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Abstract

Turbulent flow through a concentric annular channel rotating around its axis is investigated numerically by use of large eddy

simulation (LES) coupled with a localized one-equation dynamic subgrid-scale (SGS) model (LDM). The objective of this study

is to investigate the behavior of turbulent flow near the inner and outer walls of the rotating concentric annular channel and to

examine the effectiveness of the LES technique for predicting the turbulent flow subjected to system rotation. The Reynolds number,

based on the global friction velocity us and the annular channel gap width d, is 640, and the rotation number N = 0–20, which is

defined as N = 2Xd/us with X being the angular velocity of the rotating annular channel. To validate the present computation,

LES on turbulent flows in a rotating pipe and in a concentric annular channel are carried out, which shows that the LES results

are in good agreement with available experimental data and direct numerical simulation (DNS) results. Then, turbulent statistics

in the rotating annular channel, including the resolved velocity, turbulence intensities, Reynolds stresses, turbulence skewness

and flatness, and flow structures near the walls, are investigated. The budgets of turbulent kinetic energy and Reynolds stresses

are calculated to examine the turbulence production rate, velocity and pressure-gradient correlation, turbulence diffusion, dissipa-

tion rate and Coriolis force term near the outer and inner walls.

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

Rotating turbulent flows have been studied exten-
sively because of its wide application in engineering,

such as those in gas turbine blade passages, nuclear reac-

tor cores, combustion systems, and rotating heat

exchangers. In these flows, the rotation induces addi-

tional body forces, i.e., centrifugal and Coriolis forces,

acting on the turbulent structures, so that the momen-

tum transfer mechanism becomes more complex. Thus,

the fundamental mechanism and main statistical charac-
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teristics of the turbulent flow near the walls need to be

investigated in detail. Usually, turbulent flow through

a concentric annular channel rotating around its axis
is a typical case among the rotating turbulent flows.

The distinctive feature of turbulent flow in the concen-

tric annular channel is that the velocity field is asymmet-

ric about the central line of annular channel. The

asymmetric velocity field results from the fact that the

local Reynolds numbers, which are defined based on

the inner and outer cylinder radii respectively, are differ-

ent near the inner and outer wall regions. It is expected
that the turbulent transport phenomena in such flows

differ from those in the symmetrical flows, such as the

plane channel flow. Even though the turbulent flow sub-

jected to system rotation has attracted considerable

mailto:xlu@ustc.edu.cn 


N.-S. Liu, X.-Y. Lu / Int. J. Heat and Fluid Flow 26 (2005) 378–392 379
interest since the Coriolis force plays an important role

to change the turbulence features, the asymmetric flow

in an axially rotating annular channel, which is specu-

lated to be different from the turbulent flow in a rotating

plane channel, still catches little attention. In the follow-

ing, the relevant work on the turbulent annular channel
flow and rotating turbulent flow is briefly reviewed.

Some experiments on turbulent annular channel flow

have been performed. Brighton (1963) and Brighton and

Jones (1964) measured the turbulence intensities and

shear stresses. Rehme (1975) investigated the turbulence

in the concentric annuli with different small radius ratios,

defined as the inner cylinder radius to the outer cylinder

radius. Nouri et al. (1993) and Escudier et al. (1995) per-
formed experiments to observe the flow characteristics of

Newtonian and non-Newtonian fluids in an annular

channel. Meanwhile, some experiments on the annular

channel flow involved heat transfer have been carried

out. Heikal et al. (1976) measured the velocity field of

heated airflow through an annular channel. Hasan

et al. (1992), Velidandla et al. (1996) and Kang et al.

(2001) took experimental studies on the velocity and tem-
perature fields of the unheated and heated turbulent li-

quid flow through a vertical concentric annular channel.

On the other hand, numerical computations have

been performed on the turbulent flow in concentric

annular channel. Hanjalic (1974) studied turbulence fea-

tures in annular ducts based on the Reynolds-averaged

Navier–Stokes equations (RANS) with a differential

transport model. Malik and Pletcher (1981) examined
the performance of some typical turbulence models on

the flow with heat transfer in the ducts. Azouz and Shir-

azi (1998) used RANS technique to calculate the turbu-

lent flow in concentric annuli, and compared their

results with the experimental data given by Nouri

et al. (1993). Zarate et al. (2001) carried out numerical

simulation with RANS method on the isothermal and

heated turbulent upflow in a vertical concentric annular
channel, with its inner wall heated. Recently, Chung

et al. (2002) performed a direct numerical simulation

(DNS) on turbulent annular channel flow at low Rey-

nolds number.

Turbulent flows in rotating reference frames are of

considerable importance in applications and fundamen-

tals. It is well known that system rotation can change the

near-wall turbulent burst events to modify the mean
velocity, turbulence intensity and Reynolds stresses.

