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Large Eddy Simulation

of Flow and Heat Transfer
Around Two Square Cylinders
in a Tandem Arrangement

This paper presents a large eddy simulation (LES) of flow and heat transfer in a tandem

configuration of two square cylinders at moderate Reynolds number (Re = 16,000).
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Compressible LES on a hybrid mesh is used to predict the flow structure and the heat
transfer at the wall. The goals of this work are to analyze the flow and the heat transfer
around a tandem arrangement of two inline square cylinders as well as to propose a LES
approach that can be applied to convective heat transfer problems in industrial configu-
rations. The meshing strategy allows to resolve the flow field until the viscous sublayer
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subgrid turbulent viscosity. Aerodynamics results are validated versus experimental
measurements performed on isolated cylinders and on tandem configurations. The main
flow structures responsible for heat transfer are analyzed. Finally, heat transfer around
both cylinders of the tandem is described. [DOI: 10.1115/1.4027908]
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1 Introduction

Forced convection heat transfer around multiple bluff bodies is
of practical engineering importance and has attracted a consider-
able amount of interest in the recent past: Industrial systems
exhibit complex geometries and flows where simple configura-
tions with a single bluff body in a steady flow are rarely encoun-
tered. Usually, the bluff bodies (representative of a specific
system or equipment) are of different sizes and have complex
shapes. They can be placed in the wake of other bodies, leading to
either an increase or a decrease of their cooling. An application of
such flows is found in aeronautical engine compartments where
the thermal behavior of equipments like valves, electrical har-
nesses, or ducts have to be studied in order to guarantee that they
never exceed their maximum allowable temperature in the whole
aircraft’s flight envelope.

In order to evaluate the precision of heat transfer computations,
it is convenient to study a simplified configuration. Accordingly,
we aim to increase our understanding of the flow around a heated
inline square cylinder arrangement in a colder flow at moderate
Reynolds number (Re = 16,000). The most striking phenomenon
in flows past multiple bluff bodies is the generation of a complex
structure by the mutual interactions among the wakes behind the
bodies. These wake interactions subsequently lead to vortex shed-
ding. Heat transfer and the resulting thermal field is controlled by
this complex unsteady flow.

Many studies have been reported to characterize the aerody-
namics [1-3] as well as the heat transfer [4,5] of single square-
section cylinders. The flow over two inline square cylinders has
also been characterized in the last two decades [6—14]. Several
center-to-center distances, size-ratios, and Reynolds numbers
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have been investigated in these studies. Only few studies have
addressed heat transfer in tandem cylinders and most of them
were limited to low Reynolds number cases [13,15-17].

The aim of the present study is to analyze the flow and the heat
transfer around a tandem arrangement of two inline square cylin-
ders, using a high fidelity LES at moderate Reynolds number
(Re =16,000). Due to the value of the Reynolds number, direct
numerical simulation (DNS) of the flow would be numerically too
expensive. Recent progress in LES [18-20] and the continuously
increasing computer power offered by the newly developed paral-
lel computer architectures, allow to accurately predict turbulent
flows in complex geometries [21-24]. As a result, LES is a good
candidate to predict unsteady wake flows. For such problems, spe-
cial attention must be paid to the near-wall modeling. While it is
computationally intensive for high Reynolds number flows, using
enough grid resolution with a proper subgrid model, LES can
behave like a DNS when approaching the wall. For most industrial
internal flows, structured grids are often difficult to generate and
unstructured meshes composed of tetrahedral elements are easy to
set up. Unstructured grid technique is thus retained for the present
study. For the same spatial resolution, an unstructured grid is usu-
ally more expensive and less accurate than a calculation on a
structured grid. As a result, unstructured grids must be generated
carefully, especially when dealing with convective heat transfer.

Aerodynamics are validated using experimental results and
then used to understand the dynamics of the flow responsible for
heat loads. As the bibliography does not allow a complete valida-
tion, the comparisons are made with several experimental isolated
and tandem configurations with different Reynolds number and
topology. This work constitutes a first attempt to characterize the
heat transfer by convection in this academic wake interaction con-
figuration at moderate Reynolds number. Thus, heat transfer
results constitute a database for comparisons with industrial meth-
odologies such as unsteady Reynolds averaged Navier—Stokes
simulation.

The paper is organized as follows. First, the LES solver is pre-
sented. Then the tandem configuration is introduced. Section 4
presents the results. Aerodynamics is first characterized and



validated. Finally, thermal results are exposed and compared with
experimental results on isolated cylinders.

