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SUMMARY

Fully developed turbulent concentric annular channel �ow has been investigated numerically by use of
large eddy simulation (LES) technique coupled with a localized one-equation dynamic subgrid-scale
(SGS) model. The objective of this study is to deal with the behaviour of turbulent �ow near the inner
and outer walls of the concentric annular channel and to examine the e�ectiveness of LES technique
for predicting the turbulent �ow in�uenced by the transverse curvature e�ect. The computations are
performed for the Reynolds number Re�=180, 395 and 640, based on an averaged friction velocity and
the annular channel width with the inner and outer cylinder radius being Ri = 1 and Ro = 2. To validate
the present approach, calculated results for turbulent pipe �ow and concentric annular channel �ow are
compared with available experimental data and direct numerical simulation results, which con�rms that
the present approach can be used to study turbulent concentric annular channel �ow satisfactorily. To
elucidate turbulence characteristics in the concentric annular channel, some typical quantities, including
the resolved velocity, turbulence intensity, turbulent eddy viscosity, SGS kinetic energy, SGS dissipation
rate, Reynolds stress budgets, and turbulence structures based on the velocity �uctuations, are analysed.
Copyright ? 2004 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Turbulent �ow in a concentric annular channel is of great importance because of its extensive
applications in engineering, for example, heat exchangers, nuclear reactor cores, combustion
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systems. Some work has been done to understand the characteristics of such turbulent �ow
and to model the �ow �eld for the design of more e�cient equipment. Usually, �ow in a
parallel channel generates a symmetrical velocity pro�le and makes the positions of zero shear
stress and maximum velocity coincident. However, the �ow in a concentric annular channel
is an asymmetric �ow. The asymmetric velocity pro�les result from the interaction of two
�ow zones with di�erent Reynolds numbers based on the outer and inner cylinder radius,
respectively. The transverse curvature alters signi�cantly the overall characteristics of the wall
bounded turbulence structure in the vicinity of the inner and outer walls when changing the
radius ratio �=Ri=Ro with Ri and Ro being the inner and outer cylinder radius. It is expected
that turbulent transport phenomena in asymmetric �ows di�er from those in symmetrical �ows.
Some experiments on annular channel turbulence have been performed because of the sim-

plicity of the geometry. Brighton [1] and Brighton and Jones [2] measured turbulence in-
tensities and shear stresses. Lawn and Elliott [3] dealt with experimentally turbulent annular
channel �ows with three di�erent radius ratios to reveal the e�ect of the radius ratio on the
annular channel �ow. Rehme [4] investigated the turbulence in the concentric annuli with
small radius ratios for the Reynolds number range Re=2× 104–2× 105. Nouri et al. [5] and
Escudier et al. [6] performed an LDV experiment in concentric annuli for a radius ratio
�=0:5. They used non-Newtonian �uids to take into account realistic �ow characteristics.
Meanwhile, some experiments on annular channel �ow involved heat transfer have been car-
ried out. Heikal et al. [7] measured the velocity �eld in heated �ow of air through an annular
channel. Hasan et al. [8], Velidandla et al. [9] and Kang et al. [10] carried out experimental
studies on the velocity and temperature �elds in turbulent unheated and heated liquid �ow
through a vertical concentric annular channel. Those experiments reasonably predicted higher
turbulence intensities near the inner wall than those near the outer wall, when the turbulence
characteristics are scaled by bulk mean velocity. On the other hand, only have few computa-
tions been performed on turbulent �ow in concentric annular channel. Hanjalic [11] studied
the turbulence behaviour in annular ducts based on the Reynolds-averaged Navier–Stokes
(RANS) with di�erential transport model. Malik and Pletcher [12] examined the performance
of some turbulence models on the �ow with heat transfer in ducts of annular cross-section.
Zarate et al. [13] carried out the RANS of isothermal and heated turbulent upward �ow in a
vertical concentric annular channel with its inner wall heated. Azouz and Shirazi [14] eval-
uated several RANS models to predict the turbulent �ow in concentric annuli and compared
their results with the experimental data given by Nouri et al. [5]. Recently, Chung et al. [15]
performed a direct numerical simulation on annular channel �ows at low Reynolds number.
To the best of our knowledge, however, little work has been performed for the investigation
of turbulent concentric annular channel �ow by use of large eddy simulation (LES) approach.
As well known, the LES technique provides an e�ective tool for the prediction of complex

