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ABSTRACT
Complex flow structures arise as fluids are forced to flow

across cylinder rows at moderate Reynolds numbers. In this
study a numerical heat transfer analysis of 12 cylinders in an
inline configuration is performed using Large Eddy Simulation
(LES). The LES is conducted to get a better understanding
of changes in the time averaged Nusselt number, 〈Nu〉, and
local time averaged Nusselt number, 〈Nuθ 〉, for each cylin-
der in the cylinder row. The simulations are performed at
Re =U D/ν = 10,000 and Pr = 0.71 with isothermal cylinders
and a constant and uniform inflow temperature.

The results show that the time averaged Nusselt number in-
creases slightly between the first and second cylinder due to in-
creased turbulent velocity fluctuations. Beyond the second cylin-
der, the time averaged Nusselt number decreases until it reaches
a near constant value after the fifth cylinder. For all 12 cylin-
ders the local time averaged Nusselt number around the surface
is highest at the stagnation point. The first cylinder in the row
has the same distribution as the reference simulation conducted
for a single cylinder. From the second cylinder and onwards a
larger part of the overall heat transfer is in the spanwise direc-
tion compared to the first- and reference cylinder.

NOMENCLATURE
CD Drag coefficient.

∗Address all correspondence to this author.

D Diameter.
e Relative error.
Fs Safety factor.
L Length.
Nu Nusselt number.
P Pressure.
pa Apparent order of accuracy.
Pr Prandtl number.
Qe Angle for equilateral element.
Qmax Maximum angle in cell.
Qmin Minimum angle in cell.
r Refinement ratio.
Re Reynolds number.
T Temperature.
t Time.
U Freestream velocity.
u Velocity.
y+ Dimensionless wall distance.
α Thermal diffusivity.
θ Angle relative to stream wise direction.
ν Kinematic viscosity.
ρ Density.
τ Sub grid scale shear stress tensor.
φext Extrapolated value.

Subscripts
d Downstream.
eff Effective.
in Inlet.
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i x,y-component and i’th entry.
j x,y-component and j’th entry.
t Turbulent.
w Wall.
u Upstream.
21 Medium to fine mesh.
32 Coarse to medium mesh.

Notation
〈x〉 Time averaged.
x̄ Space filtered.

Acronyms
DVH Diffusive Vortex Hydrodynamics.
PISO Pressure-Implicit with Splitting Operators.
LES Large Eddy Simulation.
GCI Grid Convergence Index.

INTRODUCTION
Flow around cylinders has been of great interest to engi-

neers due to its wide range of practical applications. Numerical-
and experimental studies of the flow around cylinders at differ-
ent Reynolds numbers have been subjects of interest for many
years. However, a comprehensive understanding of the wake be-
hind a cylinder still poses a challenge due to the complexity of
the wake. The flow around cylinders depend upon the Reynolds
number, and changes drastically around the critical Reynolds
number, where the boundary layer transitions from laminar to
turbulent. The differences in the wake between the sub-critical,
critical and super-critical regimes are studied numerically by
Yeon [?]. It was found, that in the sub-critical flow regime, the
shedding had a considerably larger amplitude than for the criti-
cal and super-critical flows, where the wake region becomes nar-
rower and more chaotic. Hinsberg et al. [?] conducted a similar
investigation experimentally on a sub-critical flow around a cir-
cular cylinder, and observed the expected laminar boundary layer
upon the separation. The observed separation point was found to
be approximately 80◦ from the front stagnation point causing a
wide wake to be formed.

An application of the sub-critical flow around a cylinder is
within heat exchangers where one of the most common designs
is the finned-cylinder design. A Computational Fluid Dynam-
ics (CFD) model capable of tracking the heat transfer and flow
structures through a heat exchanger unit, could reduce the possi-
ble costs necessary to perform experiments.