2 Numerical Approach

2.1 Governing Equations and LES Models. The initial
governing equations solved are the unsteady compressible
Navier—Stokes equations that describe the conservation of mass,
momentum and energy. For compressible turbulent flows the pri-
mary variables are the density p, the velocity vector u;, and the
total energy E = e+ 1/2uu;. The fluid follows the ideal gas
law, P = pRT and e, = jOT cpdT — P/p, where e is the sensible
energy, P the pressure, T the temperature, ¢, the fluid heat
capacity at constant pressure, and r is the mixture gas constant.
The LES solver takes into account changes of heat capacity with
temperature using tabulated values of ¢;,. The viscous stress tensor
and the heat diffusion vector use classical gradient approaches.
The fluid viscosity follows Sutherland’s law and the heat diffusion
coefficient follows Fourier’s law. The Prandtl number of the fluid
is taken as Pr=0.72. The application of the filtering operation to
the instantaneous set of compressible Navier—Stokes transport
equations yields the LES transport equations [20] which contain
subgrid scale (SGS) quantities that need modeling [18,25]. The
unresolved SGS stress tensor is modeled using the Boussinesq
assumption [26,27]. The wall adapting local eddy (WALE) model
[28] is chosen to model the SGS viscosity. This model is designed
to provide correct levels of turbulent viscosity down to the wall
and no wall model is required. The SGS energy flux is modeled
using a SGS turbulent heat conductivity A, obtained from v, by
/i = p 1 cp/Pr where the turbulent Prandtl number is kept con-
stant at Pry = 0.7. The WALE subgrid model is used in conjunc-
tion with no-slip wall conditions.

2.2 Numerical Schemes. The parallel LES code [29-31]
solves the full compressible Navier—Stokes equations using a cell--
vertex/finite element approximation and Taylor—Galerkin weighted
residual central distribution scheme [32] on unstructured grids. This
explicit scheme provides third-order accuracy on hybrid meshes and
satisfies low-dissipation requirements of LES applications [33]. The
explicit time step Ar is imposed by the Courant—Friedrichs—Lewy
number condition, CFL = ((U + ¢)At/Ax) = 0.7, where Ax is
the size of the grid cell while U and ¢ are the flow and
sound local velocities, respectively.

3 Configuration

3.1 Problem Statement and Boundary Conditions. The
three-dimensional computational domain consists of two inline
square cylinders confined in the middle of a channel of length
L =32D and height 7 = 15D (Fig. 1). The two cylinders are identi-
cal in size, with square cross sections of D x D, where D is the
characteristic length of the problem. The vertical dimension of the
channel is fixed in order to match a blockage ratio D/h of 6.6%
[14]. Inlet and outlet boundary conditions are placed sufficiently
far from the tandem to prevent boundary from influencing the
flow around the cylinders and the near-wake. The size of the
cylinders in the transverse direction (Z on Fig. 1) is E=2D and a
periodic condition is imposed on the lateral sides in order to
mimic a large spanwise. This span size is chosen in order
to reduce the computational cost of the simulation according to
industrial constraints. It is known from the literature that a trans-
verse size of almost 4D is required to capture detailed features of
such flows [34]. Nevertheless, in the present configuration, a span-
wise of 2D appears sufficient to reproduce the first order statistics
of the average fields. As the blockage factor D/h is rather small,
the effect of the boundary layers that develop on the channel walls
on the flow around the cylinders is neglected. Adiabatic slip con-
ditions are imposed on the walls of the channel. Isothermal condi-
tions are applied to the cylinder boundaries. A laminar uniform
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Fig. 1 Global view of the computational domain and boundary
conditions. Vol. #1 and Vol. #2 refer to volumes of size 2D x 4D
in XY plane used for diagnostics.

flow is imposed at the inlet of the domain, using the
Navier—Stokes Characteristic boundary condition formalism
(NSCBC) [35]. Static pressure is enforced at the outlet boundary
in characteristic NSCBC form.

3.2 Meshing Strategy. As shown in Fig. 2, the grid is coarse
far from the cylinders (Ax/D = 0.5), moderately refined in the
near-wake region (Ax/D = 0.05) and strongly refined close to the
cylinders (Ax/D < 0.04). The discretization of the cylinder surfa-
ces is set to Ax/D < 0.008 corresponding to typical values of y™
of less than unity on a large part of the walls. This refinement is
expected to be sufficient to capture the turbulent flow generated
by the Kelvin—Helmholtz instability in the detached upper and
lower shear layers of the cylinders and by the Von-Karman insta-
bility in the tandem wake.

The WALE model [28] is able to recover the proper y* damping
scaling for the eddy viscosity at the wall without any damping
function nor dynamic procedure. However, to provide the right
viscous stress and heat flux at the wall, the grid cells adjacent to
the wall must be inside the viscous sublayer. This condition
requires a high density of very small grid cells close to the wall
(i.e., large grids and small time steps following) which leads to
expensive simulations. When the boundary layer is explicitly
resolved, using prismatic layers close to wall surfaces is more effi-
cient than using tetrahedra. First, quadrilateral faces normal to the
wall provide good orthogonality and grid-clustering capabilities
which are well suited to thin boundary layers, whereas the triangu-
lation in the tangential direction allows for more flexibility in sur-
face modeling. Second, for same spatial resolution in the normal
direction, the prismatic layer approach uses less elements and
leads to a higher minimum cell volume than the full tetrahedral

(a)

(b)

Fig. 2 (a) Side view of the computational grid. (b) Zoom on the
five layers of prismatic elements at the surface of the cylinders.



