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Abstract

Large eddy simulation of rotating channel and ribbed channel flows with and without heat transfer is reported. The

rotation axis is parallel to the spanwise direction of the parallel plate channel. An implicit finite-volume scheme was

used to solve the preconditioned time-dependent filtered Navier–Stokes equations using a dynamic subgrid-scale model

to account for the subgrid-scale effects. The distribution of mean velocity and mean temperature were influenced by

system rotation, transforming from a symmetric profile into a non-symmetric profile. The shift of peak values was

toward the stable side of the channel.

Near the stable (leading) side, the turbulent intensities and heat transfer were suppressed, but turbulence was en-

hanced with increasing shear stress and turbulent kinetic energy near the unstable (trailing) side.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Turbulent rotating flows are of considerable interest

in a variety of industrial, geophysical and astrophysical

applications. Examples are natural flows like ocean

currents, estuaries and atmospheric boundary layers,

and engineering flows in rotating devices such as tur-

bines, pumps, compressors and cyclone separators. It is

well known that system rotation affects both the mean

motion and the turbulence statistics. Many rotational-

induced flow phenomena have been reviewed by Tritton

[1] and Hopfinger [2].

System rotation influences turbulence in several

ways: for example, it may decrease energy transfer from

large to small scales or reduce turbulence dissipation and

the decay rate of turbulence energy. In rotating channel
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flow, system rotation can both stabilize and destabilize

the flow. On the unstable side, Coriolis forces enhance

turbulence production and increase the intensity of

turbulence, while on the stable side, Coriolis forces re-

duce turbulence production and decrease the intensity of

turbulence (Piomelli [3]).

Most large eddy simulations (LES) of flows with heat

transfer reported to date employed an incompressible

formulation and treated temperature as a passive scalar.

However, compressible formulations have been em-

ployed in a few recent works (Moin et al. [4] and Dailey

et al. [5]) where the coupling between velocity and

temperature fields were considered.

Rotating channel flows have been investigated

experimentally (Johnston [6]; Han et al. [7]) and

numerically (Piomelli [3]; Kristofferson and Anderson

[8]). However, very little information is available for

rotating channel flow with heat transfer, especially from

the LES or DNS community.

The flow over two and/or three-dimensional obsta-

cles of different shapes and sizes with and without
ed.
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Nomenclature

Cd;CI dynamic subgrid-scale model coefficients

G filter function

Gr Grashof number

h heat transfer coefficient, or specific enthalpy

Lref reference length

Ma Mach number

m pseudo-time index

Nu Nusselt number ð¼ 2hðr2 � r1Þ=kbÞ
n physical time index

ni; nj; nk control volume number in streamwise, ra-

dius and circumferential directions

~n unit normal vector

pp periodic component of the pressure

Pr Prandtl number ð¼ lcp=kÞ
Prt turbulent Prandtl number

qj heat flux vector

R gas constant

Re generic Reynolds number

Sij strain rate tensor

T thermodynamic temperature

Tb bulk temperature

Tij test filtered stress tensor

t physical time

½U � vector of conserved variables

us friction velocity ð¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
sw=qw

p
Þ

u; v;w Cartesian velocity components in x; y; z
directions

x; y; z Cartesian coordinates

Greek symbols

c ratio of specific heats

D grid filter width

D̂ test filter width

d Kronecker delta

l molecular dynamic viscosity

lt subgrid-scale turbulent viscosity

m molecular kinematic viscosity ð¼ l=qÞ
mt subgrid-scale turbulent kinematic viscosity

q thermodynamic density

rij shear stress tensor

sij subgrid-scale stress tensor

X cell volume

Subscripts

b bulk property

i; j; k indices for Cartesian coordinates

p periodic component

rms root-mean-square

w wall value

x; y; z associated with Cartesian direction

Superscripts and other symbols
0 fluctuation with respect to ensemble aver-

age, or unresolved or subgrid-scale compo-

nent of filtered quantity

–– resolved or large scale component of filtered

quantitye resolved or large scale component of Favre

filtered quantityb nonlinear function of Favre filtered quantity

< > ensemble averaged quantity
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rotation have been studied extensively by numerous