Johnston et al. (1972) observed the rotation-induced

alteration of turbulence level in a spanwise rotating

channel, augmented in the destabilized wall region while

suppressed in the stabilized wall region. Tritton (1992)

proposed a �simplified Reynolds stress equation scheme�
(i.e., SRSE scheme) to clarify and synthesize some typi-

cal concepts underlying stabilization, destabilization
and re-stabilization, and the role of shear/Coriolis insta-

bility occurring in rotating fluid. Kristoffersen and
Andersson (1993) reported the rotation-induced large-

scale disturbances in their DNS on the spanwise rotating

channel flow, which are the Taylor–Görtler-like vortical

structures near the destabilized wall. Based on their

DNS on the rotating pipe flow, Orlandi and Fatica

(1997) claimed that system rotation modifies the size
of the near-wall vortical structures and their tilting to

the wall, which makes the turbulence in the wall region

more intermittent. Speziale et al. (2000) paid particular

attention to the closure of rotating turbulence in an axi-

ally rotating pipe. El-Samni and Kasagi (2001) investi-

gated the effects of system rotation with three

orthogonal rotating axes on the turbulent channel flow

based on their DNS. Recently, Wu and Kasagi (2004)
dealt with the effects of arbitrary directional system

rotation on turbulent channel flow in detail.

Usually, large eddy simulation (LES) technique pro-

vides an effective tool for the prediction of complex tur-

bulent flows by computing only the large-scale motion

and modeling the subgrid-scale (SGS) motion. The accu-

racy of the LESmethod depends significantly on the abil-

ity of the SGS model to characterize the interaction
between the resolved and unresolved motions. The per-

formance of the classical algebraic eddy-viscosity model

proposed by Smagorinsky (1963) showed that this model

is accurate only as long as the inertial range is resolved,

and even then the model coefficient had to be varied

for different flows, which makes the universal application

of this model questionable. Germano et al. (1991) devel-

oped a dynamic approach whereby the model coefficient
is computed as a part of the solution itself, which resulted

in a major advancement in the subgrid stress modeling.

To reasonably model the SGS stress in rotating turbu-

lence, a subgrid-scale stress model named by localized

one-equation dynamic model (LDM) is adopted to clo-

sure the filtered Navier–Stokes equations. The LDM is

proposed by Kim and Menon (1997), who used the sim-

ilarity between the subgrid-scale stress tensor and the
test-scale Leonard stress tensor, found experimentally

by Liu et al. (1994), to evaluate the dynamic model coef-

ficients. The LDM was proved to be capable to predict

complicated turbulent wall shear flows (Kim and Me-

non, 1999) and turbulent flow in a rotating duct (Pallares

and Davidson, 2000).

Here, the LDM is employed to investigate the turbu-

lent flow in an annular channel rotating about its axis.
To the best of our knowledge, however, turbulent flows

in a rotating concentric annular channel have never been

studied by means of LES method. To validate our com-

putational code, the LES coupled with the LDM are

performed on the turbulent flows in a rotating pipe

and a concentric annular channel. It is shown that the

LES results are compared well with DNS results

(Orlandi and Fatica, 1997) and experimental data
(Reich and Beer, 1989; Nouri et al., 1993). The motiva-

tion of this study is to deal with the behaviors of turbu-
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lent flow near the inner and outer walls of the rotat-

ing concentric annular channel and to examine the effec-

tiveness of the LES technique for predicting the

turbulent flow influenced by system rotation.

This paper is organized as follows. The governing

equations and the localized one-equation dynamic
SGS model are described in the next section. In Section

3, the numerical method and its validation are pre-

sented. In Section 4, LES results of the rotating annular

channel flow, including the mean velocity, turbulence

intensities and Reynolds stresses, flatness and skewness

of the velocity fluctuations, turbulence budgets of the

turbulent kinetic energy, and flow structures, are shown

and discussed. Conclusions are summarized in Section 5.
2. Governing equations

2.1. Filtered Navier–Stokes equations

In LES approach, by applying a filtering operation,

all the flow variables are decomposed into resolved
large-scale components (denoted by an overbar) and

unresolved SGS components, and the three-dimensional

resolved Navier–Stokes equations are used as the gov-

erning equations. To non-dimensionalize the governing

equations, as shown in Fig. 1, the gap width of the annu-

lar channel, d = Ro � Ri, is used as the length scale,

where Ro and Ri are the outer and inner cylinder radii

respectively, and the global friction velocity us as the
velocity scale, which is described in the following. Then,

the non-dimensional governing equations in rotating

frame are given as
Fig. 1. Sketch of the concentric annular channel.
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where Res is the Reynolds number, defined as Res = usd/

m with m being the kinematic viscosity of the fluid, N rep-
resents the rotation number N = 2Xd/us with X being the

angular velocity of the axially rotating annular channel.

sij is the SGS stress tensor,

sij ¼ uiuj � �ui�uj ð3Þ
The annular channel flow is driven by an imposed non-

dimensional mean pressure gradient dP=dz ¼ �2 along

the axial direction. As fully developed turbulent flow is

assumed here, the global velocity us is defined as

us ¼ � d
2q

dP
�

dz�

 !1=2

ð4Þ

where q is the fluid density and dP
�
=dz� identifies the

dimensional mean pressure gradient.

