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Abstract

Numerical predictions of a hydrodynamic and thermally developed turbulent flow are presented for a rotating duct with square ribs
aligned normal to the main flow direction. Three rotation numbers Ro = 0.18, 0.35 and 0.67 are investigated. The rib height to channel
hydraulic diameter (e/Dy,) is 0.1, the rib pitch to rib height (P/e) is 10 and the calculations have been carried out for a bulk Reynolds
number of 20,000. The capability of the detached eddy simulation (DES) in predicting the turbulent flow field and the heat transfer under
the effects of rotation has been evaluated against unsteady Reynolds-averaged Navier Stokes (URANS), large-eddy simulations (LES),
and experimental data. It is shown that DES by capturing a large portion of the turbulent energy in the resolved scales is much more
capable than URANS in transcending the underlying shortcomings of the RANS model. DES shows much better fidelity in calculating
critical components of the turbulent flow field and heat transfer than URANS.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The flow behind a rib (turbulator) though geometrically
simple, has some complex features: separation of the
boundary layer, a curved shear layer, primary and second-
ary recirculation, reattachment of the boundary layer,
recovery, etc. These complex features of the flow pose a
big challenge in the numerical prediction of the flow behind
the rib. Studies on backward facing step (Driver and See-
gmiller, 1985; Amano and Goel, 1995) show that the turbu-
lent viscosity and the turbulent shear stress are usually
over-predicted by the two equation models in such cases.
This results in the rapid spreading of the shear layer due
to which the reattachment is predicted early. Speziale and
Ngo (1988) theoretically proved the ineffectiveness of the
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linear two equation models. They showed the serious inac-
curacies that rise in the case of a backward facing step.
Rotation (or streamline curvature) generates an extra
strain rate that tends to significantly affect the stress pro-
duction. Bradshaw (1969) formulated an analogy between
meteorological parameters and the parameters describing
rotation about the axis normal to the plane of rotation.
Bradshaw defined an effective Richardson number for
flows undergoing rotation which is linearly related to the
mixing length. Most of the later studies also propose a sim-
ilar definition. Bradshaw (1988) and Ishigaki (1996) discuss
the analogy between the effects induced by curvature and
orthogonal rotation in turbulent flows. When the direction
of rotation is in tandem with the angular velocity (or in a
flow over a concave surface) the flow is unstable while
the flow is stable if the directions are opposing (convex sur-
face). Linear eddy viscosity models fail to account for these
effects because of the inability to reproduce normal stresses
that appear in the production term. So these effects are
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Nomenclature

Bo Buoyancy number (=Ap/p - r/Dy, - Ro?)

Dy, hydraulic diameter used as characteristic length

scale for presenting all results in non-dimensional

form

rib height

thermal conductivity (W/mK)

surface normal vector

total pressure or rib pitch

fluctuating, modified or homogenized pressure

Prandtl number (=uC,/k)

constant heat flux boundary condition on duct

walls and rib

Reynolds number based on bulk velocity

(=upDp/v)

Ro rotation number
(:szh/ﬁb)

f fanning friction factor

Nu local Nusselt number (Nu = 1/(05 — 0.¢p))

Q::U"E N L xR

=~
&)

based on bulk velocity

(Nu)  spatially averaged Nusselt number ((Nu) =
(f fA 1/(0s — Href)dA)/(ffA d4))

TKE turbulent kinetic energy

1LES fraction of time when the region is evaluated in
SGS mode

i Cartesian velocity vector

Uy, mean bulk velocity used as characteristic veloc-
ity for presenting all results in non-dimensional
form

X, Y, Z, x, y, z physical coordinates

p non-dimensional mean pressure gradient

B modeling constant in the SST equation

A grid length scale ((+) wall normal direction, (||)
wall parallel direction)

1) Kronecker delta

&jkc permutation tensor

y mean temperature gradient

K non-dimensional frequency

0 non-dimensional surface temperature

0rer non-dimensional reference temperature (O =
(ffAX uf| - dA.) /([ fo |u| - d4,))

w specific dissipation rate of TKE

. angular velocity of rotation (rad/s) about z-axis

g computational coordinates

Subscripts

b bulk

0 smooth duct

s surface

t turbulent parameters

T parameters based on friction velocity

modeled by ad hoc corrections using a rotation Richardson
number.

Wilcox and Chambers (1977) proposed a modified ver-
sion of the k— equation, where they modeled the Coriolis
term in the k-equation as a function of the rotation of
the system. The model was applied for rotating channel
flow and cases with streamline curvature. The predictions
were within 10% of the measured results. Launder et al.
(1977) applied the effects of curvature by making one
of the coefficients in the transport equation for ¢ a func-
tion of the rotational Richardson number (C.= Cy(1 —
0.2Riy)). The model was applied to a variety of boundary
layer flows developing over spinning and curved surfaces.
The agreement was only satisfactory but better than that
under conditions when rotational effects were not modeled.

Howard et al. (1980) used Wilcox’s model (1977) and
Launder’s model (1977) to compute the flow in high and
low aspect ratio ducts. For the high aspect ratio duct case
the simulation was carried out for rotation numbers rang-
ing from Ro = 0-0.42. Launder’s model was observed to
get unstable for high rotation numbers. All the compari-
sons moderately agreed with the experimental results but
were not accurate. For the low aspect ratio case it was
observed that the predicted velocity profiles did not agree
quantitatively with the experiments although the shape of

the profile was correctly predicted. Rodi and Scheuerer
(1983) used extensions of k—¢ models — an Algebraic Stress
Model and two modified versions of ¢ equation proposed
by Launder et al. (1977) and Hanjalic and Launder
(1980), to predict flows in a curved boundary layer, a
curved mixing layer and a curved wall jet. It was observed
that with curvature corrections the flow in the separated
region was accurately captured. However the flow predic-
tions in the recovery region were incorrectly predicted by
all the models.

Chima (1996) proposed a modified two equation k-
turbulence model by writing the production terms in both
the k and the w equations in terms of vorticity. The model
was applied to transonic flows over a flat plate, over a com-
pressor and over a turbine vane. The results compared well
with the experiments but were not substantially better than
the computations using Baldwin-Lomax model for the
cases considered.

