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LES (Large Eddy Simulation) has been used to fully reproduce the characteristics of the flow field in eccentric annular

channels, rectangular channels and rod bundles, to verify and characterize the presence of large-scale coherent structures and

to examine their behavior at different Reynolds numbers. The numerical approach is based upon boundary fitted coordinates

and a fractional step algorithm; a dynamic Sub Grid Scale (SGS) model suited for this numerical environment has been imple-

mented and tested. The agreement with previous experimental and DNS results has been found good overall for the stream-

wise velocity, shear stress and the rms of the velocity components. The instantaneous flow field presented large scale coherent

structures in the streamwise direction at low Reynolds numbers, while these are absent or less dominant at higher Reynolds.

POD (Proper Orthogonal Decomposition) of the flow field on both experimental and computational data has provided a basis

on which the code validation is made.

Keywords: LES, POD, Eccentric channel, Advanced Nuclear Systems, Tight Lattice

1. Introduction
In this work extensive calculations have been carried out

for the eccentric annulus channel flows as a simplified

geometry in connection to the turbulent flows in tight lattice

nuclear fuel pin subassemblies. As a first step the LES

results have been verified a priori and a posteriori in annu-

lar channels against DNS data and experimental data to

ensure the consistency of the formulation. Then LES has

been extensively applied to several eccentric annular channel

configurations and confirmed the presence of large-scale

coherent structures near the narrow gap. There, the influ-

ences of the anisotropic turbulence structure and eddy

migration behaviors in the non-uniform flow channels have

been investigated in detail. Through the use of statistical tool

(POD: Proper Orthogonal Decomposition) it has been vali-

dated that even the internal structure of turbulence reflects

experimental findings. As a last step the methodology has

been extended to rod-bundles, where the same oscillations

have been observed. 

2. Methodology
In previous research several DNS computations have been

performed for the concentric and eccentric channels. The

data collected has been used to evaluate different SGS model

in order to develop an effective LES methodology in bound-

ary fitted coordinates. Several other models have been test-

ed, among which the dynamic mixed model, the self-similar-

ity model and another variant of the dynamic model [3].

Figure 1 shows an example of a priori test. The dynamic

model and its variant performed fairly well from the point of

view of a priori and a posteriori tests. They may be consid-

ered the ideal choice for the simulation of the flow in annu-

lar channels and rod-bundles. 

The algorithm used to solve the Navier-Stokes equations

is based on the Fractional Step Algorithm  on a partially

non-staggered grid [4]. The equations have been discrtized

through a second order consistent scheme [5] and tme

advancement has been carried out through an Adams-

Bashfort scheme. The Poisson equation for the pressure

gauge has been solved with either:

1. An FFT solver (since perioidc boundary conditions have

been employed in the streamwise direction) for eccentric

channels; or

2. A multiblock solver [6] for the rod bundles.

The multiblock solver uses non-overlapping domain

decompositions. The domain is divided into a set of non

overlapping structured grids. The algorithms employed by

the solver are the Conjugatete Gradient Squared CGS and

Bi-Conjugate Gradient [7]. A two-level preconditioning

(block-level and upper level) has been adopted [8].

Alternatively, for large scale calculations a geometric multi-

grid preconditioning has also been implemented. 
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3. Results for eccentric channels
An extensive LES computational campaign has been per-

formed for the eccentric channel at various Reynolds num-

bers and the eccentricity to investigate the characteristics 

of the flow in eccentric channels. Some of the cases run 

are reported in Table 1 for different values of the geometric

parameters Dh (hydraulic diameter), α = Din /Dout and 

e = d/(Dout – Din) where Din and Dout are the inner and outer

diameters and d is the distance between the axis of the two

cylinders. The computation of some of the cases took a con-

siderable amount of time since all scales of turbulence above

the inertial range need to be simulated, the DNS case used to

validate the LES model a priori required almost 0.2 billion

meshes.

The results of the simulations A, C and D have been vali-

dated for available DNS and experimental data [9, 10, 11].

Figure 2 shows a comparison of stream-wise velocity rms

among experiment, case D (LES) and DNS data. Important

aspects of the flow field in concentric and eccentric annuli

have been confirmed and reproduced through the present

methodology [12]. In particular, the effect of transverse cur-

vature on the inner wall, as well as the effect of eccentricity

on the wall shear stress, has been successfully simulated. 

From previous works it appears that the transition to tur-

Fig. 1  A priori test for concentric and eccentric channels. Direct compari-

son for the stresses (a) and comparison for the SGS dissipation (b).

Fig. 2  Rms of the streamwise velocity case D. Profile in wall units (a)

and profile normalized by bulk velocity (b). r is the relative dis-

tance from the outer wall. Both profiles are taken in the wide gap

of the eccentric channel.