It is a natural choice to solve the filtered Navier–

Stokes equations in cylindrical coordinates. Following

the approach proposed by Verzicco and Orlandi (1996),
new variables qr ¼ r�mr, qh ¼ r�mh, and qz ¼ �mz are intro-

duced, where �mr, �mh and �mz represent the resolved radial,

azimuthal and axial velocity components, respectively.

The governing equations in terms of the new variables

are employed and solved numerically in this study.

Since the turbulent flow in the annular channel is as-

sumed to be fully developed, periodic boundary condi-

tion is used in the axial direction. No-slip and
no-penetration velocity boundary conditions are set on

the inner and outer walls. The solution of laminar annu-

lar channel flow with imposed random disturbances is

used as an initial flow field.
2.2. Localized one-equation dynamic subgrid-scale model

In the localized dynamic model, the grid size is used
to characterize the length scale and the velocity scale is

obtained by the SGS kinetic energy

kSGS ¼
1

2
ðukuk � �uk�ukÞ ð5Þ

Here, kSGS can be determined by solving the transport

equation for the SGS kinetic energy (Schumann, 1975;
Menon et al., 1996)

okSGS
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where the terms on the right-hand-side represent the

production, dissipation and diffusion of kSGS, respec-



N.-S. Liu, X.-Y. Lu / Int. J. Heat and Fluid Flow 26 (2005) 378–392 381
tively, and ms denotes the eddy viscosity. Then, the SGS

stress tensor sij is represented as (Yoshizawa and Hori-

uti, 1985; Piomelli, 1993)

sij ¼ �2ms�sij þ
2

3
dijkSGS ð7Þ

ms ¼ Cs
�Dk1=2SGS ð8Þ

where Cs is an adjustable coefficient to be determined

dynamically, �D is the grid filter width, and �sij is the re-

solved-scale strain rate tensor

�sij ¼
1

2
ð�ui;j þ �uj;iÞ ð9Þ

Eq. (6) is closed once the SGS dissipation rate eSGS is

modeled. Based on the scale analysis (Yoshizawa and

Horiuti, 1985; Piomelli, 1993), eSGS is usually modeled

as

eSGS ¼ Ce
k3=2SGS

�D
ð10Þ

where Ce is another coefficient which is also needed to be

determined dynamically.

To obtain the coefficients in the LDM, the procedure

to dynamically compute the model coefficients, i.e., Cs

and Ce, is taken by introducing the definition of a test
scale filter. The discretization form of the test filtering

operation is the same as that proposed by Zang et al.

(1993). Based on experimental finding (Liu et al.,

1994), the similarity between the dynamic Leonard stres-

ses, Lij ¼ ^�ui�uj � �̂ui�̂uj, and the SGS stresses allows reason-

able assumption of the similar formulation for tensors sij
and Lij,

Lij ¼ �2CsD̂k
1=2
test�̂sij þ

1

3
dijLkk ð11Þ

where ktest is the resolved kinetic energy at the test scale

and is given as

ktest ¼
1

2
ð ^�uk�uk � �̂uk �̂ukÞ ð12Þ

Here, note that ktest = Lkk/2. The energy is produced at

the large scales by �Lijðo�̂ui=oxjÞ and is dissipated by

e ¼ ðmþ msÞ
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The dynamic model coefficient Cs in Eq. (11) can be

determined by the resolved quantities at the test filter le-

vel based on the least-square method suggested by Lilly

(1992),

Cs ¼
1

2

Lijrij

rijrij
ð14Þ

and
rij ¼ �D̂k1=2test�̂sij ð15Þ
It should be noted that rij is determined completely by

the quantities at the test filter level.

Similarity between the dissipation rates eSGS at the

grid filter level and e at the test filter level is also applied

to obtain the dissipation model coefficient in the model,

i.e.,

e ¼ Ce
k3=2test

D̂
ð16Þ

Then Ce can be solved by Eq. (13) and written as

Ce ¼ D̂ðmþ msÞ
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It can be verified that the LDM is a Galilean-invariant

model and satisfies the realizability conditions proposed
by Schumann (1977). Furthermore, kSGS provides an

accurate estimation for the SGS velocity scale with re-

spect to the eddy viscosity model (Germano et al.,

1991). The additional computational cost is primarily

due to the inclusion of a transport equation for kSGS,

but the cost of the dynamic procedure is nearly the same

as that of Germano-type dynamic model.
3. Numerical method and validation

3.1. Numerical method

In the present LES, the three sub-step fractional fi-

nite different method is employed to solve the govern-

ing equations. All the spatial derivatives are
discretized by second-order central difference scheme;

the convection and viscous terms are treated by

Adams–Bashforth and Crank–Nicholson schemes,

respectively. A third order Runge-Kutta scheme is used

for time advancement. The low-storage Runge-Kutta

method has an additional advantage that the minimum

amount of computer run-time memory is required. De-

tailed description of the numerical method has been gi-
ven by Rai and Moin (1991) and Verzicco and Orlandi

(1996).
3.2. Validation

To validate the performance of the computational

code, the LES with the LDM are carried out on the tur-

bulent flows in a rotating pipe and in a concentric annu-
lar channel to compare the LES results with the

available experimental data and DNS results.