Hellsten (1998) suggested improvements in the k—w SST
model (Menter, 1992, 1993) to make it rotationally invari-
ant, by modifying the coefficient of the production term in
the k-equation. The production term was divided by a fac-
tor (=1 + C,.Ri) to incorporate the effects of rotation. The
model was tested for a spanwise rotating channel. It was
observed that for high rotation numbers (Ro=0.21,
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0.42), the maximum velocity point is predicted too near the
suction side wall. Schweighofer and Hellsten (1999) used
the model to study the flow around a HSVA-1 tanker.
However the effect of the rotation—curvature correction
was small since the radius of curvature of the hull was quite
large compared to the boundary layer thickness. Also the
correction seemed to have a minor impact on the results
in many of the other cases (personal communication).

2. Numerical modeling of flow in rotating internal
cooling ducts

A numerical study of fully developed flow in a rotating
rectangular duct was performed by Iacovides and Launder
(1991). Ducts with a square cross-section and with an
aspect ratio of 2:1 were studied. The Reynolds number var-
ied from 33,500 to 97,000 and the rotation number ranged
from 0.005 to 0.2. The standard high Reynolds number k—¢
model was used for the bulk of the flow. Near the wall, a
low Reynolds number one-equation model was used. The
calculations correctly predicted the secondary flow caused
by Coriolis forces. However, there was only a qualitative
match between the computed and experimental heat trans-
fer results.

Bo et al. (1995) studied developing flow in an orthogo-
nally rotating square duct. The rotation numbers were
0.12 and 0.24. Three turbulence models were used in the
analysis: a k—¢ eddy viscosity model (EVM) with a low
Reynolds number one-equation EVM near the wall, a
low Reynolds number algebraic stress model (ASM), and
a low Reynolds number k—¢ EVM. Results from the low-
Re k—e EVM for both constant and variable density were
very unrealistic and were not pursued any further. The k-
¢/one-equation EVM generally performed well for low
rotation, but results deviated substantially from experimen-
tal results on both leading and trailing sides for the high
rotation number case. These discrepancies occurred
whether buoyancy was considered or not. The low-Re
ASM performed the best of all, matching the data reason-
ably well when buoyancy effects were considered. However,
results deviated significantly from experimental data for x/
Dy, greater than 5 in almost every calculation.

Prakash and Zerkle (1995) used the standard k— model
to simulate outward flow and heat transfer in a smooth
square duct with radial rotation. Coriolis and buoyancy
forces were included only in the mean equations. The Rey-
nolds number was kept at 25,000 and the rotation numbers
were 0.24 and 0.48. Simulations were done for buoyancy
numbers of 0.01 and 0.13. The low buoyancy number simu-
lations did not match trends from experimental data. How-
ever, results from the high buoyancy number simulations
were in qualitative agreement with experimental data. The
authors attributed the quantitative disagreement to the need
for including rotation and buoyancy effects in the k—e model.

Rigby (1998) used Chima’s k—w model to predict the
flow in a rotating internal cooling passage with a 180° turn
and ribbed walls. Reynolds numbers in the range 5200-

7900 were tested for two rotation cases (Ro=0 and
0.24). The predictions for the rotation cases were not accu-
rate. The mass transfer was over predicted in the first leg
and was under-predicted in the second leg.

Stephens et al. (1996) used Menter’s SST model to com-
pute flow and heat transfer in a rotating U-shaped square
duct with smooth walls. No special terms were included
for Coriolis and buoyancy forces in the turbulence model.
The Reynolds numbers used in the flow are 25,000 and
50,000. Stationary and rotating cases (Ro = 0.24, 0.48)
were considered. The overall heat transfer was predicted
reasonably well by the computations. Lin et al. (2001) stud-
ied the three dimensional flow and heat transfer in a
U-shaped duct under rotating and non-rotating conditions
(Ro =0, 0.24) for a Reynolds number of 25,000 and a den-
sity ratio (Ap/p) of 0.13. Menter’s shear stress model was
used for closure. The evolution of flow and the effect of
Coriolis forces, centrifugal buoyancy, staggered ribs and
the 180° bend were studied. However the average heat
transfer augmentation showed only moderate agreement
with experimental results.

Large eddy simulations (LES) have been used in the past
to study the heat transfer in ribbed channels. Murata and
Mochizuki (1999, 2000) studied the effect of Coriolis force
and the duct cross-section on the heat transfer in smooth
and ribbed channels. Watanabe and Takahashi (2002) car-
ried out LES computations and experimental studies on a
rectangular channel with transverse ribs which are heated
from one side and got good agreement with the experi-
ments. The studies also revealed the unsteady mechanism
that enhanced the heat transfer in the ribbed channel. Tafti
(2005) used 96> and 128 grids to predict the heat transfer
in a stationary channel with orthogonal ribs with a pitch to
rib height ratio (P/e) of 10 and a rib height to hydraulic
diameter (e/Dy,) of 0.1. The computations also gave a com-
prehensive knowledge of the major flow structures in the
flow field and compared very well with experiments.

Abdel-Wahab and Tafti (2004a,b) validated the LES
Dynamic Smagorinsky model for a ribbed duct with Cori-
olis and buoyancy forces. Ribs with a P/e =10 and e/
Dy, =0.1 were studied and some of the hydrodynamic
and turbulent characteristics of the flow, which are difficult
to obtain through experiments were highlighted. The heat
transfer at the leading wall was observed to decrease as
the rotational speed increases but increased along the trail-
ing wall of the rotating duct. The computed data compared
well with experimental results. LES computations for
developing flow and heat transfer in rotating ducts have
also been carried out by Sewall and Tafti (2004b, 2006,
accepted for publication), with and without the inclusion
of centrifugal buoyancy forces.

While accurate results have been obtained with LES com-
putations, the grid requirements are very demanding. The
resolution in the boundary layer is fine and the resolution
increases with the increase in the Reynolds number. This
calls for a special treatment of the boundary layer to limit
the number of grid points. One of the several techniques
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available for wall modeling is detached eddy simulation
(DES), which was proposed by Spalart et al. (1997).

DES is a modification of a RANS model in which the
model switches to a subgrid scale formulation in regions
fine enough for LES calculations. The transition is scamless
as a single equation is used to define the LES and the
RANS regions of the flow without any explicit declaration
of the zones. Thus DES tries to capitalize on the advanta-
ges on the RANS model near the boundary and regions of
low turbulence where the turbulent length scale is less than
the maximum grid dimension. As the turbulent length scale
exceeds the grid dimension, the regions are solved using the
LES mode. The grid resolution is not as demanding as pure
LES, thereby considerably cutting down the cost of the
computation. Though DES was initially formulated for
the Spalart-Allmaras model, it can be implemented with
other RANS models (Strelets, 2001), by appropriately
modifying the length scale which is explicitly or implicitly
involved in the RANS model. By appropriately designing
the grid, the regions of massive separation are computed
using LES which ensures that the normal stresses, which
are quite significant in this region, are not neglected. So
by just switching the mode of computation from URANS
to LES in regions of massive separation the performance
of the URANS model is enhanced.

