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Abstract. The present study consists on the numerical etialuaf a triangular arrangement of circular cylieds
submitted to transient, two-dimensional, incompi#ss laminar and mixed convective flows. The gddos
evaluation is performed by means of ConstructalifiresrFor all simulations it is considered Reynoktsd Prandtl
numbers of Re= 100 and Pr = 0.71. Moreover, three different wa$ of Richardson number are investigated: Ri =
0.1 (which represents flows dominated by forcedreotive), 1.0 (which represents an equilibrium = forced and
natural driven forces) and 10.0 (which representsvé with dominance of natural convective). The seowvation
equations of mass, momentum and energy are solitadthve use of Finite Volume Method (FVM). The launmy
forces are tackled with the Boussinesq approximafidhe area occupied by the triangular arrangenantylinders is

a geometric constraint of the problem and the dgirs have the same diameter. The main purposeesdluate the
effect of Richardson number over the drag coeffic{€) and Nusselt number (Nubetween the cylinders and the
surrounding flow, as well as, over the optimal 0a§/D (ratio between transversal pitch and the cylinder two
different values of the ratio® = 1.5 and 2.5 (ratio between longitudinal pitehd the cylinders diameter). Results
showed that the effect of/B over drag coefficient and Nusselt number is refifp affected by the magnitude of
Richardson number. Concerning the Nusselt numberRf = 0.1 the optimal geometry which maximizes fhy is
reached for the highest magnitude ofC% while for Ri = 10.0 an intermediate optimal i@tof S/D maximizes the
Nup. The Richardson magnitudes also have large infleayver the fluid dynamic and thermal behaviorlwiffflow
for all evaluated geometries. An increase in thigor& /D improved the heat exchange of the flow, but eesed the
fluid dynamic performance.

Keywords: Constructal Design, Arrange of Cylinders, Geonuetri Optimization, Constructal Design, Mixed
Convection.

1. INTRODUCTION

Thermal systems involving interactions betweerdflildw and surfaces are widely studied and empldgdchprove
the comprehension of various engineering problérhs. external flow over cylinders, in particulare@ly represents
various engineering problems such as bridges, mweind power converters, condensers, evaporagiegm
generators, multi-tubular heat exchangers and @thEne maximization of heat transfer between thrangement
surfaces and the surrounding flow has also beetiestin the literature (Cengel and Cimbala, 200&aRiet al,2009).

Many studies are dedicated to the evaluation ofptexnphenomenology involved in these flows, sucfoamation,
the detachment of vortex, wake and vortex strestsyvell as, the flow patterns as a function of flparameters
(Reynolds, Prandtl and Grashoff numbers). In Szthal. (2009) the effect of Reynolds and Prandtl numbetse fluid
dynamic behavior and heat exchange to the surragniibw were analyzed in a square cylinder and laateet al.
(2003) evaluated the flow pattern around a circajdinder for high Reynolds number flows.
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In addition to studies about the flow phenomeno]abig also important to understand the geometficence over
the flow behavior and maximization of its fluid dymic and thermal performance. In this sense, itbees) seen an
increase on the use of Constructal Design, whiéhgeometric evaluation method based on constramtsobjectives
and is based on the physical principle of maxindzabf internal currents in the flux system. Thignpiple is called
Constructal Law and it is defined by (Bejan, 200@)ich states that “For a finite size system to igérm time
(survive), it needs to evolve its shape and strecto provide better access to current flowing tigioit”. In Bejan and
Lorente (2008) many examples of applications of Sharctal Law for geometric evaluation of heat tfanproblems
are presented.

The study of bodies subjected to flow without tise of Constructal Design has also been done ititénature. For
example, in Song and Change (1991) are assesseddtierns and vortex shedding of a laminar flowaopair of
cylinders placed transversally to the main directid flow, i.e., with side-by-side arrangement (tam). The behavior
of vortices is also studied in Meinders and Hanjéli999) for a turbulent flow with forced convectiover an array of
cubes. Extensive work of literature review is preéed in Sumner (2010), in this review work sevestaldies about
flows over pair of cylinders with aligned and traesse arrangements are presented. In this studmsitalso evaluated
the influence ofP/D (ratio between the pitch of cylinders and theandéters) on average parameters of the flow as
Strouhal number (Sth), drag coefficientsp)Csupport (€) and number of Nusselt (Nu Alam and Zhou (2008)
presented a numerical study about fluid flow oves tylinders in tandem with different diameters.

