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Flow Structures in a U-Shaped Channel
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Numerical investigation of flow through a U-shaped channel with a square cross section is presented in this paper.
The primary aim of this study is to determine if FLUENT, a commercial computational fluid dynamics software
package, is capable of providing a reasonable solution for this kind of flow configuration. Calculations were
performed at Reynolds numbers of 109, 382, and 873 using large-eddy simulation. Simulation results indicate that
the present study has successfully reproduced the primary flow as well as most of the flow features associated with the
secondary flow. The existence of Dean vortices was consistent with previous experimental studies.

Nomenclature

aspect ratio of the rectangle
Smagorinsky constant

= distance between the divider-wall tip and the end wall,
m

length of the side of the square channel, m
distance to the closest wall, m

filter function

mixing length for subgrid scales, m
local x coordinate at the U-bend, m
pressure, N/m?

normalized measure of skewness
Reynolds number

strain rate tensor, 1/s

physical time step, s

nondimensional time step
time-averaged streamwise velocity, m/s
x; component of velocity, m/s

friction velocity, m/s

= volume of a computational cell, m?
streamwise coordinate, m

Cartesian coordinate, m

spanwise coordinate, m

vertical coordinate, m

distance from the wall to the first grid point, m
first node’s wall unit, Ayu, /v

von Kdrmén constant

dynamic viscosity, kg/m/s

= eddy viscosity, kg/m/s

kinematic viscosity, m?/s

fluid density, kg/m?

subgrid-scale stress tensor, kg/m/s>
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Introduction

LOW in serpentine channels is encountered in a number of

engineering systems, particularly in chemical processing and
heat exchangers. For example, internal blade cooling is employed in
modern gas turbines because turbine inlet temperatures have
continued to rise over the past several years. This internal cooling
involves forced convection inside the blades by means of a
serpentine flow passage. Convection can be increased by inducing
turbulence in the flow, but at the same time, that also results in an
increase of friction in the duct. The ultimate aim behind designing
these flow passages is to obtain effective overall cooling of the
components at the least penalty on the friction coefficient. Therefore,
the efficient design of these internal cooling passages in gas turbine
blades requires a detailed knowledge of the flow and heat transfer
phenomena. Another example of flow in a serpentine channel is in a
proton-exchange-membrane fuel cell. In this system, the membrane—
electrode assembly, in which the electrochemical reaction and
transport processes take place, is typically sandwiched between two
bipolar plates. These bipolar plates, which serve to collect the electric
current and supply the reactants through the embedded flow
channels, contain serpentine channels. Furthermore, these serpentine
channels usually more closely resemble a squared U-bend than a
curved channel. Flow in a U-bend channel with a 180 deg sharp turn
is characterized by complicated flow structures such as impinge-
ment, recirculation, and flow separation and has been the subject of
numerous experimental and computational studies. Previous studies
examined flow in a two-pass square channel with a sharp 180 deg
turn [1-6], a two-pass rectangular channel with a sharp 180 deg turn
[7-10], and a serpentine passage with a series of right-angle turns
[11-14].

Among computational studies, the most recent numerical
simulations were made using in-house codes at a Reynolds number
of 20,000 with large-eddy simulation (LES) [15] and detached-eddy
simulation (DES) approaches [16]. Both papers presented the flow
structure in a 180 deg bend with a square section. Sewall and Tafti
[15] compared two configurations in their study: one without a rib in
the bend and the other with a rib included in the bend. Both cases
showed a pair of counter-rotating Dean vortices in the midplane of
the bend, whereas only the case without a rib in the bend showed a
large recirculation zone at the tip of the dividing wall. Viswanathan
and Tafti [16] studied the case with ribs in two passes by DES and the
unsteady Reynolds-averaged Navier—Stokes (URANS) with a base
k- model and compared their results with LES simulations by
Sewall and Tafti [15]. They found that DES does not predict shear-
layer transition with accuracy and predicts a greater development
length than does LES. However, once the flow is fully developed,
DES predictions compare very well with LES and the experiments.
URANS, on the other hand, underpredicts the centerline velocities in
the developing region. Comparisons with experiments show that
DES captures the detailed flow characteristics but URANS does not.

