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This paper investigates numerically the flow other applications.

and heat transfer in air (Pr=0.71) by mixed conweect

past a heated square cylinder under aiding buoyancy NOMENCLATURE

effect in a confined channel.The numerical
simulations are performed in the range of parameter
20<Re<45 and 1.61x10<Gr<6.33x16for a fixed 8H//D
blockage ratio D/L of 0.1. The combination in the DVD
present study of these two Re and Gr parameters isg
reduced so that the Richarson number varies fr@n 0, Gr
to 8, in order to neglect neither free convection H
(Ri<0.1) nor forced convection (Ri>10). The steady
two-dimensional governing equations are solved by |
the finite volume formulation using the open source L&D
OpenFoam® code. The representative flow structure, NU
isotherm patterns and local Nusselt number evalutio 5,
are presented and discussed. The effect of both thepr
Reynolds number and the buoyancy parameter on the Re
fluid flow and the heat transfer are also analyzets Ri
found that the wake region size strongly depends on
both Reynolds and Grashof numbers and this region i
shown to increase in size increasing the Reynolds
number and/or decreasing the Grashof number. ¥
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INTRODUCTION

The convection heat transfer around bluff bodies ibeen the
subject of intense researches in the past from é&xqperimental
and numerical approaches in view of its practiggdligation in
heat exchangers, modern electronic equipment apofiow
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Subscripts and supercripts

0 Inlet conditions

w Prism wall

* Dimensionless variak



When flow passes over a bluff body, a near-wakedgiace
behind the body and a complex flow structure oatgs as a
consequence of the mutual interactions among them.

The downstream complex flow structure originating a
consequence of the wake
complicated by the buoyancy effect if the free @wuiion
configuration cannot be neglected. Many works aegalivith
different aspects of the heat transfer and flowabeiur over
circular cylinders can be found in the literatueaavkovich
[1]; Sumer and Fredsoe [2]). However, the flow abua
square cylinder is still less investigated compaeoeithe circular
geometry, especially in the mixed convection flazgime. In
literature, the steady state forced convection rzdioa square
cylinder has been investigated by Dhiman et al T8 results
are presented in a large range of Prandtl numheunkteady
laminar forced convection, the effect of channehfoement
on heat transfer and fluid flow across a squaréndgl has
been investigated by Sharma and Eswaran [4]. Eahiéeeffect
of channel confinement has been carried out fronth bo
experimental and numerical investigations by Datisl. [5].
The effect of Reynolds number and Prandtl numbeheat
transfer around a square cylinder for an unstelady fegime is
also presented by Sahu et al. [6]. A detailed stfdthe flow
and heat transfer characteristics past a squanedeylin the
steady and unsteady periodic flow regimes, up ®egnolds
number value of 160 and for both isothermal andstaot heat
flux density thermal conditions has been carriedlmyuSharma
and Eswaran [7]. If many experimental and numengatks
devoted to forced convection heat transfer from qaase
cylinder can be found in the literature, much laention has
been devoted to mixed convection and particuladyheat
transfer features. When the buoyant forces are rireghaover
the viscous phenomenon, the flow behind the cylitdEomes
more complicated as a result of interactions betwéscous
and buoyancy forces. The flows are endowed witlongtr
interactions that can complicate the heat trangfiercess,
especially when free and forced convection effeere
comparable.

In pure free convection, Saha [8] investigated ghenomena
past a square cylinder placed centrally within dieal parallel
plate channel. The flow was found unstable aboeectiitical
Grashof numbe6Gr = 3 x 1@. The author found that the drag
coefficient decreases while the Strouhal numberees with
increasing Grashof number. Khodary and Bhattaclzafgj
studied natural convection from a horizontal isothed square
cylinder inside a vertical adiabatic channel. Téeresults
indicate that the laminar natural convection isngigantly
affected by the aspect ratio and the lateral pmsitf the
obstacle. Whatever the Grashof number is, an optiragpect
ratio exists, leading to the maximum heat transdée. Central
positioning is observed to be the best way to eoddhe heat
transfer.

