
strain rate. Second, the counter-clockwise vortex on the right side
decreases and moves toward the bottom wall. Also, the clockwise
primary longitudinal vortex decays with an increase in bend angle.
The secondary vortex is generated by the crossflow and the strong
upwash flow. Consequently, the spanwise pressure gradient affects
the skin friction coefficient owing to the presence of additional
crossflow on the heated surface. Finally, the distribution of the
local Stanton number is asymmetric over the curved region
because of different growth of the two longitudinal vortices and
the recirculating vortex. The Stanton numbers in the 30� and 60�
bent channels with the spanwise pressure gradient increase by
9.1% and 11.8%, respectively, in comparison to that in the channel
without a spanwise pressure gradient. The strong distortion of
thermal boundary layer has an impact on the local enhancement
of heat transfer depending on the magnitude of the spanwise pres-
sure gradient.
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