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Abstract

The cross-flow in a staggered tube bundle is computed with an LES and a transient Reynolds stress transport model (RSTM) in
2D and 3D, with two levels of grid refinement. The numerical method is based on a finite volume approach on unstructured grids
using a collocated arrangement for all the unknowns. It is shown that the LES results on the fine mesh are comparable to a DNS and
experiments and reasonable agreement is still achieved with a coarse mesh. The RSTM also produced satisfactory results in 3D but
showed no advantage over the LES when the grid was coarsened. The 2D RSTM, which produced strong vortex shedding, was

found to be physically unreasonable.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Heat exchangers are vital components of power
generation systems, which present many issues that are
not understood in detail and others that need to be
optimized. These include heat transfer enhancement vs.
head loss, hot spots, vibrations, fluid structure coupling,
two phase flows and dust deposition, etc.

A major parametric CFD study of tube bundles
would seem timely and worthwhile in view of the billion $/
year potential savings worldwide, for coal power plants
alone (Bouris et al., 2001). However, Reynolds averaged
Navier—-Stokes (RANS) simulations have so far failed to
produce reliable predictions of flows across tube bundles.

This provocative statement is based on numerous
reported RANS simulations: the ERCOFTAC work-
shops on refined flow modeling of 1993 and 1994
(Rollet-Miet et al., 1999; Sebag et al., 1991; Meyer, 1994;
Bouris and Bergeles, 1999). The general conclusion is
that even advanced RANS models such as non-linear,
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realizable and RNG types of k—epsilon models severely
underestimate the high turbulent kinetic energy levels
observed in densely packed tube bundles. The same can
be said of Reynolds stress transport models (RSTM),
though the underestimation is somewhat less severe
(especially when non-standard coefficients are used, Se-
bag, 1991). Paradoxically the standard k—epsilon model
returns reasonable predictions of mean velocities and
global level of turbulent kinetic energy, but this is purely
by chance thanks to the erronecous overproduction of
kinetic energy on the impinging side of the tubes. This
artificially raises the overall turbulence intensity but the
locations of the maximum and minimum are erroneous.

These discrepancies have led Hassan and Ibrahim
(1997), Bouris et al. (2001), Bouris and Bergeles (1999),
to resort to “two dimensional LES” with some success
including the prediction of turbulence levels. However
debatable this approach may be, it yielded better results
for the mean velocities and turbulent kinetic energy than
RANS models, thus allowing some analysis of stress
loading, heat transfer and deposition rates which are
highly dependent on the turbulence intensity.

This paper is a follow-up of the work at EDF by
Rollet-Miet et al. (1999) who applied an industrial finite
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element code, N38S, to 3D LES of the flow in a staggered
tube bundle, obtained surprisingly good results and
observed that the subgrid scale model (whether Sma-
gorinsky or dynamic) had very little effect. The present
simulations are based on a new unstructured finite vol-
ume code, Code_Saturne ®. When the LES modules
were implemented in this new code, the preliminary test
cases of Rollet-Miet et al. (1999) were successfully sim-
ulated but are not reported herein. The paper reports the
effect of mesh refinement on two LES simulations,
comparisons with 2D and 3D transient RSTM simula-
tions, and an independent DNS.

2. Numerical method

The flow is assumed incompressible and Newtonian
and the density is constant. Let # be the filtered velocity
when using LES and the mean value of the velocity for
RSTM.

The filtered (resp. Reynolds averaged) Navier—Stokes
equations can be written for LES (resp. RSTM):
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2.1. LES

As Rollet-Miet et al. (1999) have shown that the
subgrid model is not crucial in the tube bundle case, only
the classical Smagorinsky model is used:
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S;; is the filtered strain rate tensor (||S|| = 1/25,S;), w
the subgrid turbulent viscosity and A the length scale of
the filter. As the cells used in the present work are
hexahedral, one can take A =2Q'3, where Q is the
volume of a cell. The Smagorinsky constant, Cs, is set to
0.065.