Concerning the geometrical evaluation of heat cotier problems by applying Constructal Designsipossible to
mention the work (Bello-Ochendet al, 2007), the main purpose was to obtain the miration of thermal resistance
in micro-channel cooling. Afterwards, Bello-Ochereteal. (2009) evaluated the effect on heat transfer irtsdusing
corrugated entries. For the study of flows oveinzigrs, Bello-Ochende and Bejan (2005) evaluatedh#at transfer in
a transversal laminar two-dimensional flow withurat convection in multiple scales arrangementveSand Bejan
(2005) presented an evaluation of forced convedtox® over arrangements of flat plates with mukipéngth scales.
Later, Kimet al (2010) carried out a study on forced and natooalvection in a cross arrangement of ducts. In this
paper it was analyzed the flow of current in théemal and internal sides. In Bello-Ocheneleal. (2011) the
simulation of flow over arrangements of multipl@kss with rotating cylinders was carried out. Tésults showed that
the heat transfer rate increases as the geometriplexity of the structure also increases.

Concerning the multi-objective problem, Rodtaal. (2013) studied numerically forced convective, siants, two-
dimensional, incompressible and turbulent (high+idgs) flows over a pair of cylinders. In all casiesas considered
a flow with Rg, = 22,000 and Pr = 0.71. The main objective wasvduate the best angle between the pair of cyitnde
and the main flow direction that would lead to geedhermal exchange, as well as minimize the fvege between the
cylinders and the surrounding flow. As a resultyéts demonstrated that the best arrangement takemaécount both
objectives for the analyzed flow were obtaineddngles with the main direction of fluid flow in thenge between 45
and 60 degrees. In Galarehal. (2015) a similar numerical study for a laminamflavith forced convective (Re= 100
and Pr = 0.71) flow over a triangular arrangemdrtytinders evaluating the influence of longituditsad transverse
steps was performed.

In this work, Constructal Design is applied to aptie the ratioS;/D (ratio between transversal pitch and the
cylinders diameter) for two different ratios 8f/D (ratio between longitudinal pitch and the cylirelgliameter) in
triangular arrangement immersed in flows with mixesninar and transient convection with three défé numbers of
Richardson. More precisely, it is investigated thBos S /D = 1.5 and 2.5. The main goal here is to deterrttiee
optimal arrangement that maximizes the heat transfefficient and minimizes the drag coefficienty fifferent
numbers of Richardson (Ri = &fRey2 = 0.1, 1.0 and 10.0), as well as to assess fhuente of Richardson number on
the optimal geometry and effect of geometry indldiynamic and thermal behavior of the flow. Thusyudated flows
are considered dominated by forced convection WRien 0.1, in balance between forced and mixed cctime when
Ri = 1.0 and dominated by natural convection whér R0.0. Note that, Grashoff and Reynolds numlaeesgiven,
respectively, by Gy = gBATH3?2 and Rg = u,D/v. To obtain the velocity fields, pressure and terapge the
conservation equations of mass, momentum and eeegyolved numerically using the Finite Volume Met (FVM)
(Patankar, 1980; Versteeg and Malasekera, 200@ngl2010).

2. MATHEMATICAL AND NUMERICAL MODELLING
The modeling of incompressible flow, transient,hamixed convection in laminar regime is based engblution of

the conservation equations together with the bogyndad initial conditions of the problem. The edqoa$ of
conservation of mass, momentum and energy are gigspectively, by (Bejan, 2004):

—1=0 (=1land2)intxQ (1)
0x;
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wherep is the density of the fluid (kg/m3); is the dynamic viscosity of the fluid (kg/(ms))is the kinematic viscosity
of the fluid (m2/s);a is the thermal diffusivity (m? / s); is the fluid velocity in direction, i = 1 and 2 (m/s)x;
represents the spatial coordinate in the diredtior 1 and 2 (m)P is the pressure (N/mZ2J;is the temperature (°C ou
K); 9; is the operator Kronecker delg;is the acceleration of gravity in the directior is the coefficient of thermal
expansion (K); is the spatial domain (mj;is the time domain (s), amgl’ is the term source of energy, which for the
simulated cases in this study is null.

