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Turbulent fluid flow and convective heat transfer over the wall mounted cube in
different flow angle of attack have been studied numerically using large eddy si-
mulation. Cube faces and plate have a constant heat flux. Dynamic Smagorinsky-
subgrid scale model were used in this study. Angles were in the range
0<6<45° and Reynolds number based on the cube height and free stream velocity
was 4200. The numerical simulation results were compared with the experimen-
tal data of Nakamura et al. Characteristics of fluid flow field and heat transfer
compared for four angles of attack. Flow around the cube was classified to four
regimes. Results was represented in the form of time averaged normalized
streamwise velocity and Reynolds stress in different positions, temperature con-
tours, local and average Nusselt number over the faces of cube. Local convective
heat transfer on cube faces was affected by flow pattern around the cube. The lo-
cal convective heat transfer from the faces of the cube and plate are directly re-
lated to the complex phenomena such as horse shoe vortex, arch vortexes in be-
hind the cube, separation and reattachment. Results show that overall convective
heat transfer of cube and mean drag coefficient have maximum and minimum
value at 0 = 0 and 6 = 25°, respectively.
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Introduction

Flow over a wall mounted cube generates complex, unsteady and 3-D phenomena
such as separation, reattachment, horseshoe vortex and arch-shaped vortexes. These phenomena
effect on turbulence intensity, convective heat transfer and other fluid flow characteristics. As
different flow phenomena are occurred on each face of cubes, therefore convective heat transfer
is expected to be different by cube faces. 3-D roughness elements in the shapes of cube, di-
amond, and pyramid have long been considered for increasing heat transfer from a heat-
exchanger surface. Flow around vehicles and building are other engineering application of flow
around a 3-D obstacle. By changing the flow angle of attack, the flow pattern around the cube
changes. So these changes effects on flow characteristics, turbulence intensity and convective
heat transfer. Optimal angle can be identified for particular aim such as cooling of electronic
equipment.As flow around a wall mounted cube has complex phenomena, a suitable numerical
simulation should be employed to simulate the flow and heat transfer. Because of these com-
plexities and the presence of large unsteady structures, RANS (Reynolds averaged Navier-
Stokes) methods have considerable difficulties in predicting such flows. Also RANS methods
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cannot simulate flow and heat transfer near the walls correctly. Direct numerical simulation
(DNS) and large eddy simulation (LES) are more suitable methods for simulating such a com-
plex and unsteady phenomena. In the LES method large eddies are resolved, while the small
eddies are modeled by means of a subgrid eddy-viscosity model. In the present work, a dynamic
Smagorinsky (DS) subgrid scale model was employed to solve the flow field and heat transfer
around the wall mounted cube. Many studies have been done about fluid flow and convective
heat transfer around wall mounted cube experimentally and numerically. In these studies com-
plex phenomena and effect of them on fluid flow characteristics and local and average convec-
tive heat transfer around cube were investigated. Igarashi [1] studied experimentally effect of
flow angle of attack on heat transfer from a square prism to an air stream. In this study angles of
attack were in the range 0 < 6 < 45°. He found that by changing the flow’s angle of attack, the
flow phenomena and patterns around the square prism changed. On its turn, this has resulted on
the distribution of local Nusselt number to be also affected. Igarashi [2] experimentally studied
local heat transfer from a square prism to an air stream. In this study he showed that flow pat-
tern around square prism divided into four groups: (1) perfect separation and symmetric flow,
(2) perfect separation an asymmetric flow, (3) reattachment flow, and (4) wedge flow. Also Na-
