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A numerical stdy of mixed convection flownd heat transfeinside a square cavity with
inlet and outlet ports is performetdhe position of the inlet port is fixed bhetlocation
of the outlet port is varied along the four walls of the cavity to investigate the best
posiion corresponding tonaximum heat transfer rand minimum pressure drop the
cavity. It is seen thathe overall Nusselt humbemnd pressure drop cefficient vary
drastically depending othe Re, Rinumbersand the position of the outlet po/s the
Richardson number increasete overall Nusselt numbeenerallyrises for all cases
investigatedlt is deducedhat placingthe outlet porbn the rght side of the top wals
the best position that leads to theeatest overall Nusselt number and l@w pressure
drop coefficientFinally, the effects of nanopartickon heat transfer arevestigatedor
the best positiomf the outlet portlt is found thatan enhancemerdf heat transfer ad
pressure top is seenin the presencef nanom@rticles and augmentswith solid volume
fraction of the nanofldl. It is also observedthat the effects of nanoparticles dreat
transferat low Richardsomumbesis more than that of high Richardsommbes.

Keywords: Mixed convection, Enhancemenieat transfer Optimizing Nanofluid,

Numerical study.

1. Introduction

Increasing the heat transfer rathile incurring acceptable pressure drop is an importajecive in

many industrial applications such ascélenic device cooling, microfluidic componentseat exchangsy

and so on Conventionalheat transfeffluids such as water,iloand ethylene glycopossesdow thermal
conductivity values thus limiting their utilization in challenging conditionsAdding some solid
nanoparticle with high thermal conductivity tahe fluid is one of the wag to overcome this problem

The resulting fluid is a suspensiohthesolid nanoparticle in the base fluid wdhi is calledainanof | ui do
The thermal conductivitiesf nanofluids are believed to be greatdran the base fluid due to the high

thermal caductivity of the nanoparticte In the recent yearsmanyexperimentdhavebeen cargd out by
researchers to identifjne thermal conductivityof nanofluics [1-2]. The results revealed that the thermal

conductivity of nanofluids depends to various parameters sudhteafacial layer at the particle/liquid

" Corresponding author. Babol University of Technology, Babol, Mazandaran, I.R.IRAN, P.O. Box 48
tel: +981113234205 , fax: +981113212268, Entesburtij@gmail.com


mailto:Esourtij@gmail.com
mailto:Hosseinizadeh@nit.ac.ir
mailto:Esourtij@gmail.com

interface B], nanoparticle size and shapd4], [ nanoparticle clustering5], Brownian motion of the
nanoparticle in the base fluié][ temperatureand volume fraction concentration of the nanoparticles in
the base fluid

In the recent years many researches have investigated numerically and experimentally the enhancement of
heat transfer utilizing nanofluids7{13]. Aminossadati 14] performeda numerical analysis of natural
cooling of a right triangular heat source by a wiaferO nanofluid in a right triangular cavity that is
under the influence of a horizontal magnetic fidtdwvas found that the presence of nanoparticles in the
base fluid drastically impressed the fluid flow and enhanced heat transfer Ka@nafer et al. 15]

carried outa numerical study of laminar natural convection in a square cavity. They have tsed th
theoretical models for prediction of viscosity and thermal conductivity of nanofluids and deduced that the
variances within different models have substantial effects on the reGhibset al. 16] performed a
numerical study of mixed convection heaartsfer characteristics of watleased nanofluids confined
within a liddriven cavity with wavy walls. They considered three different nanofluids afw&ter,

Al,Ozl water and TiQ water to explore the effects afilization of nanofluidsand deduced thahé heat
transfer is augmented in the presence of nanofluids.