investigators due to its importance to engineering

applications. Among these are flows in turbines, pumps,

diffusers, and electronic components (Matsubara and

Alfreson [9]). In many of these applications, enhanced

surfaces and rotation significantly alter the structure of

the turbulence. Han et al. [10] conducted an experi-

mental study to investigate the effect of rib geometry on

friction factor and Stanton number for turbulent flow. It

was found that the shape of the rib affected the friction

factor, while a modest effect was observed on the heat

transfer.

Bergeles and Athanassiadis [11] studied the influence

of the streamwise length of a rib on reattachment length

and showed that a sudden decrease in reattachment

length from 11 to 3 rib heights was observed when the

length to height ratio of a rib was greater than 4.

Sparrow and Tao [12] used the naphthalene sublimation

technique in flat rectangular channels of large aspect
ratios with obstacles situated on one of the walls of the

channel and oriented transversely to the flow direction.

The results showed a substantial enhancement of Sher-

wood numbers (Sh) compared with the smooth-wall
duct. Drain and Martin [13] performed laser Doppler

velocimetry (LDV) measurements of the fully developed

water flow in a rectangular duct with one surface

roughened with a periodic array of elements. They

found that the k–� turbulence model tended to seriously
underestimate the reattachment length, which is an

important indicator of turbulence structure.

According to Wagner et al. [14], approximately 75%

of the estimated uncertainty in calculating the heat

transfer coefficient was due to the temperature mea-

surement error. Furthermore, it can be very difficult and

expensive to obtain detailed information about the flow

distribution in a ribbed rotating passage experimentally.

Large eddy simulation presents an attractive alternative

to experiments for studying details of such flows. The
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goal of the present study was to perform a large eddy

simulation of rotating turbulent flow in a plane channel

with and without transverse square ribs on the walls.

Periodic and step periodic (Dailey et al. [5]) boundary

conditions were used at the inflow and outflow bound-

aries since fully developed channel flows were consid-

ered. This assumption allows the computed domain to

be limited to the region between two adjacent ribs so

that a reasonable computational grid can be used.
2. Governing equations

The governing equations for large eddy simulation

were obtained by filtering the unsteady three-dimen-

sional compressible Navier–Stokes equations. The filter,

which separates the effects of the large-scale and small-

scale motions, can be written in terms of a convolution

integral as

�f ð~x; tÞ ¼
Z
D
Gð~x�~nÞf ð~n; tÞd~n ð1Þ

where G is some spatial filter with a width on the order
of the grid spacing, and D is the flow domain.
For compressible flows, the Favre-averaged filter is

introduced which can be defined by

ef ¼ qf
�q
: ð2Þ

The resulting equations were non-dimensionalized

with respect to a reference length d, velocity Vr, density
qr, and viscosity lr. For the simulations in this paper, d
is the half height of the channel, and Vr is the bulk
velocity at the inlet. The resulting Favre-filtered non-

dimensional compressible forms of equations for con-

servation of mass, momentum are given as below:

o�q
ot

þ oð�q~uiÞ
oxi

¼ 0 ð3Þ

oð�q~uiÞ
ot

þ oð�q~ui~ujÞ
oxj

¼ � o�p
oxi

þ oer ij

oxj
� osij

oxj
þ 2�ij3X euj ð4Þ

Vreman et al. [15] derived a conservative form of the

energy equation as below,

oð�q~EÞ
ot

þ o½ð�q~E þ �pÞ~uj�
oxj

¼ � oð~ui~rijÞ
oxj

� o~qj
oxj

� oqtj
oxj

� a � p � � ð5Þ

In the equations above, 2�ij3X euj represents the

Coriolis force, �ij3 is Levi–Civita’s alternating tensor and
X is the angular velocity of the system. The resolved

total energy is ~E ¼ Cv~T þ 1
2
~ui~ui, the viscous stress tensor

is
er ij ¼
2l
ReL

ðeSijÞ ð6Þ

and the strain rate tensor and heat flux vectors are

eSij ¼
1

2

o~ui
oxj

 
þ o~uj

oxi

!
ð7Þ

~qj ¼ � cp
ReL

l
Pr

o~T
oxj

ð8Þ

and the Favre filtered equation of state is �p ¼ �qReT . The
viscosity l and thermal conductivity k were evaluated by
using the power law.