Despite increasing computational power, most studies re-
garding flow around cylinders treat flow around a single, or tan-
dem cylinders, while a few studies such as Lam et al. [?] and Hetz
et al. [?] look into more complex geometries including multiple
cylinders. Jian et al. [?] numerically investigated a tandem cylin-
der configuration with oscillating inflow, and its influence on the
heat transfer. Applying oscillations to the inflow was found to

have a positive influence on both the upstream and downstream
cylinder heat transfer. Furthermore, the investigation concluded
that the heat transfer on the downstream cylinder is more com-
plex, since it is highly dependent on the vortices shed by the
upstream cylinder. Sumner et al. [?, ?] experimentally investi-
gated the influence of spanwise- and streamwise pitch ratio re-
spectively in a sub critical flow regime and found that the vor-
tex street depends on both the cylinder configuration and the
Reynolds number. For variations in the streamwise pitch ratio,
studies of cylinders in tandem were reviewed Sumner [?]. Here
it was discovered that the flow patterns were considerably de-
pendent on the spacing. For small pitch ratios a damped vortex
shedding from the upstream cylinder occurred. A slight increase
in pitch ratio was found to produce a complex flow pattern be-
tween the cylinders. Increasing the pitch ratio further, studies
found that vortex shedding started to occur from the upstream
cylinder.

The increase in number of cylinders gives rise to studies re-
garding the complex flow structures that occur in heat exchang-
ers. With Reynolds numbers in the sub critical regime, Lam et
al. [?] conducted both experimental and numerical studies of the
flow patterns around the inline square configuration. It was dis-
covered that several different flow patterns existed depending on
the streamwise spacing ratio between the cylinders. The results
agree with what is found by Hetz et al. [?], where the flow pat-
terns are divided into four groups, when experimentally inves-
tigating the flow around five cylinders in inline configuration.
Hetz et al. [?] states that with very small streamwise pitch ratios,
the flow acts as if it was a bluff-body and shedding only occurs
from the last cylinder, which is illustrated in Fig. 1. With an
increase of streamwise pitch ratio, the vortex formations starts to
occur between the cylinders resulting in a standing vortex seen
in Fig. 1. Further increase of the streamwise spacing was found
to produce gap shedding, where the vortex shedding occurs be-
tween the cylinders behind cylinder two, as illustrated in Fig. 1.
Increasing the streamwise spacing further, leads to unobstructed
flow where the vortex shedding was seen after each cylinder il-
lustrated in Fig. 1. The exact distances at which each type of flow
pattern occurs are highly dependent on the Reynolds number.

From the before mentioned studies, it is found that the flow
patterns through cylinder rows change with both geometry and
Reynolds number. As the flow patterns greatly alter the velocity
fluctuations through the cylinder row, the Nusselt number will
also change accordingly [?]. Reddy et al. [?] numerically
investigated heat transfer in a cylinder bundle with five inline
cylinder columns. The investigation was made at a Reynolds
number varying from Re = 100 to Re = 600, and found that
despite varying the distance between the cylinders, only the first
and last cylinder had noticeable variations in the shape of the
local Nusselt number distribution. However, as with Reddy et
al. [?] most studies treat heat transfer at relatively low Reynolds
numbers, and most high Reynolds number investigations of
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FIGURE 1. ILLUSTRATION OF DIFFERENT FLOW PATTERNS
ACCORDING TO THE STREAMWISE PITCH DISTANCE. a)
STANDING VORTEX. b) GAB SHEDDING. c) INACTIVE GAB. d)
UNOBSTRUCTED SHEDDING, AFTER [?].