tarajan and Chyu [3] experimentally studied effect of flow angle of attack on the local heat and
mass transfer from a wall mounted cube. In their study Reynolds number was 8.2:10%. They
classified the flow pattern around the wall mounted cube into four different regimes; based on
the flow features on face 4 (fig. 3). Meinders et al. [4] experimentally studied the local convec-
tive heat transfer from a wall mounted cube in turbulent channel flow. They studied distribution
of local convective heat transfer around the cube and found that the complex vortex structure
around the cube, in particular at the top and side faces, cause large variation in the local convec-
tive heat transfer. Meinders and Hanjalic [5] experimentally studied the vortex structure and
heat transfer in turbulent flow over a wall mounted matrix of cubes. Nakamura et al. [6] investi-
gated external flow around cubic obstacle. They studied the fluid flow and local heat transfer
around a wall mounted cube on a flat plate turbulent boundary layers, and the effect of flow pat-
tern such as flow separation and flow reattachment on the convective heat transfer. In [7] results
of the experimental investigationof the fluid flow and local heat transfer around a wall mounted
cube at 45° to the flow on a flat plate turbulent boundary layers, are given. By studying flow
pattern on faces of cube and base plate, they showed that location of separation and reattach-
ment are different toward the case 6 = 0. Niceno et al. [8] studied numerically the dynamics of
flow and heat transfer on an internally heated multilayered matrix of cubes mounted on one of
the walls of a plane channel using LES. Detailed information was obtained about the instanta-
neous and averaged velocity and temperature in the fluid around the cube, as well as the tem-
perature and heat transfer on the cube surfaces. In addition, the simulation provided details
about to the vortical structures and turbulence field around the cube and their relationship with
the cube surface heat transfer. Farhadi and Rahnama [9] investigated flow over a wall mounted
cube by LES.Effects of Reynolds number on flow over a wall mounted cube in a channel, was
investigated by Sedighi and Farhadi [10]. Their results showed that the flow with higher Rey-
nolds number has a shorter reattachment length. Flow over 3-D bodies e. g. square prism and
sphere reported in [11, 12].Sohankar [13] also studied the flow over a bluff body from moderate
to high Reynolds numbers using LES. Martinuzzi and Havel [14] and Farhadi and Sedighi [15]
investigated the flow over two tandem wall mounted cubes experimentally and numerically, re-
spectively. Lammers et al. [16] investigated a turbulent channel flow, with regularly spaced 2-D
roughness elements mounted at the wall and perpendicular to the flow direction. They studied
on the effect of elements mounted at the wall on the streamwise and the spanwisevelocity fluc-
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tuations near the wall. Chakrabarty and Brahma [17] also experimentally studied effect of wall
proximity in fluid flow and heat transfer from a square prism placed inside a wind tunnel. Their
results showed that the values of average Nusselt number for all angles of attack, Reynolds
numbers, and blockage ratios decrease as the prism moves in the direction of the upper wall of
the wind tunnel. Hemida et al. [18] investigated the influence of attaching vortex generators to a
surface of a heated cube on flow structures and heat transfer. Omidyeganeh and Abedi [19] nu-
merically studied the wind flow around a cube in channel using large eddy simulation for turbu-
lent flow. Noorullahi et al. [20] compared different semi dynamic subgrid scale models for
large eddy simulation in a wall mounted cube. Their results show that these semi dynamic mod-
els could improve the ability of numerical simulation in comparison with other models witch
use a constant coefficient for simulation of subgrid scale viscosity. Schmidt and Thiele [21]
compared the results of DES with LES on flow over wall mounted cube at different RANS
models. SeetaRatnam and Vengadesan [22] investigated of flow and heat transfer over wall
mounted cube with several RANS models.