grid approach because prismatic elements can have a large aspect
ratio. Thus, the near-wall region has been meshed using five layers
of prismatic elements (Fig. 2) where the height of the layer, A#, is
smaller than the size of their triangular basis, Ax. To avoid numer-
ical errors in the prismatic layers, the aspect ratio of the thinnest
layer (inner layer adjacent to the wall) has been limited to
Ax/Ah = 4 (far from the cylinder edges) or 3 (near the edges).
The stretching ratio between the height of an inner layer to the
adjacent outer layer has been set to 1:13, leading to a prism aspect
ratio of Ax/Ah=1.83 —2.45 in the outer layer. The proper
height of the inner prism layer (Ah/D) has been determined by a
mesh convergence study based on the global Nusselt number Nu
for an isolated square cylinder compared to the experimental
correlation of Igarashi [4]. A previous study has shown that
Ah/D < 0.002 is required to match the empirical Nusselt number
for a Reynolds number of Re =22,050 [31]. Using this mesh con-
straint in the near-wall region and the mentioned sizes in other
regions leads to a grid of 3 x 10° nodes (12 x 10° cells).

3.3 Physical Parameters. The tandem wall condition corre-
sponds to a uniform temperature 7y, = 330K while the upstream
flow is at T, = 300K. Since this temperature jump is small, the
fluid temperature is expected to behave mostly as a passive scalar
having a negligible effect on the flow hydrodynamics. However,
the variation of the temperature in the boundary layer induces a
variation of the fluid transport properties which must be accounted
for. The Reynolds number Re = U, D/v has been calculated
from the kinematic viscosity v = u/p taken at the film tempera-
ture Ty = % (Tso + Twan)- Computing v from T, or Ty, instead of
Tt would result in 10% error on the Reynolds number, whose tar-
get is fixed to Re=16, 000.

In the case of a low Mach number flow (M = U/c < 1), the
number of temporal iterations N;,. needed to simulate one flow
time (one shedding period or one flow through time) can be
approximated by Nje ~D/(M CFLAx), where D is the
characteristic length scale. In order to avoid a drastic increase in
the number of iterations Ny, when M is small, it is judicious to
maximize the Mach number while maintaining low compressible
effects. Thus, the upstream Mach number is set to M, = 0.105 so
that the maximum Mach number does not exceed 0.2 in the
regions of highest velocity. Giving that Mach number scaling,
using a compressible formulation for an incompressible anisother-
mal flow has advantages: On the one hand, it captures intrinsically
the variation of density with temperature, on the other hand, the
problem can be solved by an explicit numerical scheme which is
well adapted to massively parallel computing. The diameter of
the cylinders is then deduced from the values of the Mach and
Reynolds numbers: D = 7.5mm. The simulation of one period of
the vortex shedding requires approximately 1470 central process-
ing unit (CPU) hours on an IBM JS21 PowerPC cluster (2.2 Peak
Tflops on 224 computing cores).

The physical parameters of the simulation are summed up in
Table 1. In the following, lengths are normalized by D, velocities
by the upstream velocity Uy and times by the convective time
te=D/Ux.

3.4 Experimental Data. For a given Reynolds number, the
flow pattern around a tandem of cylinders depends strongly on the

Table 1 Physical parameters of the simulation

Cylinder diameters D =17.5 mm
Upstream velocity Uy =36.6 ms™!
Upstream temperature T~ =300 K
Upstream Mach number M, =0.105
Cylinder temperatures Twan = 330 K
Film temperature Tt =315 K
Reynolds number Re=15,989

Outlet pressure Pour = 101,325 Pa

Table 2 Experimental databases used for comparisons with
the LES. IC stands for isolated cylinder, C,(s) and Nu(s) are the
pressure coefficient and Nusselt number profiles on the
cylinder surfaces, Cp is the drag coefficient, St is the Strouhal
number, Nu is the integral of Nu(s) over the cylinders, u(s)g_
and u'(s)g,_ are the profiles of streamwise velocity and stream-
wise velocity fluctuation in the boundary layer of the cylinders,
u(s)w and u'(s),, are the profiles of streamwise velocity and
streamwise velocity fluctuation in the wake of the cylinders.

Reference Re Configuration Data

[1] 20,000 IC Co(s)

[4] 18,500 IC Cp(s) — Nu(s) —Nu

2] 21,400 IC Cp — u(s)pL — U (5)gy.
u(s)w — ' (s)y

[3] 21,400 IC Cp

[5] 19,200 IC Nu

[7] 33,200 s=4D Cp

[8] 10,000 s =3D Cp —u(s)y — 1 (s)y

[10] 16,000 s=4D Cp — St

[14] 16,000 s=4D St—u/(s)y

spacing between the centers of the cylinders [10,14]. At a
so-called critical spacing, the flow pattern may dramatically
change from one stable mode to another. The resulting surface
pressure, drag coefficient, and vortex shedding frequency alter
abruptly to reflect the mode change. In the range of Reynolds
numbers of interest, the first mode is stable when s < 3D. The first
mode is characterized by a reattachment of the separated shear
layers generated by the upstream cylinder edges on the lateral
faces of the downstream cylinder. Two counter-rotating recircula-
tion zones are formed in the interspace between the cylinders.
When the distance s becomes greater than 3D, the shear layers are
convected between the cylinders and periodical vortex shedding
from each of the cylinders occurs (mode 2). For an interspace
s = 4D and a Reynolds number of 16,000, the literature [10,14]
describes a pattern corresponding to the second mode.