In the LES of turbulent flows in a rotating pipe, the

Reynolds number, defined as Rem = UbR/m, is 4900,
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and the rotation number, N = 2XR/Ub, is chosen as 0, 1

and 2, where Ub denotes the bulk mean velocity, X the

angular velocity and R the pipe radius. The grid number

65 · 65 · 97 in the radial, azimuthal and axial direc-

tions, respectively, is used. Meanwhile, to evaluate the

performance of the LDM on the prediction of rotating
turbulent flow, the LES coupled with dynamic Smago-

rinsky model (DSM) proposed by Germano et al.

(1991) is also performed at N = 1.

Fig. 2(a) and (b) shows the profiles of the mean axial

velocity normalized by the bulk mean velocity Ub and

the azimuthal velocity normalized by the pipe wall rotat-

ing speed, respectively, where rd = (R � r)/R. The LES

results are in good agreement with the DNS results (Or-
landi and Fatica, 1997) and experimental data (Reich

and Beer, 1989). From Fig. 2(b), it is seen that the mean

azimuthal velocity predicted by the present LES agrees

well with the DNS results and experimental data. How-

ever, because the discrepancy between DSM results and

experimental data is not small, it is somewhat difficult to

show the validity of LDM compared with DSM in Fig.

2(b). Fig. 2(c) and (d) depicts the resolved axial turbu-
lence intensity normalized by the pipe centerline velocity

UC and the resolved turbulent Reynolds stress hm0rm0zi
normalized by the wall friction velocity of the pipe flow

at N = 0, 1 and 2. The turbulence intensity and Reynolds

stress are accurately calculated by the LES near the pipe

wall and are in agreement with the DNS results. It is
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Fig. 2. Profiles of the mean axial and azimuthal velocity, axial turbulence

comparisons with the DNS results and experimental data: (a) axial velocit

Reynolds stress hm0rm0zi.
noted that the peak values of m0z rms and hm0rm0zi near the

wall predicted by DSM are somewhat larger than the re-

sults by LDM and the experimental data at N = 1. Other

turbulence statistics predicted by the present LES,

including the radial and azimuthal turbulence intensities

and the other two cross Reynolds stresses, have also
compared well with the DNS results (Orlandi and Fat-

ica, 1997) and experimental data (Reich and Beer, 1989).

To validate the present calculation further, the turbu-

lent flow in a concentric annular channel, corresponding

to both the cases of N = 0 and 20 in the following sec-

tion with the inner and outer cylinder radii being

Ro = 2 and Ri = 1 as well as the annular channel length

being Lz = 15, is calculated. Fig. 3(a) shows the distribu-
tions of the turbulence intensities at N = 0, Res = 640

(corresponding to Rem = 15,200 approximately), where

yd = (r � Ri)/(Ro � Ri). By comparing the present LES

results with the experimental data at Rem = 13,300

(Nouri et al., 1993), it is seen that the present LES re-

sults are in good agreement with the experimental data.

Meanwhile, to demonstrate that the computed results

are independent of the time steps and grid sizes, the tur-
bulence intensities at N = 20, Res = 640 calculated by

different grid numbers and time steps are shown in

Fig. 3(b); both the results agree well each other.

Furthermore, the relevant computational code used

in the present study has also been validated and verified

by our previous work (Dong et al., 2003; Dong and Lu,
(d)
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intensity, and turbulent Reynolds stress hm0rm0zi of pipe flow and their

y; (b) azimuthal velocity; (c) axial turbulence intensity; (d) turbulent
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iment data; (b) Turbulence intensities at N = 20, Res = 640 calculated

by grid number 97 · 97 · 128 and time step 0.001 (solid lines) and by

129 · 129 · 192 and time step 0.0005 (dashed lines).
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2004; Liu and Lu, 2004; Wang and Lu, 2004; Wang

et al., 2005). Thus, it is confirmed that the present com-
putational code is reliable to predict the turbulence char-

acteristics in a rotating concentric annular channel.
4. Results and discussion

Turbulent flows in a rotating concentric annular

channel are calculated for Res = 640 and N = 0–20.
Based on the careful test calculations, e.g., as typically

shown in Fig. 3, the inner and outer cylinder radii are

set as Ro = 2 and Ri = 1, and the annular channel length

is chosen as Lz = 15, which is a sufficient length to con-

tain the largest coherent structure in the axial direction.

Note that those length quantities are normalized by the

gap width of the annular channel (i.e., d = Ro � Ri), as

used in the non-dimensional governing equations early.
Based on our validated calculations with different grid

numbers and time steps, the grid system of

97 · 97 · 128 in the radial, azimuthal and axial direc-

tions is adopted. The time step Dt is chosen as 0.001.