l
l0

¼ T
T0

� 	0:7
;

k
k0

¼ T
T0

� 	0:7
ð9Þ

The effects of the small scales are present in the above

equations through the SGS stress tensor in the filtered

momentum equation

sij ¼ �qðguiuj � ~ui~ujÞ: ð10Þ

and the SGS heat flux and other quantities in the filtered

energy equation,

qtj ¼ �qcvðfTuj � ~T~ujÞ; ð11Þ

a ¼ ~ui
oð�qsijÞ
oxj

; ð12Þ

p ¼ p
oui
xi

� �p
o~ui
oxi

; ð13Þ

� ¼ rij
ouj
xi

�frij
o~ui
oxj

: ð14Þ

For this research, the first three terms on the right

hand side of the energy equation were computed, but the

remaining three terms (a; p; �) were neglected due to their
relative smaller magnitudes.
3. Numerical method

In the present research, a compressible LES formu-

lation was used, which also permitted the subgrid-scale

turbulent Prandtl number to be computed dynamically.

A finite volume method was used to numerically solve

the governing equations. The code used Cartesian

hexahedral control volumes, and solved for the primitive

variables ðp; u; v;w; T Þ that were stored at the cell cen-
ters. Besides the physical time integration, pseudo time

iterations were performed to resolve nonlinearities in the

algebraic formulation and to implement the low Mach

number preconditioning using an implicit LU-SGS

scheme. The low Mach number preconditioning was

used to enable the compressible code to work efficiently
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Fig. 1. Streamwise, normal, and spanwise velocity rms distri-

butions, isothermal case.
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at nearly incompressible speeds. The solver is second-

order accurate in both space and time (Dailey and

Pletcher [16]). The multiblock code was parallelized

using the message passing interface (MPI). The com-

putations were carried out on an IBM SP2 (Minnesota

Supercomputing Institute) using 17 processors.

When property variations are taken into account,

flows with heating or cooling do not attain a fully-

developed state. However, experiments show that far

downstream of the entry region, a slowly evolving quasi-

developed state exists. Dailey [16] showed that a short

section of the downstream region could be computed

in a ‘‘stepwise periodic’’ manner with the following

streamwise boundary conditions.

quð0; yÞ ¼ quðLx; yÞ
vð0; yÞ ¼ vðLx; yÞ
wð0; yÞ ¼ wðLx; yÞ
ppð0; yÞ ¼ ppðLx; yÞ
T ð0; yÞ ¼ T ðLx; yÞ � DTx

ð15Þ

where Lx is the length of the computation domain in the

streamwise direction and �pp is the periodic component of
the pressure �pðx; y; z; tÞ ¼ bxþ �ppðx; y; z; tÞ, where b is the
average streamwise pressure gradient. The temperature

difference DTx is computed from an energy balance uti-

lizing the uniform heat flux imposed and the mass flux.

All primitive variables (~p; ~ui; ~T ) were assumed to be
periodic in the spanwise (z) direction.
The conventional Reynolds (or ensemble) average of

a quantity is denoted as h i, and the Favre ensemble
average as f g, where
ff g ¼ hqf i=hqi: ð16Þ

A single prime (0), and a double prime (00), denote the

turbulent fluctuations with respect to the Reynolds or

Favre ensemble average, respectively.