the Nusselt number are based on experimentally determined
correlations. A number of experimentally determined Nusselt
number correlations exists, as found by Hilpert [?] and Naka-
mura and Igarashi [?]. Hilpert [?] experimentally developed
a correlation including a Prandtl number dependence as well
as a Reynolds number dependent constant and exponent. [?]
investigated the variations of the Nusselt number behind a
cylinder at different flow regimes at Reynolds numbers from 70
to 30,000. For the range 2,000 < Re < 20,000, it was found
that the Nusselt number could be expressed as Nu = 0.21Re0.62

valid for constant heat flux. As substantiated by Nakamura and
Igarashi [?], correlations are often limited to a certain Reynolds
number range and a certain geometry or does only apply to other
specific conditions. The numerical study by Haider et al. [?]
investigates the difference in average Nusselt number as a func-
tion of Reynolds number. This is done between a 5×5 inline
circular cylinder arrangement and a staggered configuration of
23 cylinders with streamwise- and spanwise pitch distances of
2.5D. The study showed that the average Nusselt number of the
staggered configuration has increased compared to the inline
configuration. Furthermore, it was found that the difference
between the average Nusselt number of the inline and staggered
configuration increased with increasing Reynolds number.

Numerous studies concerning the flow and heat transfer of
circular cylinders have been carried out. Among these studies
only a few study the flow and heat transfer of inline or stag-
gered configurations. Furthermore, it is noted that the inline and
staggered configurations does not extend above five cylinders in

each direction. Therefore, the present work concerns the numer-
ical estimation of the time averaged Nusselt number of an in-
line cylinder arrangement consisting of 12 cylinders. The cylin-
ders are spaced with a constant streamwise pitch distance of one
cylinder diameter. This study utilises Large Eddy Simulations
(LES) to get a better understanding of the heat transfer corre-
sponding to each cylinder. The simulations focus on dry air, with
Re =U D/ν = 10,000 and Pr = 0.71 with isothermal cylinders
and a constant uniform inflow temperature profile.

GOVERNING EQUATIONS AND NUMERICAL DETAILS
The LES method is governed by the time-dependent space-

filtered Navier Stokes equations. In this project three fields are
calculated namely the pressure-, velocity- and temperature field.
The space filtered governing equations solved are listed in (1) to
(3).

Continuity equation:

∂ ūi

∂xi
= 0 (1)

Momentum equation:

∂ ūi

∂ t
+

∂ (ūiū j)

∂x j
=− 1

ρ

∂ P̄
∂xi

+
∂

∂x j

(
νeff

∂ ūi

∂x j
− τi j

)
(2)

Temperature equation:

∂ T̄
∂ t

+
∂ ūiT̄
∂x j

=
∂

∂x j

(
αeff

∂ T̄
∂x j

)
(3)

Where both i and j denotes the x- and y-direction
and the i’th and j’th entry respectively, νeff = ν +νt and
αeff = ν/Pr+νt/Prt. The governing equations assume incom-
pressible and viscous two dimensional flow. The second order
backward scheme is used for temporal discretisation. To solve
the pressure-velocity coupled equations the Pressure-Implicit
with Splitting of Operators (PISO) algorithm is utilised. The
PISO algorithm is a transient solver for incompressible flow of
Newtonian fluids. Furthermore, an adjustable time step is ap-
plied to the PISO algorithm in order to satisfy the restriction on
the Courant number of 0.8. The temperature and Nusselt number
equation is added to the original PISO code in order to obtain the
temperature field and the average Nusselt number on the cylinder
surface respectively. To model the subgrid-scale (SGS) stresses
the Dynamic Lagrangian model proposed by Meneveau et al. [?]
is utilised in order to dynamically update the Smagorinsky coef-
ficient, and ensure that it can not attain negative values, since it
has been shown by Meneveau et al. [?] that negative values of the
Smagorinsky coefficient leads to numerical instabilities.
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Dimensionless groups
In order to estimate the average heat transfer from each

cylinder, the Nusselt number is computed for each cylinder.
The equation for the Nusselt number is obtained by combining
Fourier’s law of heat conduction, Newton’s law of cooling and
the general expression for the Nusselt number, obtaining (4).

Nu =
∂T
∂n

D
(Tw−Tin)

(4)

Here D is diameter of the cylinder, Tw is the temperature of
the wall, Tin is the inlet temperature of the flow and ∂T/∂n is the
temperature gradient in the normal direction to the cell.

DOMAIN AND GRID VERIFICATION
Domain

A sketch of the computational domain with associated
boundary conditions is shown in Fig. 2.