The validation of the LES is achieved by comparing
aerodynamical data with experimental results obtained on isolated
cylinders and on tandem configurations. Indeed, as some
quantities are not present in experimental databases for the tan-
dem configuration, cross validation with different experiments is
made. Moreover, in the configuration studied here, the simulation
suggests that the upstream cylinder behaves almost like an iso-
lated cylinder, allowing comparison with experimental data on
isolated cylinders.

As no thermal measurement is available for tandem cases at
moderate Reynolds numbers, heat transfer results are compared
with isolated cylinder experiments. Experimental studies used for
comparisons are summarized in Table 2.

In the following, the results are analyzed in the normalized
form presented in Table 3. The time average, denoted by ¢, is
performed by averaging arithmetically any time-dependent flow
variable ¢(r). The corresponding fluctuation, noted ¢/, is the root
mean square value of ¢(¢). In order to extract statistical data from
the average LES solutions, every three-dimensional field is
averaged in the spanwise (z) direction which can be considered as
statistically homogeneous. Figure 3 displays the positions of the
cutting lines used to compare computational and experimental
profiles.

4 Results and Discussion
4.1 Aerodynamics Results

4.1.1 Flow Characterization. The flow is characterized by
vortex shedding due to the Kelvin—Helmbholtz instabilities in shear
layers produced by the upstream edges of both cylinders and by a



Table 3 Dimensionless forms of the LES results. ), is the
wall shear stress. Fp is the drag force. gy, is the conductive
flux at the wall. i, is the thermal conductivity at the wall.

Spatial coordinates x/D and y/D

u/Us and v/Uy
Cp=(p—px)/(GpUL)
Cr = twan/ (3P, U%)

Cb = Fo/(bp UZED)

Velocity

Pressure coefficient
Friction coefficient
Drag coefficient

Nusselt Nu = gwanD/ (Awan (Twan — Two))
wy Wy
23 8w 29 g
AVEE-R VVER-RE
b
! Y0
____________________________ — 2

Fig. 3 Definition of the cutting lines used to display the
profiles

Fig. 4 Instantaneous isosurface of Q-criterion colored by the
temperature (lower temperature in white and higher tempera-
ture in dark)

1 2 3 4
5 6 7 8
9 10 11 12

Von-Karman street in the wake of the tandem (Fig. 4). The isosur-
face of the Q-criterion [36] on Fig. 4 shows the complex three-
dimensional organization of the flow around the cylinders and in
their wake. The vorticity layers (flag number 1 of Fig. 4) gener-
ated by the upstream cylinder destabilize in the near field of the
lateral faces of this obstacle (flag number 2) and form three-
dimensional coherent structures (flag numbers 3 and 4). In con-
junction with the alternate vortices (flag number 3), longitudinal
structures (flag number 4) are formed in the wake of the first cyl-
inder and are convected downstream. The downstream cylinder
disturbs the development and convection of all these structures so
that the wake of the upstream cylinder participates actively to heat
transfer on the second one. The LES reproduces the behavior
of mode 2 (Figs. 4 and 5) as expected from the bibliography
descriptions [10,14].

To characterize the vortex shedding from both cylinders, a
pressure probe is placed on the top face of each obstacle. As
mentioned by Ref. [10], the registered signals are synchronized
meaning that the shedding of vortices is in phase for both
cylinders. The amplitude of the pressure oscillations is more
important for the downstream cylinder. The Strouhal number
St =fD/Us = 0.125, with f the frequency of the oscillations of
the pressure signals, is close to the experimental values obtained
by Ref. [10] 0.126 and Ref. [14] 0.128. These results suggest that
the shedding mechanism is well reproduced by the LES. The
sequence of images provided on Fig. 5 represents the temporal
evolution of the vorticity during one period of the vortex shed-
ding. The second mode is clearly illustrated on this sequence: The
vorticity generated by the upstream cylinder flows through the
obstacles and interacts with the upstream and lateral faces of the
second cylinder. Moreover, the synchronization between the vor-
tex shedding is illustrated. An additional information is available
from Fig. 5: The vortices generated by the upstream cylinder feed
the recirculation zones on the lateral faces of the downstream
cylinder. The resulting vortices are more energetic than the ones
created by an isolated cylinder, explaining the difference in ampli-
tude of pressure signals mentioned before.