2.2. RSTM

When using RSTM model, in Navier—Stokes equa-
tions, 7 in (1) replaced by R, the Reynolds stress tensor.
The Reynolds stresses are governed by the following
equations:
OR;;  ORjuy
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Following Launder et al. (1975), the pressure-strain
correlation associated with the deviatoric part of ¢ is
decomposed into three terms:

=P+ @y +djj — ¢ (3)

Dy — (& — 3e0;) = Qij1 T+ Pija T+ Qi
®;;,, 1s @ wall echo term (see Gibson and Launder, 1978)
and is neglected in the present work.

¢y = —Ci§ (Ry — 3kdy):
slow term (return to isotropy)
P2 = —Ca2(Py —3P3y):

rapid term (isotropization of the production)

Following Daly and Harlow (1970), the diffusive trans-
port of the Reynolds stresses and the dissipation rate are
described with a tensorial model:
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The equation for the dissipation rate ¢ is
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The standard values of constants are used:
Ci=18, C,=06, Cg=0.22,
C,=0.18, C,=144, Cp=192.

2.3. Numerical method

A finite volume code for complex geometries,
Code_Saturne ® (Archambeau et al., 2003), is used to
solve the previous equations on unstructured grids. In
the collocated finite volume approach used here, all
variables are located at the centers of gravity of the cells
(which can be of any shape). The momentum equations
are solved by considering an explicit mass flux (the three
components of the velocity are thus uncoupled). Velocity
and pressure coupling is insured by a prediction/correc-
tion method with a SIMPLEC algorithm (Ferziger and
Peri¢, 1999). The Poisson equation is solved with a
conjugate gradient method. The collocated discretisation
requires a Rhie and Chow (1982) interpolation in the
correction step to avoid oscillatory solutions. This in-
terpolation has been used in the present work although it
does not seem essential for unstructured meshes.

For the LES calculations a second order centered
scheme (in space and time) is used. It is Crank—Nicolson
(CN) in time with linearized convection, and the second
order Adams-Bashforth (AB) method is used for the
part of the diffusion involving the transposed gradient
operator, that couples the velocity components.

That is,
. Ouuy . 0 Ou; Ou;
in 3%, and in & Vt<§j+8_x,->]

AB is applied to #; and CN to ;.
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For the transient RANS calculations, the Euler im-
plicit (first order) upwind scheme is used for the turbu-
lent variables, but the second order centered convection
scheme is used for the velocity components. This is a
major difference with the other RANS calculations
mentioned in Section 1.

The present test case requires only periodic and wall
boundary conditions. The LES uses a Werner and
Wengle (1991) (power law) wall function and the RSTM
uses standard wall functions.

3. Flow in the tube bundle

Fig. 1 shows the computational domain, a subset of
the tube bundle experiment of Simonin and Barcouda
(1988). The tube diameter is D = 22,7 mm and length is
L =45 mm. The measurements provide data for the
mean velocities and Reynolds stresses at several loca-
tions, and three profiles, as indicated in Fig. 2, are
chosen for comparisons. Moulinec et al. (2001) per-
formed a DNS on this test case and their results are
included for comparisons.

Two meshes (Figs. 3 and 4) have been used, a coarse
one with 2016 cells on each of nine planes in the third
direction and a fine one with 8872 cells in 2D, times 20
planes in the third direction. The “coarse” mesh in the
present LES computation has a total of 18000 cells,
about 10 times less than the “fine” mesh which has
170000 cells. This latter “fine”” mesh is similar, if not
more accurate, to the 280000 cells mesh used in the LES
by Rollet-Miet et al. (1999), because one Finite Volume
hexa cell corresponds to 5 or 6 Finite Element Tetra
cells. Moulinec et al. (2001) used 5 Million cells in their
DNS.