D

Wall with no-slip
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Wall freestream velocity
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FIGURE 2. COMPUTATIONAL DOMAIN, WHERE THE
LENGTH UPSTREAM, Lu = 6.25D, THE LENGTH DOWN-
STREAM, Ld = 20.5D, THE PITCH WISE LENGTH, Lp = 2D AND
THE HEIGHT, H = 12.5D. THE DOMAIN CONSISTS OF A TOTAL
OF 12 CYLINDERS WITH A SPACING OF Lp.

The size of the domain is obtained to ensure that the flow
around the cylinder is independent of the domain. The boundary
conditions used in the simulations are chosen to have minimum
influence on the flow. The boundary conditions on the top and
bottom are defined as a fixed freestream velocity, meaning that
the velocity at the boundary is prescribed to the freestream ve-
locity. The boundary condition at the domain inlet is a uniform

plug flow and the outlet is specified to zero gradient. The cylin-
der boundary condition is specified as wall with no-slip. With
the current setting, the blockage ratio is 4 %.

Grid independence
The domain used to conduct the grid independence study,

is based upon a single cylinder cutout of the full-sized domain
shown in Fig. 2. The domain of the cutout is then rescaled to
follow the same geometry specifications as described in Fig. 2.
In order to conduct the grid independence study, the domain with
a single cylinder is refined into a structured hexahedral mesh of
different fineness. To determine the required grid resolution for
this project, a grid convergence study based on the Grid Con-
vergence Index (GCI) is conducted as suggested by Celik et
al. [?]. Here three different mesh refinements is required. The
three mesh refinements are created by approximately doubling
the number of cells in the grid, which results in grids with 19,200,
37,935 and 76,288 cells respectively. The GCI is given by (5).

GCI =
Fs |e|

rpa −1
(5)

Where e is the relative error between two grids, pa is the
apparent order of accuracy of the calculations, r is the refinement
ratio and Fs = 1.25 is a safety factor applied to each GCI value.
The change in the Nusselt number with grid refinement is shown
in Fig. 3.
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FIGURE 3. CHANGES IN THE NUSSELT NUMBER WITH IN-
CREASING GRID REFINEMENT. THE ESTIMATED EXACT SO-
LUTION IS SHOWN VIA THE SOLID LINE, WHILE THE DASHED
LINES REPRESENT THE ERROR BANDS ASSOCIATED WITH
THE DATA.
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TABLE 1. DRAG COEFFICIENT FOUND IN A PREVIOUS
STUDY OF TWO-DIMENSIONAL FLOW AROUND A CIRCULAR
CYLINDER USING LES.

Study Solver CD Domain size

Rossi et al. [?] DVH 1.63 105D × 30D

Singh and Mittal [?] LES 1.83 38D × 16D

Present study LES 1.75 26.75D × 25D

From Fig. 3 it is seen that the three different values approach
the exact value marked by the bold line. The dashed lines are in-
cluded to show the error bands at which the calculated values
have to be within to be accepted as a converged value. The error
bands are calculated as φext± φext ·GCI21, where φext is the ex-
trapolated value, and GCI21 is the GCI obtained by refining the
mesh from the medium grid to the fine grid. As seen from Fig. 3
the Nusselt number of the grid containing 76,288 cells lies within
the error bands, while also complying with (6).

GCI32

GCI21 · rpa
21
≈ 1 (6)

This concludes that a grid containing 76,288 cells is
valid to resolve the vortices and predict the Nusselt number
for one cylinder.

Validation
To further validate the model used in the grid refinement

study, the drag coefficient obtained from the grid with 76,288
cells is compared to the drag coefficient obtained from other
studies. Table 1 shows the comparison between the present study
and 2 other studies.