In steady state mixed convection regime, Dhimaralel[10]
studied the effect of cross-buoyancy and Prandtiber on the
flow and heat transfer characteristics of an isotfa confined
square cylinder in a channel. The drag coefficieas found to
be less sensitive to the Richardson number than lithe
coefficient. The influence of the Richardson number the
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interactions becomes furthe

total drag coefficient and the Nusselt Number isligatively
similar to the case of the unconfined mixed conweectThe
value of Nusselt number was found to increase upb%
compared to the pure forced convection value.

One of the first numerical study on the cross buoyaeffect in
confined channel has been investigated by Biswad. dfi1].
They reported that the maxima and minima in theaig} and
temperature profiles were found close to the botteatis of
the channel. They also reported that the perigdafitflow and
asymmetry of the wake can occur at lower Reynoldsbers
in the same manner as pure forced convection.

Suzuki and Suzuki [12] reported numerical and erpental
studies on the confined flow obstructed by a squatder
maintained at constant temperatureRat= 50, 100 and 150
under various inlet flow conditions. From the nurcarresults,
the flow was found to fluctuate in a highly periodashion and
the Karman vortex formed downstream from the rolitgted
a crisscross motion in the obstructed channel flowki et al.
[13] have numerically investigated the mixed corigerfrom
a horizontal square cylinder in air for Re=120 @® 2for Ri up
to 0.1 at a blockage ratio of 0.25. The criticduesof Reynolds
number was observed to increase with increasinglibekage
ratio in pure forced convection. In mixed convegfiche
critical Reynolds number was found to decrease initheasing
Richardson number while the Strouhal number wasrteg to
increase with Richardson number.

Sharma and Eswaran [14], studied numerically that laed
fluid flow across a square cylinder at Reynolds hamof 100
under aiding and opposing buoyancy. They found that
degeneration of Karman Vortex Street occurs at iticalr
Richardson number of 0.15. Also, they notified tthet average
Nusselt number for the cylinder increases monotdlyiavith
the Richardson number, albeit only slightly. In tes study by
Sharma and Eswaran [15], the same authors hastigatesi
the aiding/opposing buoyancy for<Ri< 1 around a confined
square cylinder in a channel for the varying valagblockage
ratio at the constant value of Reynolds number @ &and
Prandtl number of 0.7. They reported that the mimmheating

(critical Ri) required for the suppression of vortex shedding

decreases up to a certain blockage ratio (=30%)tHaweafter
increases with increasing the blockage ratio ferftbw around
a square cylinder. They also found that the cylindesselt
number increases with increasing the blockage eataRi.
Bhattacharyya and Mahapatra [16] studied the inftee of
buoyancy on the vortex shedding and heat transfem fa
cylinder of square cross-section exposed to a botét stream
for a wide range ofRe (up to 1400) withRi=0-1 and
Pr=0.72. They showed that the vortex shedding lkhire
cylinder takes place for a Reynolds number gretitan 40
over the entire range of Richardson number consitieAlso,
their results showed that the centerline symméitthe wake is
lost and the cylinder experiences a downwardswifen the
buoyancy effect is considered. Perng and Wu [1vgstigated
the aiding/opposing buoyancy on turbulent heatsfiemfor -
1<Ri< 1. They conclude that with increasing the blockegm,
the buoyancy effect is becoming weaker on the Nussenber
for the square cylinder.



From an experimental investigation, Singh et a8] [&tudied
the effect of aiding buoyancy on the wakes of dacwand
square cylinders at low Reynolds numbers. They roksethat
the critical Richardson number increases with Ré&iso
number. Also, they found that the criticRli for a square
cylinder is close to that of a circular cylindercamparablére
Using the Schlieren technique, a detailed investigaof the
effect of buoyancy and incidence angle on the wosteedding
process has been carried out by Kakade et al. [19].