turbulent �ows by computing only the large-scale components and modelling the subgrid-scale
(SGS) motion. The accuracy of LES method depends signi�cantly on the ability of SGS model
to characterize the e�ect of the unresolved motion on the resolved scales. Prediction of clas-
sical algebraic model, proposed by Smagorinsky [16], has showed that this algebraic model
is accurate only as long as the full inertial range is resolved, and even then the model co-
e�cient has to be varied for di�erent �ows, which makes the universal application of this
model questionable. A dynamic SGS model was proposed by Germano et al. [17] which
overcome some shortcomings of the classical Smagorinsky model [16]. The dynamic model
gained a remarkable success in the past decade and gave a new impetus to the development of
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new strategies for LES. Although some work has shown the superior ability of this dynamic
model, there remain some inherent limitations due to the nature of the algebraic model. Kim
and Menon [18] proposed a localized one-equation dynamic subgrid model (LDM) where the
similarity between the subgrid-scale stress tensor and the test-scale Leonard stress tensor is
used to evaluate the model coe�cient. The scale similarity invoked in the LDM is based on
experimental measurement performed by Liu et al. [19] in high-Reynolds number turbulent
�ows. This feature allows the LDM to overcome some of the inherent shortcomings of the
Germano-type dynamic models. The LDM model’s capability of predicting correctly the tur-
bulence features is tested based on calculations on wall bounded turbulent �ows [20]. Pallares
and Davidson [21] achieved to reveal the stabilization or destabilization e�ects of the Coriolis
force on turbulent shear �ow in a rotating square duct with the LDM model. So, it is a worthy
attempt to use the LDM model to simulate turbulent annular channel �ow. Thus, LES coupled
with the LDM model is carried out in this study to investigate turbulent �ow behaviour near
the walls in a concentric annular channel.
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, numerical method and its
validation are presented. In Section 4, calculated results including the mean velocity, turbu-
lence intensities, eddy viscosity coe�cient, budgets in the turbulent energy, and �ow structures
based on the velocity �uctuations are shown and discussed. Conclusions are summarized in
Section 5.

2. GOVERNING EQUATIONS

2.1. Filtered Navier–Stokes equations

The governing equations are the three-dimensional resolved incompressible Navier–Stokes
equations. To non-dimensionalize the governing equations, the gap width of the annular chan-
nel, d=Ro − Ri with Ro and Ri being the outer and inner cylinder radius, respectively, and
the averaged friction velocity u�, which is described in the following subsection, are taken as
the length and velocity scales. Then, the non-dimensional governing equations are given as
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=0 (1)
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where Re� is the Reynolds number, de�ned as Re�= u�d=� with � being the kinematic viscosity
of the �uid, �ui and �p are the resolved velocity and pressure, respectively. �ij is the SGS stress
tensor,

�ij= uiuj − �ui �uj (3)

As shown in Figure 1, it is a natural choice to solve the Navier–Stokes equations in
cylindrical co-ordinates. Verzicco and Orlandi [22] introduced new variables qr = r �vr , q�= r �v�,
and qz= �vz into the Navier–Stokes equations in the cylindrical co-ordinates, where �vr , �v� and �vz
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Figure 1. Sketch of a concentric annular channel.

represent the radial, azimuthal and axial resolved velocity components, respectively. The non-
dimensional resolved incompressible Navier–Stokes equations in terms of the new variables
can be written as
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where �T is total viscosity, de�ned as �T =1 + �� Re�, and �� is turbulence eddy viscosity
determined by the localized dynamic SGS model described later. P equals to the sum of
�ltered pressure �p and �kk�ij=3.
In this study, fully developed turbulent �ow in a concentric annular channel is assumed.

Thus, periodic boundary conditions are employed in the axial and azimuthal directions. On
the inner and outer cylinder walls, no-slip and no-penetration boundary conditions are used.
The annular channel laminar �ow is used as initial condition.

2.2. Axial force balance and scaling velocities

The annular channel �ow is driven by an imposed non-dimensional mean pressure gradient
in the axial direction, which is given as

d �p
dz
=−2 (8)

As the turbulent �ow is assumed fully developed, �ow features can be viewed as homogeneous
in the axial (z) and azimuthal (�) directions, i.e. mean properties and turbulence statistics vary
only in the radial (r) direction. The averaged friction velocity u� is de�ned as

u�=

(
− d
2�
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)1=2
(9)

where � is the �uid density and d �P∗=dz∗ identi�es dimensional mean pressure gradient.
The mean �ow velocities are only the function of r, (U (r); V (r); W (r))= (〈�vz〉; 0; 0), where

〈 〉 denotes the time and spatial average. By integrating the averaged axial momentum equation
in Equation (7) once with respect to r-direction, we can reach