In the recent past many calculations applied to external
aerodynamic flows have been reported. These computa-
tions have accurately captured the flow physics over vari-
ous complex geometries (Squires et al., 2002; Forsythe
et al., 2002; Kapadia et al., 2003). Viswanathan and Tafti
(2004, 2005a,c, 2006) used DES to compute flow in an
internal cooling duct with normal and skewed ribs. These
computations showed that DES while being as accurate
as LES was less expensive than LES. The heat transfer
and flow characteristics predicted were in good agreement
with the experiments and LES computations reported
earlier.

3. Objective of the study

The objective of the current study is to assess the capa-
bility of DES in capturing the effects of rotation on the flow
and heat transfer in a fully developed ribbed channel. To
the best of our knowledge this is the first application of
DES to an internal non-canonical flow with heat transfer
and follows an earlier study in stationary ribbed ducts
(Viswanathan and Tafti, 2004, 2005c). Unlike the study
by Nikitin et al. (2000) in turbulent channel flows in which
the Spalart-Allmaras model was used as a wall model, in
the current study the two-equation model behaves as a
hybrid RANS-LES model throughout the calculation
domain. This paper aims to test the hypothesis as to
whether DES can overcome known shortcomings of the
underlying RANS model to increase the accuracy of the
computation. In this case, it is the inability of eddy-viscos-
ity RANS models to accurately predict the effects of rota-
tion and Coriolis forces on flow structure and heat transfer.

A fully developed flow in a duct with normal ribs of rib
pitch-to-height ratio P/e = 10 and a rib height to hydraulic
diameter ratio e¢/Dy, = 0.1, has been considered. The Rey-
nolds number based on bulk velocity is 20,000. Three rota-
tion numbers Ro = 0.18, 0.35 and 0.67 are considered.
Since detailed experimental measurements are not available
in the literature for rotating ducts, the DES and URANS
results are compared with the LES results of Abdel-Wahab
and Tafti (2004a,b). However the overall surface averaged
heat transfer data is available from the experiments of
Wagner et al. (1992), Parsons et al. (1994) and Liou et al.
(2001), and hence these are used for comparing the average
heat transfer on the ribbed and the side walls.

4. Computational model and governing equations

The computational model which assumes a fully devel-
oped flow and heat transfer simulates a periodically repeat-
ing spatial unit consisting of two ribs (one on either side of
the duct) as shown in Fig. 1(a). Earlier studies (Sewall and
Tafti, 2004b, accepted for publication) in a single pass of a
rotating internal cooling duct with nine ribs show that the
flow and heat transfer in the fully developed region
matches well with the fully developed calculation over a
single rib pitch (Abdel-Wahab and Tafti, 2004a,b). Hence
a single rib pitch is considered to be sufficient for these
computations.

The duct walls as well as all six faces of the two ribs
exposed to the main flow are heated by imposing a con-
stant heat flux (¢”) boundary condition. The duct is sub-
jected to orthogonal rotation with axis along the positive
z-direction at an angular velocity w.. The governing flow
and energy equations are non-dimensionalized by a charac-
teristic length scale which is chosen to be the hydraulic
diameter of the channel (Dy,), a characteristic velocity scale
given by the friction velocity u, = /AP, /p, and a charac-
teristic temperature scale given by ¢”Dy/k. The assumed
periodicity of the domain in the streamwise or x-direction
requires that the mean gradients of pressure and tempera-
ture be isolated from the fluctuating periodic component

as follows:
P(X,t) = Py, — px + p(X,1) ()
T()_C'at) = Tin"f‘yx"_e(fvt)

where f§ and y are mean streamwise pressure and tempera-
ture gradients, respectively.

On substitution into the Navier-Stokes and energy
equations, the non-dimensional time-dependent equations
in transformed coordinates & = £(¥) take the following
conservative form:'

Continuity:

a% (V&) =0 @)

! Henceforth, all usage is in terms of non-dimensionalized values.
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where @ are the contravariant basis vectors,’ V2 is the
Jacobian of the transformation, g’ is the contravariant
metric tensor, /gU’ = ,/g(@)u; is the contravariant flux
vector, u; is the Cartesian velocity vector, Ro, is the rota-
tion number, and 0 is the modified temperature. In Eq.
(3), only the rotational Coriolis forces are included in the
formulation. The centrifugal forces are combined with
the pressure gradient term and centrifugal buoyancy effects
are neglected. Turbulence is modeled using Menter’s SST
model (Menter, 1993) in both the DES and URANS
formulations.

1
Re,,

+

)

; Ou;
V88 a€k>
(3)

(veT'D)

(4)

5. Detached eddy simulations

In the SST model, the RANS length scale, /;_,,, which is
defined as /;_, = Vk/f"w is replaced by a DES length scale
6, where ¢ = min(/;_,, Cpgs4), 4 = max(4,, 4,, 4.) and the
resulting sub-grid model reduces into a Smagorinsky-like
model (Strelets, 2001). Based on this, the dissipation term
in the k-transport equation is reduced to

D = (pk*?) /o

2 The notation (@), is used to denote the ith component of vector
@ - (@), = 0&;/ox;.

0.1
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Fig. 1. (a) Schematic diagram representing the grid in the periodic ribbed duct. The system is rotated about the z-axis. (b) Grid distribution in the three

In the SST model, the blending function F; is used to
determine the value of the DES constant.

Cpes = (1 — F1)Chis + F1Chi
Ches =0.78 Cpi = 0.61

However the k—¢ value of the Cpgg value is encountered
more often when the RANS-LES switch takes place. In this
paper the term ‘RANS mode’ is used when DES uses the
RANS length scale (/; ) and ‘LES mode’ when the model
behaves as a SGS type model.