Table 1 indicates that the two-dimensional simulation per-
formed in the present study underestimates the drag coefficient
by approximately 5% compared to Singh and Mittal [?] and over
predicts the drag coefficient by approximately 7% compared to
Rossi et al. [?]. Comparing the obtained Nusselt number with
Zukausas [?] and Churchill- and Bernstein’s experimental corre-
lations [?], the relative error is in the range of 11.3% to 17.5%.
This indicates that the present LES model is capable of predict-
ing the drag coefficient and Nusselt number for a circular cylin-
der with sufficient accuracy.

TABLE 2. DRAG COEFFICIENT FOUND IN A PREVIOUS
STUDY OF TWO-DIMENSIONAL FLOW AROUND A CIRCULAR
CYLINDER USING LES.

Mesh

No. Cells 381,120

No. Cells around the cylinder 240

Maximum y+ 1.016

Maximum Skewness 0.39

Maximum Area ratio 1.56

Maximum Aspect ratio 22.1

Inline configuration domain
With the grid verification study showing that a mesh with

76,288 cells is sufficient, the cylinder is assumed refined to a de-
gree where it can be repeated to form a 1× 12 inline configura-
tion. In Fig. 4 a zoom of the mesh including 381,120 hexahedral
cells in the domain is visualised.

FIGURE 4. ZOOM IN ON TWO CYLINDERS IN THE FINAL
MESH.

As seen from Fig. 4, the grid cells are concentrated around
the cylinder, to best estimate the near wall flow structures. In
the present study, approximately 50 % of the cells are located
in a 2D× 2D square around the cylinders, where each cylinder
consists of 240 cells around its surface. The cell concentration
around the cylinder makes it possible to ensure that the first cell is
sufficiently small to enforce the value of y+ ≈ 1. The y+ criteria
ensures that both the momentum- and thermal boundary layers
are resolved sufficiently as Pr < 1. The key data regarding the
1×12 inline grid is shown in Tab. 2, which are used to estimate
the quality of the grid.

As seen from Table 2, the maximum skewness of the cells is
0.39. In the present grid this means that there are four cells with
a maximum angle of approximately 125◦ according to (7).
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Max Skewness =
[

Qmax−Qe

180◦−Qe
,

Qe−Qmin

Qe

]
(7)

Where Qe is 90◦ for hexahedral cells. A histogram show-
casing the skewness of all cells in the domain is shown in Fig. 5.
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FIGURE 5. Distribution of cell skewness.

Casey and Wintergerste [?] state that the skewness in a do-
main must not exceed 0.55 in order to minimise the numerical
instabilities created by the mesh. Referring to Fig. 5 it becomes
apparent that all cells are within the skewness criteria of 0.55,
resulting in minimal numerical instabilities created by the mesh.
As around 99.97 % of the cells in the domain have a skewness
of less than 0.25, which is significantly less than 0.55, the grid is
concluded to be of high quality.

The maximum aspect ratio of 22.1 occurs at the first cells
on the cylinder due to the low cell height needed to satisfy y+ ≈
1. Since these cells are so close to the boundary and the flow
direction is parallel to the cells it is not an issue and it can even
be beneficial to have a high aspect ratio in the boundary layer [?].

RESULTS AND DISCUSSION
To investigate the heat transfer the Nusselt number is eval-

uated for each time step for all 12 cylinders during simulations.
Both the local time averaged Nusselt number, 〈Nuθ 〉, and the
time averaged Nusselt number, 〈Nu〉, is analysed and discussed
for each cylinder in the 12 cylinder row.

Local time averaged Nusselt number
To examine where the heat transfer on the cylinders is most

significant, the local time averaged Nusselt number, 〈Nuθ 〉, is
shown in Fig. 6 to 8. This is obtained by extracting the mean
temperature gradient ∂T/∂n from each point around the cylinder

surface and applying (4). 〈Nuθ 〉 of each cylinder, is compared to
the 〈Nuθ 〉 obtained from a single unconfined cylinder under the
same conditions.
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FIGURE 6. LOCAL TIME AVERAGED NUSSELT NUMBER
〈Nuθ 〉 DEPENDENCE ON θ FOR CYLINDER NUMBER ONE (FIG-
URE A), AND CYLINDER TWO (FIGURE B). EACH CYLINDER
IS COMPARED TO THE REFERENCE STATE OF A SINGLE UN-
CONFINED CYLINDER USING THE SAME GRID SHOWN WITH
DOTS.