They observed that buoyancy delivers sufficient raotam
into the wake, diminishes the velocity deficit, acampletely
eliminates the vortex shedding at a critical Ridsan number

present study), Turki et al. [22] found a critie value of 62
from steady to periodic motion. This value is camfed by an
experimental investigation for unconfined flow bghk&de et al.
[19] where the authors found a critical Re of G6al previous
study (Korichi et al.[23], Korichi and Oufer [24fpbr a pure
forced convection in similar configuration, theticil Re was
found about 60. Moreover, the transition to
dimensionality is found to take place at a Reynatdsnber
between 150 and 175 (Saha et al., [25-27]; Luol.ef28];
Xiaohu [29] and Gregory et al. [30]). Also, from lgnthe
buoyancy effect view, unsteady and three-dimenésiyraf the
flowmay occur for

that depends on the Reynolds number and the anfyle o investigated range (Atmane et al., [31])

incidence. Moreover, for a given orientation, Straunumber
is found to be a function of both the Reynolds namdnd the
Richardson number. With an increase in Richardsambrer,
the Strouhal number increases owing to the aidimgyancy
force. However, vortex shedding abruptly ceasemédtbeyond
a certain critical Richardson number. The effectscmss
buoyancy on vortex shedding behind a square cylind&D
laminar flow regime have been investigated by Gmgge and
Mondal [20] for 5<Re<40 and &Ri<2. The thermal buoyancy
brings about asymmetry in the wake and induceseadstess
beyond some critical value of Richardson number éor
particular Reynolds number. The critical Richardsammber
for the onset of vortex shedding is found to deseeaith
increasingRe The shedding frequency increases widand
Ri beyond its critical value.

Recently, Sharma et al. [21] performed numericalusations
of aiding mixed convection across a square cylinatetow
Reynolds numbers (0 — 40). They found that the fisvgtill
steady for the range of conditions taken in thedsturhe
friction drag, pressure drag and total drag coieffits decrease
with increasing Reynolds number; whereas, the dpaend
is observed with increasing Richardson number. aberage

Nusselt number increases with Reynolds number and/o

Richardson number.

Thus, based on the previous review, it clearly appa lack of
studies that have dealt with aiding buoyancy ovesqaare
cylinder in the vertical channel. The few of therhoawere still
on this topic focused on the onset/breakdown ofiéar vortex
street cylinder wakes. Accordingly, there is a néadfurther

studies in heat transfer and fluid flow at low Relgils humber
under the buoyancy aided regime. It is the reasby the

purpose of the present work is to study heat teanasfid fluid
flow around a square cylinder at Reynolds numberdRe< 45

and Richardson number, 8RBi< 10 for air (Pr=0.7).

MATHEMATICAL FORMULATION

The two-dimensional physical geometry and the melév
dimensions considered for the numerical
schematically shown irig 1.

In the present numerical investigation, the flonagsumed to
be steady, laminar and two-dimensional in the ramde
parameters used. Indeed, for a confined channeh \ait
blockage ratio equal to 1/8 (close to the configaraof the
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analysi® ar

The incompressible Navier—Stokes and energy equatiothe
Cartesian coordinate system form the governing teans of
the flow. The buoyancy-driven flow from the heatmaface
interacts with the laminar main flow to yield mixednvection
conditions. Viscous dissipation is neglected anchstant
thermophysical properties of the medium are assumeckpt
the density where Boussinesq approximation is tsestimate
the thermal buoyancy term in momentum equation.

L=10
Adiabatic
walls Hy,
D
e |
[ A
YL VHU
A R N Y B B R
Vo T,

Figure 1Physical configuration of the problem

Thus, the continuity, the x and y components of Navier-
Stokes and the energy equation in the nondimensioma can
be written as follow:

three-

high Grashof numbers outside the



* *

u LV g )
ox oy
. . . 9 4 ap
u*au*+v*au*:_0p*+i al*J +67L*1)(23)
ox oy ox Re ox? oy~
R X . 5 s ap s
u*aiv*'i'v*aiv*:_al*-'-i(ai\!z*-aiv*z)'{'Rie* (Zb)
ox ay oy Re dx° oy
R R 2 9 ot
u* ae* +V* ae* =i(a ?2 a ?2) (3)
0X oy Pe ox oy

Where the dimensionless variables are defined as:

X*:lly*:l!u*:u !V*:_!p*z p2
D D A Vo PN,
0*:T_T° )
TW_TO

The Reynolds number, Richardson number and Pechaber
are the governing phenomena parameters for thislggmoand
are respectively defined as