In previous work that considered turbulent flow and heat transfer
within rotating U-shaped passages, Su et al. [10] presented detailed
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results of mean velocity, mean temperature, and Nusselt number
for two Reynolds numbers (Re = 10,000 and 100,000) for three
different aspect-ratio ducts (R = 1:1, 1:2, and 1:4). They found that
for nonrotating ducts, a pair of symmetric counter-rotating vortices
was generated in the bend region for all three different aspect-ratio
ducts. But the highest heat transfer enhancement was observed in
the R =1:2 duct when the counter-rotating vortices grew to
full strength and occupied the entire channel. As the aspect ratio
reduces to AR = 1:4, the vortices and the heat transfer enhancements
are confined to the leading and trailing surfaces. Murata
and Mochizuki [5] studied the heat transfer in a two-pass smooth
square channel with sharp 180 deg turns for both the stationary
and rotating conditions. They found that in the stationary case, the
heat transfer in and after the turn was increased due to flow
impingement, flow separation and reattachment, and the reversed
flow at the second outer corner. In the rotating case, high-momentum
fluid on the upstream pressure side formed one strong vortex
in the turn that transported the high-momentum and low-
temperature fluid to the suction-surface side, where the heat transfer
became high.

Among the experimental studies on this subject, the one conducted
by Martin et al. [17] will be used to compare with the numerical
simulations conducted in the present study. Through the application
of particle image velocimetry (PIV), Martin et al. were able to clearly
present the flow characteristics in a U-shaped channel at a Reynolds
number range of 109 < Re < 872. They found that at Re < 381, the
flow in the bend was time-independent and was stable downstream
from the bend. The time-independent nature of the flow in the bend
was seen in both the streamwise and crossflow planes. At Re > 436,
however, the flow in the bend was clearly time-dependent in both the
streamwise and crossflow planes and was unstable downstream from
the bend.

Son et al. [4] also used PIV to study the correlation between high
Reynolds number turbulent flow (Re =30,000) and wall heat
transfer characteristics in a two-pass square channel with both a
smooth wall and a rib-roughened wall. They found that flow
impingement was the main factor for heat transfer enhancement in
the two-pass square channel. The regions of flow impingement
induced by the main flow or secondary flows were well matched with
the regions of local heat transfer enhancement. For the smooth-wall
cases, there were two pairs of counter-rotating vortices in the
secondary flows. A pair of relatively weaker vortices developed
inside the flow-separation zone along the separator, and another pair
of stronger vortices developed outside the flow-separation zone.
These two pairs of vortices tended to merge after the flow was
attached to the separator. In addition, the tiny vortices developed at
each corner of the cross sectional plane tended to locally decrease the
heat transfer.

Using the naphthalene sublimation method, Han et al. [8] studied
the detailed mass transfer distributions around sharp 180 deg turns in
a two-pass smooth square channel and in an identical channel with
two rib-roughened opposite walls. It was found that for the smooth
channel, the mass transfer around the turn is influenced by flow
separation at the tip of the divider wall and the secondary flow
induced by the centrifugal force at the turn. The mass transfer in the
turn is also high compared with that before the turn, except at the first
outside corner of the turn. For the rib-roughened channel, the mass
transfer around the turn is influenced not only by the flow separation
and the secondary flow at the turn, but also by the presence of
repeated ribs on the top and bottom walls. The mass transfer
coefficients on the smooth side walls and on the rib-roughened top
and bottom walls around the turn are larger than the corresponding
coefficients for the smooth channel.