6. Numerical method

The governing equations for momentum and energy are
discretized with a conservative finite-volume formulation
using a non-staggered grid topology. The Cartesian veloc-
ities, pressure, and temperature are calculated and stored at
the cell center, whereas contravariant fluxes are stored and
calculated at the cell faces. Time integration of the discret-
ized continuity and momentum equations is performed via
semi-implicit projection method. The temporal advance-
ment is performed in two steps, a predictor step, which cal-
culates an intermediate velocity field, and a corrector step,
which calculates the updated velocity at the new time step
by satisfying discrete continuity. The energy and turbu-
lence equations are advanced in time using an explicit
Adams—Bashforth for the convection terms and Crank—
Nicolson for the diffusion terms. A second order central
difference scheme is used in the momentum and energy
equations. The equations for the turbulent kinetic energy
and the dissipation rate are solved using a second order
central difference scheme with a TVD limiter.

The computer program GenIDLEST (generalized incom-
pressible direct and large-eddy simulations of turbulence)
used for these simulations has been applied extensively to
study heat transfer and flow characteristics in internal cool-
ing ducts and various other applications (Sewall and Tafti,
20044a,b, accepted for publication, 2006; Sewall et al., 2006;
Abdel-Wahab and Tafti, 2004a,b,c; Viswanathan and Tafti,
2004, 2005a,b,c, 2006; Viswanathan et al., 2005). Details
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about the algorithm, functionality, and capabilities can be
found in Tafti (2001).

6.1. Computational details

In this paper, calculations for three rotation numbers
Ro =0.18, 0.35 and 0.67 at a nominal bulk Reynolds num-
ber of 20,000 are presented. For each rotation number, the
computational domain consists of a ribbed channel, with
two ribs placed at the center of the channel at the top
and the bottom.

LES computations (Tafti, 2005) on stationary ducts
were carried out using a 96> grid and a 128* grid. These
computations showed that the dynamic Smagaronsky
model on both these grids showed excellent agreement with
the experimental results predicting overall heat transfer and
friction factors within 10% of the experiments (Rau et al.,
1988). The localized flow and heat transfer trends observed
at the smooth and the ribbed walls matched well with the
experiments. Since these grids have been observed to
resolve the flow and heat transfer in a stationary duct accu-
rately, the LES predictions on a 128° grid, for a rotating
duct (Abdel-Wahab and Tafti, 2004a,b) have been consid-
ered to be sufficiently accurate to be taken as the reference
for the current DES computations.

While in the turbulent channel computations (Nikitin
et al., 2000), a wall boundary condition is applied only in
the single wall normal direction (periodicity considered in
the streamwise and the spanwise directions), in the present
computation wall boundary conditions have to be applied
in all three directions (at the duct walls and on the ribs).
Hence the grid distribution in all the three directions has
to satisfy the required wall normal resolution of the base
RANS model. The grid and the coordinate system used
are shown in Fig. 1(a). The baseline grid formed consists
of 65 nodes in the streamwise direction, of which 13 nodes
lie directly over the rib, with 53 nodes in the inter-rib space.
In the cross-stream direction the grid consists of 65 x 65
nodes with 13 nodes each in the regions of the rib, covering
the rib height of e and 41 nodes in the middle of the chan-
nel and 65 nodes distributed using a monotonic spline dis-
tribution along the span. The grid distribution is symmetric
in the y and the z directions. DES calculations on a station-
ary internal cooling duct have been validated against the
data of Rau et al. (1988) and found to match the heat
transfer augmentation and the friction factor within an
experimental uncertainty of +9%.

A posteriori evaluation of the grid distributions were
carried out based on the local friction velocities. The
streamwise grid distribution gives 4" <1 near the ribs
and 47~ 150 in the inter-rib space. The spanwise distri-
bution yields 4" < 1 near the side walls and 4.~ 180 in
the center. While the grid distribution in the wall normal
direction (4" ~ 1-1.25) was similar to the values obtained
in the LES computation, the streamwise and the spanwise
grids for this grid are more relaxed than the LES computa-
tion in which A < 30. The grid spacings in the x, y, and z

directions are shown in Fig. 1(b). This distribution allows a
major part of the boundary layer to be treated in the
RANS mode. In total, the domain was discretized into
262,144 cells. The domain was divided into eight equal
blocks (64 x 64 x 8 cells) in the spanwise direction to facil-
itate parallel processing.

A non-dimensional time step of 5 x 10~> was used in all
the 64> DES and URANS rotating duct computations.
Calculations are initiated by assuming an initial bulk veloc-
ity and integrating in time until a balance between the
internal losses and the specified pressure gradient is
obtained. Time evolution of the bulk quantities are moni-
tored and the solution is allowed to reach a statistically
steady state and adjust to the new set of conditions for
around five non-dimensional time units. The mean charac-
teristics of the flow are calculated by averaging the solution
for an additional five time units. Although the whole
domain is considered for the calculation, owing to the sym-
metry along the z-direction, the average solution for half
the domain is presented.

To calculate the augmentation ratio, reference values for
Nusselt number and friction factor for a smooth duct are
obtained from the correlations (Incropera and Dewitt,
2002).

Nug = 0.023 - Re)® - P4
fo = 0.046 - Re,"?

The predicted heat transfer results are compared with
data of Liou et al. (2001), Wagner et al. (1992) and Parsons
et al. (1994).

All results are presented in non-dimensional form using
the bulk mean velocity as the characteristic velocity and the
hydraulic diameter of the duct as the characteristic length
scale.

7. Results
7.1. Grid sensitivity

The grid required for a DES calculation is dependent on
the underlying RANS model and the flow physics. While in
the Spalart-Allmaras model, the switch from RANS to
LES is only dependent on the grid distribution in the near
wall region, and which only happens once, in the A~
based models, RANS and LES regions can be interspersed
in the calculation domain depending on the grid and the
turbulent characteristics of the flow. The model ceases to
act only as a wall model but models turbulence wherever
the grid resolution is not enough to resolve the turbulence.
Hence in the limit of a coarse grid, the solution procedure
will default to URANS and in the fine limit to a LES.
Hence the grid should strike a balance between a LES in
critical regions and RANS in not so critical regions, with
the intent to emulate the accuracy of LES at a lower com-
putational cost. Computations were carried out for a sta-
tionary duct for a fully developed case on three grids:
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48°, 64° and 96°. Fig. 2 shows the comparison of the
streamwise velocities for a stationary duct at a plane (Y/
e = 0.25) passing through the rib, as predicted by the differ-
ent grids used in comparison with the LES results on a 128°
grid. The coarse grid (48%) failed to capture the secondary
reverse flow behind the rib, owing to the dominance of
RANS in the solution. The 64* and the 96° grids predicted
the trends accurately. The 96° grid did not show any added
value, and so the 64° grid was considered to be sufficiently
accurate for the rotating cases. Using the same argument,
DES computations (Viswanathan and Tafti, 2004, 2005c¢)
were carried out for a stationary fully developed ribbed
duct on the 64° grid. The results showed good agreement
with the LES computations and the experiments. Hence
the DES and the URANS calculations for the rotation
cases are also carried out on the 64° grid.