The mean axial velocity field (Fig. 6) allows the identification
of the recirculation zones around the cylinders. The recirculation
behind the upstream cylinder is more spread out in the transverse
direction (y axis) than the one of the downstream cylinder. It also
has a lower intensity in terms of reverse axial velocity. The axial
lengths of these recirculation zones are almost the same. They are
present on the lateral faces of the upstream cylinder and absent
from the downstream cylinder. Second-order moments of

Fig.5 Evolution of the vorticity around the tandem during one shedding period on the middle plane
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Fig. 7 (a) lIsocontours of streamwise fluctuating velocity
u'/U.., (b) isocontours of transverse fluctuating velocity v'/U..

longitudinal and transverse velocity (Fig. 7) underline the topo-
logical differences between the flow fields around the cylinders.
Axial velocity fluctuations in the shear layers generated by the
edges of the downstream cylinder are more spread out than for the
upstream cylinder and their intensities are lower. Indeed, shear
layers generated by the upstream cylinder stay mostly two-
dimensional and oscillate only with periodic vortex shedding. On
the contrary, shear layers generated by the downstream cylinder
are submitted to strong oscillations due to incoming vortices shed
by the upstream cylinder. Hence, the shear layers oscillate with a
large amplitude before impacting the lateral faces of the cylinder
and being destroyed (see Fig. 5). The size and localization of the
zones of maximum transverse velocity fluctuations show that the
vortices generated by the downstream cylinder form closer to its
backward face than for the upstream cylinder. This observation
explains the difference of intensity of the recirculation zones
behind the cylinders. The global structure of the flow matches pre-
viously published studies [10,14]. Section 4.1.2 aims at validating
the simulation with more quantitative aerodynamic quantities.

—D C
=[]
A B

o Igarashi

Bearman & Obasaju

Fig. 8 Time-averaged profiles of pressure coefficient, C,
around the two cylinders of the LES compared to isolated
cylinder [1,4]

4.1.2  Aerodynamic Validation. Wall quantities are first com-
pared to experimental measurements of Refs. [1] and [4]. Then,
first- and second-order aerodynamic moments on transverse and
longitudinal cuts (Fig. 3) are compared to experimental data from
Refs. [2] and [3] for an isolated cylinder and Ref. [14] for a tan-
dem configuration.

Wall quantities: Mean pressure coefficient Cp profiles on the
two cylinders are plotted on Fig. 8. The pressure coefficient profile
of the upstream cylinder fits the measurements of isolated cylin-
ders on upstream (A-D) and lateral faces (A-B, C-D). Compared
to an isolated cylinder, the downstream face (B-C) of the first cyl-
inder seems to be exposed to a less intensive pressure force.
Nevertheless, from the aerodynamic force point of view, the
upstream cylinder (solid line) can be considered as an isolated cyl-
inder. On the contrary, the downstream cylinder (dashed line)
exhibits drastic changes in the C, distribution: Its upstream face
(A-D) is submitted to an aspiration force oriented in the opposite
direction of the main flow which created by the wake of the first
cylinder. This leads to a negative mean pressure coefficient. Then,
lateral faces (A-B, C-D) are exposed to smaller pressure forces
than an isolated cylinder. Finally, the pressure force acting on the
downstream face (B-C) in the opposite direction of the flow is
stronger than in the case of an isolated cylinder.

To characterize the flow field resolution in the near-wall region,
the transverse nondimensional coordinate of the first wall cell y*
is used:

vt ="t A ()

where A# is the first wall cell height and u, is the friction velocity

defined by
= [ 6)
P

In Eq. (2), twan is the wall shear stress expressed by considering
that the first computing cell belongs to the viscous sublayer

i iy
Twall = Hwall 8_}) ~ Uy E 3)

where u;, is the velocity of the nearest fluid point to the wall and
Uywant is the dynamic viscosity of the fluid at the wall. y* profiles
(Fig. 9(a)) confirm that the LES resolves the flow field down to
the viscous sublayer (y* < 6) for both cylinders.

The distributions of the mean friction coefficient Cy defined in
Table 3 for the two cylinders are shown in Fig. 9. Note that in
order to better understand the flow topology around the cylinders,
the mean friction coefficient C; is algebraic. It has a negative
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Fig. 9 (a) Time-averaged wall Reynolds number y* and (b) time-averaged profiles of friction

coefficient C; around the two cylinders

Table 4 Spatially and temporally averaged aerodynamic wall
variables. The experiments of Refs. [2] and [3] deal with isolated
cylinders.

Cp vt
CYL 1 CYL2 CYL 1 CYL2
Present LES 2.199 1.42 0.93 0.97
LES [31] 2.26 — — —
Reference [7] 2.47 1 — —
Reference [2] 2.16 — — —
Reference [3] 2.1 — — —
Reference [8] — 2 — —
Reference [10] 1.83 0.82 — —

value when the mean velocity of the nearest fluid point to the wall
up, has the direction of D to A, A to B, B to C, and C to D. Other-
wise, it is positive. The global forms of C; on the upstream faces
(A-D) are identical. Nevertheless, the upstream cylinder is subject
to a friction at least twice higher than that of the downstream cyl-
inder. The friction coefficient on lateral faces (A-B, C-D) of the
upstream cylinder is typical of an isolated cylinder: The separated
regions generated by the upstream edges of the cylinder imply a
friction almost zero which acts in the opposite direction of the
main fluid flow due to the recirculation zones (negative values of
Ct on A-B and positive on C-D). The peak in the friction coeffi-
cient on the lateral faces near the downstream edges of the first
cylinder is linked to the interaction between the shear layer and
the wall as well as to the beginning of the back flow of vortices
along the wall. For the second cylinder, the strong oscillations of
the lateral shear layers cause an intermittence during which the