The velocity fluctuations were obtained at each time

step as

~u0iðx; yÞ ¼ ~uiðx; yÞ � h~uiizðx; yÞ ð17Þ

where h iz denotes an average in the z direction only. The
ensemble averaged root-mean-square (rms) values were

subsequently obtained as

~urmsðx; yÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< ~u0ðx; yÞ2 >

Nstat

s
ð18Þ

where < > denotes an average in z and in time, and Nstat
is the number of time steps used to compute the statis-

tics. The rotating channel flow simulation began with a

fully-developed channel flow solution obtained from

previous research, and needed about 10,000 physical

time steps to become statistically stationary under the

influence of the system rotation. The turbulent statistics
(e.g. ~urms) were collected over the following 10,000

physical time steps.
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Shear stress and heat flux distributions were also

computed as part of the turbulence statistics. The com-

puted shear stress contributions were

sres ¼ � < q~u00~v00 > ð19Þ

svis ¼ � <
l
Re

o~u
oy

> ð20Þ

ssgs ¼ � < lt
o~u
oy

> ð21Þ

where sres is the resolvable Reynolds shear stress, svis is
the viscous shear stress, and ssgs is the modeled SGS
stress. Similarly, the computed heat flux contributions

were

qres ¼ � < q~v00eT 00 > ð22Þ

qcon ¼ � <
lcp
RePr

oeT
oy

> ð23Þ

qsgs ¼ � <
ltcv
Prt

oeT
oy

> ð24Þ

where qres is the resolvable turbulent heat flux, qcon is the
heat conduction, and qsgs is the modeled SGS heat flux.
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Fig. 2. Profiles of U velocity in global and semi-local coordi-
4. Dynamic subgrid scale stress model

Dynamic modeling of the subgrid-scale stresses was

introduced by Germano et al. [17]. Unlike the Smago-

rinsky model, the model coefficients, Cd, and CI, are
computed dynamically as the computation progresses.

Before the dynamic model coefficients are introduced,

a test filter should be given by

f̂ ðxÞ ¼
Z
D
f ðx0ÞbGðx; x0Þdx0 ð25Þ

where bG is the test filter. In this work, the test filter was
two times larger than the filter function G. The dynamic
model for this research was based on Wang’s [18] deri-

vation. By use of Lilly’s [19] approach, the unknown

parameters, Cd, and CI can be determined as

Cd ¼
�1
2D2

< DijPij >
< PijPij >

ð26Þ

CI ¼
1

D2
< q deuk euk � ðdq euk dq euk =q̂Þ >

^ ^ 2 e 2
ð27Þ
< 2ðqajSj � qjS j Þ >

Table 1

Summary of the numerical calculations

Case us;top us;bot
DT
Tb

Low heating 0.0701 0.0470 )0.0585
High heating 0.0889 0.0759 )0.594
High cooling 0.0686 0.0263 +0.471
where < > denotes spatial averaging along the stream-

wise and spanwise directions of the flow, jSj is the
magnitude of the strain rate tensor, D is the filtered

width ð¼ ðDxDyDzÞÞ1=3, and a is the strain grid ratio

ð¼ D̂=DÞ. The superscripts (̂; �; ~) denote the nonlinear
function of a Favre filtered quantity, large scale com-

ponent of filtered quantity, and large scale component of

Favre filtered quantity, respectively. Dij and Pij are de-
fined as
Nutop Nubot Cf ;top Cf ;bot

60.04 20.70 0.00551 0.00228

66.29 18.47 0.00587 0.00279

62.14 18.57 0.00544 0.00212

nates.
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Dij ¼
qdeui euj �dqeuid�q eujbq � 1

3
ðTkk � cskk Þdij ð28Þ
Pij ¼ q̂j~̂Sj ceSij

�
� 1
3

ceSkkdij

	
� �qjeS j eSij

��
� 1
3
eSkkdij

	�
ð29Þ

Many researchers neglect the isotropic part of SGS

stress tensor on the grounds that it is not only negligible

compared to the thermodynamic pressure, but also the

calculation is unstable if the isotropic part of the SGS

stress tensor is not neglected (Moin et al. [4]; Vreman

et al. [15]) Therefore, CI was set to zero in this study.
The turbulent heat flux in the energy equation needs

to be modeled following Wang [18].