While the 64° grid is observed to be appropriate for
DES, the resolution is not sufficient for LES. A comparison
of the reattachment lengths downstream of the rib for a

stationary duct shows that the LES on a 128° grid and
DES on the 64° grid predict a reattachment length of
around 4.1 times the rib height, which is in good agreement
with the experimental measurements on 4.1-4.25 by Rau
et al. (1988). On the other hand, LES on the 64° grid pre-
dicts a reattachment length of 3.7. Fig. 3 shows the com-
parison of the heat transfer augmentation at the ribbed
and the side walls of a stationary duct with ribs normal
to the flow direction. A comparison of the ribbed wall heat
transfer augmentation shows that while the 128° LES, 96°
LES and 64° DES predict heat transfer augmentation con-
sistent with the heat transfer measured by Rau et al. (1988),
64° LES over-predicts the heat transfer in the separated
region. A comparison of the side wall heat transfer also
shows that the heat transfer in the vicinity of the rib
(y <0.1) is over-predicted by 64> LES. The predictions by
64> DES and 128°, 96° LES in this region are in good
agreement with the values measured by the experiments.
The under-prediction of the reattachment length and the
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Fig. 2. Comparison of the streamwise velocity contours at Y/e = 0.25 plane. (a) LES 128%; (b) DES 48%; (c) DES 64°; (d) DES 96°. Flow direction is from

left to right.
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Fig. 3. Comparison of the heat transfer predictions. (a) Ribbed wall heat transfer downstream of the rib (z = 0.5). (b) Side wall heat transfer comparison

(x = 0.40).
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over-prediction of the heat transfer in the region is a result
of the coarser grid resolution in the 64° grid. Similar trends
were observed for the rotation cases, where the reattach-
ment lengths at the trailing and the leading sides were
under-predicted and the heat transfer augmentations were
over-predicted at the ribbed walls. In general the quality
of the results is observed to deteriorate with LES as the
grid is coarsened to 64°. Thus it is inferred that the 64° grid
used is not sufficient for an accurate LES computation,
while the grid when used for DES is capable of yielding
results comparable in accuracy to the LES computations.

7.2. DES regions

Fig. 4(a) shows the fraction of time (during the whole
computation) when the calculation is solved in the LES
mode. DES with Menter’s SST model uses a turbulent
length scale which is computed from the turbulence equa-
tions solved (k and w). So the turbulent (RANS) length
scale is a function of time as well as space. This feature
facilitates the computation to be cognizant of the eddy
length scales and hence behave as RANS or LES depend-
ing on the instantaneous local conditions, unlike in the case

of a Spalart-Allmaras based DES, where DES acts just like
a wall model. Another prominent feature of the DES ver-
sion of the SST model is that although an instantaneous
discontinuity may exist between the RANS region and
the LES region, in the mean however a smooth transition
takes place from RANS to LES and vice versa. It can be
observed from Fig. 4 that the RANS regions transition into
LES smoothly. In a DES Spalart-Allmaras model, the dis-
tance from the wall determines the switch from RANS to
LES, which is not as receptive to instantaneous flow
features.

The near wall region is always resolved in the RANS
mode which transitions to the LES mode as the distance
from the wall increases. The flow in the vicinity of the ribs
is mostly resolved in LES mode all the way to the channel
center. This includes the unsteady large-scale dynamics of
the separated shear layer as shown in Fig. 4(b). In the
inter-rib spacing, LES is only active near the ribbed wall
and transitions to a full RANS mode at the center of the
channel.

The grid facilitates the computation of the region in
RANS and/or LES depending on the instantaneous con-
ditions existing in the region. Downstream of the rib in

LES

1.00
0.80
0.60
0.40
0.20
0.00

(b)

Fig. 4. (a) Plot of the DES regions in the center plane (z/Dy, = 0.5) of the duct. A value #; gs = 0 denotes a region completely solved in URANS mode while
tLes = 1 denotes a complete LES mode. (b) Streamlines showing the DES regions in the recirculation region. A major part of the recirculation region is

solved in the LES mode.
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the region of separation (Fig. 4(b)) it is observed that the
computation is mostly carried out in the LES mode
which ensures that the unsteady physics in the separated
region is captured accurately. Regions of low turbulence
in between the ribs are completely solved in RANS
mode.

7.3. Mean flow field

Early studies in turbulent channel flow (Halleen and
Johnston, 1967; Lezius and Johnston, 1976) have estab-
lished two important effects of rotation. When the rota-
tional axis is perpendicular to the plane of mean shear,
Coriolis forces have a considerable effect on the mean flow
as well as on turbulent fluctuations. These effects are man-
ifested as stabilization/destabilization of turbulence at
leading/trailing walls and the generation of spanwise roll
cells or secondary flow patterns. The secondary flow pat-
terns are a direct result of the action of Coriolis forces on
mean shear and are also observed in laminar flows sub-
jected to system rotation.

It is well established that the production of turbulence in
the near wall region and in shear layers is caused by the
exchange of momentum through intense interactions
between the fluctuating streamwise and cross-stream veloc-
ities. When Coriolis forces act in tandem with these events,
turbulence is augmented, whereas it is attenuated when the
two act in opposition. In the ribbed duct flow in this study,
both the turbulent shear layer and near wall turbulence on
the trailing surface are augmented by the direct effect of
Coriolis forces, while the opposite effect comes into play
at the leading wall. The results for all three rotation num-
bers follow the general trends outlined above.

The flow at the center (z = 0.5) of the duct is character-
ized by a large primary recirculation region behind the rib,
a small secondary eddy trapped between the primary recir-
culation zone and the rib, a region of recirculation in front
of the rib, and a small eddy on top of the rib. For a non-

rotating case all these features are similar on both the
ribbed walls. The reattachment of the rib separated shear
layer was observed to be in the range 4.0-4.25¢ for the
non-rotating case (Rau et al., 1988). The reattachment
length predicted by DES was 4.1e which matched quite well
with the experiments and LES predictions.