In the “2D” calculations the same meshes but re-
stricted to one (x,y) plane are used (Figs. 3 and 4). For
all cases, the maximum CFL number is below unity and
its time average is between 0.3 and 0.5. The mean values
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Fig. 1. Square tube bundle.
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Fig. 2. Profiles location.

are averaged over time, and in the third direction in the
3D cases.

In the experiment, the Reynolds number based on the
bulk velocity and tube diameter (Re = UD/v) was
18 000. The Reynolds number considered in the present
work is 9000. Rollet-Miet et al. (1999) and Moulinec
et al. (2001) used Re values of 7000 and 6000 respec-
tively. Despite this, the results will be shown to be
comparable. In the core of the flow, the ratio of eddy
viscosity to molecular viscosity is on average 15 for the
coarse mesh and 7 for the fine mesh. Hence the only area
where the actual Re number may play a significant role is
in the near wall cells. For the coarse LES, 99% of these
cells exhibit a y+ value below 11. For the fine LES 100%
of the cells are below y+ = 7. As the flow along the
tubes is dominated by impingement and separation it
was felt preferable to distort the Re number to avoid
relying on equilibrium boundary layer assumptions
entailed by use of wall functions above the viscous layer.

The level of turbulence intensity is very high (35%)
and is produced mainly in the free shear layers, which
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Fig. 3. The coarse mesh (2D visualizations).
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Fig. 4. The fine mesh (2D visualization).

further limits the effects of Re number and near-wall
modeling. In addition, Moulinec et al. (in press) have
shown that the length of the recirculation zone has an
asymptotic behavior for high Reynolds numbers (the
value is constant after Reynolds 500).

3.1. 3D calculations

Figs. 5-7 show LES and RSTM results obtained with
the fine grid. The results of LES are comparable to those
of the DNS, as Moulinec et al. (2001) reported. The
RSTM in 3D yields an unsteady solution as a conse-
quence of the progression of numerical methods toward

lower numerical diffusion. The previous RANS calcu-
lations mentioned in the introduction mainly used
steady-state algorithms, but others that used unsteady
methods converged to a steady-state even with advanced
RSTM models. The present 2D and 3D RSTM simu-
lations remained transient, possibly due to the accurate
non-diffusive periodicity conditions developed for the
LES (the periodic conditions are fully implicit, the
boundary faces are treated like the internal ones).
The results are thus processed as a T-RANS (Transient
RANS) in the sense of Kenjeres and Hanjalic (1999).
The contribution of the coherent or resolved part of the
velocity fluctuations is added to the Reynolds stresses in
Figs. 5-7 (Tu.ihot = Rl'./'|model + Tu]|resolved)‘

The results are quite satisfactory whereas previous
steady-state RANS simulations yielded poor results as
reported by Rollet-Miet et al. (1999) and Sebag et al.
(1991). The DNS and LES results produced by three
different codes agree fairly well with each other (Rollet-
Miet et al. with finite elements, Moulinec et al. with
finite differences, and the present finite volume LES), but
seem to overestimate slightly the mean velocity on the
side of the tube (x =0 and 11). There is also an over-
estimation of the streamwise fluctuations, 2, in all
simulations including the RSTM. The latter does not
predict well the variation of 2 also along x = 11 which
crosses the flow from the rear of one cylinder to the
front and the stagnation point of the next. At the same
location, both LES and RSTM underestimate the wall
parallel component of the fluctuations, v’2. The dip in u2
and peak in v is interpreted as a near wall redistribution

o exp
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=== fineLES
—— fine 3D RSTM 20F
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Fig. 5. LES and RSTM (3D) profiles (x = 0).
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Fig. 7. LES and RSTM (3D) profiles (y = 0).

effect that is only well reproduced on a very fine mesh
used by the DNS. In Rollet-Miet et al. this is the only
location where the dynamic and Smagorinsky models
differed. The latter yielded a negative average eddy vis-
cosity, which is perhaps an indication of the need for
local mesh refinement.