A review of the previous numerical studies of flow and heat
transfer in a two-pass square channel with a 180 deg turn indicated
that LES is an effective prediction tool for highly turbulent flows in
such a configuration. However, only in-house codes are applied in
the previous studies. This paper presents the numerical simulation
results for this configuration obtained by LES using FLUENT, a
commercial computational fluid dynamics software package. The
main goal of the present study is to test whether FLUENT is capable
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Fig. 1 Simulation domain with example grid.

of providing solutions for the flow with the features of the secondary
motion and the onset of instabilities.

Simulation Overview

In the following section, the computational grid and domain,
numerical method, boundary conditions, and turbulence model are
summarized.

Problem Description

The study case was originally posted at the 14th Annual
Conference of the Computational Fluid Dynamics Society of Canada
(CFD2006) as a challenging exercise. The experimental results were
provided by Martin et al. [17] for code validation and performance
assessment. The calculation domain is a U-shaped square channel
with a 12.7 mm cross section and a gap of 12.7 mm between the inlet
and outlet sections. The distance between the start of the flow channel
and the beginning of the U-bend was 279.4 mm (see Fig. 1a).

Grid and Numerical Approach

Two mesh schemes (see Figs. 1b and 1c) were generated for the
calculations and the grid sensitivity study. The coarse grid (referred
to as “G1-O” throughout) consisted of 246,752 cells with a
maximum volume of 2.1 x 10~° m?3, and the finer grid (referred to as
“G2-0” throughout) consisted of 524,275 cells with a maximum
volume of 6.3 x 1071 m?. The mesh scheme G1-O was generated
by meshing inner walls and outer walls using regular quadrilateral
mesh elements and meshing the top wall and bottom walls using
irregular triangular mesh elements. The important advantage of using
irregular triangular mesh elements on the top and bottom walls is that
the mesh aligned to the sharp corners in the U-bend does not need to
be stretched with the wall boundary-layer grid as the structured mesh

Table 1 Grid information: coarse grid (G1-0), coarse grid with
refinement (G1-A), finer grid (G2-0), and finer grid with refinement

(G2-A)

Re =109 Re =382 Re =872
Mesh Cells Ayt Cells Ayt Cells  Ay*
G1-0 246,752 1.72 246,752 4.04 E— o
G1-A 340,819 1.02 885,596 1.48 831,750 2.81
G2-0 542,275 1.73 524,275 3.96 524,275 6.96

G2-A 696,776 1.51 1,239,451 1.34 1,025,874 2.97
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Fig. 2 Grid sensitivity study: mean streamwise velocity comparisons at z/D = 0.5 in the center of the U-bend [r/D = (x — 0.2794)/0.0127].

does. The mesh scheme G2-O was generated by meshing all faces
using irregular triangular mesh elements. For both mesh schemes, the
volumes were meshed using tetrahedral elements. It was found that
mesh G2-O has a higher quality regarding the mesh skewness. The
mesh skewness is assessed using the equiangle skew Qgas [18],

L Ivl(m/s)  0.001 0.004 0.007 0.010 0.012 0.015

which is a normalized measure of skewness that is defined as follows:

_ emax - eeq Geq - emin 1)
Qeas =M\ 700 6, 4 (

cq

L IvI(m/s)  0.001 0.004 0.007 0.010 0.012 0.015

a) Re=109 with mesh G1-A

L1V (m/s) 0.005 0.015 0.025 0.035 0.045 0.055

b) Re=109 with mesh G2-A

L V] (mis) 0.005 0.015 0.026 0.036 0.046 0.057

¢) Re=382 with mesh G1-A

| [V (m/s) 0.010 0.032 0.054 0.076 0.098 0.120

d) Re=382 with mesh G2-A

LIV (mis) 0.010 0.032 0.054 0.076 0.098 0.120

€) Re=872 with mesh G1-A

f) Re=872 with mesh G2-A

Fig. 3 Grid sensitivity study: mean velocity magnitude comparisons at z/D = 0.5.
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where 6, and 0,;, are the maximum and minimum angles (in
degrees) between the edges of the element, and 6, is the
characteristic angle corresponding to an equilateral cell of similar
form. For triangular and tetrahedral elements, 6, = 60. By
definition, 0 < Qgas < 1, where Qgss = 0 describes an equilateral
element, and Qgag = 1 describes a completely degenerate (poorly

shaped) element. Both solution-adaptive refinement and boundary-
adaptive refinement (features of FLUENT) were used with
refinements in the calculation domain, mainly in the U-bend. In G2-
O, no cells have an equiangle skew value over 0.75, and 99.8% of
cells have equiangle skew values smaller than 0.5. In G1-0, 0.25%
cells have equiangle skew values over 0.75, and 3.8% cells have
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out-of-plane vorticity contours and velocity magnitude

