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Abstract

A numerical investigation was conducted to analyze the unsteady flow field and heat transfer characteristics in a horizontal channel with a
built-in heated square cylinder. Hydrodynamic behavior and heat transfer results are obtained by the solution of the complete Navier—Stokes
and energy equations using a control volume finite element method (CVFEM) adapted to the staggered grid. The Computation was made
for two channel blockage ratiog < 1/4 and ¥8), different Reynolds and Richardson numbers ranging from 62 to 200 and from 0 to 0.1
respectively aPr = 0.71. The flow is found to be unstable when the Richardson number crosses the critical value of 0.13. The results are
presented to show the effects of the blockage ratio, the Reynolds and the Richardson numbers on the flow pattern and the heat transfer fror
the square cylinder. Heat transfer correlation are obtained through forced and mixed convection.

0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Laminar channel flow; Square cylinder; Forced convection; Mixed convection; Strouhal number; Heat transfer

1. Introduction found the same as that in steady flow. Laminar channel
flow obstructed by a square cylinder and the related heat

Flow over a bluff body is an important research area transfer were studied numerically and experimentally by

in many engineering fields. When the flow passes over the Suzuki et al. [5]. They pointed out that a vortex is generated
bluff body at a certain Reynolds number, wake is produced near the channel in phase with the shedding vortices from
that is frequently associated with unsteady and periodic the cylinder. They observed that the induced vortex near
vortex shedding. This problem has been studied in detail in the heat transfer surface entrains the cooler fluid from the
the past, most of the research is directed toward the fluid gownstream side and that this fluid motion contributes to
mechanics studies (Davis et al. [1], Sohankar et al. [2], {he enhancement of the wall heat transfer. The influence of
Breuer et al. [3]...). However, the mechanism of heat ey shedding on the heat transfer characteristics of the
Fransfgr under sqch unsteady flow ina cha_mnel flow with the rectangular protruding body was conducted numerically by
g‘xst(;]t,'ton of a cylinder has not been investigated to the SameShuja et al. [6]. Their results show that the vortex attached
) to the body enhances the heat transfer while detached vortex

In pure forced convection, simulation of steady and | the heat t torf th trudina bodv. Thev sh
unsteady two-dimensional flow around a square cylinder was owers the heat transter from the pro r_u Ing body. They show
also, that the effect of vortex shedding on the temperature

conducted by Kelkar and Patankar [4]. Their computations <> *'¢ ) o
showed that the temperature fields in the wake for steady anddistribution farther downstream of the flow is negligible
unsteady flow are quite different. The overall heat transfer Pecause of the flow mixing. Abbassi et al. [7] carried out
from the square cylinder in unsteady flow was almost @ numerical investigation to study the forced convection in
a horizontal channel with a built-in triangular prism. They
_ showed that for symmetric flow corresponding to a lower
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Nomenclature
A side length of the square cylinder .......... m ug maximum ofu-component at the channel
dominant frequency.................... s inlet. ... 81!
Gr Grashof numbee= p2ga (T}, — T,) A3/ u? u,v  velocity components nondimensionalized:iay
H channelwidth................. ... ... ... m V velocity vector nondimensionalized loy
1 flow rate between the square cylinderandthe  x,y cartesian coordinates nondimensionalizediby
lower channel wall Xy distance from body to inlet
o flow rate between the square cylinder andthe x4 distance from body to outlet
upper channel wall Greek symbols
Nu space-averaged Nusselt number: on the . -
1 a0 o thermal expansion coefficient
transverse surfaces, fo _(E)w dy on the top B blockage ratio= A/ H
or bottom surfaces fol —(g—f,)w dx w dynamic viscosity of the fluid. . . .. kg1.s1
(Nuy  time and space-averaged Nusselt number on 0 dimensionless temperature,
each face of the square cylinder, =T —-T)/(Th — Tc)
= rzfrl f:f Nudz 0 density of the fluid .................. kyg—3
(Nu;)  global time and space-averaged Nusselt number, © time nondimensionalized hy,/ A
- NT At dimensionless time step
- Zall.faces<Nu>/4 A di ionl t irdi ti
p pressure nondimensionalized byé u IMENSIONIESS Space stepuruirection
Re Reynolds numbets puoA /u Ay dimensionless space stepyirdirection
Rezit  critical Reynolds number corresponding to the  Subscripts
onset of vortex shedding av average
Ri Richardson numbes Gr/Re? c cold
S Strouhal numbet= A /ug h hot
T dimensional temperature w wall