As shown in Fig. 3(b), it has been verified that the pres-
ent calculated results are independent of the grid num-

ber and time step. To achieve fine grid resolution near

the walls, a stretching transformation is employed to

cluster the grids near the inner and outer walls in the ra-

dial direction. The distance of the first grid point from

the walls is Dr+ = 1 approximately, while the maximum

Dr+ = 15.4 in the center of the channel, where the super-

script ‘‘+’’ denotes the quantity normalized by the global
friction velocity us. Uniform mesh system is used in the

azimuthal and axial directions with the grid increments

D(Rih)
+ = 42 at the inner wall and Dz+ = 75 respectively.

4.1. Mean velocity profiles

Profiles of the mean axial velocity are shown in Fig.

4. It is seen from Fig. 4a that the magnitude of axial
velocity (or the corresponding bulk mean velocity Ub

calculated based on the axial velocity profile) decreases

with the increase of the rotation number due to the rota-

tion effect. If the mean axial velocity is re-normalized by

the bulk mean velocity Ub, as shown in Fig. 4(b), the dis-

tribution of the velocity only changes slightly in the cen-

tral region of the annular channel for different rotation

numbers. This behavior is similar to the streamwise
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rotating turbulent channel flow (El-Samni and Kasagi,

2001).

Fig. 5 shows the mean azimuthal velocity-induced by

system rotation. In the non-rotating case, as expected,
the mean azimuthal velocity is zero. While in the rotat-

ing cases, the non-zero mean azimuthal velocity in the

rotating frame appears and becomes more notable as

the rotation number increases. According to Speziale

et al. (2000), the appearance of the non-zero azimuthal

velocity indicates that there is a secondary flow in the

annular channel, which shows a significant dependence

on the rotation number. In the streamwise rotating tur-
bulent planar channel flow, antisymmetric profiles of

spanwise velocity about the planar channel centerline

were observed and characterized by four zones with

opposite spanwise motions (El-Samni and Kasagi,

2001). As shown in Fig. 5, it is noted that asymmetric

profiles of the mean azimuthal velocity with four zones

of opposite azimuthal motions are reasonably identified.

Since the rotating axis is in accordance with the direc-
tion of mean flow for both the rotating turbulent flows

mentioned above, it is reasonably predicted that the azi-

muthal motion in the axially rotating annular channel is

qualitatively similar to the spanwise motion in the

streamwise rotating planar channel. Furthermore, be-

cause the distinctive feature of the flow is the radial

asymmetry of the velocity field for the annular channel

flow, the zero locations of the profile have a tendency
to become closer to the outer wall with respect to the

streamwise rotating planar channel flow (El-Samni and

Kasagi, 2001; Wu and Kasagi, 2004).

4.2. Turbulence intensities and Reynolds stresses

Fig. 6 shows the profiles of the root-mean-square

(rms) values of the resolved velocity fluctuations (or
the resolved turbulence intensities), normalized by the

bulk mean velocity Ub, at different rotation numbers.

Slight change of the axial turbulence intensity appears

as the rotation number increases in Fig. 6(a). However,
as shown in Fig. 6(b) and (c), the radial and azimuthal
turbulence intensities with remarkable peak values near

the inner and outer walls are enhanced significantly in

the central region of the annular channel in the rotating

cases with the increase of the rotation number. This

behavior is quite well consistent with the finding of the

streamwise rotating planar channel flow (El-Samni and

Kasagi, 2001). Since no Coriolis force term appears in

the transport equation of hm02z i, where m0z represents the
resolved axial velocity fluctuation, the variation of the

turbulence intensities versus the rotation number can

be attributed to the role that the pressure–strain correla-

tion plays for turbulent energy redistribution (Moin and
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Kim, 1982). The effect of system rotation modifies sig-

nificantly the radial and azimuthal turbulence intensi-

ties, which is related to the interaction between the

Coriolis force and velocity fluctuation based on the

transport equations of hm02h i and hm02r i, where m0h and m0r de-
note the resolved azimuthal and radial velocity fluctua-
tions, respectively. The intensification of the radial and

azimuthal turbulence intensities in the central region of

the rotating annular channel indicates that the turbu-

lence there tends to be isotropic, especially at higher

rotation number. This tendency was also observed in

the rotating pipe flow (Orlandi and Fatica, 1997).

Fig. 7 shows the distributions of the resolved turbu-

lent cross Reynolds stresses hm0rm0zi at several rotation
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numbers. It is seen from Fig. 7(a) that the profiles of

hm0rm0zi change slightly for all the rotating cases. Since

hm0rm0zi is mainly related to the production rate of the axial

turbulent kinetic energy hm02z i, as shown later, slight alter-

ation of hm0rm0zi in the wall regions should be responsible

for small modification of the axial turbulence intensity
shown in Fig. 6(a).

As shown in Fig. 7(b) and (c), the rotation effect in-

duces the non-zero Reynolds stresses, hm0hm0zi and hm0hm0ri,
which are augmented obviously near the inner and outer

walls of the annular channel with the increase of the

rotation number. In the rotating cases, hm0hm0zi becomes

comparable to hm0rm0zi in the inner and outer wall regions,

which is the result of the tilting of the near-wall vortical
structures that strengthen the correlation between m0z and
m0h (Orlandi and Fatica, 1997). However, hm0hm0zi are small

in the central region of the annular channel with respect

to hm0rm0zi. According to Orlandi and Fatica (1997), the

profiles of hm0hm0ri in Fig. 7(c) indicates that the system

rotation enhances the correlation between the radial

velocity fluctuation m0r , which is generated by the near-

wall turbulence events (i.e., ejection and sweep), and
the azimuthal velocity fluctuation m0h in the wall regions.