qtj ¼ �qmH
oeT
oxj

ð30Þ
where the SGS eddy heat diffusivity is

mH ¼ �CdD
2

Prt
jeSijj ð31Þ

and the turbulent Prandtl number (Prt) is

Prt ¼ �CdD
2 < FkFk >
< EkFk >

ð32Þ

Ek and Fk are defined as

Ek ¼
1

q̂
dq euk cqeT � dq̂ euk eT ð33Þ

Fk ¼ �̂D
2
�̂qjêS j obeT

oxk
� D

2
q

d
jeS j oeT

oxk
ð34Þ
5. Results and discussion

5.1. Channel flows without ribs

The simulations were run with a domain size of

2p · 2 ·p with a grid that had 48· 64 · 48 control vol-
umes in the x, y and z directions, respectively. A grid

study (Dailey [5]) has shown that for low heating sim-

ulations without rotation, this grid size provided accu-

rate results compared to DNS and experimental data.

The near wall region is well-resolved. For the high

heating case, the yþ (based on averaged friction velocity)
at the first grid point near the wall is less than 0.5.

No-slip velocity and zero normal pressure gradient

boundary conditions were enforced at the upper and

lower walls. The isoflux thermal wall boundary condi-

tions were used for both walls. The dimensionless wall

heat flux (qw ¼ q�w
CpqrefUrefTref

) was kept at 2· 10�4 for the
low heating case, and kept at 2 · 10�3 and )2· 10�3 for
high heating and high cooling cases, respectively.

Calculations were performed for four different cases:

no heat transfer, low heating, high heating, and high

cooling. The Reynolds number Re ¼ Uð2dÞ=m (based on
the channel width, 2d, and reference velocity, U ) was
5600, and the rotation number Rob ¼ jXjð2dÞ=U was

0.144. (Note that Rossby number is defined as

Ro ¼ U=ð2jXjDH Þ, which is a quarter of the inverse of
the rotation number Rob.)
The results from the first case were compared with

the DNS results (grid 96· 97· 128) of Piomelli [3]
for the isothermal rotating channel flow with

Reb ¼ Ubð2dÞ=m ¼ 5700 and Rob ¼ 0:144. Since it was
found from previous LES simulations that the contri-

bution of SGS model to turbulent flux is small, it is

interesting to do a simulation (coarse grid DNS) without

any model using the same grid resolution as that of LES

(48� 64� 48).
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Fig. 1 shows the rms distributions (normalized by the

average value of us on two walls) for velocity fluctuations

in x, y, and z directions, respectively. The rms fluctuations
are enhanced near the unstable side (trailing, y ¼ 1:0) but
reduced near the stable side of the channel (leading,

y ¼ �1:0). It is noticeable that the profile of vrms becomes
a one-peak distribution instead of the two-peak distri-

bution obtained without rotation. This is also due to the

fact that the Coriolis force acts in the y direction. These
results agree well with those of Piomelli’s [3], validating

the current LES formulation. The coarse grid DNS data,

in general, slightly overestimate velocity fluctuations

compared with the LES data. There is an overshoot for

the coarse grid DNS in the prediction of velocity fluctu-

ations near the upper (top) wall. The reasonmight be that

the current grid resolution (48� 64� 48) is not fine en-
ough for DNS. LES has better damping behavior at the

near wall region with the aid of the SGS model.

Table 1 lists some parameters at both walls where the

friction velocity is
us ¼
ffiffiffiffiffiffi
sw
qw

r
ð35Þ

DT ¼ Tw;top � Tw;bot is the temperature change across
the normal direction, and Tb is the bulk temperature.
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Table 2

Parameters for three rotational cases

Case Rob qw

I 0.00 (no rotation) 2· 10�3
II 0.15 (medium rotation) 2· 10�3
III 0.30 (high rotation) 2· 10�3
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Tb ¼
R 1
�1 quT dyR 1
�1 qudy

ð36Þ

The Nusselt numbers and the friction coefficient are

defined as
Nu ¼ 2hd
kb

ð37Þ

Cf ¼
sw

1
2
qbU

2
b

ð38Þ
where h is the heat transfer coefficient, kb the bulk
thermal conductivity, qb and Ub are the bulk density and
velocity, respectively.