Fig. 4 Comparison of the instantaneous flowfield at Re = 109 in streamwise planes.



110 WANG, JACKSON, AND PHANEUF

Outer wall Inner Wall Outer wall Inner Wall

a) Velocity vector field b) Velocity streamlines

Outer wall Inner Wall Outer wall Inner Wall

T_—— o, (11s)

[V (mis)

0.008
0.007
- 0.006
0.004
0.003
0.002

¢) Out-of-plane vorticity contours d) Velocity magnitude

X, mm, X, mm,
-5 10 -5

m/s

6 9 12 18 0.002 0.004 0.006 0.008 0.01 0.012 0.014

—
-
=

Z, mm

-10 -5 I -10 -5
X, mm X, mm

e) PIV results: [17] Clockwise from top left: velocity vector field, velocity streamlines,
out-of-plane vorticity contours and velocity magnitude

Fig. 5 Comparison of the instantaneous flowfield at Re = 109 in crossflow planes at the center of the bend.
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equiangle skew over 0.5. Gradients of velocity magnitude and static
pressure have been selected as the field variables for adapting the
grid. The number of grid points after refinement for calculations with
three different Reynolds numbers is given in Table 1. After
refinement, the finest grid consists of 1,239,451 cells. In the final
solutions, no Ay* values over 3 exist anywhere in the flow domain
for the simulation with a Reynolds number of 872, and no Ay*
values over two exist anywhere in the flow domain for the
simulations with Reynolds number of 109 and 382. The results of the
grid sensitivity study are plotted in Figs. 2 and 3. Figure 2 shows the
mean streamwise velocity at the symmetry plane z/D = 0.5 in the
center of the U-bend as predicted on different grids for three
Reynolds numbers. No such experimental data are available for
comparison. It is observed that the results of two coarse-grid sets
(G1-0 and G1-A) are consistent with those of the finer-grid sets (G2-
O and G2-A) for flow with a Reynolds number of 109, but a clear
discrepancy can be found between solutions obtained by two grid
schemes for Re = 382 and 872 (Figs. 2b and 2c). It can also be seen
that there is only a moderate change in the results when the mesh
resolution is refined for a specific mesh scheme. It is obvious that
even with the coarse grid G1-O, the simulations provide realistic
results (except for the Re = 872 case). For Re = 872, G1-O is too
coarse to provide a realistic solution. The mean velocity magnitude
contours shown in Fig. 3 indicate that the flow features were
predicted reasonably well by both mesh schemes, although the low-
velocity zone near the top of the U-bend close to the middle of the
channel is more pronounced in the G2-A for Re = 382. The flow
enters the U-bend from right to left through the lower section of the
channel and exits from left to right through the upper section. In the
rest of this paper, only results from G2-A are presented.

In the present study, a random two-dimensional vortex method
proposed by Sergent [19] was adopted for the inlet boundary-
condition setup. With this approach, perturbations are added to a
specified mean velocity profile via a fluctuating vorticity field (i.e.
two-dimensional in the plane normal to the streamwise direction).
This vorticity field is generated randomly, but based on the
Lagrangian form of the two-dimensional evolution equation of the
vorticity and the Biot—Savart law. Ten percent of turbulent intensity
and 190 vortices were used in all calculations, because the turbulent
intensity conditions for the experimental setup in the PIV test [17] are
unknown. The performance of the vortex method was investigated
recently and the validations were reported for fully developed
turbulent channel flow, pipe flow and separated hill flow [20].