Thus, the larger value of hm0hm0ri near the inner wall with

respect to that near the outer wall should be attributed

to the more active turbulence events there.

4.3. High-order turbulence statistics

Figs. 8 and 9 exhibit the profiles of the skewness and

flatness of the axial and radial velocity fluctuations near

the inner and outer walls. Here, the distances from the

inner wall and from the outer wall, i.e., yþi and yþo , are
defined as

yþi ¼ ðr � RiÞuis=m ð18aÞ

yþo ¼ ðRo � rÞuos=m ð18bÞ
where uis and uos are the friction velocities at the inner

and outer walls, respectively. The skewness factor S

can be used to indicate whether positive or negative

velocity fluctuation is dominant in the wall region. The
fact that Sðu0iÞ < 0 indicates that the velocity fluctuation

with u0i < 0 is dominant in probability; otherwise, the

velocity fluctuation with u0i > 0 becomes dominant.

While the flatness factor represents the intermittent

character of wall turbulence.

As shown in Fig. 8(a) and (c), Sðm0zÞ > 0 and Sðm0rÞ < 0

near the inner wall indicate that the turbulence struc-

tures with m0z > 0 and m0r < 0, i.e., the high-speed elon-
gated streaks, are attributed to scarce but strong sweep

events in the inner wall region. Similar character is

found in the outer wall region since Sðm0zÞ > 0 and

Sðm0rÞ > 0 in Fig. 8(b) and (d). It is noticed that the skew-

ness near the inner wall is higher than that near the outer

wall, which should be owed to the appreciable change of
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the orientation of the near-wall vortical structures, be-

cause the inclination of the vortical structures subject
to system rotation is responsible to the modification of

turbulence events and is relevant to the production of
Reynolds stresses hm0hm0ri and hm0hm0zi in the wall region (Or-

landi and Fatica, 1997). Based on the previous work for
the plane channel flow (Kim et al., 1987) and pipe flow

(Eggels et al., 1994), similar behavior has been found
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that the flatness and skewness of the wall-normal (or ra-

dial) velocity fluctuations vary obviously. It is observed

in Fig. 8(c) and (d) that the absolute peak values of Sðm0rÞ
near the inner and outer walls increase with the increase

of the rotation number.

Fig. 9 is the profiles of the flatness F ðm0zÞ and F ðm0rÞ.
As system rotation is imposed, F ðm0zÞ increases near the
inner wall, which suggests that the axial turbulence

fluctuation in the inner wall region becomes more

intermittent in the rotating cases according to Orlandi

and Fatica (1997). However, the reduction of F ðm0zÞ in

the outer wall region indicates that the intermittence

of the axial turbulence fluctuation decreases as the

rotation number increases. As shown in Fig. 9(c)
and (d), F ðm0rÞ near both the inner and outer walls

are monotonously enhanced with the increase of the

rotation number. This fact suggests that the radial tur-

bulence fluctuations near the walls of the annular

channel become more intermittent due to the rotation

effect.
4.4. Turbulent stress budgets

The resolved Reynolds stress budgets provide de-

tailed information of the dynamical characteristics of

turbulence subjected to system rotation, e.g., turbulence

energy production, dissipation and redistribution. Usu-

ally, the contribution of the axial Reynolds stress is

important to the turbulent kinetic energy in this asym-

metric turbulent flow, and the azimuthal turbulence
fluctuation is modified significantly in the rotating

annular channel. Thus, it is needed to investigate the

turbulence production and dissipation rate in the wall

regions based on the budgets of the axial and azimuthal

normal Reynolds stresses, i.e., hm02z i and hm02h i. On the

other hand, the cross Reynolds stress hm0hm0zi, which be-

comes comparable to hm0rm0zi in the wall regions in the

rotating cases, exhibits a remarkable dependence on sys-
tem rotation as shown in Fig. 7(b). The budget of hm0hm0zi
is also of great help to deal with the mechanism of the

rotation effect modifying hm0hm0zi in the rotating annular

channel.

According to Moin and Kim (1982), the turbulence

budgets of resolved Reynolds stresses in the rotating

cylindrical coordinates are derived from the filtered Na-

vier–Stokes equations by taking an ensemble average.
Since turbulent annular flow is assumed fully developed

and homogeneous in the azimuthal and axial directions,

both the axial and azimuthal velocity components are

non-zero. Thus, the remaining terms of the Reynolds

stress budgets considered here are, according to the

description of Moin and Kim (1982), turbulent diffusion

(TDS), production rate (PRD), velocity pressure-gradi-

ent term (VPG), viscous diffusion rate (DFS), dissipa-
tion rate (DSP) and Coriolis force term (COR), and

are presented as follows:

(1) Principal budget terms in the budget of hm02z i:

TDS (turbulent diffusion): � 1

r
oðrm0rm02z Þ

or

� �
;

PRD (production rate): �2hm0rm0zi
oh�mzi
or

;

VPG (velocity pressure-gradient term): �2 m0z
op0

oz

D E
;

DFS (viscous diffusion rate):
1

Res

1

r
o

or
rmT

om02z
or

� �� �
;

DSP (dissipation rate): � 2

Res
mT

om0z
or

� �2
* +"

þ 1

r2
mT

om0z
oh

� �2
* +

þ mT
om0z
oz

� �2
* +#

;

(2) Principal budget terms in the budget of hm02h i:

TDS (turbulent diffusion): � 1

r3
oðr3m0rm02h Þ

or

� �
;

PRD (production rate): �2hm0rm0hi
1

r
oðrh�mhiÞ

or
;

VPG (velocity pressure-gradient term): �2 m0h
1

r
op0

oh

� �
;

DSF (viscous diffusion rate):
1

Res

1

r
o

or
r3mT

o

or
m02h
r2

� �� �� �
;

DSP (dissipation rate): � 2

Res
r2 mT

o

or
m0h
r

� �� �2* +(

þ 1

r2
mT

om0h
oh

� �2
* +

þ mT
om0h
oz

� �2
* +)

;

COR (Coriolis force term): �2Nhm0hm0ri;
(3) Principal budget terms in the budget of hm0hm0zi:

TDS (turbulent diffusion): � oðm0hm0rm0zÞ
or

� �
;

PRD (production rate): � hm0rm0zi
oh�mhi
or

þ hm0rm0hi
oh�mzi
or

� �
;

VPG (velocity pressure-gradient term): � m0h
op0

oz

� �
;

DFS (viscous diffusion rate):
1

Res

1

r
o

or
rmT

om0hm
0
z

or

� �� �
;

DSP (dissipation rate): � 2

Res
mT

om0h
or

om0z
or

� ��
þ 1

r2
mT

om0h
oh

om0z
oh

� �
þ mT

om0h
oz

om0z
oz

� ��
;

COR (Coriolis force term): �Nhm0rm0zi;

where mT represents the total relative viscosity,

mT = 1 + ms/m.

Fig. 10(a), (b) and (c), (d) show the profiles of the

terms in hm02z i budget at N = 0 and 20, respectively. It is
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seen that the rotation effect suppresses the turbulence
production rate of hm02z i evidently. The profile of PRD
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a) near the inner wall at N = 0; (b) near the outer wall at N = 0; (c) near
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N = 20. It is found that the balance is achieved by the

interaction between the viscous diffusion rate (DFS)

and dissipation rate (DSP) in the wall regions for

N = 0 and 20; while in the region 10 <
yþi ðor yþo Þ < 100, the production rate plays main contri-

bution to the hm02z i budget. In the central region of the
annular channel, all the terms decay rapidly. In Fig.

10(c) and (d), the VPG term becomes comparable to

the other terms. It is due to the fact that the centrifugal

force in the rotating flow can be viewed as fictitious pres-

sure which has been absorbed into the modified pres-

sure. This feature results in that the VPG term plays

an important role in the turbulence energy redistribu-

tion, which drains the turbulence energy from the axial
turbulence fluctuation to the azimuthal and radial tur-

bulence fluctuations. All the budget terms near the inner

wall exhibit higher magnitudes compared to those near

the outer wall, which is consistent with the profiles of

the axial turbulence intensities near the walls, as shown

in Fig. 6.

The profiles of hm02h i budget terms at N = 0 and 20 are

plotted in Fig. 11(a), (b) and (c), (d), respectively. Even
though system rotation induces non-zero azimuthal

mean velocity in the annular channel, as shown in Fig.

5, the production rate in Fig. 11(c) and (d) still contrib-

utes little to the hm02h i budget at N = 20, compared to the

DFS, VPG and DSP terms. All the terms in the hm02h i
budget are smaller than those in the hm02z i budget. It is

due to the fact that the azimuthal turbulence fluctuation

is mainly generated by the sweep and ejection events re-
Fig. 12. Distributions of the budget terms in the transport equation of hm0hm0zi:
the inner wall at N = 20; (d) near the outer wall at N = 20.
lated to the high- and low-speed elongated streaks in the

walls regions, while the axial turbulence fluctuation is

generated by the intensive mean flow shear. In both

the non-rotating and rotating cases, the VPG term acts

as a positive source term to the budget of hm02h i. The con-
tribution of the VPG term to hm02h i is mainly balanced by
the DSP term in the region 8 < yþi ðor yþo Þ < 120. It is

found that system rotation enhances the VPG term near

the inner wall, while suppresses that near the outer wall.