−r�rz + Re−1� r
d〈�vz〉
dr

=−(r2 − R2i ) +
Riui

2

�

u2�
(10)

where ui� denotes the local friction velocity at the inner cylinder wall and is written as
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Correspondingly, uo� is the local friction velocity based on the wall shear stress at r=Ro and
is read as
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Because the SGS stress �ij vanishes at the inner and outer walls, based on Equations (10)
and (12), then the averaged friction velocity is expressed as

u2� =
Riui

2

� + Rou
o2
�

Ro + Ri
(13)

Equation (13) indicates that the averaged friction velocity u� is the weighted average of
the local friction velocities ui� and u

o
� . This relationship can be used as a proof to examine

whether calculated �ow has reached the fully developed state.
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2.3. Localized one-equation dynamic subgrid scale model

In the localized dynamic model (LDM), the grid scale is used to characterize the length scale,
and the velocity scale is obtained by the SGS kinetic energy

ksgs = 1
2 (ukuk − �uk �uk) (14)

which is determined by solving the transport equation [23, 24]
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@t

+
@ksgs �uj
@xj

=−�ij @ �ui@xj − �sgs + 1
Re�

@
@xj

(
��
@ksgs
@xj

)
(15)

Here, the three terms on the right-hand side represent production, dissipation and di�usion of
ksgs, respectively. Also, �� denotes the eddy viscosity. By use of ksgs, the SGS stress tensor
�ij is represented as [24, 25]

�ij =−2�� �sij + 2
3 �ijksgs (16)

�� =C� ��k1=2sgs (17)

where C� is an adjustable coe�cient to be determined dynamically, �� is the grid �lter size
and �sij is the resolved-scale strain rate tensor

�sij= 1
2( �ui; j + �uj; i) (18)

Equation (15) is closed once the SGS dissipation rate �sgs is modelled. Based on scale analysis
[24, 25], �sgs is usually modelled as

�sgs =C�
k3=2sgs
��

(19)

where C� is another coe�cient which needs to be determined dynamically.
To obtain the localized dynamic SGS models [26], the procedure for computing the localized

values of the model coe�cients, C� and C�, is taken by introducing the de�nition of a test
scale �lter. Further, based on experimental measurement [19], similarity between the dynamic

Leonard stresses, Lij=
∧
�ui �uj − �̂ui �̂uj, and the SGS stresses allows reasonable assumption of the

similar formulation for tensors �ij and Lij,

Lij=−2C��̂k1=2test �̂sij +
1
3
�ijLkk (20)

where �̂ is the test �lter size with �̂= ��=2 [17, 20], and ktest is the resolved kinetic energy
at the test scale

ktest = 1
2 (

∧
�uk �uk − �̂uk �̂uk) (21)
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Here, note that ktest =Lkk=2. The energy is produced at the large scales by −Lij(@ �̂ui=@xj) and
dissipated by

e=(�+ ��)
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The dynamic model coe�cient C� in Equation (20) can be determined from the resolved
quantities at the test �lter level by applying the least-square method suggested by Lilly [27],
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Lij�ij
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(23)

and

�ij = −�̂k1=2test �̂sij (24)

It should be noted that �ij is determined completely by quantities at the test �lter level.
Similarity between the dissipation rates �sgs at the grid �lter level and e at the test �lter

level is also applied to obtain the dissipation model coe�cient in this model. Thus
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Then, C� can be determined by Equation (22) and written as
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It can be veri�ed that the LDM is a Galilean-invariant model and satis�es well the real-
izability conditions proposed by Schumann [28]. Furthermore, ksgs provides a more accurate
estimation for the SGS velocity scale. The additional computational cost is primarily due to
the inclusion of a transport equation for ksgs, but the cost of this dynamic procedure is nearly
the same as that of Germano-type dynamic model.

3. NUMERICAL METHODS AND VALIDATION

3.1. Numerical methods

To perform LES calculation, a fractional method with three substeps is employed to solve
Equations (4)–(7). Time advancement is carried out by the semi-implicit scheme mixing the
second-order Crank–Nicolson scheme for the viscous terms and the third-order Runge–Kutta
scheme for the convective terms. So, the algorithm is overall second-order accurate in time
but the low-storage Runge–Kutta methods have the additional advantage that the minimum
amount of computer run-time memory is realized. Spatial derivatives are discretized by the
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Table I. Grid resolutions for di�erent Reynolds numbers.