It is shown that the vortex method offers a relatively inexpensive
and accurate way to generate random fluctuations representing a
turbulent flowfield and the inlet. A pressure-outlet boundary
condition was used to define the static pressure at the flow outlet, and
it was set to be equal to the operating pressure of 101,325 Pa (default
value in FLUENT [21]). For all the calculations, a bounded central-
differencing scheme developed by Leonard [22] was used for space

Outer wall Inner Wall Outer wall

0.012

0.012

0.01

a) Streamline in the first straight passage

b) Streamline in the second straight passage

discretization, and the second-order implicit scheme was used for
time discretization. The standard SIMPLE algorithm was adopted for
the velocity-pressure coupling and pressure interpolation. The
dynamic Smagorinsky—Lilly subgrid-scale model was used in this
study. The nondimensional time step (t*=1tU,/D) for all
calculations was between 0.005 and 0.01. The simulations were
performed on a SGI Altix 3000 with 64 processors. It needed 20 to
40 s of CPU time for each time step for the coarse grid (246,752 cells)
and around 3 min and 40 s of CPU time for each time step for the
finest grid (1,239,451 cells). The last 2800 time steps were used to
obtain the time-averaged results, and each time step took between 8
and 14 subiterations to converge. In total, about 235 CPU hours were
spent for 3800 time steps to complete the simulation with a Reynolds
number of 382. Convergence was declared when the maximum
scaled residuals were less than 10~ for the continuity and velocity
equations.

Large-Eddy Simulation Model

LES, which resolves the large eddies and models the smaller
scales, is attractive for massively separated flows because it resolves
more flow details than with the conventional approach, in which all
the turbulent motions are modeled. The governing equations
employed for LES are obtained by filtering the time-dependent
Navier—Stokes equations in either Fourier (wave-number) space or
configuration (physical) space.

In FLUENT, the finite-volume discretization itself implicitly
provides the filtering operation:

P =1 /V p(x)dX, X eV @

where V is the volume of a computational cell. The filter function
G (x,x") implied here is then

~n_JI/V X eV
Glx.x) = {O, x’ otherwise &
Filtering the incompressible Navier—Stokes equations, one obtains
ap 0 _
L+ —(pu;)) =0 4
o Tox (pit;) “)

and

o 0 __ 0 om\ 0p ot
E(,ou,-)Jrgj(/owj)—37]_ (“aT,) ax,  0x; ©

where t;; is the subgrid-scale stress defined by

Ty = PuM; — Pl (6)
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¢) Out-of-plane vorticity contour in the second
straight passage

Fig. 6 Instantaneous flowfield in the two straight passages at x/D = 21.62 and Re = 109.
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The eddy viscosity u, is modeled by [23,24]

p, = pL?|S]

o, (1/8) -22.0 -14.7 -73 00 7.3 147 220

a) Velocity vector field at z/D=0.5 b) Streamlines with out-of-plane vorticity contour

at z/D=0.5

2 [ i o [
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c¢) Streamlines with out-of-plane vorticity contour
at z/D=0.3
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e) PIV results [17] at z/D=0.5. Clockwise from top left: velocity vector field, velocity streamlines,
out-of-plane vorticity contours and velocity magnitude
Fig. 7 Comparison of the instantaneous flowfield at Re = 382 in streamwise planes.
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Fig. 8 Comparison of the instantaneous flowfield at Re = 382 in crossflow planes at the center of the bend.
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where |S] is defined by
S| = 255_1511 ®

and §, ; is defined by

oY

1 (du; Ou,;
== L2 10
Y2 (8xj + 8x,—) (19)
L, is the mixing length for subgrid scales:
L, = min(kd, C,V'/?) (11)

where « is the von Kdrman constant, d is the distance to the closest
wall, V is the volume of the computational cell, and C; is the
Smagorinsky constant dynamically computed based on the
information provided by the resolved scales of motion. The details
of the model implementation in FLUENT and its validation can be
found in the paper by Kim [25].