Fig. 5 shows the streamlines at the center of the duct
(z=0.5) for the three rotation cases. Rotational Coriolis
forces affect the size of the recirculation zones and so the
flow is asymmetric about the center y-plane of the duct.
The reattachment length increases at the leading wall and
decreases at the trailing wall with rotation number. The
reattachment is observed at around 4.0e for Ro =0.18 at
the trailing side. The size of the separation bubble
decreases to a value close to 3.6e when the rotation
increases to 0.35. On increasing the rotation further to
0.67 the reattachment length remains almost the same as
the 0.35 case. On the other hand, the reattachment length
at the leading wall increases from a value of 4.0-4.25¢ for
the stationary case (Ro=0.0) to a value of 4.5¢ at
Ro = 0.18. No significant change is observed as the Ro is
increased to 0.36, but on increasing the rotation further
to 0.67, the recirculation region is observed to increase to
a value of around 6.7¢, and as a result it merges with the
recirculation region in front of the next rib.

The reattachment lengths for the rotating cases are con-
sistent with the LES predictions (Abdel-Wahab and Tafti,
2004a,b). Fig. 6 shows the comparison of the flowfield as
predicted by LES, DES and URANS. The separation
and reattachment downstream of the rib is predicted accu-
rately by DES and the reattachment length is in agreement
with LES both at the leading and the trailing walls. How-
ever URANS overpredicts the reattachment lengths both
at the leading as well as the trailing wall. Overprediction
of the reattachment lengths is a result of the inability of
the SST model to account for the effects of Coriolis forces,
whereas in DES, the effect of Coriolis forces is captured in
the resolved scales.

Fig. 5. Streamlines showing the flow in a fully developed duct as predicted by DES SST at Z = 0.5. Ro =0.18 (a); 0.35 (b); 0.67 (c). Y = 0 represents the
trailing wall, while Y =1 represents the leading wall. Flow direction is from left to right.
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1

Fig. 6. Streamlines showing the flow in a fully developed duct rotating at Ro = 0.35 at Z = 0.5 as predicted by (a) LES; (b) DES SST; (c) URANS SST.
Y = 0 represents the trailing wall, while ¥ =1 represents the leading wall. Flow direction is from left to right.

The secondary flow in between the two ribs (Fig. 7)
shows the presence of a pair of corner vortices in each
quadrant when the ribbed duct is stationary. Similar vorti-
ces were observed by Liou et al. (2001) in their experiments.
As the rotation increases to Ro = 0.18, the vortices on the
leading side disappear, while the vortices at the trailing wall
grow and move towards the center of the duct. As the rota-
tion increases further the two vortices merge and grow big-
ger. At Ro =0.67, the vortices occupy almost 80% of the
channel height as observed in Fig. 7(d).

While Fig. 7 shows the structure of the secondary flow,
Fig. 8 shows the magnitude of the secondary flows (v, w
velocities) for the stationary and the three rotation cases
in the cross-section of the duct on top of the rib. The v-
and w-velocities are plotted individually in each half of
the span. Above the rib, the constriction posed by the rib
results in flow being pushed towards the channel center,
both at the center of the span and near the side wall. In
addition to this effect, a spanwise flow is setup toward
the center and toward the side wall which is represented
by the high positive impingement w-velocities at the side
wall. As rotation increases, the strength of the secondary
impingement flow at the trailing side increases while it
decreases at the leading side, which is evident from the
intrusion of the high v-velocities towards the leading side
near the side wall. The asymmetry in the w-velocity also
increases as the rotation increases.

7.4. Turbulent flow characteristics

A comparison of the instantaneous coherent vorticity
(Joeng and Hussain, 1995) as predicted by 128° LES, 64°
DES and 64° URANS is shown in Fig. 9. These plots give
an idea of the flow structures resolved by the three schemes.
It is observed that the magnitude of coherent vorticity and
the flow characteristics predicted by DES is consistent with
the magnitudes predicted by LES on a much finer grid. Pre-
dictions by URANS show lower vorticity levels as com-

pared to LES and DES, both in the center of the duct as
well as the inter-rib region. Thus the small modification
in the length scales in the URANS model, which converts
it into an equivalent DES model, substantially improves
the fidelity of the simulation.

A comparison of the turbulent kinetic energies (TKE)
predicted by the DES, LES and the URANS schemes are
shown in Fig. 10. It is observed that the resolved compo-
nent of TKE is significantly larger than the modeled com-
ponent in the DES computation almost in the entire flow
field. So the resolved component of TKE is considered
for comparison for the DES and the LES cases, while the
sum of the resolved and modeled components are consid-
ered for the URANS case.’> A comparison of the TKE on
top of the rib shows that the values resolved by DES com-
pare well with that resolved by LES for all the three rota-
tion cases. Localized peaks are observed at the trailing wall
and the leading wall corresponding to the shear layer on
top of the rib. The peak TKE at the trailing wall is around
0.28 for Ro =0.18. The value is almost constant as the
rotation increases to a value of 0.35 but shows a dramatic
increase as the Ro increases further to 0.67 where the peak
is around 0.38. At the leading wall the peak TKE reduces
from a value of about 0.2 for the lowest rotation case to
about 0.15 for the highest rotation case. The trend pre-
dicted by URANS at low rotation partly agrees with the
LES computations towards the center of the channel, but
the peaks in the shear layer are underpredicted by nearly
50%. At higher rotation cases the TKE are underpredicted
through the complete height of the duct.

TKE values in between the ribs show similar trends. The
location is just downstream of the reattachment point at

* For DES, the magnitude of the modeled stresses vary from val-
ues < 107'% on top of the ribs where the grid is fine to around 2% near the
periodic face where the grid density is coarser. For URANS, the
magnitude of the modeled stresses is as high as the resolved component
in some regions of the flow.
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Fig. 7. Streamlines showing the secondary flow in the center of the inter-rib space for Ro = 0.0 (a); 0.18 (b); 0.35 (c); 0.67 (d) as predicted by DES SST:

Arrows emphasis the direction of the secondary flow.

the trailing wall and so represents the region of boundary
layer redevelopment in all the three rotation cases. It is
observed that DES underpredicts the TKE values in the
boundary layer as compared to LES, but shear layer turbu-
lence away from the immediate vicinity of the wall is repre-
sented accurately in all the cases. On the other hand,
URANS drastically underpredicts the TKE values in all
three rotation cases. The low turbulence levels in URANS
results in larger recirculation regions as compared to DES
and LES.