Re� 180 395 640

�z+ 28.13 61.72 75
�r+ 0:31¡�r+¡6:48 0:71¡�r+¡14:22 0:92¡�r+¡15:36
Ri��+ 15.71 34.47 41.89
Ro��+ 31.42 68.94 83.78

second-order central di�erence schemes. Detailed description of the numerical method has
been given by Verzicco and Orlandi [22] and Rai and Moin [29].
Based on extensive tests with di�erent grid numbers and time steps, the grid systems of

73× 65× 97 and 97× 97× 128 are adopted for the Reynolds number Re�=180, 395 and
Re�=640, respectively. The corresponding grid resolutions are listed in Table I. Time step
�t is chosen as 0.001. It has been veri�ed that the present calculated results are independent
of the grid number and time step. To achieve a �ne grid resolution near the walls, a stretching
transformation is employed to cluster the grids near the inner and outer wall in the radial
direction and to resolve the viscous sublayer near the walls. The distance from the inner and
outer wall of the annular channel in wall unit (i.e. y+d ) is de�ned as

y+d = min[(r − Ri)Re�=(Ro − Ri); (Ro − r)Re�=(Ro − Ri)] (27)

and the inner and outer cylinder radius are set to be Ri = 1 and Ro = 2, respectively. The
annular channel length is chosen to be Lz=d=15, which is a su�cient length to contain the
largest coherent structure in the axial direction based on extensive validations, in which the
computational domain size is chosen such that two-point correlations in the axial direction
are negligibly small.

3.2. Validation

To examine the performance of the computational code, comparisons of our calculated results
of turbulent pipe �ows with experimental data [30] and DNS results [31] are taken. The aver-
aged velocity and turbulent statistics are calculated for the pipe �ows at the Reynolds number
Rem=4900 and 24 600 based on the bulk mean velocity and pipe diameter, corresponding
to Re�=169 and 690 approximately. Figure 2 shows the mean axial velocity pro�le, where
y+ =Re�(R − r)=R is the distance to the wall with R being the pipe radius. It is noted that
the present LES results are in good agreement with the experimental data [30] and DNS
results [31].
Figures 3(a) and 3(b) are the turbulence intensities for Rem=4900 and 24 600, where

rd = (R− r)=R. At Rem=4900, the intensities in the axial and radial directions are compared
fairly well with the experimental data [30] and DNS results [31]. At Rem=24600, the peak
value of the axial intensity predicted by the LES is 2.87 approximately, while experimental
data 2.68, at the same radial position. The radial intensity pro�le is reasonably consistent with
the experiment data. Figure 3(c) shows the distribution of cross stress 〈v′rv′z〉+. The LES result
agrees well with the DNS result and experimental data. Moreover, we have compared other
turbulent quantities with some previous DNS results (not shown here) and can con�rm that
our calculation code enables the LES results to be satisfactory.
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Figure 2. Pro�les of mean axial velocity of pipe �ows and their comparison with experimental data
and DNS result normalized by the friction velocity.
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Figure 4. Turbulence intensities at Re�=640 and their comparison with the experiment data
for turbulent annular channel �ow.

Figure 4 shows the distributions of the turbulence intensities for turbulent concentric annular
channel �ow versus the distance yd from the annular inner wall at Re�=640 (corresponding
to Rem=15200 approximately), where yd = (r−Ri)=(Ro−Ri). By comparing the present LES
results with available experimental data at Rem=13300 [5], it is seen that our LES results are
in good agreement with the experimental data although both the Reynolds numbers are some-
what di�erent. Other turbulence statistics have been veri�ed based on comparison between our
calculated results and the experimental data [5]. Furthermore, the corresponding computational
code used in this study has been validated and veri�ed by our previous work [32–34]. Thus,
it can be con�rmed that our calculation is reliable for the prediction of statistical quantities
of turbulent �ow in a concentric annular channel.

4. RESULTS AND DISCUSSION

4.1. Mean velocity and friction velocity scaling

The mean axial velocity pro�les versus the distance yd from the inner annular cylinder are
plotted in Figure 5. As the Reynolds number increases, turbulent viscous layers near both the
walls become thinner, while the velocity distribution approaches to a more blunt shape pro�le
in the core region of the annular channel. The position of the maximum mean axial velocity
varies with the Reynolds number, which is the main feature of asymmetric turbulent �ow and
consistent with Rehme’s experiment [4]. If re-drawn the mean velocity pro�les in logarithmic
scale, it is found that there exists a bu�er layer followed by a logarithmic region near both
the walls.
The friction velocities at the inner and outer walls of the annular channel can be computed

based on the velocity distributions in Figure 5. To ensure the axial force balance and to
con�rm that the turbulent �ow has reached a fully developed statistic state in terms of Equation
(13), the values of local friction velocities at the inner and outer wall and the ratio of the
right- and left-hand sides of Equation (13) are listed in Table II. As expected, the friction
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Figure 5. Pro�les of mean axial velocity at di�erent Reynolds numbers.