Results and Discussion

Various representations of the instantaneous flowfield in the U-
bend, as well as in two straight passages, are shown in Figs. 4—13.
Distributions of instantaneous flow velocity, out-of-plane vorticity,
streamline patterns, and velocity magnitude compared with the PIV
results [17] are plotted in both streamwise and crossflow planes in
obtained from PIV data represent locations in which no data are
available due to optical inaccessibility. In the PIV study, the authors
[17] admitted that due to the flow rate uncertainty, the uncertainty in
the Reynolds numbers range from 2.5% at the highest flow rate to
20% at the low flow rate. The data presented in their paper [17] were
collected at flow rates of 5, 17.5, and 40 lph, which corresponded to
Reynolds numbers of 109, 382, and 872, respectively.

Re =109

Figures 4 and 5 show instantaneous flow patterns at Re = 109.
The instantaneous images are essentially identical to the time-
averaged flow representations (not presented here), which confirms
that a steady solution has been obtained for this Reynolds number.
This is consistent with the experimental observation of Martin et al.
[17]. Furthermore, the characteristic features of the flow captured by
the present study are also consistent with those presented in PIV
results: two high-vorticity regions associated with the formation of
separated shear layers from the sharp convex corners of the U-bend
(see Figs. 4b and 4c¢) and the expected secondary flow pattern with
two symmetric circulation zones in the velocity vector plot and
streamline plot at the U-bend (see Figs. 5a and 5b).

Outer wall

Outer wall

Inner Wall

0.012

0.01

a) Streamline in the first straight passage

b) Streamline in the second straight passage

In Figs. 5, 8, and 11, the primary flow through the channel is
directed toward the reader. The plots of vorticity contour and velocity
magnitude contour provide additional descriptions of the circulation-
zone structure. The streamlines at two straight passages at x/D =
19.50 are plotted in Fig. 6. There are no experimental data available
for comparison. In the U-bend, due to the centrifugal forces, the flow
moves away from the inner wall to the outer wall. Most likely
because of that, as mass compensation, it has been found that flow
moves away from the outer wall to the inner wall just before the flow
enters the U-bend (Fig. 6a). Instantaneous flowfields in the second
straight passage are plotted in Figs. 6b and 6¢. It is interesting to find
that the secondary flow patterns exhibit the same symmetric
recirculation zones as seen in the U-bend (see Fig. Sb), but with anear
30% drop in the maximum magnitude of the vorticity in the contour
plot.

Re = 382

Figures 7 and 8 show instantaneous flow patterns at Re = 382.
The characteristic flow structures that were detected at Re = 109 are
still present at Re = 381. A low-velocity zone is captured near the
second inner corner close to the middle of the channel. This is a
characteristic feature of the flow in the low Reynolds number regime.
The images of streamlines at z/D = 0.3 and 0.5 (see Figs. 7b and 7¢)
show that as the flow approaches the bend, it separates at the outer
corners. In the U-bend, along the inner wall, the flow accelerates and
separates as it encounters the sharp inner corner toward the center of
the channel. The separation is almost sustained through the height of
the channel, but the strength of the recirculation is much smaller in
the lower plane. In the second straight passage, another recirculation
region along the inner wall is also detected (see Fig. 7c). This flow
feature is consistent with the simulation results obtained by
Viswanathan and Tafti [16] using a DES model for a ribbed channel
with 12 ribs in the first and second passages for a Reynolds number of
20,000. Their calculations were carried out with a uniform laminar
flow inlet profile.