Re:LOD, Ri= ﬂ Pe = RePr (5a)
Re?
Where
3 _
Gr = Wandprz'tfp (5b)
v

The boundary conditions of interest in this stuty as follows:
At the inlet a uniform upward flow of constant teengture is
prescribed

u=0,/=1,6 =0 (6a)

At the outlet, an outflow boundary condition is giv
ou” i
06 -0

7:0,V*:O,0L*:O, .
oy

ox

(6b)

oy’

The boundary conditions on the cylinder surfacegaren by:
u=0v=086-=1 (6¢)

Finally, “no-slip” boundary conditions are apptie¢o the two
adiabatic channel walls:

08 _

- (6d)
)

u =0 v=0 0

NUMERICAL METHOD

The governing transport equations associated Wwétbbundary
conditions are solved using the open source Open®oeode
[32] based on the finite volume formulation. The
buoyantBoussinesqSimpleFoawlver is employed; it is based
on the SIMPLE algorithm and uses the Boussinesq
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approximation for estimating the density in buoyamberm in

the momentum equation.

The grid is chosen non uniform and is highly cotied
close to the square cylinder to capture high gradwelocity,
pressure and temperature. In order to ensure a grid
independence for the results, a series of testeidaruniform
grids were carried out. The nodes are equally shace the
cylinder edges, whereas an adequate expansion
characterizes the node distribution on the otheyesdof the
domain. Mesh grid distribution which corresponds da
interval grid size on the surface on cylinder 087110* was
found sufficient to produce independent resultse Taximum
relative error for global parameters such as méksselt
number not exceeds 2% for Re= 45 and Gr= 3216 effket of
upstream and downstream distances on the physicaineters
has been examined in previous studies for a similar
configuration (Korichi el al. [23], Korichi and Oeif, [24 ; 32])

at greater Reynolds numbers. Analysis showed thater the
conditions taken in the present study, the foll@wilistance
values were still applicable. Consequently, an nepsh
distancelL,= 6.0 from the domain edge to the face of the
obstacle and a downstream distanice= 23 were found
sufficient to have no effect on the results.

Validation of the numerical simulation was attaindxy
performing comparisons with previous works. IndeEdy. 2
shows the results of the present work compared thitise of
Dhiman et al. [3] for the same conditions. A quieod
agreement is observed between the two studies hed t
maximum relative error is within 4%.

ratio

16

—o— Present
—— Dhiamn et al. (2006

T
0,005

0,020

Figure 2. Validation plot of the present numerical simudati
by comparison with the results

RESULTS

In this study, numerical computations have beenezhout for

20<Re<45 and 1.61x10<Gr<6.33x10corresponding varying
from Ri=0.8 to 8. This parameter range was chobegause
both free and forced heat transfer affect the figvich remains
in the steady state conditions. Prandtl numberhef ftuid is

taken equal to 0.71 (air) and the blockage ratiositered in
this study is chosen constant and equal to 1/10.



Flow structures and isotherm patterns
Figure 3 shows the streamlines contours in theniticiof the

square cylinder for Re=20, 30 and 45 and Gr=3.22x10

respectively, corresponding to Ri varying from &01.6. One
can easily distinguish a closed steady recircujatirea taking
place from the fixed trailing edges of the squaginder

composed by two counter-rotating and symmetric bmal

vortices. In front of the cylinder a separatiorttoé flow occurs
and a stagnation point is formed. Because the egostrflow.
Since the upstream flow is relatively low, no sagian occurs
from the two corners of the leading face of theasqicylinder.
Then, since only the sharp trailing corners of dwuare
cylinder fix the points of separation in the rangé Re
considered in this study, it can be easily seenttie@length of
the recirculation region increases with increasRgynolds
number. More details of the wake geometry will hetHer
presented. It should also be noted that the flomctire
remains still symmetric under the conditions o$thiudy.