The Equations (1) - (3) are resolved through a cemial software of Computational Fluid Dynamics [@Rhat is
based on the Finite Volume Method (FVM) (Patanked80; Versteeg and Malasekera, 2007). In all sitioria
rectangular finite volume were used. The solvebased on pressure, the pressure-velocity coupliag performed
using SIMPLE algorithm and for the treatment of ective terms it is used the Upwind interpolatiohesoe of second
order for momentum and energy conservation equatiddditionally, calculations were considered cageel when
the residuals for the mass, momentum and energgeceation equations between two consecutive itaratiare
smaller than 18, 10° e 10° respectively. Further details related to the F¢&h be found in Patankar (1980) and
Versteeg and Malasekera (2007).

The numerical simulations were performed using rapmaer with two Intel dual-core processor with &GBz clock
and 24GB of RAM. For parallelization was used thessage passing librarjMéssage Passing InterfgceThe
processing time for each simulation was approxityate20 x 10° s. The grid independence study followed the same
procedure presented in previous work of Galastaal. (2015). The results were grid independent for anaia
discretized with nearly 63,000 rectangular finigdumes.

3. PROBLEM DESCRIPTION

It is considered a flow over a triangular arrangemmef cylinders with the same diameter = 0.1 m. The
computational domain has the following dimensidns:35.0 = 3.5 mH = 15.0 = 1.5 m,L; = 8D = 0.8 m. Figure 1
shows the flow domain with the degrees of freedoaiuated in the present study/D andS./D. Regarding the fluid
dynamic behavior of the flow, it is generated byasing a constant velocity profilg, at the entrance surface and also
the buoyancy force arising from the temperaturketbhce between the cylinder and the surrounding.flThe problem
is solved by similarity to ensure Rand Gp. The surfaces of the cylinders have the conditibmon-slip boundary and
impermeability @, = 0 m/s). The upper and lower surfaces have a gtmyraondition and the right side surface has a
zero gauge pressure boundary condition. The nataralection is caused by the action of the graweitat field, which
in this work is considered by a field force (Bouesiq hypothesis). The acceleration of the grawitatifield is also
illustrated in Fig. 1. For the thermal problem, tieating fluid is caused by the temperature diffeecbetween the free
stream flow T, = 20 ° C) and the imposed temperature surfacttmatylinders surfaced = 30 ° C).

Ve simmetry
T
— i ' VW: TW |
—p Ll 'I = _—T
:: inlet _‘@_‘ S, P=0 b g
— < ©—* q"=0
:: LSL _,l simmetry
< L >

Figure 1: Computational domain of laminar flow otriangular arrangement of cylinders withfRe100
and Pr=0.71.
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For the geometric optimization problem is employleel method Constructal Design (Bejan, 2000) andafBand
Lorente, 2008). Constructal Design is a method dasethe objectives and constraints principle (lecal global) and
the method used to apply the Constructal Law, asipusly mentioned. For the problem analyzed wefindd as
geometric constraints of the problem: the area piecuby the three cylinders, which is the samdlinases A = Ac1 +
Ac, + Acz) the diameters of the cylinders are equzal £ D, = D; = D) and the space occupied by the pair of cylinders
further to the first cylinder can not exceed tlegght of the employed computational domash £ D < H).

The optimization procedure is divided into two stegs shown in Fig. 2. In the first step, the geoynis optimized
by varying the degree of freedd®/D keeping constant th§ /D parameter. The geometry that lead to the highesev
of the Nusselt number (Nywill be optimum for the thermal problem and theedhat lead to the lowest value for the
coefficient of drag (§) is the optimum geometry for fluid dynamic problehie corresponding;/D parameter is once
optimized, &/D),. In the second step, the same process is repfatedveralS /D values. In the present study, the
S /D parameter is kept fixedg(/D = 1.5 and 2.5), while th§;/D parameter is varied in the following range (%.5;/D
<5.0). This process is repeated for each studieta@Rison number, in this case three values: Rig#R@&§2 = 0.1, 1.0 e
10.0.

i
: Nu,,,

Figure 2: Diagram illustrating the optimization pess to a problem with two degrees of freedom.
4. RESULTS AND DISCUSSION