Table II. Local friction velocities for di�erent Reynolds numbers.

Re�
ui�
u�

uo�
u�

ui
2

� Ri + u
o2
� Ro

Ri + Ro

/
u2�

180 1.072 0.968 1.008
395 1.142 0.917 0.995
640 1.171 0.905 1.003

velocity at the inner wall is higher than that at the outer wall for the same Reynolds number.
Generally, the higher friction velocity results in stronger shear stress at the wall, which thus
causes higher turbulence level in the inner wall region. Meanwhile, based on the ratio of
the right- and left-hand sides of Equation (13) approaching to unity, as listed in Table II, it
means that fully developed turbulent �ows have been reached in our calculations for those
Reynolds numbers. This behaviour is consistent with the experimental data [5, 9, 10] and DNS
result [15].

4.2. Turbulence intensities and Reynolds stresses

Figure 6 shows the pro�les of the axial turbulence intensity, i.e. the root-mean-square (rms)
value of velocity �uctuation, scaled by the averaged friction velocity u� de�ned in
Equation (13). The peak values of the axial turbulence intensity near the inner wall in
Figure 6(a) are higher than those near the outer wall in Figure 6(b) for the same Reynolds
number. In this problem, although higher level of the distribution of the axial rms velocity
appears near the inner wall, the inner wall may totally supply relatively less turbulent kinetic
energy than the outer wall since the surface area of the inner wall is smaller than that of the
outer wall.
As shown in Figure 7, if re-scaled by local friction velocities ui� and u

o
� near the inner and

outer wall, respectively, the peak value of the axial turbulence intensity near the inner wall
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Figure 6. Pro�les of the axial turbulence intensity for di�erent Reynolds
numbers: (a) inner wall; (b) outer wall.
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Figure 7. Pro�les of the axial turbulence intensity scaled by local friction
velocities: (a) inner wall; (b) outer wall.

in Figure 7(a) is lower than that near the outer wall in Figure 7(b) for the same Reynolds
number. This behaviour is consistent with the DNS results [15], where statistical quantities
were scaled by the local friction velocities ui� and u

o
� near the inner and outer wall, respectively.

In extensive experiments [4, 5, 9, 10], however, turbulence statistical quantities for the annular
channel turbulent �ow were usually normalized by a uniform velocity scale, e.g. bulk mean
velocity. According to the experimental data [4, 5, 9, 10], it is noted that, similar to Figure 6,
the peak values of turbulence intensities near the inner wall are higher than those near the
outer wall. This behaviour can be reasonably explained based on the local friction velocities
ui� and u

o
� listed in Table II with u

i
� being higher than u

o
� . If using di�erent velocity scales

to normalize statistical quantities, it may be somewhat to result in misunderstanding. Thus,
following the treatment of those experiments, we employ the averaged friction velocity u� as
a uniform velocity scale to normalize the statistical quantities near the inner and outer wall
of the annular channel.
To reveal the near wall behaviour of the velocity �uctuations, based on the analysis of

turbulent pipe �ow [30] and turbulent channel �ow [35], the velocity �uctuations, i.e. v′z, v
′
r

and v′�, can be expanded into power series of y
+
d in the vicinity of the inner and outer wall
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Figure 8. Pro�les of the azimuthal and radial turbulence intensities: (a) azimuthal intensity
near the inner wall; (b) azimuthal intensity near the outer wall; (c) radial intensity near the

inner wall; (d) radial intensity near the outer wall.

of the annular channel,

v′z = a1y
+
d + a2y

+2
d + a3y+3d + · · · (28a)

v′r = b2y
+2
d + b3y+3d + · · · (28b)

v′� = c1y
+
d + c2y

+2
d + c3y+3d + · · · (28c)

Then, curve of the linear law with the distance from the walls (i.e. y+d ) is plotted in
Figures 6 and 7 with logarithmic scales to illustrate the �rst term in (28a). As expected,
the axial turbulence intensity agrees well with the leading term behaviour in (28a) near the
inner and outer wall, respectively.
The radial and azimuthal turbulence intensities are shown in Figure 8 and are similar to

the features of turbulent plate channel �ow weakly rotating along its spanwise direction [36].
This fact is due to the analogy of the transverse curvature e�ect and the centrifugal behaviour
due to extra rotation [37]. The transverse curvature e�ect destabilizes the azimuthal velocity
�uctuation near the inner wall and enhances the kinetic energy transfer from the axial velocity
component to the azimuthal �uctuation by sweep events, while the transverse curvature e�ect
acts an opposite e�ect on the �ow near the outer wall. Thus, the azimuthal turbulence intensity
reaches a higher level near the inner wall in Figure 8(a), compared to that near the outer
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Figure 9. Pro�les of the radial-axial Reynolds stress for di�erent Reynolds numbers.