Table 1  LES and DNS cases.
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bulence in geometry such as the eccentric annuli [12] is

accompanied by the formation of a street of counter-rotating

vortices in the region near the narrow gap. These coherent

structures persist at low Reynolds numbers but they progres-

sively become less dominant, at least for an eccentricity

equal to 0.5, as the Reynolds number increases.

Contemporarily, in the narrow gap the local profile of the

streamwise velocity evolves from a purely laminar solution

to a solution characterized by the presence of turbulence 

production near walls. The shear stress in the narrow gap

region evolves from an almost laminar condition for a

Reynolds number equal to 3,200 to an increasingly turbulent

solution [12]. 

At low Reynolds number and eccentricity equal to 0.5 the

relative dominance of the coherent structures is associated

with a strong anisotropy in the narrow gap (turbulence has a

local two-component pattern), while at higher Reynolds

numbers a nearly isotropic condition is recovered far from

the walls. At higher eccentricity (e = 0.95) the coherent

structures are absent in the narrow gap region, accounting

for a strong viscous damping effect in the case of almost

touching channels.

When Reynolds averaging is performing over the flow

field, secondary vortices are observed in the cross section. In

Fig. 3, an example is shown for case A. The shape of the

secondary flows depends on the value of the eccentricity e

and the parameter α [12].

4. Proper Orthogonal Decomposition
A POD (Proper Orthogonal Decomposition) study [13] of

the fields obtained in this study has been performed to obtain

additional insight in the physics of flow in eccentric chan-

nels. The power of the POD lies in the fact that the decom-

position σ→i (x
→) of the flow field in the POD eigen-functions:

where ai are real coefficients, converges optimally fast in L2;

i.e. a truncation of n modes in the POD decomposition is the

optimal possible truncation for the same number of modes.

Each mode is characterized by its energy content, the rank of

the modes based on their energy content will be called

"quantum number" in the following. Detailed description of

the procedure used can be found in Sirovich [14].

The POD has been carried out for case A at e = 0.5 with

2000 snapshots. The first 6 modes contain 20% of the total

turbulent kinetic energy. In particular the first four modes

are representative of a traveling wave of the type u→ = u→0 sin

2π [(x /λ ) – (t / T)], which can in fact be splitted into two

terms that differ in the axial direction x by a phase shift of 

π / 2. Moreover two wavelengths appear to be present. In

fact the use of periodic boundary conditions and a finite

computational length in the streamwise direction imply a

discretized wavenumber spectrum and subsequently the

impossibility for the computation to reproduce exactly the

correct wavenumber spectrum which is inherently continu-

ous (unless the domain is extremely long, in the sense dis-

cussed in [15]). 

The most energetic mode of the POD is shown in Fig. 4c

and Fig. 4d. It is characterized by a vortex centered in the

middle of the gap. Similar modes have been found for a two

rectangular channels connected by a narrow gap [15] as

shown in Fig. 4b taken from [15]. Interestingly it is present

both in experimental data [16] as shown in Fig. 4a and in

computations (Fig 4b). It appears that the oscillatory behav-

ior in the narrow gap is dominated by the waves shown in

Fig. 4d which seem a quasi-universal pattern present in

flows containing a narrow gap. Thus, Simulations show a

remarkable success in reproducing the inherent structure of

turbulence giving us additional confidence in the validity of

the present approach.

5. Results for rod bundles
As a preliminary work we have performed the large eddy

simulation of the flow in two-subchannels connected by a

narrow gap (Fig. 5a) with periodic boundary conditions in

the cross section and in the streamwise direction. Figure 5a

displays a snapshot of the transverse velocity field in the

cross section with a detail of the central gap. The vector plot

shows a vortex positioned near the gap driving the cross

flow between the two subchannels, thus mimicking the same

phenomenon described previously for eccentric channels and

other related geometries ([2]). This is even more evident if

the instantaneous cross velocity profile is observed for case

D (Fig. 6). The cross velocity has a sinusoidal behavior that

is consistent with the principal mode of turbulence shown in

Fig. 4.  

Fig. 3  Secondary Flows for a case A.
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6. Conclusions
A LES code has been developed on the boundary fitted

coordinates, with multi-block domain decomposition and a

Dynamic SGS model for the flows in complex geometries,

suitable for the simulation of fuel bundles and annular chan-

nels. The code has reproduced successfully the turbulent

flow features, i.e., presence of secondary flows and the glob-

al flow pulsations common to both in annular channels and

in rod-bundles. The comparison between Proper Orthogonal

Decomposition conducted on experimental data and compu-

tational data has also given us confidence that the present

methodology is able to reproduce the inner structure of tur-

bulence in geometry containing a narrow gap.
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