x/D=-0.5 x/D=-0.25

25

0.5

x/D=0

0 05 1 15

lateral recirculation zones vanish or are convected downstream.
Without the protection of the recirculation bubbles, the lateral
faces are directly exposed to the friction of the main flow. The
friction coefficient is then higher and has the same sign as
the flow direction (C; positive on A-B and negative on C-D). The
peak in the friction coefficient on the lateral faces near the down-
stream edges of the second cylinder is due to vortices oscillating
behind the downstream face (B-C) that tend to propagate upstream
on a short distance. Finally, the friction of the downstream face is
higher for the second cylinder. This difference is due to the closest
proximity of vortices for the second cylinder mentioned above.

The mean wall quantities Cp and yT, averaged in space and
time, are given in Table 4. As in the experimental results [7], the
drag coefficient of the downstream cylinder is lower than that of
the upstream cylinder. The drag coefficient of the upstream cylin-
der obtained by the present simulation matches drag coefficients
obtained on isolated cylinders [2,3]. The discrepancies between
present drag coefficients and those obtained by Refs. [7] and [10]
can be explained by the differences in Reynolds number, blockage
ratio as well as inlet free stream turbulence, or on modelization
hypothesis such as mesh resolution and spanwise size E of the
cylinders.

Axial velocity profiles in the neighboring of the cylinders:
Figure 10 shows a comparison between mean axial velocity /U,
on the upper face (C-D) of each cylinder with the experimental
data of Ref. [2] for an isolated cylinder. The numerical results
concerning the upstream cylinder agree with the experimental
profiles. For the first obstacle, the velocity levels match the exper-
imental results. Nevertheless, the velocity of the recirculating
flow is lower and a slight shift is observed in the position of the
shear zone located far away from the wall in the computation.
Due to the wake of the upstream cylinder, the velocity profiles of
the downstream cylinder exhibit a deficit of velocity (Fig. 10,

x/D=0.25

x/D=0.5

Fig. 10 Transverse profiles of time-averaged streamwise velocity, u/U.., on the upper face of
the cylinders (cuts X/D= — 0.5 to X/D = 0.5 of Fig. 3): experimental results from an isolated
cylinder [2] (O), upstream (-) and downstream (- —) cylinders of the present LES



254 4

y/D

apooo00D 8

05

x/D=0.5

z A
0 02505 075 0 025 05 075

Fig. 11

0 025 05 075

0 025 05 075 0 025 05 075

Transverse profiles of time-averaged streamwise velocity fluctuation, v’'/U.., on the

upper face of the cylinders (cuts X/D= — 0.5 to X/D=0.5 of Fig. 3): experimental results
from an isolated cylinder [2] (O), upstream (-) and downstream (— =) cylinders of the present

LES

dashed line). The velocity gradients are smaller for the second
cylinder. As already mentioned (Fig. 6), axial velocity profiles
show that there is no recirculation zone on lateral faces of the
downstream cylinder. The inflection of the last two profiles
(x/D =0.25 and x/D = 0.5) is due to upstream propagation of
vortices coming from the downstream face (Fig. 9).

Profiles of fluctuating axial velocity in the neighboring of the
cylinders: Figure 11 shows a comparison between profiles of fluc-
tuating streamwise velocity u'/U,, on the upper face (C-D) of
each cylinder with the experimental data of Ref. [2] for an isolated
cylinder. The upstream cylinder behaves like an isolated cylinder:
The highest levels of velocity fluctuation are located in the shear
layer identified on Fig. 10. For the first two profiles (x/D = —0.5
and —0.25), the shapes and the levels of the profiles match
experimental data. An overestimation of the maximum level of
the velocity fluctuations is observed on the following profiles. It is
interesting to note that the fluctuation levels are well reproduced
on the recirculation zone (i.e., # < 0), indicating that the flow
dynamic is well captured by the simulation in the near-wall
region. As the downstream cylinder is immersed in the wake of
the first one, the global level of velocity fluctuations is higher. In
accordance with a lower gradient of the mean velocity dii/dy, the
peaks of fluctuations observed on the profiles x/D = —0.25,
x/D = 0 and 0.25 are spread out compared to the upstream cylin-
der. This peak is no more visible on the last profile (x/D = 0.5)
due to the upstream propagation of vortices coming from the
downstream face, as explained before (Fig. 9).