Figure 3 shows the effect of the raBgD on the drag coefficient (J for S/D = 1.5 (Fig. 3(a)) an&./D = 2.5 (Fig.
3(b)) with Ri = 0.1 (flow dominated by forced cowtien). In general, it can be seen that the dragficient increases
as the transverse pitch also increases for allctfimders. However, for the upstream cylinder)(Ghe variation
magnitude withS;/D is more significant (8= 1.0 inS;/D = 1.5 to G 0 1.8 inS;/D = 5.0) than for the downstream
cylinders (G and G). This behavior is mainly related to the presdlifierence between the front and rear region of the
first cylinder. For the cas®/D = 1.5 where the cylinders are very close and tleen® formation of a low-pressure in a
region posterior to the upstream cylindey. ®oreover, cylinders £and G also benefit themselves in the fluid
dynamic framework of this flow condition. As theticaS;/D increases cylinders tend to face almost indivigutide
free stream flow imposed, leading to an increasgrad coefficient in the arrangement of cylindérsis also explains
the fact that in the case of the ratigD = 2.5. When the horizontal distance between th& fiylinder and the
subsequent ones is higher, they have been a martation in G, especially forC,;. Furthermore, for the highest
evaluated ratio 0§ /D the drag coefficient for three cylinders convergeshe same values when the three cylinders
have the highest separation.
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Figure 3: Effect of the paramet8/D over the drag coefficient ¢ in each cylinder for a flow with Re= 100, Pr =
0.71and Ri=0.1: & /D =1.5,b)aS/D = 2.5.

Regarding the Nusselt number @uit is possible to see in Fig. 4 a similar bebaud that obtained for the drag
coefficient (G) in the three cylinders. Figure 4(a) shows thg Bsi function of5;/D for S./D = 1.5 and Fig. 4(b) for an
arrangement witlg /D = 2.5. For the cylinder Cthere is a small Nufor the smaller ratio§;/D, and as the spacing
between the cylinders increase there is also aease in the (N3) of this cylinder. The smaller values Mup) in the
lowest regions o&;/D are caused by the fact that subsequent cylinderplaced behind cylinder;Cforming a single
boundary layer composed of three cylinders thdicdit heat transfer. It can also be noticed theaté¢ is a convergence
of the Nusselt number for the cylinder to more atstratiosS;/D. This behavior is related to the lack of interawti
between the thermal boundary layers for these casés behavior is very similar for the cases v@tfD = 1.5 and 2.5
with a slight difference between the cases, wiierar be seen a less pronounced change in valdgfof S /D =1.5.
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Figure 4: Effect the paramet8/D over the Nusselt number (duin each cylinder for a flow with Re= 100, Pr =
0.71and Ri=0.1: &/D=1.5,b)§/D=25.

Figure 5 shows the effect of the raBg'D on the drag coefficient  for Ri = 10.0 (dominant natural convection)
whereS /D = 1.5 and 2.5, Fig. 5(a) and 5(b), respectivelygéneral, the magnitudes of the drag coefficiéotsill the
cylinders (G, G, and G) increased compared to the case Ri = 0.1, whichexpected since in the present simulations
it has been performed a combination of the foramavective with natural convective. In this senée, low intensity
increases with increasing the number of Grashoff.

Figure 5 also illustrates that the effectSefD is different from those for the cases previouskspnted in Galargat
al. (2015) for forced convective flows and that onelsi@ved here for Ri = 0.1. The drag coefficiegtf@r the cylinder
C, increases its magnitude with the increase of #tie 5/D up to a maximung;/D = 2.5. After this point there is a
decrease in the magnitude,Gvhich does not occur in case with Ri = 0.1. Fgra@d G cylinders behavior is even
more different from that for Ri = 0.1. For smallatios ofS;/D the G decreases to a minimum point$/D = 3.0.
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Subsequently, the magnitude of @rows up again. One possible explanation for llkeisavior is the fact that for Ri =
10.0 the main flow is driven dominantly by natucalnvection. For this case, the plume generatedhénupstream
cylinder intensifies the momentum in cylinders &d G up to an intermediate ratio &/D where the thickness of
fluid dynamic boundary layer generated behing dginG has a lower influence over the downstream cylisder

9 T T T T T T T _ T T T T T T
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\ Ri=10.0 Ri=10.0
i S/MD=25
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1,5 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50
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Figure 5: Effect of paramet&;/D on drag coefficient (g) for each cylinder for a flow with Re= 100, Pr = 0.71 and
Ri=10.0: a)S/D = 1.5, b)S/D = 2.5.