From Fig. 6(a), 〈Nuθ 〉 of the first cylinder in the row is very
similar to that of the reference case. As shown in Fig. 6(b),
〈Nuθ 〉 for cylinder number two changes quite substantially com-
pared to cylinder one, as it is in the wake of cylinder number
one.
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FIGURE 7. LOCAL TIME AVERAGED NUSSELT NUMBER
〈Nuθ 〉 DEPENDENCY ON θ FOR CYLINDER NUMBER THREE
(FIGURE C), AND CYLINDER FOUR (FIGURE D). EACH CYLIN-
DER IS COMPARED TO THE REFERENCE STATE OF A SINGLE
UNCONFINED CYLINDER USING THE SAME GRID SHOWN
WITH DOTS.
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From Fig. 6 〈Nuθ 〉(b) at the top and bottom of cylinder
two is substantially higher than for cylinder one presented in
Fig. 6(a). The turbulent flow created by the first cylinder should
increase 〈Nu〉 for cylinder two due to the increase in velocity
fluctuations. The relatively low separation angle implies a wide
wake, which exposes the following cylinders less to the flow
from cylinder one. The trend is shown in Fig. 7(c) and 7(d),
where 〈Nuθ 〉 has decreased around the entire cylinder compared
to Fig. 6(b). 〈Nuθ 〉 for cylinders five to 12 is depicted in Fig. 8.
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FIGURE 8. LOCAL TIME AVERAGED NUSSELT NUMBER
〈Nuθ 〉 DEPENDENCY ON θ FOR CYLINDER NUMBER FIVE TO
12. SIMULATION FOR A SINGLE CYLINDER SHOWN WITH
DOTS.

Figure 8 shows that 〈Nuθ 〉 becomes nearly constant after
the fifth cylinder. This indicates that the turbulent fluctuations
around the cylinders are of similar magnitude. The next section
examines the time averaged Nusselt number, and seeks to explain
some of the mechanisms involved in the development through the
cylinder row.

Time averaged Nusselt number
The time averaged Nusselt number, 〈Nu〉, corresponding to

each cylinder in the cylinder row is depicted in Fig. 9. As seen
from Fig. 9 the time averaged Nusselt number changes through-
out the cylinder row, which is in agreement with previous ob-
servations. Comparing 〈Nu〉 of cylinders one and two, it is seen
that 〈Nu〉 increases slightly. The increase is a result of increased
turbulent velocity fluctuations, as the first cylinder sheds towards
the second cylinder. To visualise this effect, pictures of instanta-
neous fluid velocity, temperature and pressure at t ·U/D = 100

are shown in Fig. 10 to 12. As shown in Fig. 10 high veloc-
ity vortices are shed from the first cylinder. The vortices then
continue to move towards the second cylinder, affecting the tur-
bulent velocity fluctuations of the flow surrounding the cylinder.
From the third cylinder onwards, the general trend of 〈Nu〉 is de-
creasing until cylinder five is reached. This occurs since later
cylinders are not affected as much by the turbulent flow of the
first cylinder. From here 〈Nu〉 settles towards a near constant
value, which is in good agreement with Fig. 8.
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FIGURE 9. TIME AVERAGED NUSSELT NUMBER FOR EACH
OF THE 12 CYLINDERS. THE DASHED LINE IS THE TIME AV-
ERAGED NUSSELT NUMBER FOR A SINGLE UNCONFINED
CYLINDER UNDER THE SAME CONDITIONS.