In the present study, effect of flow angle of attack on flow structure and heat transfer
rate over a wall mounted cube on a flat plate in the turbulent boundary layers was investigated
numerically. The flow angles of attack are in the range 0 < § < 45°. These angles are § = 0,
10°, 25°, and 45°. Local and average convective heat transfer, were studied on faces of cube
at different angles.

Mathematical model

Turbulent flow over obstacle is modeled by LESin which the larger 3-D unsteady
turbulent motions are directly represented, whereas the effect of small scales of motion is
modeled. To do this, a filtering operation is introduced to decompose the velocity vector, u;
into the sum of a filtered (or resolved) component, #; and a residual (or subgrid scale, SGS)
componentu;. This operation can be represented with a filter of width Ax such that convolu-
tion of any quantity f{x;, f) by the filter function Ga,(x;) is in the form:

f(xht):?(yi’t)GAx(xi)(xi = y)dy;, fIZf_J7 (1)

The equations for the evolution of the filtered velocity filed are derived from the
Navier-Stokes equations. These equations are of the standard form, with the momentum equa-
tion containing the residual stress tensor. Application of the filtering operation to the continui-
ty and Navier-Stokes equations gives the resolved Navier-Stokes equations, which, in nondi-
mensional incompressible form, are equations:

Ou;
i 2
P 2
i u. oty
%-Fi(l/_tib_tj):—i@ﬁ'vﬂ——y (3)
ot Ox; P Ox; Ox;x;  Ox;
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where Pis the pressure, and u,, u,, and u; are the streamwise, cross-stream, and spanwise com-
ponents of velocity, respectively. These govern the dynamics of the large, energy-carrying
scales of motion. Reynolds number is defined as, Uj,iH/v where Uy, and H are the inlet veloc-
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ity of entrance profile and cube height, respectively. The effect of small scales upon the re-
solved part of turbulence appears in the SGS stress term as eq. (5) which must be modeled:

T[j =u,-uj —ﬁilx_lj (5)

The main effect of the SGS stresses is dissipative around the cut-off spectrum, i. e.
to withdraw energy from the part of the spectrum that can be resolved. One model for the
SGS stress term 7 is based on its dependence on the filtered strain rate through an eddy vis-
cosity given by:

= 1
Ty =2VsesSy + Erkkc‘)‘y (6)
where El] is the resolved strain rate given by:
_ u. Ou;
S, = l % +—L (7)
T2 ox; oy

where vsgs is the SGS eddy-viscosity.
The modified SGS heat fluxes /4, are defined as:

h=uT-a,T (8)
The modified SGS heat fluxes /; are modeled by the eddy-diffusivity hypothesis
with constant turbulent Prandtl number, Pr; as:
oT
hy=— Vsas 01 )
' Pr, Ox;
In this study, we have Pr, = 0.85.

Subgrid scale model

In this study, we used DS subgrid scale model for modeling of SGS eddy viscosity.
This model was first proposed by Smagorinsky. In this model, the eddy viscosity is modeled by:

Veas = L2[9] (10)

where L; is the mixing length for subgrid scales and ‘5 ‘ is given by:
5] = /25,8, (11)

Lgis computed using:
1
L, =min| xr,C,V3 (12)

where k is the von Karman’s constant, » — the normal distance to the closest wall, and V — the
volume of the computational cell. In this study x = 0.4187 and C;is the Smagorinsky constant.
In the Smagorinsky model, C; value usually is around 0.1 but Germano et al. [23] and subse-
quently Lilly [24] conceived a procedure in which the Smagorinsky model constant, Cy, is dy-
namically computed based on the information provided by the resolved scales of motion. The
dynamic procedure thus obviates the need for users to specify the model constant C; in ad-
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vance. The C; is obtained using the dynamic Smagorinsky model varies in time and space
over a fairly wide range. More detail can be found in [25].

Numerical method and boundary condition

In this study, the commercial CFD software FLUENT 6.3 was used for simulation
that was based on finite volume method. Associated preprocessor GAMBIT 2.2 was used for
the construction of the computational grid. FLUENT uses a control-volume-based technique
to convert a general scalar transport equation to an algebraic equation that can be solved nu-
merically. This control volume technique consists of integrating the general scalar transport
equation about each control volume that yields a discrete equation on each control-volume. In
this software, pressure-based solver was used to solve discrete equations. The pressure-based
solver uses a solution algorithm where the governing equations are solved sequentially and
segregated from one another. Because the governing equations are non-linear and coupled, the
solution loop must be carried out iteratively in order to obtain a converged numerical solution.

An important issue in the LES computations is that using at least second orders ac-
curacy of both time and spatial discretization of the equations. Linear equations system that
was yielded from discretization of equations was solved by using an implicit linear equation
solver (Gauss-Seidel) in conjunction with an algebraic multi-grid (AMG) method. SIMPLE
(semi implicit method for pressure linked equation) algorithm was used for coupling the pres-
sure and velocity terms. Second-order-accurate bounded central-differencing scheme by Leo-
nard [26] is used for spatial discretization of convection terms in governing equations. The
QUICK and central-differencing scheme has some deficiencies in comparison with the
bounded central-differencing scheme. Central-differencing scheme often leads to unphysical
oscillations in the solution fields and QUICK scheme has numerical dissipation. For spatial
discretization of diffusion terms central-differencing scheme that is second-order accurate was
used. A second-order implicit scheme was used for temporal discretization of governing equa-
tions and all equations solved by iterative time-advancement (ITA) method in a time step. The
time step Atwas set to 10 s and kept constant during the simulation. The total of simulation
time continued to time that flow becomes statically steady. The total time in the simulation
was 65000 time steps. It was founded from time history of some flow average parameters, for
example velocity. The simulation continued until the flow average parameter becomes steady.