wall in Figure 8(b). With the increase of the Reynolds number, the boundary layers of the
annular channel become thinner, and the positions of the peak values of the azimuthal intensity
shifts closer to both the walls. The pro�les of the radial turbulence intensity are shown in
Figures 8(c) and 8(d). As the Reynolds number increases, the radial turbulence �uctuation
gets more energy by the redistribution process of turbulent kinetic energy due to the stronger
mean shear stress in the wall regions. Thus, higher level distribution of the radial turbulence
intensity is formed for larger Reynolds number. Meanwhile, both curves of the linear and
square laws with the distance from the walls (i.e. y+d ) are drawn in Figure 8 with logarithmic
scales to exhibit the �rst terms in (28b) and (28c). It is noted that the radial and azimuthal
turbulence intensities agree well with the leading terms behaviour in (28b) and (28c) near
the walls, respectively.
Figure 9 is the distribution of Reynolds stress 〈v′rv′z〉 for Re�=180, 395 and 640. It is

noted that 〈v′rv′z〉 is nearly linear in the core region of the annular channel and the slope of
〈v′rv′z〉 increases with the increase of the Reynolds number. The zero Reynolds stress positions
are yd = 0:455, 0.475 and 0.488 approximately for Re�=180, 395 and 640, respectively. The
asymmetric feature is also the reason that most turbulence models failed to simulate the
turbulent �ows in the annular channel in RANS prediction.

4.3. Quantities from LDM model

Figure 10 shows the averaged turbulent eddy viscosity calculated by Equation (17), where 〈 〉p
denotes spatial average in the (�, z)-plane. The turbulent eddy viscosity varies smoothly cross
the annular channel at Re�=180. However, as the Reynolds number increases to Re�=395
and 640, the averaged turbulent eddy viscosity alters signi�cantly in the near wall regions and
forms two peaks at yd = 0:2 and 0.8 approximately. The pro�les of 〈��〉p reach the minimum
in the core region of the annular channel.
Figure 11 shows the distributions of the SGS kinetic energy ksgs de�ned in Equation (14),

which is obtained by solving the transport equation of ksgs. As mentioned above, the turbulent
intensity near the inner wall is larger than that near the outer wall due to the transverse
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Figure 11. Pro�les of mean subgrid scale kinetic energy.

curvature e�ect. Thus, a higher value of the SGS energy is expected in the vicinity of the
inner wall. In the core region of the annular channel, the pro�les of the SGS kinetic energy
almost approach to the similar distribution for di�erent Reynolds numbers. It is due to the fact
that the velocity �uctuations in the core region of the annular channel, in particular for the
axial velocity �uctuation, vary small as the Reynolds number increases, as shown in Figures 6
and 8.
The pro�les of the SGS dissipation �sgs are plotted in Figure 12 to exhibit the in�uence

of the transverse curvature. �sgs varies evidently in the wall regions with the increase of the
Reynolds number. Similar to the distribution of ksgs in Figure 11, �sgs reaches a higher peak
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Figure 12. Pro�les of mean subgrid scale dissipation rate.

value near the inner wall with respect to that near the outer wall. In the core region of the
annular channel, the SGS dissipation rate decays rapidly.

4.4. Resolved Reynolds stress budgets

The resolved Reynolds stress budgets are helpful to understand the transverse curvature e�ect
on dynamical characteristics of turbulence based on production rate, redistribution and dissi-
pation rate of turbulent kinetic energy. In this asymmetric turbulent �ow, the axial Reynolds
stress contributes mainly to the turbulent kinetic energy, and the azimuthal turbulence �uc-
tuation behaves di�erently from that of plate channel �ow in the wall regions due to the
transverse curvature e�ect. So, it is needed to investigate the turbulence production and dis-
sipation rate near the wall regions based on the budgets of the axial and azimuthal Reynolds
stresses.
The turbulent energy transport equations of the annular channel �ow can be obtained from

the resolved incompressible Navier–Stokes equations in cylindrical co-ordinates. As the tur-
bulent annular �ow is considered to be fully developed and homogeneous in the azimuthal
and axial directions, the only non-zero mean velocity is the axial velocity component, and
all derivatives of the mean quantities in the axial and azimuthal directions disappear. The
remaining terms of the Reynolds stress budgets under consideration are, according to the def-
inition of Moin and Kim [38], production rate (PRD), velocity pressure-gradient term (VPG),
di�usion rate (DFS), and dissipation rate (DSP), which are described as follows:

(1) Principal budget terms in 〈v′2� 〉-transport equation:
PRD (production rate): −2〈v′rv′�〉

1
r
@(r〈�v�〉)
@r

;

VPG (velocity pressure-gradient term): −2
〈
v′�
1
r
@p′

@�

〉
;
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Figure 13. Terms in budget of 〈v′zv′z〉 at Re�=640: (a) near the inner wall; (b) over the channel.

DSF (di�usion rate):
1
Re�

〈
1
r
@
@r

[
r3�T

@
@r

(
v′2�
r2

)]〉
;

DSP (dissipation rate): − 2
Re�

{
r2
〈
�T

[
@
@r

(
v′�
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)]2〉
+
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r2

〈
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(
@v′�
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)2〉

+

〈
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(
@v′�
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)2〉}
(2) Principal budget terms in 〈v′2z 〉-transport equation:

PRD (production rate): −2〈v′rv′z〉
@〈�vz〉
@r

;

VPG (velocity pressure-gradient term): −2
〈
v′z
@p′

@z

〉
;
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@
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〉)
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DSP (dissipation rate): − 2
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+
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(3) Principal budget terms in 〈v′rv′z〉-transport equation:

PRD (production rate): −〈v′rv′r〉
@〈�vz〉
@r

;

VPG (velocity pressure-gradient term): −
(〈
v′z
@p′

@r

〉
+
〈
v′r
@p′

@z

〉)
;

DFS (di�usion rate):
1
Re�

〈
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r
@
@r

[
r�T
@(v′rv

′
z)

@r

]〉
;

DSP (dissipation rate): − 2
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[〈
�T
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@r
@v′z
@r

〉
+
1
r2

〈
�T
@v′r
@�

@v′z
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〉
+
〈
�T
@v′r
@z
@v′z
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〉]

Figure 13 shows the budget terms of the axial Reynolds stress 〈v′zv′z〉 at Re�=640. In the
near wall region, as shown in Figure 13(a), the balance of 〈v′zv′z〉 budget is mainly due to the
interaction between DFS and DSP terms in the viscous sublayer (y+d¡10). While in the region
10¡y+d¡80, the magnitude of PRD is as large as those of DFS and DSP. The maximum
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Figure 14. Terms in budget of 〈v′�v′�〉 at Re�=640: (a) near the inner wall; (b) over the channel.

of PRD of 〈v′zv′z〉 appears at y+d =16 approximately. The VPG term is much smaller than
other three terms over the annular channel, but it mainly contributes to the turbulent energy
redistribution [38], because it drains the turbulent energy from the axial turbulence �uctuation
to the azimuthal and radial components. In the region far from the walls, all the four terms
decay rapidly. Due to the transverse curvature e�ect, as shown in Figure 13(b), a higher level
of PRD in 〈v′zv′z〉 appears in the inner wall region, which indicates that more active dynamic
process results in generating stronger axial turbulence �uctuation near the inner wall. The
DFS term plays an important role to 〈v′zv′z〉 budget in the inner wall region compared to that
in the outer wall region.
The budget terms of the azimuthal Reynolds stress 〈v′�v′�〉 at Re�=640 are plotted in

Figure 14. Because the azimuthal mean velocity vanishes, the PRD of 〈v′�v′�〉 turns to be
zero over the annular channel. By comparing with the budget terms of 〈v′zv′z〉, the DSP, DFS
and VPG terms are smaller. It can be explained as that the azimuthal turbulence �uctuation is
generated by the sweep and ejection events inhabiting high- and low-speed elongated streaky
coherent structure near the walls, while the axial turbulence �uctuation is generated by the
strong shear process of the mean axial �ow. In this asymmetric turbulent �ow, the transverse
curvature e�ect enhances the azimuthal �uctuation in the vicinity of the inner wall. The bud-
get terms of 〈v′�v′�〉, i.e. the DSP, DFS and VPG terms, are mainly contributed to the budget
balance near the inner wall in Figure 14(a). It can be seen that the VPG term acts as a
source term to the azimuthal normal Reynolds stress. This behaviour is similar to turbulent
plate channel �ow. The DSP is mainly balanced by the VPG in the region of 10¡y+d¡150,
while by the DFS in the inner wall region.
Figure 15 shows the pro�les of the budget terms of cross Reynolds stress 〈v′rv′z〉 at Re�=640.