The corresponding temperature field is shown in Fig. 11.
The white areas that resemble the turbulent flow indicate a low
temperature while the darker areas correspond to the hot inflow
air. The white areas indicate that the flow has interacted with the
colder cylinder surfaces. This represents the turbulent mixing of
the fluid as it moves through, and leaves the inline cylinder row
increasing the heat transfer. Furthermore, it is observed that the
white areas become harder to distinguish from the darker areas
the further downstream they are observed. This is due to temper-
ature dissipation between the inlet flow and the interacting flow.
In Fig. 12 the corresponding pressure field is shown. The white
dots are low pressure regions and corresponds to the centre of
rotational structures. The complexity of the flow is brought to at-
tention when the amount of low pressure points is visualised. On
the closeup of the three first cylinders several small low pressure
points can be seen. They reveal the small rotational structures
appearing in the immediate wake of the cylinders.

The decreasing trend in 〈Nu〉 through the cylinder row is not
seen when multiple rows of cylinders are modelled [?]. If the do-
main is extended to include multiple rows, the flow will change
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accordingly. The vortices shedding from the first cylinder in the
first column will collide with another row of cylinders instead
of moving towards the upper and lower boundary. This results
in greater magnitude velocity fluctuations around cylinder three
onwards leading to a higher Nusselt number and thereby also
higher heat transfer on those cylinders. Because of this change
in the flow pattern when adding multiple rows of cylinders the
Nusselt number in a row will be different from that in Fig. 9.
Instead of decreasing after the first two cylinders it will keep in-
creasing until a maximum constant value is reached [?].

CONCLUSION
The present study numerically investigates the changes

in Nusselt number throughout a row of inline circular cylin-
ders at constant uniform temperature via Large Eddy Sim-
ulations. The simulations are performed for Pr = 0.71 and
Re =U D/ν = 10,000 as well as uniform constant surface tem-
perature and inflow temperature. The simulations are carried out
on a domain with a pitch wise length, Lp = 2D, an upstream
length, Lu = 6.25D, a downstream length, Ld = 20.5D and a
height, H = 12.5D.

It is found that the time averaged Nusselt number 〈Nu〉 on
the first cylinder in the row behaves very similar to that of a sin-
gle unconfined circular cylinder. On the second cylinder 〈Nu〉
has increased significantly in the spanwise direction compared to
the first cylinder, making the total heat transfer from the second
cylinder greater than that of the first cylinder. This is due to the
vortices shed from the first cylinder, which increase the turbulent
velocity fluctuations around the surface of the second cylinder.
The trend of 〈Nu〉 from cylinder two onwards is decreasing until
the fifth cylinder. After the fifth cylinder, 〈Nu〉 becomes nearly
constant indicating that the turbulent velocity fluctuations around
these cylinders are of similar magnitude.

To assess where the heat transfer is greatest around the cylin-
der, the local time averaged Nusselt number, 〈Nuθ 〉, is evaluated
for each cylinder. From here it can be concluded that the heat
transfer is greatest at the stagnation point of the cylinders, and
decreases towards either side of the cylinder reaching the mini-
mum value on the back of the cylinder. The increase in 〈Nu〉 be-
tween cylinder one and two can also be seen in the local 〈Nuθ 〉
of cylinder two, which increases substantially compared to the
first cylinder, especially towards the sides of the cylinder. Fur-
thermore it can be concluded that 〈Nuθ 〉 obtains a similar shape
from cylinder five onwards.

Further studies could focus on adding more cylinders to the
row and/or add multiple rows to the domain, making the simula-
tions resemble the geometry of a finned tube heat exchanger.
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FIGURE 10. INSTANTANEOUS VELOCITY VISUALISED FOR THE ENTIRE DOMAIN AND THE FIRST THREE CYLINDERS AT TIME
STEP t ·U/D = 100.

FIGURE 11. INSTANTANEOUS TEMPERATURE VISUALISED FOR THE ENTIRE DOMAIN AND THE FIRST THREE CYLINDERS AT
TIME STEP t ·U/D = 100.

FIGURE 12. INSTANTANEOUS PRESSURE VISUALISED FOR THE ENTIRE DOMAIN AND THE FIRST THREE CYLINDERS AT TIME
STEP t ·U/D = 100.
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