A

Figure 3: Streamlines contours for Re=20, 30 and 45 at
Gr=3.22 16

Re=20. | [| [Tlevel Re=30 [ Tlevel Re=45 [ ] Tevel
} | min=300.5 °K 1| min=3005 °K min=300.5 °K
max=309.5 °K max=300.5 °K max=309.5 °K
delta=0.6 °K Delta=0.6° Delta=0.6"

w
I

Figure 4: Isotherm contours for Re=20, 30 and 45 at
Gr=3.22 16
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The isotherm maps in the vicinity of the squarenddr are
shown in fig. 4 for the same parameter values, haRe=20,
30 and 45 and Gr=3.22x10Under aided buoyancy effect, the
isotherms follow the main flow structure and présalso a
symmetric behaviour from the mid-line of the flolrom these
maps, it can be seen that the isotherms are comtgbgt the
front stagnation region, signifying the highest theansfer rate
from the cylinder surface in this region as comgarethe rear
and the side surfaces. Similar findings are repofte the pure
forced convection case for a square cylinder (Sslal. [6]) as
well as for a circular cylinder (Sarkar et al. [B4fFrom the
isotherm maps, it can be concluded that the thebnahdary
layer on the front face is the thinnest followedthg one on the
side faces and at least by the plume on the rear fabviously,
it can be seen a similarity between the wake aedthiermal
plume shape.

In the wake region, where a recalculating zone texithe
isotherms are widely spread and are closely padkedhe
shorter recirculation region. Because, the amofifitia in the
recirculation zone increases with increasing Reysolumber,
the clustering of isotherms also increases withieiasing the
Reynolds number. The temperature contours spreatdydahe
streamwise direction with a subsequent reductiotheflateral
width. The main difference between the pure forceavection
and the buoyancy aided mixed convection is thaigb#herms
show a thin plume rising in the far field abovenfrthe heated
cylinder. The thermal boundary layer starts frone ttnont
corner of the side face and growth as the flow redegvards in
the streamwise direction. Another difference asparad to the
pure forced convection is that the thermal boundamer
thickness in the mixed convection case is lower dosame
Reynolds number, except at the front face for higfashof
number.

The local Nusselt number evolution the along thdf ha
peripheral cylinder surfaces for various Reynoldsnher at
Gr=3.22x18 is depicted in fig. 5

—~—Re= 20
124 —— Re= 30

—— Re= 45

T T T
0,000 0,005 0,010 0,015 0,020
X

Figure 5: Local Nusselt number evolution along one halfhaf
cylinder surfaces for various Reynolds number at332.16.

As expected, for reason of symmetry, Nusselt numiser
presented only for a half perimeter as indicatedfigure



legend. The Nusselt number along the front faceqmis the
highest evolution compared to the other faces efaylinder.
Starting from the flow stagnation point, situatedtbe middle
of the front face, Nu increases quite sharply altmg frontal
face until peak values are attained at the firsheg whatever
the Reynolds number is. On the side face, Nu deesealong
the flow direction as the heat flux in the upstreamonvected
downwards by the fluid. On the rear face, thesseltnumber
falls considerably to reach values below those mieskfor the
other faces. This is due to the effect of the diffa heat
transfer mode which is non negligible compared ke t
convective mode in the wake where the rear fade tontact
with the two vortices. It can be clearly observidttvalues of
the Nusselt number become higher with increasimgesain the
Reynolds number except along the rear face, asceegbaéhe
diffusion is the main heat transfer mode. It shchgdhoted that
although the front face is in contact with the uatled free air
stream, the Nusselt number is very low in the nadiflthe face
due to the presence of the stagnation point whicliek the
flow into two. The effect of Reynolds number is mor
pronounced on the front face, which is the direcget of the
incoming free stream flow.

The mean Nusselt number for each face of the squydireder
is calculated by averaging the local Nusselt nunter the
cylinder surfaces for each Reynolds number valie fesults
are summarized in Table 1.

Re Front face Side face Rear face
20 4.486 3.848 1.493
30 5.139 3.987 1.431
45 6.029 4,177 1.360

Table 1. Mean Nusseltnumber by face for various Reynolds
number at Gr=3.22.%0

Increasing the Reynolds number from 20 to 30 le@mdsin
increase of the Nusselt number of about 13% an@P3 far the
front and the side faces respectively. However eradse of
4.3% is observed for the rear face. The reasorhas, tat
relatively low Richardson number, the warm fluid
imprisoned trapped in the recirculating wake legdim reduce
the heat transfer. Similar results are also obskfeeReynolds
number varying from 30 to 45. The analysis of mixed
convection is more complicated than that of theefdorced or
free convection only. To get a better understandifghis
phenomenon, the influence of buoyancy on the fflod/ and
thermal field around the square cylinder is shownplotting
the streamlines and isotherms contours for diffe@rashof
number values in fig. 6 and fig 7, respectively.