The grid is finer near the surface of the cube in all directions and near the plate. In
L+ES for getting good results, height of the first cell near walls should be achieved fromy” = 1.

y'is:

yt= vy o |no (13)
v v

In this study we used y* = 1 for the first cell in near walls. The minimum grid spac-

ing used in the present computations is0.0075H in x-direction, 0.0085H in y- and z-direction
with a grid expansion ratio of 1.05.The number of grid points used in the present computa-
tions werel61 x 86 x 144 in the x-, y-, and z-direction, respectively.The geometry considered
in this study consists of a surface mounted cube with a uniform velocity at the inlet, fig. 1(a).
Orientation of cube is counter clockwise and faces are shown on top view, fig. 1(b). The
streamwise, normal and spanwise lengths of the computational domain are 11H, 5H, and 7H,
respectively. The inlet profile was chosen according to the experimental study of Nakamura et
al. [6, 7]. Uniform flow is therefore imposed at the inlet of the computational domain. So the
spanwise and upside boundary condition was selected symmetry. The free-stream turbulence
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intensity was about 0.5% .The no-slip boundary conditions were used for all the walls. The
outlet boundary condition is of convective type for a quantity ¢ is:

o¢ o¢

p +U, o 0 (14)
Such convective boundary condition is capable of predicting unsteady flow behavior

at the exit with good accuracy. The upside boundary condition was selected symmetry. Sur-

faces of cube and plate have wall boundary condition. Surfaces of cube and plate were under

condition of constant heat flux. The Reynolds number was 4200.Also the Prandtl number in

this study was 0.72.

Figure 1. (a) Geometry of problem, (b) top view of cube

Results

Turbulent flow over the wall mounted cube has complex phenomena such as horse
shoe vortex, arch-shaped vortexes, recirculation zones, flow separation, and reattachment
(figs. 4 and 5). When fluid passes over the cube, variables such as velocity and pressure affect
these complex phenomena and in turn influence turbulence intensity, convective heat transfer,
and other fluid flow characteristics. Orientation of cube and variation of flow attack angle in-
fluence the flow characteristics and heat transfer around the cube. In this study 3-D LES was
carried out to solve fluid flow and convective heat transfer around the wall mounted cube.
The study was carried out for four angles of attack. As it can be seen from fig. 2 all flow phe-
nomena that were formed on experimental study can be detected by numerical considerations.
These phenomena are horseshow vortexes (H), arch vortexes (4), recirculation zone in behind
the cube (R), vortexes near side (L) and top faces (7), and vortexes in upstream (F) and down-
stream (B) of cube. These phenomena can be seen in fig. 3.

Figure 2. Time averaged streamlines at top view for @ = 0 (left) and @ = 45 (right), (a) experimental data
[6, 7], and (b) present study



Heidarzadeh, H., et al.: Convective Heat Transfer over a Wall Mounted Cube...
THERMAL SCIENCE, Year 2014, Vol. 18, Suppl. 2, pp. S301-S315 S307

Time averaged streamlines on
all faces for four angles of attack
are shown in fig. 4. It can be seen
that flow features are not similar
on face 4 at different angles of at-
tack. Therefore flow is classified to
four regimes based on the features
on face 4.This classification is
shown in tab. 1.This was also re- -
ported by Natarajan and Chyu [3]. Figure 3. Complex phenomena around the cube
Figure 4 also indicated the effect (y=0and z=0 planes)
of angle of attack on all faces of
cube as it is illustrated at = 0.

Table 1. Flow regimes classification at different angle of attack

Angle (0) 0° 10° 25° 45°
Flow Perfect separation and More separation, More reattaghment, Wedge
. . less reattachment and less separation and
regimes symmetric flow . . flow
asymmetric flow asymmetric flow

=0

Figured. Time averaged streamlines on cube faces at different angle of attack

In 6= 0, faces 4 and top lie into separation region. In & = 10°, most part of these fac-
es lie into separation region. In 6 = 25° flow separated from the upstream edge of face 4 reat-
taches on most parts of this face. In 6 = 45° a wedge-type behavior of the flow appears on
faces4 and 1 and the disappearance of separation phenomenon from face 4, happens. In all
flow regimes face 2 lies in the separation region. Time averaged streamlines on top face in
6 = 25° show that the flow pattern is formed of different flow structures such as recirculation.
At 6= 45° on top face, flow is reattached in near junction of faces 2 and 3.