Fig. 11 shows the power spectral density of the instanta-
neous streamwise velocity, obtained using a fast Fourier
transform in the frequency domain for Ro = 0.35 at the
leading wall of the duct. The most energetic mode is found
at a non-dimensional frequency of approximately 11. The
inset in the figure shows the spectral density obtained using
Welch’s averaged, modified periodogram method using

MATLAB’s psd function (MATLAB, 2005). Welch’s
method is a modified periodogram which divides the time
signal into windows or blocks, computes the FFT for each
individual window and averages to obtain the discrete Fou-
rier transforms for the whole time signal considered.
Welch’s method tends to average out the peaks observed
in a plain FFT and gives a single characteristic non-dimen-
sional frequency of 35. In the following figures, the
smoothed spectral density is used to compare the energy
carried by the resolved scales.

Figs. 12 and 13 show the turbulent spectrum and the
sampled signal at the leading and trailing walls. Data was
collected by placing probes in the shear layer near the reat-
tachment region. Three probes were placed at the leading
and the trailing walls in regions where the computation is
completely RANS (#.gs = 0.0), partially RANS and par-
tially LES (#Lgs = 0.5) and completely LES (z gs = 1.0).
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Fig. 8. Secondary flow contours on the rib for Ro = 0.0 (a); 0.18 (b); 0.35 (c); 0.67 (d) as predicted by DES SST. The contours show the effect of rotation
on the secondary flow in the cross-section. The arrows qualitatively represent the effect of rotation on the magnitude of the v- and w-velocities.

From the signals it is observed that the DES computation
shows more unsteadiness, hence more resolved energy, as
compared to the URANS computation. A one to one com-
parison can be made at the location at which ¢; gg = 0.0 (full
URANS in DES approach) versus the same location in the
URANS calculation in Figs. 12 and 13. At the leading wall
the resolved peak energy between the two cases varies by
nearly two orders of magnitude, whereas at the trailing wall
the ratio is about 5. Larger differences between DES and
URANS is found at locations where DES operates in full
LES mode (¢ gs = 1.0). Comparison of LES with DES at
locations where #; s = 1.0 (full LES mode) shows that the
peak resolved energy is of comparable magnitude — at the
trailing wall, the LES peak is at 4 whereas the DES peaks
at 4.5. At the leading wall, the DES peak energy is higher
at 1.5 than the corresponding LES, which is at 0.6, indicat-

ing that the level of turbulent fluctuations is higher at this
location in the DES calculation. This is suspected to be
caused by a slight shift in the shear layer trajectory.

Figs. 12 and 13 bring out an important observation, that
for the same resolution, the DES framework allows a much
larger part of the energy spectrum or scales to be resolved
on the grid. While URANS picks up the most energetic
modes, only a fraction of the energy is present in the grid
scales. This would not be a problem if the models were true
to the physics, which for rotating ducts is not the case. The
SST model does not include the effect of Coriolis forces on
turbulence, but the consequence of that shortcoming is felt
much more in the URANS model than in DES because a
large fraction of the modal energy is resolved on the grid
by DES and the effect of Coriolis forces is included directly
through the momentum equations.
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Fig. 9. Coherent vorticity contours for the (a) LES 128°; (b) DES 64%; (c) URANS 64> for Ro = 0.35 show the scales resolved of the three schemes at

z=0.5.
7.5. Mean heat transfer

The heat transfer trends at the leading and trailing walls
are similar to the trends observed at the ribbed walls for the
stationary case. The augmentation ratio is high in front of
the rib as a result of the unsteady vortices in this region.
These secondary vortices continuously transport cooler
fluid from the mainstream to the ribbed wall increasing
the heat transfer coefficient. Immediately behind the rib,
a secondary recirculation is trapped between the wall and
the primary recirculation zone. Although the action of
the secondary eddy causes some localized augmentation
in this region, the overall augmentation is low and similar
to that in a smooth duct. Further downstream, the heat
transfer coefficient increases steadily as the vortices from
the separated shear layer impinge on the wall.

Fig. 14 shows the heat transfer at the leading (upper
half) and the trailing walls (lower half) for the three rota-
tion cases. As the rotation number is increased, an increase
in the heat transfer is observed at the trailing wall, espe-
cially in regions immediately upstream of the rib and near
the reattachment point. This is countered by a decrease at
the leading wall in the corresponding regions. The heat
transfer augmentation in the region upstream of the reat-
tachment point at the trailing wall increases from 4.4 for
Ro =0.18 to 4.8 for Ro =0.35 and 5.6-6.0 for Ro = 0.67.
At the leading wall the heat transfer upstream of the reat-
tachment point is observed to decrease from 2.8 for
Ro=0.18 to 1.6 for Ro =0.35 and 0.67 respectively.

Fig. 15 shows a comparison of the DES and the
URANS with LES results at Ro = 0.35. This shows that
the URANS under-predicts the heat transfer at the trailing
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side, where the turbulence is enhanced by rotation. The
heat transfer augmentation predicted by DES agrees quite
well with the LES computations. The peak heat transfer on
the trailing wall in the region of shear layer reattachment is

shifted away from the center of the duct due to the effect of
secondary flows and is captured by all three methods.
However, the URANS predicts this region further down-
stream because of the larger reattachment length. Heat
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Fig. 12. Turbulence spectrum and the signal sampled for 5.0 non-dimensional time units at the leading wall for Ro = 0.35.

transfer augmentations at the trailing wall reach values
close to 5.2 immediately upstream of the rib where the
unsteady vortices enhance the heat transfer. Both DES
and URANS tend to over-predict the spatial extent of this
region.

The flow at the leading wall is more stable than the flow
at the trailing wall and so the overall heat transfer at the
leading wall is almost half the heat transfer at the trailing
wall. Upstream of the rib, heat transfer levels are almost
2.8 times that observed in a smooth duct case. Once again,
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Fig. 13. Turbulence spectrum and the signal sampled for 5.0 non-dimensional time units at the trailing wall for Ro = 0.35.

both DES and URANS overpredict the extent and aug-
mentation in this region. The heat transfer levels drop to
values close to the smooth channel heat transfer values
immediately behind the rib, but the augmentation increases
to values close to 1.6 downstream of the reattachment

point.