The ratio of friction velocity at the top wall to that at

the bottom wall is approximately 2.6, 1.5, and 1.2 for

high cooling, low heating, and high heating, respectively.

The high cooling case reacted most strongly to the sys-

tem rotation as indicated by the significant difference

between its two friction velocities. The low heating case

has a relative temperature change (DT=Tb) of 5.85%, but
the high heating and high cooling case have much larger

temperature change, namely, 59.4% and 47.1%, respec-

tively. It is found that Nusselt number at the top wall (or

the unstable side) is slightly more than three times as

large as that at the bottom wall (or the stable side).

Friction coefficients at the top wall are around two times

larger than those at the bottom wall.

Fig. 2 illustrates the streamwise velocity profiles for

high heating (HH), high cooling (HC) and low heating

(LH) cases in global and semi-local coordinate systems.

The influence of rotation is reflected in the asymmetric

distribution of velocities for all three cases. The U
velocity profile for HC is above that of LH, but the

profile for HH is below that of LH. This is, in part,

because in the figures the streamwise velocity has been

normalized by the average of us at the two walls and us is

significantly influenced by property variations in the

flow.

Huang et al. [20] have proposed a semi-local defini-

tion of friction velocity, in which the local density is used

instead of the wall density.

u�s ¼
ffiffiffiffiffi
sw
q

r
When u�s is used to replace us, the resulting semi-local

distribution shows that the three profiles collapsed to-

ward the low heating curve.

The mean temperature profiles are plotted in global

coordinates and semi-local coordinates in Fig. 3. The

Ts and T �
s are defined as below,
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Ts ¼
qw

qwcpus
; T �

s ¼ qw
qðyÞcpu�s

ð39Þ
As for the velocity profiles, the high heating and high

cooling temperature profiles in global coordinates de-

parted from the low heating results. However, the

spread in the curves is greatly decreased when semi-local

coordinates are used. Again, non-symmetry has been

observed in those averaged temperature distributions.

The root-mean-squares of the velocity fluctuations

with respect to Reynolds ensemble averages are plotted

in global coordinates in Fig. 4. Again, larger velocity

fluctuations were found near the unstable side as a

consequence of rotation, and the high heating and

cooling values varied significantly from the low heating

result. Again, the values are normalized by the average

of us for the two walls.

Fig. 5 shows the viscous, resolved, and modeled SGS

shear stress distributions normalized by the average of

the two wall shear stresses. The results indicate that

rotation increased the shear stress near the unstable side

but suppressed the shear stress near the stable side.

Fig. 6 shows the heat conduction, resolved turbu-

lent heat flux and modeled SGS heat flux distribu-

tions normalized by the wall heat flux. The same trends

were observed as for the shear stress distributions, sug-

gesting that heat transfer was increased near the unsta-

ble side but decreased near the stable side because of

rotation.
5.2. Channel flows with ribs

The geometry and coordinate system for the ribbed

channel cases are depicted in Fig. 7. The ribs were di-

rectly opposed and aligned normal to the main flow

direction. The ratio of rib spacing to rib height was 10

and rib height to channel height was 0.1. Calculations
were performed for three different cases with a

(72 � 62 � 72) grid size: no rotation, medium rotation,

and high rotation. Uniform heat flux was applied to the

channel to investigate the effects of property variations

with temperature. The Reynolds number was 5600. The

detailed information is given in Table 2.

Fig. 8 shows the corresponding rms distributions for

turbulent intensities in the x, y, and z directions at sec-
tion A. As we observed earlier, the Coriolis force tends

to reduce and enhance the turbulent intensities near the

stable side, and unstable side, respectively.