Time averaged streamlines on top view (left) and symmetry plane (z = 0) (right) for
0 < 6 <45° are shown in fig. 5. Separation region behind the cube has high turbulent intensity,
by increasing of flow attack angle, this region become larger. At larger angles, recirculation
region on top face has shorter length. Horseshoe vortex, two small recirculation regions in
near front and rear of cube, typical converging-diverging behavior of horse shoe vortex and
arch-shaped vortexes in behind the cube were common in all angles of attack. The saddle
points on the plate for all angle of attack are indicted with arrows in fig. 5. Some complex
flow phenomena that are mentioned above can observe clearly in fig. 6.
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0 = 45°

Figure 5. Time averaged streamlines on top view (left) and
symmetry plane (z = 0) (right)

6=0 6=45°
Figure 6. Time aver aged streamlines around a wall mounted cube
(for color image see journal web-site)

Turbulence intensity is af-
fected by formation of com-
plex flow phenomena in the
top and rear region of the cube.
Therefore velocity, Reynolds
stress and their variation are
changed in different positions
at these regions (x = 0,
x=H,x=2H, and x = 3H on
symmetry plane z = 0). Figu-
res 7and8 show the norma-
lized time averaged stream-
wise velocity U/U,and the
normalized time averaged
Reynolds stress u'v'/Uj for
different angle of attack. It is
indicated that variation of
Reynolds stress and velocity
profile due to high turbulence
intensity is high. Figure 7 also
indicated at y/H > 1 time av-
eraged streamwise velocity
gradient is acceded to zero;
therefore turbulence proper-
ties value decrease to zero. At
higher angle of attack time
averaged streamwise velocity
gradient approached to zero at
smaller y/H. Due to high ve-
locity and turbulent viscosity
and lack of separation region
at x = 0 in 6 = 45°, the maxi-
mum Reynolds stress magni-
tude is higher in comparison
to the other angle of attack

(fig. 8). In x = H increase on 0 causes a decrease on the maximum Reynolds stress magnitude.

But at greater position (x = 3H) the result is vice versa.

As it can be observed from fig. 9 mean drag coefficient is decreased approximately
25% by increasing angle of attack until 6 = 25°. This is due to large low pressure region at
smaller angle. Further increase in 6 causes a slight increase in mean drag coefficient due to
approach to symmetry condition. Drag coefficient is defined as eq. (15) that F, is total force
component, Fp is pressure force component, F, is total force component, @ is specified force

vector, p is density, u is velocity, and 4 is area:

Cd:—l az
—pu-A
2/9

(15)
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F,=dF,+aF, (16)
Mean drag coefficient is defined as:

t
— 1
C, _;lcd dt (17)

Heat transfer

Dimensionless mean temperature (7°) contour
over the plate in different flow angle of attack is
plotted in fig. 10. The horse shoe vortex in the
upstream and recirculation region at the rear of
the cube make mixing in the flow field, therefore
the heat transfer increase and mean temperature
is low in these regions. At bigger angle these re-
gions increase. By increasing angle of attack,
turbulence intensity decreases in downstream of
cube near rear faces so convective heat transfer

; L
Position

Figure 7. The normalized time aver aged
streamwise velocity profile(U/U,)

for different angle of attack at different
positionson z = 0 plane

(for color image see journal web-site)
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decreases and mean temperature increases. From fig.

10 it

formed near face 2 due to small recirculation region.
Temperature magnitude is high at large 6. Any in-
crease on ¢ near face 4 causes a reduction on recircu-
lation region size and at 6 = 45°, recirculation be-
comes disappear. This caused mean temperature de-
creases as the angle of attack increases.

eq. (18) that H and k¢ are, cube height and thermal
conductivity of fluid, respectively:

-
—
o

can be seen that a high temperature region is

s
=y

Mean drag coefficient
o
- [

0.95

Time average Nusselt number is defined as 0.9

0.85

L Il 1 1 1 Il

0 5 10 15 20 25 30 35 40&45

t
— 1
Nu=—_[Nudt (18)  Figure 9. Mean drag coefficient for
4 0 different angle of attack
e 4H (19)
kf(Ts _Tbi)

Mean Nusselt number is also defined as:

1 f—
Nuy, = { Nudr (20)

Dimensionless
mean lemperature 0.025 0034 0043 0052 0062 0071 0.080 0090 0089 0.108 0.118 0127 0136 0.146 0.155

==

6=0 6=10° 6 =25° 6 =45°

Figure 10. Dimensionless mean temper atur e contour over the platefor different angle of attack
(for color image see journal web-site)

Here ¢g", T, and Ty, are the heat flux, the surface temperature and the inlet bulk tem-

perature, respectively. A good accuracy was observed in comparison of numerical and expe-
rimental results [6, 7] on convective heat transfer (fig. 11).