(Re > 45), heat transfer from the channel is seen to increase  The purpose of the present work is a numerical inves-
strongly in presence of the triangular prism. tigation of forced and mixed convection flow in a two di-

In mixed convection, structures of laminar wakes and heat mensional horizontal channel with a built-in heated square
transfer in a horizontal channel with a built-in square cylin- cylinder. The effects of the blockage ratio, the Reynolds and
der were studied numerically by Biswas et al. [8]. In their Richardson numbers on aerodynamic and heat transfer char-
study, the channel walls and the surface of the bluff body acteristics are examined. Preliminary 3D simulations con-
have higher temperatures than the incoming flow. Their re- ducted by Breuer et al. [3] have shown that the flow obtained
sults show that mixed convection can initiate periodicity and at Re =300 is slightly beyond the limit where 2D simula-
asymmetry in the wake at a lowBe than forced convection tions can be carried out. For this reason, the largest Reynolds
alone. They also have found that the mixed convection canumber chosen in our study wie= 200 in order to restrict
enhance the heating of the fluid within the channel up to a the study to the 2D flow.
certainGr, and further increase i@r leads to the deteriora-
tion in the heat transfer rate. A numerical investigation was
conducted by Lange et al. [9] to study the two-dimensional 2. Governing equations
flow around a heated circular cylinder located in a laminar
crossflow. They have showed that the temperature depen- The flow is assumed to be unsteady, two-dimensional and
dence of the fluid properties has an influence on the variationlaminar. All the physical properties of the fluid are assumed
of Nusselt number, drag coefficient and the Strouhal numberto be constant except the density in the buoyancy term. Using
vs Reynolds number. The laminar vortex shedding of airflow the Boussinesq approximation, the governing dimensionless
behind a circular cylinder with different heating tempera- €quations can be written in the following conservative form:
tures was experimentally investigated by Wang et al. [10].

Their results show that the frequency data could be suc-div(V) =0 (1)
cessfully collapsed with the effective temperature for a wide du , _dp
range of cylinder temperatures. An universal relationship be- g1 +div() = — 9

1
5y Ju=uV - gradu) )
tween Strouhal number and effective Reynolds was also dis- 3, . ap _ 1
cussed. e +d|V(Jv):_5 +RIO, Jy=vV - =gradv) (3)
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a0 . 1 . .
— +div(Jy) =0, Jy =60V — ——gradb) (4) 4, Resultsand discussion
at RePr

In the above equations the space coordinates, velocities, Computations have been carried out for flow around a
time and pressure are normalized with respectively the heated square cylinder inside horizontal channel for two
width of the square cylinder, the maximum velocity at ~ blockage ratios. It is changed #s= 1/4 and ¥8 under
the channel inleig, the characteristic timel /ug and the ~ Reynolds number ranging from 62 to 200 and Richardson

characteristic pressuge:3. The dimensionless variable number up to 0.1 when the Prandtl number is kept constant
at 0.71. The square cylinder is symmetrically placed in the
(T —Tp) channel axis as indicated in Fig. 1. The upstream face of the
= (Th — T¢) square cylinder is located at distange= 10 from the inlet.
The distance from body to outlet is setxat= 15. Values
refers to suitably defined “hot” and “cold” temperatures.  of x, andx, are those recommended by Sohankar et al. [2].

A no-slip condition was applied as the velocity boundary |n their study, they show that for the convective boundary
condition along the solid walls. The inlet VelOCity prOﬁle is Con\/ection, the suitable Va|uenf seems to be 10 units and
parabolic while the exit boundary conditions are chosen to for safety reasons, they recommend 15 units, especially at
minimize the distortion of the unsteady vortices shed from Re < 100 for which the recirculation region behind the body
the cylinder and to reduce perturbations that reflect back in tojs |arger and the flow is more viscous.
the domain. A detailed investigation carried out by Abbassi Computations were performed using 1257 and 12
et al. [11] shows that the convective boundary condition 77 non uniform meshes fg8 = 1/4 and 18 respectively

(CBC) given by: with a variable grid sizes.017< Ax < 0.6 and 0017 <

Ay £ 0.2. In the regions near the solid walls, the grid was
e +MavE -0 (5) made finer by using an exponential stretch described in
9T dx detail in the work of Turki et al. [15]. The number of nodes

was found to work very well, where the variabfe is the distributed over unit length of the square cylinder surface is

dependent variable, v or 6 anduay is the mean channel ~ chosen as Sohanker et al. [2] equal to 20.