In the cross-stream plane (Fig. 8), the secondary flow patterns
exhibit the same symmetric secondary recirculation zones as seen at
Re = 109. However, from the out-of-plane vorticity contour plot
(Fig. &c), it can be seen that the Dean vortices have significantly
higher values of circulation. The streamline plot reveals an additional
small-scale circulation zone that is induced by the stronger Dean
vortex pair. Some discrepancies of the numerical predictions and
experimental results can be seen in Figs. 7 and 8. In the cross-stream
plane, the predicted velocity magnitude in the present study is about
20% lower than in the experimental data. However, this could be due
to the combined effect of the grid resolution, the inlet velocity profile,
and the experimental uncertainties. The other discrepancies are that
the experimental images reveal extra small-scale circulation zones in
the crossflow plane, whereas the simulation plots reveal a stronger
recirculation zone in the U-bend in the streamwise plane.

Inner Wall Outer wall Inner Wall

w, (1/s)

¢) Out-of-plane vorticity contour in the second
straight passage

Fig. 9 Instantaneous flowfield in the two straight passages at x/D = 21.62 and Re = 382.
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The streamlines at two straight passages at x/D = 21.62 are Dean vortex pair is replaced by a six-cell secondary flow pattern.
plotted in Fig. 9. The streamline exhibits the same flow pattern The presence of the small-scale vortical structures is obvious
seen in the flow with a Reynolds number of 109 in the first straight from both the streamline plot and the out-of-plane vorticity
passage. However, in the second straight passage, the large-scale contour.

H | [ [ [E

o, (1/8) -60.0 -40.0 -20.0 0.0 20.0 40.0 60.0

a) Velocity vector field at z/D=0.5 b) Streamlines without-of-plane vorticity contour
at z/D=0.5

. . : N | | m

o, (1/5) -60.0 -40.0 -20.0 0.0 20.0 40.0 60.0 L v (m/s) 0.020 0.039 0.058 0.077 0.096 0.115 0.133

¢) Streamlines with out-of-plane vorticity contour d) Velocity magnitude contour at z/D=0.5
at z/D=0.3

v/, m/s

30 0.02004 0.060.08 0.1 0.120

201

Y. mm

g) PIV results [17] at z/D=0.5: velocity streamlines h) PIV results [17] at z/D=0.5: velocity magnitude contour
Fig. 10 Comparison of the instantaneous flowfield at Re = 872 in streamwise planes.
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Outer wall Inner Wall Outer wall Inner Wall Outer wall Inner Wall

‘ (oW (1/s)

[v] (mvs)
0.090

¢) Velocity magnitude contour
IVI, m/s

0.02 0.04 0.06 OOB 0.1 0.12 0.14

d) PIV results [17]: velocity streamlines e) PIV results [17]: out-of-plane vorticity contour f) PIV results [17]: velocity magnitude contour
Fig. 11 Comparison of the instantaneous flowfield at Re = 872 in crossflow planes at the center of the bend.
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¢) Streamline at y/D=1.33 d) Pressure contour at y/D=1.33
Fig. 12 Instantaneous flowfield at Re = 872 in crossflow planes in the U-bend.
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Re =872

The instantaneous flowfield at a Reynolds number of 872 in the
streamwise plane is plotted in Fig. 10. Comparison of Fig. 10b with
Fig. 10g shows good agreement between the present simulation
results and the previous experimental data [17]. In both studies, three
recirculating zones have been clearly observed in the streamline
plots. It should be noted that for a lower Reynolds number, the shear
layer that forms at the first inner corner of the U-bend reattaches to the
vertical portion of the inner wall before or close to the second inner

Outer wall Inner Wall Outer wall

corner (see Fig. 4b). In both Figs. 10b and 10g, it is obvious that the
flow remains separated from the inner wall past the second corner of
the U-bend. Comparison of the instantaneous flowfield at Re = 872
in crossflow planes at the center of the bend is plotted in Fig. 11.
Furthermore, the streamlines and static pressure contours at two
additional locations in the bend are plotted in Fig. 12. It is obvious
that the large-scale Dean vortex pair, the feature of the secondary
flow in curved pipes or channels, remains dominant in all locations.
The centers of these vortices are strongly associated with the