The Coriolis force term contributes little to the budget

of hm02h i over the channel as shown in Fig. 11(c) and

(d). This behavior is relevant to the distribution of

hm0hm0ri that is the smallest one of the Reynolds stresses

in the rotating cases, as shown in Fig. 7(c).
The budgets of cross Reynolds stress hm0hm0zi are shown

in Fig. 12. At N = 0, the turbulent diffusion (TDS) and

production rate (PRD) are the dominant terms to the

hm0hm0zi budget. Since the rotation effect modifies signifi-

cantly the near-wall distribution of hm0hm0zi by enhancing

the correlation between m0z and m0h, all the terms of the

hm0hm0zi budget shown in Fig. 12(c) and (d) are augmented

remarkably in the rotating cases and are responsible to
the balance of hm0hm0zi budget. The VPG term varies shar-

ply near the walls with the peak values about �28 near

the inner wall and 12 near the outer wall. Fig. 12(c) and

(d) show that the Coriolis force term is also considerably

contributed to the hm0hm0zi budget near the walls.
(a) near the inner wall at N = 0; (b) near the outer wall at N = 0; (c) near



Fig. 13. Contours of instantaneous azimuthal velocity fluctuation in the (h, z)-plane near the inner wall (yþi ¼ 6:4) and near the outer wall (yþo ¼ 6:4):

(a) yþi ¼ 6:4, N = 0; (b) yþo ¼ 6:4, N = 0; (c) yþi ¼ 6:4, N = 20; (d) yþo ¼ 6:4, N = 20. Here, the increment of contour is 0.8.

Fig. 14. Contours of instantaneous axial velocity fluctuation in the (h,z)-plane near the inner wall (yþi ¼ 6:4) and near the outer wall (yþo ¼ 6:4):

(a) yþi ¼ 6:4, N = 0; (b) yþo ¼ 6:4, N = 0; (c) yþi ¼ 6:4, N = 20; (c) yþo ¼ 6:4, N = 20. Here, the increment of contour is 3.
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4.5. Flow structures

Contours of the instantaneous azimuthal and axial

velocity fluctuations are of great help in revealing the

influence of the rotation effect on turbulence coherent

structures in the wall regions. Figs. 13 and 14 show

the contours of the instantaneous azimuthal and axial
velocity fluctuations in the (h,z)-plane at yþi ¼ 6:4 (i.e.,

near the inner wall) and yþo ¼ 6:4 (i.e., near the outer

wall) at N = 0 and 20, respectively. The patterns clearly

illustrate the evolution of turbulent intensities with

dense streaky structures near the inner wall in Figs.

13(c) and 14(c), compared to the streaky structures near
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the outer wall in Figs. 13(d) and 14(d), which is consis-

tent with the turbulence intensity distributions in Fig. 6.

Compared to the flow structures of the non-rotating

case in Figs. 13(a), (b) and 14(a), (b), the scale of the

streaky structures in the axial direction increases with

the increase of the rotation number. It means that the
rotation effect increases the scale of the vortical struc-

tures in the axial direction, which corresponds to a shift

of turbulence energy distribution towards low wave

number in spectral space. The transfer of turbulence en-

ergy from large scales to small ones is reduced due to the

Coriolis force (Tritton, 1992). As shown in Fig. 5, the

mean azimuthal velocity is negative near the inner wall

and positive near the outer wall. Thus, as expected, it
is seen that the upward inclination of the streaky struc-

tures appears near the inner wall in Fig. 13(c) and the

downward inclination near the outer wall in Fig.

13(d). The inclination of the vortical structures near

the walls is closely relevant to the dynamical character-

istics of turbulence in the near-wall regions (Orlandi and

Fatica, 1997).
5. Concluding remarks

Turbulent flows in a rotating concentric annular

channel are investigated numerically by means of LES

technique coupled with a localized one-equation dy-

namic subgrid-scale model. The decisive validation of

the present approach has been achieved by comparing
our calculated results with available DNS and experi-

mental data for turbulent flows in a rotating pipe and

in a concentric annular channel. Based on the present

calculated results, it is found that the bulk mean axial

velocity decreases; a non-zero azimuthal velocity arises

and its magnitude increases with the increase of the rota-

tion number. The rotation effect exhibits slight influence

on the axial turbulence intensity but has significant
change on the radial and azimuthal turbulence intensi-

ties. As the rotation number increases, the radial and azi-

muthal turbulence intensities are enhanced in the central

region of the annular channel, and their peak values near

the inner and outer walls increase. Meanwhile, the vari-

ation of the resolved Reynolds stresses, hm0hm0zi and hm0hm0ri,
is appreciable due to the rotation effect. The peak mag-

nitudes of hm0hm0zi become comparable to those of hm0rm0zi
near the inner and outer walls; it can be explained as a

result of the tilting of the near-wall vortical structures

that enhance the correlation between m0z and m0h. In the

rotating annular channel, the turbulence near the inner

wall becomes more intermittent compared to that near

the outer wall. The budgets of Reynolds stresses are cal-

culated to examine the turbulence production rate,

velocity and pressure gradient term, turbulent diffusion,
dissipation rate and Coriolis force term near the walls.

The Coriolis force term contributes to the balance of
the hm02h i and hm0hm0zi budget and becomes more important

with the increase of the rotation number. Flow patterns

based on the instantaneous velocity fluctuations are

investigated to exhibit the influence of the rotation effect

on turbulence structures near the wall regions.
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