inlet velocity. In order to study the grid independence, one case was
The thermal boundary conditions used here are that the"n With 252x 137 grid points with 0M08< Ax < 0.3

upper and the lower channel walls are specified as adiabatic2Nd 0008 < Ay < 0.1 for Re = 200 andg = 1/4. For

The square cylinder is assumed to be isothermally heatedtNiS case, 40 nodes are distributed over unit length of the
at Th, exchanging heat to the cold fluid flowing around it, square cylinder surface. The computation results show a
which is at a uniform temperatuf at the channel inlet. difference of only 7% and 8.7% in the values of the Strouhal

numberS and the global time-averaged Nusselt humber
(Nu;) respectively.S has been calculated using the fast
Fourier transform (FFT) of the time trace of the velocity
3. Numerical method stored downstream at = 0.3 from the square cylinder
on the axis channel. It is noted th& and (Nu;) seem
The combined continuity, momentum and energy equa- t0 be a very stringent basis parameters to be used for the
tions were resolved using a modified version of control vol- grid independence study. Since the computation time with
ume finite-element (CVFEM) of Saabas and Baliga [12], 252x 137 grids is nearly 5 times that with 12257 grids,
adapted to the staggered grid in which pressure is defined athe computation with 25X 137 is abandoned in favor
cell centers and velocity components at cell faces. A shape©of 122 x 57. A sample grid containing 122 57 internal
function describing the variation of the dependant variables control nodes is shown in Fig. 2 fgr=1/4.
u, v andé is needed to evaluate the flux across the control

volume faces. We have assumed a linear and an exponential =

variations respectively for these variables in the diffusiveand —>

in the convective terms of the conservation equations. More :

details and discussions about CVFEM are available inthe o
works of Prakash [13], Masson et al. [14]. The SIMPLER ¢ —" iA " adiabatic
algorithm was applied to resolve the pressure-velocity cou- >

pling. Concerning the time resolution, an implicit schema

was used for this study and an alternating direction schema’4 = - v

(ADI) was considered for performing the time integration. x

We note that all results presented below are obtained from <x—> < > >

our numerical code, described and validated in details in Ab-
bassi et al. [7]. Fig. 1. Configuration definition.
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Fig. 4. Streamlines crossing the square cylinder in the channel per cycle of vortex shedBmg 460 andg = 1/4 (time interval= %) (@ Ri =0,
(b) Ri = 0.044).

The conditions necessary to prevent numerical insta- Az = 0.005 does not carry any change on the numerical
bilities are determined from the combination of Courant— results.
Friedrichs—Lewy (CFL) condition and the restriction on the
grid Fourier number. According to the CFL conditions, the 4.1. Forced convection (Ri = 0)
distance of the fluid travels in one time increment must be

less than one space incrementy(or Ay) and leads to the In this study, our attention is focused only on the periodic
constraint on the time stefer as: flow characterized by the alternate shedding of vortices

Ax Ay from the rear face of. the square cylinder into t_he stream.
AT < {m m} (6) Basing on the flow visualization as shown in Figs. 3 and

4(a) in which we have presented the streamlines crossing
From this condition, the time step employed in the following the square cylinder in the channel B¢ = 50 andRe =
computation is of the ordenr = 0.01. A time step of 150 respectively foi8 = 1/4, each characterizes a totally
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0.20————————— blockage ratio considered in this study, computation shows
St . L that the distance; depends oReandp. IncreasingRe and
g-8-B.g decreasing result in decrease iny.
0.18+ o Bg i Fig. 7 shows the variations of the time-averaged Nus-
% B=1/4 | selt number versus Reynolds number on each surface of the
square cylinder fop = 1/4. For each Reynolds number con-
0.16 - sidered in this study, the time-averaged Nusselt number on
the bottom face was almost found equal to that of the up-
per face. Their values decrease slightly with increastag
0.14- L The rate of decreasing ¢Nu) from Regit to Re= 200 was
. found equal to 9%. The front face of the square cylinder has
o 0-0.4 o the highestNu) values, followed by the bottom amj the rear
0124 o p=178 | faces. Contrarily observed on the variation of (i) ver-
susRe on the bottom face, the time-averaged Nusselt num-
1° - ber on the front and the rear faces increases with increasing
Reynolds number and this enhancement was found more sig-
2(')0' t '250 nificant for the rear face. Indeed, the rate of increagig
Re from Regit to Re = 200 was found equal to 26% and 77%
for the front and the rear faces respectively. Boe 1/8,
similar (Nu)(Re) curve was also observed on each surface of
the square cylinder. The rate of decreasiNg) on the bot-
tom face fromRegit to Re = 200 was found equal to 1.6%,
the rate of increasingNu) on the front and the rear faces
were found equal to 68% and 214% respectively. Through-
out those results, it seems that the variatioff) vs Re on
the front and the rear faces of the cylinder is more important
than that of the bottom and the upper faces. In addition, it is
very significant for the rear face.
The global time-averaged Nusselt numkeu,) over the
heat transfer surface of the square cylinder is plotted against