Outer wall Inner Wall

Inner Wall

>

' o, (1/s)

a) Streamline b) Out-of-plane vorticity contour c) Streamwise velocity contour
Fig. 13 Instantaneous flowfield at Re = 872 in the second straight passages at x/D = 21.62.
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a) Streamwise plane at z/D=0.5
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¢) Streamwise plane at z/D=0.5

b) Cross-flow plane at the center of the bend
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d) Cross-flow plane at the center of the bend

Fig. 14 Comparison of root-mean-square velocity fluctuations at Re = 872: a)-b) present simulation and c)-d) PIV results [17].
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lower-pressure centers. This confirms that the secondary flow can be
attributed principally to the effect of the centrifugal pressure gradient
in the main flow acting on the relatively stagnant fluid in the wall
boundary layer. The Dean vortex pair exhibits a symmetric structure
in the U-bend.

A previous experimental study [17] found that the distinguishing
feature of the secondary flow at this high-flow-rate regime is the
presence of the small-scale vortices that are induced by the stronger
fluctuating Dean vortex pair. These small-scale vortices are captured
in the present study (see Figs. 11 and 12). The instantaneous flowfield
in the second straight passage at x/D = 21.62 is plotted in Fig. 13.
The flow pattern exhibits similarity, as seen at Re = 382 (see Figs. 9b
and 9c¢). There is a zone with positive streamwise velocity along the
inner wall, which shows that flow separation occurred. Unsym-
metrical small-scale vortices become a dominant feature of the
secondary flow in the second straight passage, instead of the large-
scale Dean vortex pair observed at Re = 109. Although comparison
of the present results with previous experimental data showed that
the prediction successfully reproduced most of the flow features
associated with the secondary motion, some discrepancies of the
numerical prediction and experimental results are obvious. The
present simulation underpredicts velocity magnitude in both the
streamwise (Fig. 10) and crossflow planes (Fig. 11). It also
underpredicts the flow unsteadiness, which is indicated by a lower
value in root-mean-square velocity fluctuation contours (see Fig. 14).

Conclusions

The LES model in FLUENT was used to predict the flow through a
U-shaped channel with a square cross section at Reynolds numbers
of 109, 382, and 872. Despite the fact that the grids used were
relatively coarse for LES at Reynolds numbers of 382 and 872 and
the experimental information about the inlet velocity profiles was
limited, the agreement between the predictions and corresponding
experimental data was generally satisfactory. Some of the main
observations and conclusions are summarized:

1) At Re = 109, a steady flow solution was obtained and that is
consistent with the experimental observation [17].

2) Consistent with the PIV results [17] at the midpoint of the turn,
the secondary flow pattern with two symmetric circulation zones
(Dean vortices) is observed at Re = 109. Extra small-scale
circulation zones that are induced by the stronger Dean vortex pair
are observed with an increase of the Reynolds number.

3) In the second straight passage, two symmetric circulation zones
are present at Re = 109. At Re = 382 and 872, the unsymmetrical
small-scale vortices become a dominant feature of the secondary
flow.

4) A characteristic feature of the flow in a low Reynolds number
regime is captured in the present simulations: a low-velocity zone is
present in the flowfield close to the middle of the channel near the
second inner corner.

5) A few other characteristic flow structures at the U-bend are also
captured in the present simulations. Two recirculating zones at the
outer corners are present along with one near the inner wall. Also,
two high-vorticity regions along the inner wall of the U-bend are
associated with the formation of separated shear layers from the
sharp corners.

6) The present results underpredict the velocity field and the flow
unsteadiness, especially at higher Reynolds number.

7) Discrepancies between the predictions and the experimental
data are thought to be due to the combined effect of the grid
resolution, the inlet velocity profile, and the experiment uncertainties
(especially at lower Reynolds number).

In summary, it is very encouraging that the numerical simulation
results are comparable with the measurements using PIV. In this
work, numerical solutions provided a clear picture of the secondary
motion in the U-bend as well as in the second straight passage, which
can help us to better understand flow characteristics. The present
study gave confidence in the numerical simulations of flow through
curved square ducts or serpentine channels.
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