The friction coefficient (Cf ) and the Nusselt number
(Nu) along the wall at sections B and C are shown in Fig.
9. Since the profile is symmetric, only one distribution of

Cf is shown for Case I. The reattachment length varied
with different rotation numbers. Increasing rotation led

to a decrease (or increase) in the reattachment length on

the unstable (stable) side because the Coriolis force in-

creases (decreases) turbulent mixing near the unstable

(stable) side. The enhanced mixing on the unstable side

resulted in higher levels of Nusselt number as can be

seen in Fig. 9.

Overall, the Nusselt number increases rapidly and

reaches a local maximum near the upstream corner of

the rib where high levels of turbulent intensities are

observed. Then, the Nusselt number decreases near the

top of the rib. The Nusselt number keeps decreasing

along the rear face of the rib due to the recirculation and

increases to the second local maximum near reattach-

ment. The heat transfer on the top of the rib increases

about 35% compared to stationary (non-rotating) case

near the unstable side, but decreases about 20% near the

stable side. Similar order of magnitude differences

compared to the stationary case are noticed in the

downstream region. The flow pattern of streamlines for

Case I (no rotation) and Case III (high rotation) are

shown in Fig. 10. The separation bubbles on the front

and rear faces of the ribs are clearly visible. Due to the

large increasing pressure gradient on the top of the ribs,
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a small separation is induced (see Fig. 9). Behind the

ribs, a rapid rise of the static pressure causes a larger
separation region. For Case I, the reattachment length

of the separation region is about 5h (5 · rib height) for
both walls, but it is about 3h near the unstable side and

5.5h near the stable side for Case III.
6. Conclusions

The LES results (mean velocity and velocity fluctu-

ations) agree well with Piomelli’s [3] DNS data for the

incompressible isothermal rotating channel flow at a

rotation number of 0:144.
Turbulent channel flow with low heating was calcu-

lated. Additionally, turbulent channel flows with con-

stant wall heating or cooling rates of magnitudes large

enough to cause significant variation in the temperature-

dependent fluid properties were simulated. All those
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simulations were performed under the influence of

spanwise system rotation.

In general, the system rotation was found to suppress

turbulent velocity fluctuations and shear stress near the

stable side of the channel, but enhance those fluctuations

and shear stress near the unstable side. Accordingly,

turbulent temperature fluctuations and turbulent heat

flux are decreased near the stable side of the channel, but

increased near the unstable side of the channel. The

streamwise and spanwise rms velocity fluctuations can

be seen to differ by about a factor of two near the two

walls. The ratio of wall shear stress and heat flux on the

two sides ranged between a factor of 2 and 3. The ratio

of Nusselt numbers at the two walls was very nearly a

factor of 3 as can be seen from Table 1.

The coarse grid DNS gave nearly as good results as

LES, except that it overestimated the velocity fluctua-

tions near the wall due to its lack of a dissipation

mechanism. In addition, using semi-local coordinates

instead of wall coordinates tends to collapse curves of

high heating and low heating into that of low heating. It
is interesting, too, that the distribution of rms of V
velocity is changed significantly (from a two-peak profile

to a one-peak profile) due to the Coriolis force acting in

the y direction.
An investigation was also conducted on the effects of

rotation on the heat transfer in a ribbed channel flow

using large eddy simulation. Very consistent results were

obtained indicating that rotation stabilizes the leading

side and unstabilizes the trailing side. Urms, Vrms, Wrms,
and friction factor, all consistently show that the tur-

bulence structure is greatly altered by the rotation. The

turbulence intensity is significantly higher near the

unstable side. The reattachment length also shows sen-

sitivity to rotation. The reattachment length on the

stable side is increased due to the laminarization, while it

is decreased on the unstable side. Rotation also influ-

ences the heat transfer in the flow. With rotation, the

heat transfer was greatly enhanced on the unstable side

and reduced on the stable side. It is found that the

temperature profile is no longer symmetric due to the

Coriolis force.
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