Figure 6 shows the effect of the ra8gD for a flow with Rg = 100, Pr = 0.71 and Ri = 10.0 for two differeatios
of S/D = 1.5 and 2.5, Figs. 6(a) and (b), respectivelgnégrning the Nusselt number (Nuas expected, the
association with natural convection for flows witlgher number of Grashoff leads to a more interesd transfer rate
in all the cylinders. It is also observed that 8@ effect is quite different from the one observedadrced convective
case (Galarc&t al, 2015). In this case it is observed optimal intediate ratios for each cylinder, which was not
obtained in cases where forced convection is damiria this case (Ri = 10.0), for the lowest rati&#D, there is
interference between the thermal boundary layersach cylinder, hindering the heat exchange betwrerylinders
and the flow. At the highest extreme 8§f/D, the thermal performance is also minimized dugh® decrease of
momentum among cylinders.

Once again the flow has presented a very similaatier in the two caseS /D, with exception of the cylinder;,C
where for§/D = 1.5 the highest Nuis obtained for %/D), = 2.75 while forS/D = 2.5 this optimal point was
displaced for /D), = 4.5. It is still possible to observe that theiation of the longitudinal pitch has lower influsn
over the Nusselt number (Nuthan that noticed for the drag coefficienpC
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Figure 6: Effect of paramet&;/D on Nusselt numbgiNuw,) for each cylinder for a flow with Re= 100, Pr = 0.71 and
Ri=10.0: a)/D = 1.5, b)S/D = 2.5.
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Figure 7 shows the average for the arrangemenylofders (mean between the three evaluated cyl§)dsfrdrag
coefficient (G) (Fig. 7(a)) and Nusselt number (UFig. 7(b)) for two different ratios &, /D evaluated. In general, it
can be noticed that the change in the longitudidiatance between upstream and downstream cylinershe
evaluated values does not lead to large differencésth G and Nw. Results allowed the observation that different
Richardson numbers led to differences in the efiéthe ratioS;/D over G and Ny for the arrangement of cylinder.
In this sense, results proved the influence of fioignsity and dimensionless parameters not ongy tve magnitudes
of Cp and Ny but also over the effect of geometry oves &d Nu. It is also noticed that there is no universal
configuration which leads to the best fluid dynamix thermal performance, i.e., the design mustatiated for each
problem individually.
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Figure 6: Effect of Richardson number (Ri) for alwith Re, = 100, Pr = 0.71 over: a) drag coefficienp)
Nusselt numbe(Nuy).

5. CONCLUSIONS

A numerical study was conducted to evaluate theng#ic shape of a triangular arrangement of cyliadeibjected
to laminar flows with mixed convection employi@pnstructal DesignThe simulations were performed for Reynolds
numbers and Prandtl of Re= 100 and Pr = 0.71 evaluating the problem geomfetr three different Richardson
numbers Ri = 0.1, 1.0 and 10.0. The momentum agdggrconservation equations were solved usingittite fvolume
method (FVM). The main objective was to evalua ithfluence of Ri in the effect of the rat®%/D (ratio between
transversal pitch and the cylinder diameter) over drag coefficient (§) and the Nusselt number (Mufor two
different magnitudes d§./D = 1.5 and 2.5.

Results showed that increasing the number of Ritduwar led to growth of the magnitudes of the dragffament
(Cp) and Nusselt number (Nu In addition, there was a significant changehia éffect of the rati&/D over G and
Nup. For forced convective dominant cases (Ri = (h&)dptimal geometry into the thermal frameworkdkiaved for
the highest ratio 0§;/D, i.e., when the cylinders are the most distansibts On the opposite, for natural convection
dominated flows (Ri = 10.0) intermediate ratiosSgD led to the best results. It was also noticed theoccurrence of
an universal configuration which led to the begidfldynamic and thermal performance. In this setimedesign of the
arrangement of cylinders must be evaluated indalighiaccording to dimensionless parameters thadrthe fluid flow
with convection heat transfer.
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