Longitudinal profiles in the wake of the cylinders: The mean
axial velocity profile along the symmetry plane of the configura-
tion is compared to the measurements of Ref. [2] for an isolated
cylinder and of Ref. [8] for a tandem (Fig. 12(«)). For the down-
stream cylinder, the results obtained by the simulation are not in a
good agreement with the experimental data of Ref. [8]. Neverthe-
less, the Reynolds numbers of the computation and of the experi-
ments are not the same (16,000 versus 10, 000, respectively) and
the interspace distance between the cylinder also differs (s = 4D
versus s = 3D, respectively). Moreover, it is important to note
that the experimental results of Ref. [8] for an isolated cylinder in
terms of recirculation zone and velocity deficit relative to the
upstream velocity in the wake do not match the results of Ref. [2].
The presence of the second cylinder has an important impact on
the mean axial velocity behind the first cylinder. Compared to
an isolated cylinder, the length and the intensity of the recircula-
tion zone are greatly reduced. In contrast, the size and the inten-
sity of the recirculation zone of the downstream cylinder are
comparable to an isolated cylinder. The velocity deficit relative to
the upstream velocity far away in the wake of the cylinders
(x/D > 3) is more important in the case of the tandem than for an

isolated cylinder.

Figures 12(b) and 12(c) show the axial and transverse velocity
fluctuations on the duct centerline compared to the experimental
data of Ref. [2] for an isolated cylinder and of Refs. [8] and [14]
for tandems. As observed for the first moment of the axial veloc-
ity, the fluctuations obtained by LES on the upstream cylinder
match the measurements on an isolated cylinder. The forms and
the levels of the profiles obtained by Ref. [14] in the wake of the
upstream cylinder are not reproduced by the simulation: The
peaks on u'/Uyx and v/ /Us occur more downstream in the
measurements of Ref. [14] than in the data of Ref. [2] and in
the present simulation. Compared to an isolated cylinder, the lev-
els of u/ /U, and V' /U, obtained by the LES are overestimated
and the peak of fluctuation is localized more upstream in the flow.
Concerning the wake of the downstream cylinder, the streamwise
velocity fluctuations predicted by the simulation are more impor-
tant than the data reported by Ref. [8]. As mentioned for the mean
axial velocity profile, the results obtained by Ref. [8] on an iso-
lated cylinder are lower than the results of Ref. [2].

On the one hand, the simulation predicts higher axial fluctua-
tions in the wake of the upstream cylinder than in the wake of the
second. On the other hand, transverse fluctuations are almost
equal in both wakes. As a result, the first cylinder generates more
turbulent kinetic energy than the second. Moreover, the peak of
turbulent kinetic energy behind the obstacles is closer to the
downstream face for the second cylinder than for the upstream
cylinder. Finally, the upstream face of the downstream cylinder
(x/D = —0.5) exhibits a peak of v'/U linked to the interaction
of the vortex shedding generated by the upstream cylinder with
this face.

4.2 Thermal Results. The analysis of the aerodynamic fields
allows to validate LES and to identify the structures controlling
heat transfer around the cylinders. Upstream faces of both
cylinders are directly exposed to the incoming flow and are thus
submitted to important heat loads. Stabilized recirculation zones
on lateral faces of the upstream cylinder tend to accumulate hot
fluid near the walls. On the contrary, the periodic evacuations of
the lateral recirculation zones of the downstream cylinder prevent
the accumulation of hot fluid. Without this protection, heat fluxes
are more important. Downstream faces of the cylinders are sub-
mitted to intense turbulence leading to high heat fluxes.

To characterize convective heat transfer across the faces of the
cylinders, the temporal mean Nusselt number Nu is used:

qwallD
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where the temporal mean heat flux Gy, is obtained from the

Fourier law at the wall Gya = — Awan (0T /0n) lwant-
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Fig. 12 (a) Longitudinal profiles of time-averaged streamwise
velocity, u/U., in the wake of the cylinders (cut YO0 of Fig. 3).
Longitudinal profiles of time-averaged streamwise, u'/U.. (b),
and transverse, v'/U. (c), velocity fluctuations in the wake of
the cylinders. Comparison with experimental data measure on
an isolated cylinder [2] and on a tandem [8,14].

Figure 13 depicts mean Nusselt profiles on the upstream cylin-
der compared to the experimental results of Refs. [4] and [5]
obtained on isolated cylinders. Experimental results are scaled fol-
lowing the correlation of Igarashi [4]:

s \ MM /Rep g\ 0
Nus(x) = Nug(x) (—OC) ( Rog ) Q)

Hwall

where pu_ is the dynamic viscosity of the fluid of the upstream
flow, Nug/(x) is the experimental measurement of the local Nusselt
number at Reynolds number Reg, Rep gg is the Reynolds number
of the LES and Nug(x) is the scaled Nusselt profile. The Nusselt

Igarashi (from Re = 11100)
Igarashi (from Re = 18500)
Yoo et al. (from Re = 19200)
Yoo et al. (from Re = 24300)
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—==C¥L2
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Fig. 13 Time-averaged profiles of wall Nusselt number Nu,
profiles around the cylinder walls: Comparison between the
cylinders of the LES and experiments on isolated cylinders
[4,5] scaled with Eq. (5)

Table 5 Spatially and temporally averaged wall flux ®, Nusselt
number Nu

) Nu N Nu'/Nu
Correlation [4] — 82.5 — —
LES CYL 1 39W 77.2 3.2 4.2%
LES CYL 2 45W 89.6 9.4 10.5%

distribution of the upstream cylinder is characteristic of an iso-
lated cylinder in terms of shape and levels.