The short mean recirculation zone can be seen in the
profile at y = 0. No mean recirculation is found with the

RSTM model and the LES underestimate the length of
this zone. For symmetry reasons, ¥ and /v’ should be
zero at y = 0. Experiments show that the flow occa-
sionally and randomly switches mean directions and can
take a 45° orientation. This strange phenomenon ap-
pears on several different rigs and even more frequently
in the tubes-in-line configuration. It is possible that the
present staggered configuration occasionally bifurcates
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Fig. 8. RSTM (3D fine) calculation (x = 11)—comparison of the
Reynolds stresses vs. the coherent part of the stresses.

to in-line flow configuration. With the periodic condi-
tions imposed in the simulation, nothing prevents a non-
zero net flow-rate in the lateral direction (other than
minimization of head losses). Averaging over longer
periods of time reduces this bias however (DNS statistics
were gathered over a shorter period than the present
LES).

The Reynolds stresses are decomposed in two parts,
the model contribution and the coherent part, which

comes from the transient solution. Fig. 8 shows the
contribution of the different terms at x = 11. On average
the resolved and modeled parts of the Reynolds stresses
make equal contributions, except behind the cylinder
(y =0-0.2) where the contribution of the coherent
structures is highest, and this is consistent with the in-
stantaneous plot, Fig. 14 that will be discussed later. In
the stagnation region the coherent part vanishes, but the
modeled part, Ry, remains too high and there is a lack
of redistribution to the wall parallel component v'2.
Thus, these defects are due to the model and not to the
unsteady behavior. Note that no wall echo terms are
used, as only the standard formulation is currently
available and it is known to be inadequate for impinging
flows.

3.2. Coarse 3D simulations

LES and T-RANS simulations have been performed
on the same coarse mesh. Fig. 9 shows fine LES versus
coarse LES. The latter gives results in good agreement
with the fine calculation, which is quite surprising in
view of the coarseness of the mesh shown in Fig. 3. This
means that the turbulent structures, which contain most
of the kinetic energy, are big enough to be captured with
a coarse grid. This is promising for industrial calculation
of various configurations of tube bundles. The RSTM is
likewise not very sensitive to grid coarsening, but this
was rather expected (Fig. 10). Finally there seems to be
no advantage to the T-RANS approach versus LES, at
least for this specific case. This observation should not
be generalized since the LES show that the present flow
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—-—- fineLES
—— coarse LES
10F
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Fig. 9. Comparison of fine and coarse LES (x = 11).
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Fig. 10. Comparison of fine and coarse RSTM (x = 11).

is quite insensitive to near wall treatment, whereas in the
T-RANS application of Kenjeres and Hanjalic (1999)
the RSTM is essential in capturing the near wall com-
plex phenomena.

3.3. 2D RSTM

The RSTM was in fact first tested in 2D with the fine
mesh. An unsteady solution was obtained allowing us to
compute statistics in the manner explained above. They
are presented in Figs. 11 and 12 in which very severe
overestimation of the normal stresses can be seen. It is
almost entirely composed of the resolved contribution,
and is due to the shedding of coherent 2D vortices from
the cylinders. Even the mean velocity is affected, de-
parting from the measurements. Note that this is in
contrast with the successful 2D LES mentioned in the
introduction, which however treated an “in line” tube
bundle arrangement (Bouris et al., 2001).

3.4. Instantaneous fields

Fig. 13 shows an instantanecous velocity field with the
2D RSTM, for comparison with the 3D RSTM shown
in Fig. 14. Animation shows a large quasi-periodic
vortex shedding with the 2D simulation, however only
very small ones are found in 3D. An animation of the
3D simulation shows that most of the large scale fluc-
tuations are due to an oscillation of the flow around the
cylinder, alternating between the left and right channels
as was found in the LES of Rollet-Miet et al.