For study of the local convective heat transfer, time average local Nusselt number

was considered for four angles of attack on cube faces. Results were shown in the contour
form (fig. 12).

(@

For 6 = 0. On the facel in stagnation point fluid flow velocity is zero and increases by
approaching to edges. It can be seen in figs. 11 and 12, convective heat transfer increas-
es by approaching to edges and the Nusselt number has maximum value in near edges.
Also it can be seen in fig. 12 that on the facel the Nusselt number distribution is almost
flat along the vertical direction except near the upper and bottom parts. Nusselt number
variation, on faces 2, 4 and top is higher than other faces due to these faces lie in separa-
tion region. On these faces the Nusselt number at separation points has minimum value
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Figure 12. Time average local Nusselt number contourson cube faces at different angle of attack
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(d)

and increases to the backward edges. Near the backward edges faces 2 and, 4 the values
of Nusselt number in the upper part are higher than those in the bottom part. Transport
phenomena downstream the cube near face 3 greatly is influenced by the arch-shaped
vortexes. Slow-moving fluid near this face induces lower Nusselt values in comparison
with the other faces. The result showed a small variation on local Nusselt number on the
face 3 along the horizontal direction and the variation is become greater in near edges.
For 6 = 10°. As it is mentioned before, flow pattern on faces of cube at 8 = 10° is
asymmetry. So as a result, convective heat transfer on faces of cube is asymmetry. On
facel, stagnation point shifts slightly toward the upper left hand corner (near junction of
face4). Similar to § = 0, convective heat transfer increases approaching to edges and the
Nusselt number has maximum value in near edges. As it can be observed from fig. 12,
on facel Nusselt number has minimum value in bottom part. In this angle Nusselt num-
ber distribution on face2 is similar to 8 = 0. On face 4 convective heat transfer in reat-
tachment region (near downstream edge) and in separation region (near upstream edge)
is greater and less than other parts, respectively. By approaching to downstream edge,
Nusselt number increased in this face. Also Nusselt number distribution on top face is
asymmetry due to the reattachment phenomenon happen in downstream left hand corner
(near junction of face 4).Therefore a maximum Nusselt number value is obtained in this
region(fig. 12). It can be seen that at the face3 of cube Nusselt number distribution is
different with that observed in § = 0.As Arch-shaped vortexes behind the cube are
asymmetry and they shift slightly toward junction edge of face 2 (fig. 5).On face 3 Nus-
selt number increases by approaching to junction edge of face 2 but decreases as ap-
proaching to junction edge of face 4.
For 6 =25°. A similar asymmetry condition for convective heat transfer of faces of cube
was observed as § = 10°. As it can be obtain from fig. 4, stagnation point on facel shifts
more toward junction edge of face 4. In this face Nusselt number by approaching to
junction edge of face 2 decreases due to the development of a thermal boundary layer.
Nusselt number distribution on face2 is similar to # = 0 and 10°. As it is mentioned be-
fore, more parts of face 4 lie in reattachment region. So Nusselt number is high in more
parts of this face, but its value near upstream edge that lies in separation region is rather
low. It can be seen from fig. 4 at = 25° two arch-shaped vortexes form with different
sizes in behind and more apart from the cube, as convective heat transfer from face 3
decreases. Nusselt number in face 3 is almost uniform and in near junction edge of face
2 is a slightly more than other part of this face.
For 8 = 45°. On front (land 4) faces, Nusselt number in near upstream edge has maxi-
mum value and by approaching to downstream edge decreases due to the development
of a thermal boundary layer. Nusselt number distribution on rear (2 and 3) faces is simi-
lar to face 2 in other angles. Figure 12 shows that Nusselt number on top face in central
part, near junction of front (1 and 4) faces and near junction of rear (2 and 3) faces, is ra-
ther high. In other parts that lie in separation region Nusselt number is low.