is
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Figure 6. Streamline contours for different Grashof numbers
(Gr=1620, 3220, 6330) at Re=45

Tlevel
min=301 °K
max=318 °K

Delta=1°

T level Gr=6.33E+03
min=300.5 °K |
max=309.5 °K i

Delta=0.6"

min=300.5 °K /
max=305 °K 1
Delta=0.3*

Gr=1.6203] | \ “Tlevel |[Gr=3.22E+03 ,

Figure 7: Isotherm contours for different Grashof numbers
(Gr=1620, 3220, 6330) at Re=45

The heat released from the cylinder surface deesetie fluid
density in the prism vicinity and consequently thed will
start to move in the direction opposite to the gyaand this
motion will be added to the upward inertial flow.h&
combination of these two motions tends to accedetthie
boundary layer flow in the vicinity of the heateduare
cylinder. When the buoyancy forces are conjugateer ehe
viscous phenomenon, the induced flow moves upwaakiimg
a kind of smooth turn around the hot square cylindes the
Grashof number increases, the boundary layer imtlbgethe
upward buoyancy flow is found to be more acceleraad
becomes finer. At a fixed Reynolds number valuerdasing
the Grashof number results in reducing the rectouy zone
size behind the square cylinder. This can be expthiby the
elevation of the temperature, so that vortices &minin the
wake are weakened by the buoyancy force due ta¢besase
of the fluid density in the vicinity of the cylinde

The effect of Grashof number on the local Nusseinier
evolution along the half cylinder peripheral sufad Re=45 is



shown in fig. 8. It can be seen that the incredsbe cylinder
temperature surface leads to an increase of theditusumber
on the lateral side face followed by a slight irms® on the rear
face. However, no significant effect is observedtba front
face. This effect is opposite to that observed witlieasing the
Reynolds number. This result can be explained Bewpdue
to the increase in heating amount, the buoyancyeceff
accelerates the flow in the vicinity of the sideda and the heat
removed by free convection is added to the foraet/ection.

——1.62 10
——3.2210°

-~ ——4.79 10’
104 1 |——6.3310°
<

124

T T T
0,000 0,005 0,010 0,015 0,020

Figure 8: Local Nusselt number evolution along one halthef
cylinder surfaces for various Grashof number at4®%e=

For the front face, as increasing the buoyancy mater
increases the temperature gradient, this leads@lao increase
of the thermal boundary layer thickness as a rasuthe free
flow which tends to leave the heated surface. Table
summarizes the mean Nusselt nhumber by face foerdift
Grashof numbers at Re=45.

Gr Front face Side face| Rear face
16213 | 5.886 3.809 1.214
3.2216 6.029 4.177 1.360
47916 | 6.132 4.442 1.464
6.3310 6.215 4.654 1.546

Table 2 MeanNusseltnumber by face for various Grashof
number at Re=45

CONCLUSION

A numerical study of two-dimensional flow and héansfer
past a horizontal square cylinder under buoyandgdieffect
has been reported, for the steady state condititims.effect of
the Reynolds number (2Re< 45)and the Richardson number
(0.8<Ri<8) on the flow and heat transfer are investigalda:
blockage ratio and Prandtl number are taken conhatahequal
to 0.1 and 0.7 (air), respectively. The resultsastimat in steady
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state conditions, both streamlines and isotherressgmmetric
about the centerline upstream as well as in theewagion of
the square cylinder. The isotherms contours argregrated at
the front region, leading to the highest heat tiemgate from
the cylinder surface in this region as comparedhi® other
sides. Moreover, heat transfer is the lowest atr¢lae surface.
It is found that the size of the wake region inse=awith
increasing the Reynolds number and reduces in witle
increasing the Grashof number. It is noticed thhe t
augmentation of the Reynolds number leads to are@se in
the Nusselt number on the front side while the aemation of
the Grashof number increases the Nusselt numbtreolateral
faces.
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