0.10+—————
50 100

1
150
Fig. 5. Effect of blockage ratio on variation 8 with Re.

different flow regime (symmetrical and periodic flows), the
onset of vortex shedding was observed at the critical values
of Reynolds numberRegit = 62 and 120 foB = 1/8 and
1/4, respectively. One may conclude that an increase in the
blockage ratio leads to an increase in the critical valuéof
relative to transition from steady to periodic flow. It should
be noted that for one cycle of vortex shedding, the starting
and ending instants lead to identical flow field, then figure
corresponding to the ending instant is to be omitted.

The computed variation of Strouhal number with Rey-

nolds number and blockage ratio is shown in Fig. 5. As the Riynglds r;]umEar inr F:}gl. 8 fof = 1/4 ?Edﬁd?f 1/8.
it can be noticed, the Strouhal numbers have been found':Ora ixedRe, the (Nu;) slightly increases with a difference

more important foi8 = 1/4 as compared to those obtained €SS than 5% whep increases from 18 to 1/4. The slopes
for B = 1/8. The difference is about 30 to 40%, then as of the curves of I(Nu,)) versus IgRe) was almost found
mentioned by Davis et al. [1] and Sohankar et al. [2] that constant in the range of Reynolds number and blockage
an increase in the blockage ratio should lead to an increasd &ti0 considered in this study. Starting from the computation
in the Strouhal number. At the beginning of the periodic flow "€Sults, the global time-averaged Nusselt number can be
and for each blockage ratio, the Strouhal number increases2PProximately correlated by the relationshipsi,) = bRe".
when we increase Reynolds number. It reaches a maximum! he values of the exponena™ and the coefficient 5" are
atRe~ 130 and 150 fo = 1/8 and ¥4 respectively and  found as follows:
then decreases.

The temperature contours in the fluid around the body for 8 = 1/4 and 120< Re < 200:
for Re = 150 and8 = 1/4 are displayed in Fig. 6(a)
for one cycle of vortex shedding. The high temperature b=0.939 a=0.324
gradient is vi_sible from the_ contours especially near the for 8 = 1/8 and 62< Re < 200:
front face which have the thinner thermal boundary layers,
then the highest heat transfer rates occur near this face. The »=0.913 a=0.323
effect of vortex shedding on the temperature contours is
limited to distancex; = 7 (this value corresponds to the Through those results, it can be shortly concluded that the
contour 0.1) behind the square cylinder for this case, i.e., theoverall heat transfer from the square cylinder is slightly
temperature contours with high values extend further in the modified by the blockage ratio. Hence, contrarily to our
downstream flow developed upon the flow field of the vortex expectation, it seems that the augmentation of the Strouhal
shedding. Further away from the square cylinder, the fluid number with the blockage ratio as shown in Fig. 5, has
temperature decreases because of the mixing of the flownot made a great contribution to the enhancement of heat
in the downstream. In the range of Reynolds number and transfer from the body.
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Fig. 6. Temperature contours per cycle of vortex sheddirggat 150 andg = 1/4 (0.1,[0.1],0.9) ((aRi =0, (b) Ri = 0.044).
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Fig. 7. Variation of(Nu) vs Re on each faces of the cylindes & 1/4).

4.2. Mixed convection

In the following of this study, the effect of thermal buoy-

is examined foRi up to 0.1 angs = 1/4. The predictions of

Fig. 8. Variation of(Nu;) vs Re for different blockage ratios.

be noted that the flow was found to be unstable when the

Richardson number crosses the valu®io£ 0.13.

Fig. 9 shows the effect of buoyancy in the wake region
behind the cylinder. FoRe = 100 andRi = 0 (pure forced
ancy on the flow pattern and the heat transfer characteristicsconvection), the flow is symmetric about the channel axis
and vortex shedding has not yet started behind the square
the present study are given on the basis of the flow field vari- cylinder (Fig. 9(a)). For the same Reynolds number and
ation and the resulting heat transfer characteristics. It shouldRi = 102, the wake loses its original symmetry and the flow
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Fig. 10. Variation of the time-averaged flow rateRisthrough the sections
between the square cylinder and the channel wRls<{ 150 and8 = 1/4).

