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ABSTRACT

In this paper, highly-disturbed turbulent flows confined
within a duct with equally spaced V-shaped ribs mounted
on one wall are investigated using large-eddy simulation
(LES). Two different inclined V-shaped (60° and 45°) rib
cases are studied in comparison with the perpendicular
(transverse) rib case. The results indicate that secondary
flow appears as a pair of streamwise elongated vortices in
all the cases, and its strength increases monotonically as the
rib angle decreases. The effects of different shaped ribs on
turbulence kinetic energy (TKE), TKE production rate and
coherent structures are systematically investigated.

INTRODUCTION

Rib roughened surface in a low aspect ratio duct can
enhance the momentum, mass and heat transfer, and is fre-
quently employed in industrial applications, such as turbine
blade cooling and heat exchangers. Based on various ex-
perimental evidences, Taslim et al. (1996) concluded that
V-shaped ribs generate better heat transfer efficiency than
transverse ribs in ducts of the same geometry. To opti-
mize the design of rib-roughened walls for heat transfer en-
hancement, deeper understanding of the associated highly-
disturbed turbulent flows is of crucial significance. Turbu-
lent flow in a closed duct features interactions of turbulent
boundary layers developed over all four walls (Gavrilakis,
1992). In addition, the strong disturbances generated by rib
elements further induce large secondary flows which further
dynamically interact with near-wall flow structures, making
the turbulence field highly anisotropic in the cross-stream
directions.

In literature, turbulent flow in a duct with trans-
verse (90°) ribs has been numerically studied using LES,
detached eddy simulation (DES) and Reynolds-average
Navier-Stokes (RANS) approaches. Sewall er al. (2006)
and Labbé (2013) demonstrated that LES can well pre-
dict the dominant physics of the flow, such as the first-
and second-order turbulent statistics and heat transfer co-
efficient, in a duct with transverse ribs in comparison with
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the experimental results. Ooi et al. (2002) conducted sim-
ulations for turbulent flow and heat transfer in a square
duct with one wall roughened by transverse ribs using dif-
ferent RANS turbulence models, and they attributed the
poor accuracy of the resulted heat transfer coefficient to
the failure of predicting correct secondary flow structures.
Viswanathan & Tafti (2006) conducted DES and unsteady
Reynolds-averaged Navier-Stokes (URANS) for a rotating
duct with transverse ribs, and also concluded that URANS,
due to its underlying defects, failed to capture major physics
of the flow. As a useful numerical simulation tool, direction
numerical simulations (DNS) can provide detailed informa-
tion on the flow motion of all scales (from the largest in-
tegral scale to the finest Kolmogorov scales). However, at
this stage, the computational cost of conducting DNS is still
overly expensive for high Reynolds number flows. In view
of this, LES is a more practical tool which can be performed
at a considerably lower computational cost than DNS for
transient numerical simulation of ribbed duct flows at mod-
erate and high Reynolds numbers.

In comparison with the number of literatures on turbu-
lent flow in a transverse-rib-roughened duct, fewer research
works have been devoted to investigation of turbulent flow
in a duct with inclined ribs. Bonhoff et al. (1999) studied
turbulent flow over 45° inclined ribs using stereo particle
image velocimetry (PIV). Gao & Sundén (2004a,b) inves-
tigated the turbulent flow in a high aspect ratio duct with
V-shaped ribs pointing to the upstream and downstream
directions using planar PIV. These previous investigations
demonstrated the existence of strong secondary flows in
the pattern of counter-rotating streamwise rotating vortices.
Murata & Mochizuki (2001) also observed the existence of
the secondary flow in the cross-stream directions in their
LES study of heat and fluid flows confined within a station-
ary square duct with transverse and angled ribs. Tachie &
Shah (2008) studied the effects of different inclined ribs on
the turbulent flows subjected to a favorable pressure gra-
dient. They indicated that the influences of inclined ribs on
the distributions of mean velocity and Reynolds stresses can
extend to the core region.
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Notwithstanding the previous contributions mentioned
above, the number of literatures on systematic study of
highly-disturbed turbulent flows in a low aspect ratio duct
is still limited. In view of this, we conduct a compara-
tive study of V-shaped and perpendicular (transverse) rib-
roughened duct flows using LES. We also thoroughly com-
pare the numerical results with our newly acquired PIV ex-
perimental data (Fang et al., 2015). The objective of this
research is to investigate the physical mechanisms underly-
ing the organized secondary flows and their effects on tur-
bulence statistics and structures.

NUMERICAL ALGORITHM AND TEST CASES

Figure 1. Computational domain, coordinates and grid
system.