T, . T LN . T
i=1, j=1 =2, j=2
1.0
a5+
a.0
0.4
02 7
o <Uilj> exp
—— <UiUj> DNS
01 ———  (<UiUj>+<Rij>) fine 3D RSTM
- <Rij> fine 2D RSTM
00 gz~ oy Y | == <UiUj> fine 2D RSTM
----- (<UiUj>+<Rij>) fine 2D RSTM
0.1 : y
0.4 0.6 a8 1.0
2yiL

Fig. 11. 2D vs. 3D RSTM calculations—Reynolds stresses (x = 0).

Figs. 15 and 16 show isovalues of the total vorticity
with the 3D RSTM and the LES. In the RSTM the
resolved structures are clearly three-dimensional, which
is inconsistent with the 2D assumption. In the upper
part of Fig. 15 a large shedding vortex can be seen, but
strong spanwise perturbations rapidly destroy it. It is
certainly the lack of representation of this mechanism in
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Fig. 12. 2D vs. 3D RSTM calculations—Reynolds stresses (x = 11).

Fig. 13. Instantaneous velocity field—2D RSTM.

the 2D simulation that is responsible for the poor re-
sults. For completeness Fig. 16 shows the instantaneous
vorticity in the LES. A more sophisticated structure
identification technique would be necessary to search for
structures similar to those of Fig. 15.

The purpose of the present study of 2D RANS and
coarse LES was to prepare parametric studies on a lar-
ger number of tubes for fluid-structure interaction
analysis. A semi-empirical structure model currently
used at EDF relies heavily on the assumed evolution of
the lift coefficient as one of the tubes is parametrically
displaced laterally. Clearly, an array of at least 4 x 4

Fig. 15. Isovalues of the vorticity for the 3D RSTM (fine mesh) with an
instantaneous velocity field.

tubes is then needed, as shown in Fig. 17. This mesh
results in 1.3 Million nodes, which is significantly more
demanding than the 2D URANS that was hoped to be
used initially, but still amenable to parametric studies. It
yields an intermediate mesh density, between that of the
previous coarse and fine LES studied above. In follow-
ing LES calculations the central tube will be given a
series of out-of-line positions and the corresponding lift
and drag values will be tabulated. In Fig. 18, the in-
stantaneous flow-field shows no evidence a periodic
pattern. This is somewhat reassuring, as the contrary
would have required modeling an even larger array of
tubes (since the periodic boundary conditions lead to



478 S. Benhamadouche, D. Laurence | Int. J. Heat and Fluid Flow 24 (2003) 470-479

Fig. 16. Isovalues of the vorticity for LES (fine mesh) with an in-
stantaneous velocity field.

displacing one tube in every third row instead of the
required single tube displacement).
4. Conclusion and perspectives

The LES and the RSTM (in a transient 3D approach)
have been tested with two levels of grid refinement. Both

g
ISy’
2

Hu

Fig. 18. Instantaneous flow-field showing no evidence a periodic pat-
tern.

approaches yielded satisfactory results with the LES
being slightly more consistent with a DNS. A very
coarse mesh produced good enough results for engi-
neering purposes. This makes it possible to continue
LES studies with more tubes to test the effect of the
domain size, and also parametric simulations for dif-
ferent angles of attack and staggering (pitch/diameter).
Another interesting point is the estimation of drag and
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lift coefficients when a tube is displaced, to create a
database for fluid/structure interaction models.

The RSTM on a 2D mesh produced a severe over-
estimation of the total Reynolds stresses, which is ex-
plained by overly strong and persistent 2D vortices.

Further comparison of the unsteady RSTM with the
LES in terms of structures and cut-off length scale is of
theoretical interest, but the main conclusion is that no
advantage of the RSTM over the LES was found, even
when the mesh is made coarser and thereby laying more
emphasis on the quality of modeling of the unresolved
component of the turbulence.
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