According to its de�nition of PRD, 〈v′rv′z〉 is directly relevant to the mean shear in the annular
channel. Due to the in�uence of the transverse curvature, as shown in Figure 15, a higher
value of PRD appears near the inner wall. It is shown that the balance of 〈v′rv′z〉 budget is
mainly due to the interaction between the PRD and VPG terms. Only in the region y+d¡8,
the contribution of the DFS and DSP terms cannot be neglected in the transport equation of
〈v′rv′z〉.

Copyright ? 2004 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2004; 45:1317–1338



LARGE EDDY SIMULATION 1335

yd
+

T
er

m
s

of
<

v' r
v' z

>
+

bu
dg

et

101 102
-15

-10

-5

0

5

10

15
PRD
VPG
DFS
DSP

inner wall

yd

T
er

m
s

of
<

v r'
v z'

>
+

bu
dg

et

0 0.2 0.4 0.6 0.8 1
-15

-10

-5

0

5

10

15
PRD
VPG
DFS
DSP

(a) (b)

Figure 15. Terms in budget of 〈v′rv′z〉 at Re�=640: (a) near the inner wall; (b) over the channel.

Figure 16. Contours of instantaneous azimuthal velocity �uctuation v′� in the (�; z)-plane near the walls
at Re�=640 with the contour increment �v′�=0:2: (a) yd = 0:02; (b) yd = 0:98.

Figure 17. Contours of instantaneous axial velocity �uctuation v′z in the (�, z)-plane near the walls at
Re�=640 with the contour increment �v′z =1:8: (a) yd = 0:02; (b) yd = 0:98.

4.5. Flow structures

To reveal the in�uence of the transverse curvature on turbulence structures in the near wall
regions, Figures 16 and 17 show the contours of instantaneous azimuthal and axial velocity
�uctuations, i.e. v′� and v

′
z, in the (�, z)-plane at yd = 0:02 (i.e. near the inner wall) and

0.98 (i.e. near the outer wall) at Re�=640. As shown obviously in Figure 16, the azimuthal
�uctuation v′� is more active near the inner wall in Figure 16(a). The higher value v

′
� near
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the inner wall is associated with a large number of intensive sweep and ejection events
and attributed to the transverse curvature e�ect, which enhances the azimuthal turbulence
�uctuation near the inner wall. By comparing with the patterns of v′z in Figure 17, it is seen
that the axially elongated high- and low-speed streaks in the inner wall region are more active
in Figure 17(a). The �ow structures are well consistent with statistical results shown in
Figures 6 and 8.

5. CONCLUDING REMARKS

Large eddy simulation coupled with one-equation localized dynamic subgrid-scale model is per-
formed to deal with turbulent annular channel �ows at Re�=180, 395 and 640. The decisive
validation of the present approach has been achieved by comparing our calculated results with
some available computational and experimental results. Based on our calculated results, it is
noted that there exists a bu�er layer followed by a logarithmic region near the inner and outer
walls from the mean axial velocity pro�les. The pro�le of turbulence intensity is asymmetric
over the annular channel, if normalized by a uniform averaged friction velocity u�, with higher
peak value near the inner wall and lower peak value near the outer wall for the parameters
considered in this study. Meanwhile, if re-scaled by local friction velocities ui� and u

o
� near

the inner and outer wall, respectively, it is interesting to �nd that the turbulence intensity
near the outer wall is higher than that near the inner wall. These behaviours are reasonably
consistent with available experimental data and DNS results and can be explained as di�erent
local friction velocities near the inner and outer walls. It is evident that the non-coincidence of
the positions of the zero Reynolds stress and maximum velocity results from the asymmetry
of the annular channel �ow in which the di�usion of turbulent energy plays an important
role. To elucidate the turbulent characteristics near the inner and outer wall, the turbulent
eddy viscosity, SGS kinetic energy, and SGS dissipation rate are analysed. Further, the re-
solved Reynolds stress budgets are calculated to deal with the transverse curvature e�ect on
dynamical characteristics of turbulence based on production rate, redistribution and dissipation
rate of turbulent kinetic energy. Those budget terms indicate the enhancement of turbulence
production rate and dissipation rate near the inner wall due to the transverse curvature e�ect.
Flow structures based on the velocity �uctuations also verify that the sweep and ejection
events near the inner wall are more active compared to those near the outer wall.
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