The geometry and body-fitted mesh for the test case are
shown in Fig. 1. In the figure, the streamwise, vertical and
spanwise coordinates are denoted using x, y and z axes, re-
spectively. Periodically repeated V-shaped ribs are mounted
on the bottom wall of a closed duct. Both cross-sections of
the duct and ribs are square-shaped. The side length of the
duct is denoted as 26 and the rib height k is 10% of the
duct height (i.e. k = 0.28). The streamwise separation be-
tween two adjacent ribs (w) is 1.68, which gives the pitch-
to-height ratio of w/k = 8. Three different angled (angle
between ribs and the side walls) V-shaped ribs are studied,
i.e. 90°, 60° and 45°. Here, the 90° inclined ‘V-shaped’
ribs correspond to the perpendicular (transverse) ribs. The
computational domain consists of three ribs and its sizes are
4.86 x 26 x 26 in x, y and z directions, respectively. All the
simulations are conducted based on 330 x 176 x 180 body-
fitted grids partially illustrated in Fig. 1. The mesh is refined
near all solid walls, and the first grid is 2.5 x 10738 off the
wall. In particular, considering the complex flow physics in
the near-rib region, 30 control volumes are used to cover
both the rib width (x-direction) and height (y-direction).
The time step is fixed to 2 x 10748 /Uy, where Uy, repre-
sents the bulk mean velocity, and the resulted Courant num-
ber is approximately 0.2. The flow is driven by a mean
streamwise pressure gradient IT (negatively valued), and the
Reynolds number is fixed to Re, = U8 /v = 5,000.

To deal with the non-orthogonal geometry of V-shaped
ribs, the governing equations are solved based on a gen-
eralized curvilinear coordinate (&;,&,,&3), which take the
following forms for an incompressible flow
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where i#; (i = 1,2 and 3) (corresponding to i, v and W, re-
spectively) are the resolved velocity components, and p, p,
v, IT and 7;; represent the density, effective pressure, kine-
matic viscosity, imposed constant streamwise mean pres-
sure gradient and subgrid-scale (SGS) stresses, respectively.
In the above equations, &;; represents the Kronecker delta,
and [3; and J denote the cofactor and determinant of tensor
ax;/ 85, respectively.

A finite volume method (FVM) based on a body-fitted
collocated grid is used for the discretization of the above
governing equations. A second-order central difference
scheme is used for the spatial discretization and the second-
order Rung-Kutta method is utilized for the time integra-
tion. As such, a second-order accuracy is achieved in both
space and time. For each sub-step of the Rung-Kutta time
marching scheme, a fractional-step method (Kim & Moin,
1985) is used and a pressure correction equation is solved
by Parallel Extensible Toolkit for Scientific Computations
(PETSc) library (Balay et al.,1997, 2014a,b) using an alge-
braic multigrid method. The momentum interpolation ap-
proach proposed by Rhie & Chow (1985) is implemented
to establish the relation between the cell-face mass flux and
the adjacent pressure difference, so that the ‘checkerboard’
pressure field is avoided. The dynamic Smagorinsky model
(DSM) of Lilly (1992) is employed for modeling the SGS
stress tensor 7;;. Since no homogeneous direction exists in
the current research, the model coefficient is spatially fil-
tered to remove spurious fluctuations and then clipped to be
positive to ensure the stability of the calculations.

The flow is assumed to be statistically stationary and
spatially fully-developed. As such, periodic boundary con-
ditions can be imposed at the inlet and outlet boundaries of
the square duct. No-slip boundary conditions are applied to
all solid walls.

In this paper, the resolved instantaneous velocity i
is decomposed as i = (it) + ¢, where the angular brack-
ets (-) denote the time-averaging over approximately 50
flow-through time (i.e, 2408 /U,). To facilitate the com-
parisons between different rib cases, the origin of x axis is
set at the leeward face of the first rib in the mid x-y plane
(located at z = 0) for all the cases. In this paper, the ‘ex-
periment’ refers to the PIV experiments conducted for the
same cases by the same authors (Fang et al., 2015). In the
legends of plotted figures, notation V,5 is used to indicate
the 45° rib case, and so as Vg and V.

RESULTS AND DISCUSSIONS

To validate the numerical results in this paper, Fig. 2
compares the vertical profiles of (i7) and (V) against the ex-
perimental data (Fang et al., 2015) in the central plane (lo-
cated at z/8 = 0). Note that the 2-D bulk mean velocities
in the central plane (Up.) from the simulations and exper-
iments are used to non-dimensionalize the corresponding
velocities, since 3-D bulk mean velocity (Up) is unavailable
from the planar PIV measurement. According to the LES
results, the ratios of Up,. to U}, for the 90°, 60° and 45° rib
cases are 1.08, 1.11 and 1.18, respectively. As seen in the
figures, the vertical profiles of mean streamwise velocity
(i) /Up acquired from LES are in good agreement with the
experimental results; however, the magnitude of the mean
vertical velocity (v)/Up,. is overpredicted by LES for the
V-shaped rib cases. From Fig. 2(a), it is clear there is a
recirculation region (featuring a negatively valued stream-
wise velocity (1)) in the leeward region of the rib (under
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Figure 2. Comparisons of the vertical profiles of (i7) and
(v) at point (x/8,z/8) = (0.8,0.0) against PIV measure-
ment data for different rib cases. For clarity, only 30% of
the measured data are plotted.