The trends predicted by DES are consistent with the
LES results (Abdel-Wahab and Tafti, 2004a,b), with the
exception of the region immediately upstream of the rib
where higher levels of heat transfer are predicted. Similar
results were observed by Viswanathan and Tafti (2004,
2005¢) in a stationary duct where a larger heat transfer aug-
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Fig. 15. Heat transfer augmentation (Nu/Nuo) predicted at the leading and the trailing walls for the Ro = 0.35 case by (a) LES; (b) DES SST; (c) URANS

SST. Flow direction is from left to right.

mentation was observed immediately upstream of the rib.
On the other hand URANS results show a lot of discrep-
ancy. The most prominent deviation from LES is the
under-prediction of the heat transfer at the trailing wall
of the duct. The heat transfer distributions at the ribbed
walls are also much smoother than LES and DES
predictions.

The secondary flows in the stationary and the rotation
cases play a major role in the heat transfer at the side walls.
Along the smooth (side) walls the heat transfer increases on
moving from the trailing wall and reaches a maximum at
the top front corner of the rib as a result of the secondary
flow impingement on the wall. The heat transfer decreases
on the side walls towards the center of the channel. Though
the heat transfer patterns are the same for the stationary
and the rotation cases the magnitudes of heat transfer are
a function of the rotation.

For Ro = 0.18 (Fig. 16) the secondary flow impingement
results in levels of heat transfer as high as seven times that
in a smooth channel at the trailing wall, at the corner of the
rib and the side wall. The heat transfer decreases to values
close to 2.0 towards the center of the duct. On moving
towards the leading wall the heat transfer decreases further

and drops to values lower than unity near the leading wall
of the side wall. However secondary flow impingement
near the corner of the ribs locally results in higher heat
transfer. As the rotation increases higher heat transfer is
observed near trailing wall and lower hear transfer regions
move closer to the leading wall. This behavior is consistent
with the secondary flow features observed, i.e., stronger the
impingement more is the heat transfer at the side walls.

Fig. 17 compares the side wall heat transfer predicted by
DES and URANS with LES for Ro = 0.35. The DES pre-
dictions compare well with LES. URANS predicts compa-
rable trends except that a noticeably larger augmentation
region is predicted near the rib at the trailing wall and
the augmentation ratio is also underpredicted at the center
of the duct and in the vicinity of the trailing wall.

Fig. 18 shows a gradual increase in the average heat
transfer augmentation at the side walls as the rotation
number increases from 0 to 0.67. DES predicts these trends
accurately but slightly underpredicts the augmentation
compared to LES. URANS severely underpredicts the side
wall heat transfer at Ro = 0.18 and 0.35, while the agree-
ment is comparatively better at the highest rotation
number.
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Fig. 18. Side wall heat transfer predicted by LES, DES and URANS for
the various rotation cases.

The effect of rotation is more prominent at the leading
and the trailing walls. Results for averaged Nusselt num-
bers on the leading and trailing faces for the three rotation
numbers are compared with the experiments of Liou et al.
(2001), Parsons et al. (1994), and Wagner et al. (1992). The
experimental data of Liou et al. (2001) is at Re = 10,000 for
e/Dy, = 0.136 and P/e = 10 and Parsons et al. (1994) data is
obtained at Re = 5000 for e¢/Dy, = 0.125 and P/e = 10. The
data of Wagner et al. (1992) includes the effects of buoy-
ancy with a density ratio =0.04 for a staggered rib
arrangement with e¢/D,=0.1 and P/e=10 at Re=
25,000. Wagner’s data includes the effects of centrifugal
buoyancy which increase trailing wall heat transfer as the
rotation number increases. In all cases, fully developed
data is extracted for comparison. Fig. 19 compares the
overall heat transfer augmentations at the leading and trail-
ing walls predicted by DES and URANS cases, with the
LES computations and experimental results. DES predic-
tions agree well with experiments and LES except for the
trailing side at Ro =0.18, where the augmentation is
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Fig. 19. Comparison of average Nusselt number augmentation ratios at
the leading and trailing sides with experiments.

underpredicted by 11% compared to Parson’s data and
about 15% compared to LES. On the other hand, URANS
substantially underpredicts the trailing wall augmentation,
by as much as 30% compared to LES, at the high rotation
numbers of 0.35 and 0.67. Prediction accuracy of URANS
is similar to that of DES at the leading wall which is within
10% of LES.

8. Conclusions

Results from DES and URANS of a fully developed flow
in a 90° ribbed duct are presented for three rotation cases —
Ro =0.18, 0.35 and 0.67 at a Reynolds number of 20,000.
The computations were performed on a 64> mesh tested ear-
lier for a stationary case which is almost an order of magni-
tude less expensive than the analogous LES computation on
a 128% mesh (Abdel-Wahab and Tafti, 2004a,b).

The effect of rotation is observed by the increase in the
unsteadiness at the trailing wall due to which the reattach-
ment length decreases. Secondary flow impingement is
observed to become stronger as rotation increases. These
flow features result in an increase in the heat transfer at
the trailing wall. The peak heat transfer level increases
from a value of about 3.0 for the stationary duct to a value
of about 6.0 for the largest rotation. The overall heat trans-
fer at the trailing wall increases by almost a factor of 1.5 as
the system is rotated from rest to Ro = 0.67.

At the leading wall the opposite effect is observed. Rota-
tion damps turbulence at the leading wall resulting in larger
recirculation regions. It is observed that the recirculation
region downstream of the rib almost overlaps the recircula-
tion region upstream of the next rib. This results in low lev-

els of heat transfer at the leading wall. The heat transfer
distribution drops to values close to that in a smooth duct
for the highest rotation considered.

The heat transfer at the side walls show distributions
similar to a stationary duct. The heat transfer is high at
the corner of the rib, which is due to the impingement of
the secondary flows on the side walls. The heat transfer
decreases on moving from the trailing wall to the leading
wall. Rotation increases the magnitude of the secondary
flows and increases the heat transfer augmentation on the
side walls.

The flow and heat transfer distribution predicted by the
SST DES case is consistent with the LES predictions.
Though higher heat transfer is predicted immediately
upstream of the rib, the distribution in the other regions
are accurate. The overall heat transfer predicted also match
well with the LES predictions and the experimental obser-
vations. URANS fails to capture the effects of the Coriolis
forces at the trailing walls and underpredicts the heat
transfer.

In summary, it is concluded that DES accurately pre-
dicts the physics of the rotation dominated flow, in addi-
tion to accurately predicting separation and reattachment
and unsteady vortex induced secondary motions. The main
contribution of this paper is in establishing that DES, like
LES, can produce good quality results at a much lower cost
than an equivalent well-resolved LES. The payoffs of DES
are expected to be more at higher Reynolds numbers.
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