(b)
Fig. 9. Streamlines crossing the square cylinder in the chann&efer100 andg = 1/4 ((a) Ri =0, (b) Ri = 0.01).
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addition, a recirculation vortex developing a stagnation re-
gion near the upper side of the cylinder was observed. Once
the Richardson number is increased, the velocity of parti-
cle fluids behind the rear face increases and moves toward
the upper channel wall. The mass conservation dictates an
increased fluid velocity below the square cylinder. As a con-
sequence, when the flow approaches the front face of the
cylinder, most of the fluids are flowing below the bottom
side of the cylinder. The flow rate which crosses through the
section between the square cylinder and the bottom chan-
nel wall increases when we incred&ieand it is found more
important than that of the one crossing through the section
between the square cylinder and the upper channel wall.
Fig. 10 confirms this result in which we have presented the
time-averaged flow rates of the fluid through the sections be-
tween the square cylinder and the channel walls. This figure
also shows that foRi > 1072, the buoyancy effect becomes
appreciable and modifies the global structure of the flow
around the body. It should be noted as mentioned by Ab-
bassi et al. [11], that in pure forced convection the flow rates
through the sections above and below of the cylinder fluctu-
ate in opposition of phase about the half average value of the

in the wake becomes periodic (Fig. 9(b)). This periodicity is flow rate at the channel inlet. In addition, the frequency of
suppressed in the immediate downstream of the wake. Asfluctuation is found to be identical to that of vortex shedding.
confirmed by Biswas et al. [8], this result clearly shows that When increasing ThBi number, the two flow rates usually
mixed convection can initiate the periodicity in the wake at fluctuate in opposition of phase but each other around its av-
lower Reynolds numbers than forced convection alone. The erage value which is found more important below the square
critical Reynolds number relative to transition from steady cylinder as shown in Fig. 11.

to periodic flow decreases with increasiRg For example,

Fig. 12 compares the Strouhal number against the Rey-

the critical Reynolds number was found equal to 120, 90 and nolds number for different Richardson numbers. Ror=
70 respectively foRi = 0,102 and 4x 1072
Fig. 4(b) shows the streamlines crossing the square cylin-pure forced convectio@Ri = 0) with a maximum aiRe ~

der in the channel &&i = 0.044 (Gr = 10° andRe = 150).

0.05, a similar behavior o8& (Re) curve was found as for

150, wherea$& was found to increase when we incre&se

The flow field around the square cylinder shows a differ- and reaches an almost constant leveRio& 0.1. It is noted

ent behavior to the flow obtained Bt =0 (Fig. 4(a): pure

thatRi = 0.05 is beyond the limit where the buoyancy forces

forced convection). The first visible effect of the thermal become significant. When increasiRgfrom 0 to 0.05, the
buoyancy is that the vortices which shedding alternately Strouhal number slightly increases with a difference less
from the rear side of the square cylinder are not symmetrical than 10%, whereas an increase of 33%tinan be observed

to the channel axis as observed in pure forced convection. Inbetween the curves & = 0.05 and 0.1 aRe reaches 200.
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Fig. 11. Evolution of the flow rate with time through the sections between

the square cylinder and the channel walke = 150 andg = 1/4). 10 L
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Fig. 12. Variation ofSt vs Re for differentRi(5 = 1/4). Ri = 0toRi = 0.05 and after t&xi = 0.1 respectively. All the

data for a giverRi value are located on a straight-line in a

The variations of the global time-averaged Nusselt num- log—log presentation. Therefore, as itis already found in pure
ber as a function oRi at variousRe is shown in Fig. 13. The  forced convection, the global time-averaged Nusselt number
ranges ofRi in which buoyancy has no effect on the heat can be also correlated by the relationshilg;) = c R in
transfer are characterized by constéNd;,) values. As it is the range oRi up to 0.1. The values of the exponeat ‘and
already observed in Fig. 10, the influence of buoyancy forcesthe coefficient ¢” are found as follows:
becomes more important beyoRil= 102, All the curves .
show a remarkable increase around this value and tend tofor Rl =0: ¢=0.939 a=0324
wards an asymptotic value. forRi =0.05:¢=1.369, a=0.293

Fig. 14 shows the variations of the overall heat transfer C A _
from the body with Reynolds number for different Richard- forRi=0.1: c=1868 a=025
son numbers. For a fixed Reynolds number, an increase of Finally Fig. 6(b) shows the effect of buoyancy thermal
25% and 12% in heat transfer is observed when we pass fromon the temperature contours which show a behavior that
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