the rib height). As the flow passes over the rib crest (at
y/6 = —0.8), a boundary layer briefly develops and soon
separates from the rib, forming a strong shear layer around
the rib crest. From Fig. 2(b), negatively valued (V) can be
observed above the rib height in the central plane for all the
cases. In addition, the magnitude of (¥) increases monotoni-
cally as the rib angle decreases. This indicates the existence
of strong cross-stream flows in V-shaped rib cases. Due to
the downwash by negatively valued (7), the peak value of
(i) is relocated to a vertical position that is very close to the
rib crest in V-shaped rib cases.

To further study the cross-stream flows, Fig. 3 il-
lustrates the contours of (i) superimposed with in-plane
streamlines in a cross-stream (y-z) plane for two different
rib cases. It is evident from the figures that secondary
flow appears in the pattern of streamwise elongated counter-
rotating vortices pairs. Furthermore, in the V-shaped rib
cases, because of the much large magnitude of (V) (see,
Fig. 2(b)), the strength of secondary flow is much stronger
than that in the perpendicular rib case. These observations
are consistent with PIV experiment of Fang et al. (2015).

Fig. 4 compares the vertical profiles of resolved
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Figure 3. Contours of (i) superimposed with in-plane
streamlines in the y-z plane at x/8 = 0.2 for different rib
cases.

Reynolds stresses against the PIV measured data (Fang et
al., 2015). From Fig. 4, it is interesting to observe that for
the V-shaped rib cases, the turbulence level (as indicated by
the magnitudes of (i#”’#") and (ii’v")) below the rib height
(y/8 < —0.8) is significantly higher than that above the rib
height (y/8 > —0.8), which trend is consistent with the ex-
perimental results. To study the spatial distribution of turbu-
lent intensity in the cross-stream directions, Fig. 5 compares
the contours of resolved TKE (K) in the same y-z plane (lo-
cated at x/8 = 0.2) for the 90° and 45° rib cases. The 60°
rib case exhibits a qualitatively similar pattern as the 45° rib
case, and thus, it is not shown here to keep the discussion
concise. It is observed in Fig. 5(a) that maximal TKE is
mainly confined near the central region immediately above
the crest of perpendicular ribs. In contrast, the region of
high TKE level near the top of V-shaped ribs is very nar-
row in y direction. This is because that the strong vortex
shedding events on top of the ribs are downwashed by the
mean flow near the central region. In comparison with the
perpendicular rib case, two spots with high levels of turbu-
lent intensities are observed in the lower half duct near the
two side walls. These observations indicate that the strong
secondary flows in the V-shaped rib cases significantly alter
the cross-stream distribution of the resolve TKE.

To further understand the resolved TKE distribution in
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Figure 4. Comparisons of the vertical profiles of resolved
Reynolds stresses at point (x/8,z/8) = (0.2,0.0) against
PIV measurement data for different rib cases.

the highly-disturbed mean flows of the studied cases, the re-
solved production term (7;) for (i]'@}) can be investigated,

which is defined as
o 0Ky 9 ()
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Fig. 6 plots the contours of resolved production rate
(P;) for TKE in a y-z plane for two different rib cases. From
Fig. 6(a), the highest production of TKE is primarily con-
centrated near the vicinity of the perpendicular rib. In con-
trast, as seen in Figs. 6(b) for the 45° rib case, the region
with a high TKE production rate near the rib crest is much
reduced in y direction, and areas with intense TKE produc-
tion are also observed in the lower half duct near the two
side walls. The distribution pattern of the TKE production
rate observed in this figure well explains the planar distri-
bution of TKE shown previously in Fig. 5.