Figure 13 shows a comparison between the Nusselt profiles of
the upstream and downstream cylinders. No experimental data is
available for this case but the comparison of the LES results is
interesting: The cylinders exhibit differences in heat transfer due
to the topology of the flow. First, the heat fluxes on the upstream
face (A-D) of the cylinders are almost the same but the down-
stream faces (B-C) are subject to the highest heat fluxes over the
whole geometry. On this face, the heat flux of the second cylinder
is more important due to the closer proximity of the recirculation
zone behind the obstacle evidenced by the aerodynamic analysis.
The thermal effect of the presence or not of the lateral recircula-
tion zones (faces A-B and C-D) is clearly identified in Fig. 13:
The Nusselt number is very low on these faces for the upstream
cylinder while it is rather high on the downstream cylinder.
Finally, the shapes of the Nusselt profiles on lateral faces present
an important difference near the downstream edges (B and C):
There is a peak just before the edges on the profiles corresponding
to the upstream cylinder replaced by a constant value for the
downstream cylinder. These peaks for the upstream cylinder are
due to the interaction of the shear layers with the lateral faces
evidenced by the analysis of the friction (Fig. 9).

Table 5 gives global heat fluxes and Nusselt numbers integrated
on the upstream and downstream cylinders as well as the root
mean square values of the Nusselt numbers. The heat flux of the
downstream cylinder is about 15% higher than the heat flux of the
first cylinder (®, ~ 1.15®, and Nu, ~ 1.16 Nu;). Immersed in
the wake of the upstream cylinder, the second cylinder also exhib-
its the highest temporal heat flux oscillations. The RMS value of
the Nusselt number of the first cylinder is about 4.2% of Nu,
while the fluctuations on the second cylinder are of the order of
10.5% of Nu,. It is worth mentioning that the mean temperatures
in the volumes #1 and #2 defined on Fig. 1 are approximately the
same (0.5 K difference due to the mixing of the heated flow with
the main flow). The corresponding mean velocity in volumes #1
and #2 are 32.5ms™! for the upstream cylinder and 26.35 ms™!



for the downstream one so two opposite effects play an important
role in the heat load of the downstream obstacle: (1) A reduction
of the mean velocity seen by the cylinder can potentially reduce
the Nusselt number, (2) an increase of velocity fluctuations can
lead to an increase of heat transfer. In the configuration simulated
during this study, the wake of the upstream cylinder increases the
heat transfer of the second cylinder of more than 15% compared
to an isolated cylinder.

5 Conclusion

This paper presents a LES of flow and heat transfer in a tandem
configuration of two square cylinders at moderate Reynolds num-
ber (Re = 16,000). LES on an unstructured mesh is used to pre-
dict the flow structure and the heat transfer at the wall. The hybrid
mesh contains tetrahedra in the whole domain except in the
boundary layers of the cylinder that are discretized with layers of
prisms. The meshing strategy allows to resolve the flow field
down to the viscous sublayer at a lower price than with only tetra-
hedra. Aerodynamics results are validated with experimental
measurements performed on isolated cylinders and on different
tandem configurations. The main flow structures responsible for
heat transfer are analyzed. Finally, heat transfer around both
cylinders of the tandem configuration is described. As far as aero-
dynamics and heat transfer are concerned, it is shown that the
upstream cylinder behaves almost like an isolated cylinder. On
the other hand, the wake of this first cylinder has an important
impact on the second one. The analysis of the flow highlights two
conflicting effects of the wake that play an important role in the
heat load of the downstream obstacle: (1) A reduction of the mean
velocity seen by the cylinder which reduces the Nusselt number,
(2) an increase of velocity fluctuations which can lead to an
increase of heat transfer. In the configuration simulated here, the
second effect is preponderant.
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Nomenclature
Acronyms

CFL = Courant—Friedrichs—Lewy number
CYL = cylinder
DNS = direct numerical simulation
IC = isolated cylinder
LES = large eddy simulation
SGS = subgrid scale
WALE = wall adapting local eddy

Variables

¢ = speed of sound
¢p = fluid heat capacity at constant pressure
Cy = friction coefficient
Cp = pressure coefficient
D = diameter of the cylinders
E = length of the cylinders
h = channel height
L = channel length
M = Mach number
Nu = Nusselt number
p = pressure
Pr = Prandtl number
q = heat flux
Re = Reynolds number
s = interspace between the cylinders
St = Strouhal number

T = temperature

u = axial velocity

uy, = velocity of the nearest fluid point to the wall
u, = friction velocity

v = transverse velocity
y* = wall Reynolds number
Ah = height of the inner wall prism layer
At = time step
Ax = grid size
/A = thermal conductivity
1 = dynamic viscosity
v = kinematic viscosity
= density
Twan = wall shear stress

@ = wall heat flux

)
I

Subscripts/Superscripts

E = experimental quantity
f = film quantity
LES = LES quantity
s = scaled quantity
t = turbulent quantity
wall = wall quantity
00 = upstream quantity

F = time average of quantity F

F' = root mean square of quantity F
1 = upstream cylinder quantity
2 = downstream cylinder quantity
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