Mean Nusselt number is used for comparison convective heat transfer at cube and

each faces of cube at different angle of attack (fig. 13). The mean Nusselt numbers for faces
1, 3 and top show a similar trend as 6 increases. Among five faces, faces 4 and 2 have strong-
est dependence of mean Nusselt number on the magnitude of 6. By increasing angle of attack
mean Nusselt number at face 4 increases.As this face is lies on separation region at smaller
angles. By increasing angle of attack mean Nusselt number at face 2 decreased due to a bigger
angles this face influenced by the arch-shaped vortexes. Side faces (2 and 4) at = 0 have
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similar mean Nusselt number value due to they lie in symmetry condition. Also this occurs at
6 = 45° in front (1 and 4) and rear (2 and 3) faces. Variation of overall Nusselt number of
cube with angle of attack is shown in fig. 14. Overall Nusselt number of cube has maximum
value at @ = 0 and it is decreased approximately 12% by increasing angle of attack until
6 = 25°. This reduction is due to difference of flow pattern and phenomena around the cube
that illustrated before. Farther increase in 6° causes approximately 11.5% increases in this
value. This shows that overall convective heat transfer from cube is more in symmetry in
compare to asymmetry cases. Also in this figure overall Nusselt number in cases 8 = 0 and
45° compared with experimental results of Nakamura et al. [6, 7]. The numerical simulation
results show a good accuracy in comparison with the experimental data.
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Figure 13. Mean Nusselt number on cube faces Figure 14. Overall Nusselt number of cube
for different angles for different angles
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Conclusions

The 3-D simulation of the turbulent flow field and convective heat transfer over a
wall mounted cube in different flow angle of attack were done by LES. Complex phenome-
na such as horse shoe vortex, arch-shaped vortexes, separation and reattachment form
around the cube that effect on fluid flow characteristics and heat transfer. Four flow regimes
around a wall mounted cube in different angle of attack was considered due to different flow
features on face 4. This classification was: (a) perfect separation and symmetric flow
(8= 0), (b) more separation, less reattachment and asymmetric flow (8 = 10°), (c) more reat-
tachment, less separation and asymmetric flow (6 = 25°), and (d) wedge flow (6 = 45°).
Time averaged Reynolds stress and velocity, have strong variation in the separation regions
behind and top of cube. By increasing distance from the cube in streamwise direction, max-
imum Reynolds stress magnitude was high in bigger angle of attack. By increasing angle of
attack, mean temperature in recirculation regions near faces 3 and 4 increases and decreases,
respectively. The local convective heat transfer from the faces of cube and plate to the fluid
is directly related to the complex phenomena. On all cube faces local convective heat trans-
fer in separation and reattachment regions is low and high respectively. Arch-shaped vor-
texes in behind the cube cause uniform convective heat transfer on rear face. The highest
overall Nusselt number and mean drag coefficient for cube are obtained in 6 = 0 and the
lowest in 0 = 25°.
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Nomenclature

A —area, [m?] Ty, — inlet bulk temperature, [K]

a  —specified force vector, [—] T, — mean temperature, [K]

C; — Smagorinsky constant, [—]

C, - drag coefficient, [-]

¢, — mean drag coefficient, [—]

F, - total force component, [N]

F, —pressure force component, [N]

F, — viscous force component, [N]

H  —cube height, [m]

ke — fluid thermal conductivity, [WK 'm™]
Nu — Nusselt number [= ¢"H/k(T, — Ty,;)], [-]
Nu; — overall Nusselt number, [-]

Nu - time average Nusselt number, []
Nu,,, — mean Nusselt number, [-]

P —pressure, [kgs 'm ']

I, - surface temperature, [K]

T° - dimensionless mean temperature
[=(To— To)/(q" HA)), [ 1]

t  —time, [s]

U, - bulk velocity, [ms™]
Uyt — velocity at the entrance, [ms ']

v —volume, [m’ ]

u  —velocity, [ms™']

u" — friction velocity, [ms™]
y"  —normalized distance, []

Greek symbols

— thermal diffusivity, [m? ]

o
Pr, — turbulent Prandtl number, [-] 6;; — Kronecker delta, [-]

Pr - Prandtl number (= v/a), [] 6  —angle of attack, [deg]

g" —heat flux, [wm °] x  —von Karman‘s constant, [—l]
Re —Reynolds number (= Uy H/V), [-] v —kinematic viscosity, [m’s ]
r  —normal distance, [m] p - density, [kgm™]

S — strain rate, [—] 7 — shear stress, [kgm"sﬁz]
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