Fig. 7 compares the vertical profiles of resolved pro-
duction terms Py, Py, P33 and P; for two different rib
cases. All these quantities shown in the figures have been
non-dimensionalized using Ulf /6. It is interesting to ob-
serve from Fig. 7(a) that compared with the smooth top
wall, the perpendicular ribs induce much higher produc-
tion rate of TKE in the bottom half (y/8 < 0.0) of the duct,
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Figure 5. Contours of resolved TKE in the y-z plane at
x/8 = 0.2 for different rib cases.

and furthermore, most of the augmentation is contributed by
(a{i]) component. These is because that the strong shear
layer and vortices triggered by the top surfaces of the per-
pendicular ribs enhances the magnitude of — (@@} ) in the
lower half duct (see, Fig. 4(c)), which further leads to aug-
mentation in the production of (i} ]} through its resolved
production term — (i@} ) @ (ii;) /dx,. As shown in the fig-
ure, the effects of ribs on the production of (i;it} ) is al-
most negligible throughout the entire duct. However, in the
region below the rib height, considerable production rate
for (ityiy ) is observed, which is primarily contributed by
— (@) (i) /0x1 (see, Eq. (3)). In comparison with the
perpendicular rib case, as seen in Fig. 7(b), the enhancement
of TKE production in V-shaped rib cases is mainly around
the rib height, and the peak value of P; is increased by more
than 5 times. These observations are consistent with the fact
that high turbulent intensity appears primarily around the
rib height in the V-shaped rib cases (see, Fig. 4). Also from
Fig. 6(b), it is observed that owing to the inclined rib geom-
etry, the flow becomes highly disturbed, which tends to dis-
tribute TKE to all three directions. As a result, all three pro-
duction components Py, P»; and P33 are non-trivial around
the rib height. From the partially enlarged figures in Fig. 7,
it is clear that negative-valued P»; exists near the smooth top
wall in both perpendicular and V-shaped ribs. Furthermore,
the magnitudes of P33 in the V-shaped rib case is much
larger than that in the perpendicular rib case. Because of
the existence of strong secondary flow, the negative-valued
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Figure 6. Contours of the resolved production rate (F;) of
TKE in the y-z plane at x/8 = 0.2 for different rib cases.

d (W) /dz reaches its maximal magnitude near the top wall,
and therefore the level of P33 increases considerably due to
the contribution from term — (w"’w”)d (W) /dz. From the
above analysis, it is clear that the turbulent flow near the
smooth top wall is also significantly altered by the V-shaped
ribs on the bottom wall, which demonstrates the 3-D nature
of this highly disturbed turbulent flow and intense interac-
tion of the secondary flow with smooth and rib-roughened
turbulent boundary layers.

To study the effects of different shaped ribs on turbu-
lent coherent structures, the iso-surface of swirling strength
Aci proposed by Zhou et al. (1999) are plotted in Fig. 8
for two different rib cases. In order to effectively demon-
strate the elevation of the flow structures, the iso-surfaces
are colored using the non-dimensionalized elevation y/d.
As seen from Fig. 8, in comparison with the perpendicu-
lar rib case, energetic vortical structures near the central x-y
plane for the V-shaped rib case are primarily concentrated
in the leeward region of the ribs. This is because the orga-
nized large-scale secondary flow appears in the core region
of the duct, which impinges onto the bottom wall and down-
washes small-scale vortices towards ribs near the midspan.
In other words, turbulent vortices are convected towards the
leeward region of the ribs by the strong secondary flow in
the V-shaped rib cases. This observation is consistent with
the experimental results of Fang er al. (2015). Furthermore,
as clearly shown in Fig. 8(b), in the V-shaped rib case, vorti-
cal structures are more populated near the sidewalls, which
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Figure 7. Vertical profiles of resolved production terms at
point (x/8,z/8) = (0.2,0.0) for different rib cases.

is consistent with the high levels of turbulent intensity (see,
Fig. 5) and TKE production rate (see, Fig. 6) in the same
regions.

Conclusion

The highly-disturbed turbulent flow in a square duct
with different inclined V-shaped ribs on one wall is studied
using LES. The simulation results are validated by compar-
ing the statistics of the first- and second-order moments of
the turbulence field against the measured data from the PIV
experiments conducted for the same cases by the same au-
thors. The resolved mean velocity, Reynolds shear stresses,
turbulent intensities, TKE production rate and coherent flow
structures have been analyzed.

The flow features intense interactions of the secondary
flows with three smooth and one rib-roughened boundary
layers. In the cross-stream directions, secondary flows ap-
pear as elongated streamwise vortex pairs in both perpen-
dicular and V-shaped rib cases, and their strength is much
stronger in the V-shaped rib cases. As a consequence, a
strong downwash near the central region convects the high
momentum towards the rib crest. For the V-shaped rib
cases, turbulence intensity is suppressed and enhanced near
the central region and near two side walls, respectively. The
investigation of resolve TKE production term indicates that
the induced secondary flow impacts significantly the dis-
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Figure 8. Iso-surface of A.; at 5% of the maximal value
around different ribs, colored with non-dimensional eleva-
tiony/8.

tribution of TKE in the cross-stream directions. The most
energetic turbulent coherent structures in the V-shaped rib
cases are mainly concentrated in the leeward of the ribs.
This is due to the motion of the large secondary flow, which
appears in the central core of the duct and carries small-
scale vortices towards the ribbed region.
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