This papethas focused othe characteristics afhe mixed nvectionheat transfein a squarecavity with
ventilation ports for variousombinations of thdkeynolds and Richardson numbend te position of

the outlet portFor a fixed inlet port, the position of the outlet port is varied along the four walls of the
cavity to find out the best configuration of the system corresponding to maximum heat transfer rate and
minimum pressure drop irhé cavity.In doing so, thebest position otthe outlet portwill be obtained.
Eventuallythe utilization of alumina(Al,Os)i water nanofluidsis performed to study its effects dmweat
transfer ratend pressure drop in the cavity for the best positiohebtitlet port

2. Problem Formulation

Fig. 1 shows a twalimensional square cavity with inlet and outlet poftke height and width of the

cavity are denoted byd andL, respectiely and are assumed to hnkantical(H =L). The depth of the

enclosure perpendicular to the plane of the diagram is assumed to be long. Hence, the qanotbe
considered to be twdimensional. The four walls of the cavity are maintained at a constant high
temperatureT,), whereas the temperature of the fluid entering the cavity is at a constant low temperature
of Tin. The inlet port is fixed and positioned on the top of the left wall whereas the pattetan be

present on anyof the four walls. In this study the wid of the inlet and outlet ports are

identical(vvI =W, =W=O.25H). To denote the position of the outlet ports@ecial coordinate syste(s)
along the walls is adopted with its origin #=0 and y=H, as identifiel by the dashed lines fig. 1.
Thes-coordinate of the symmetiplanes of the inlet and outlpbrts are0.5w and S,, respectively.

2.1. Dimensionless form of the governing equationd.he flow field is considered tbe steady and in
general, the fluid in the enclosure is a wdiased nanofluid containing alumina {B%) nanoparticles.

The thermophysical and transport properties of the fluid are assumed constant except for the density
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Figure 1. Schematic diagram of cavity with inlet and outlet ports.

which is estimated bthe Boussinesq'approximationThe thermophysical properties of the fluid phase and
the nanoparticles af = 25’ are presented in tab. With these assumptions, the dimensional transport

eguatons are as follows:

Continuity: R WV _g (1)
X py
Momentum: gHU L BY LLPJrUmé 2121,,“21;% (2)
HX Ry I BX CHX® MY =
o 2 2 ~
= v, @ g o B (T-T) ®)
X Hy Foe LY (o4 X MY = 7y
Thermalenery: TLLINY LI %2'2 N liz";g (4)
HX py X Hy' =
where g =knf/(/' Cp)m' The density of the nanofluid is given by:
rnf:(l_f)rf+frP (5)
The heat capacitance of the nanofluid pad of the Boussinesq term amepressed as:
(f Cp)nf :(1- f)(f Cp)f +f(f Cp)p (6)
(r £), = £)(r b), +£(r ), (7)

with £ being the volume fractioof the solid particles and subscrigtsnf and P stand for base fluid,

nanofluid and particle, respectively.

Table 1. Thermophysical properties of the base fluid and the AD; nanoparticles at T = 25.

Water 4179 997.1 0.613 21 0.001
Al,O4 765 3970 40 0.85 --




The effective viscosity of naneiid is determined using the following relatifili/]:

my = (1507 % +2.57 +1)m (8)
This is based on experimental data in the literafiurdl ,Osi water nanofluids
The effective thermal conductivity ¢iie nanofluid was given biylurshed et al[18] as follows:

(ko - k) £ [267 - 02w+ (k, +2K, ) B2]F Bk, - k) +k,] ©)
e bk, +2k, ) - (k, - k, )F[63+ 6% -1

with 1+h/a=b, 1+h/2a=b, and k, =2k, . Herg h is the interfacial layer thickness, is the particle

radiusand subscripteff andIr denoteeffective andnterfaciallayerrespectivelyIn this studydiameterof
theutilized sphericalnanoparticles is 36 nm aids about 1 nm.

Dimensionless form of the governing equasi@an be obtainedia introducing dimensionless variables.
The lengths can be scaled e length of the cavit{H) and the velocities can lsealed by the inlet fluid

velocity, u,,. As for the temperature, the tvextreme valuesT and T,) are used. The dimensioste

variables are then

le, Yzll Uzia V:l’ q= = )
H H Ui, U Tw_Tin
n . b, DgH?®
P= pZ’ pr=—C, Re="n\2W (ZW), er=22 7 Zq . (10)
/U a; n, n;

f ~in
Based on the dimensionless variables above, the dimensitraasportequations for mass, momentum

and thermal energy are

&4-&:0, (11)
X pyY
U&+V£:_ LLP+2ﬂi nlﬁ %2U +p'2Ug (12)
uX WY r X HRenr, guX* py*z
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In the energy equation, the viscodissipation terms are neglected and paramefeand /7 are the
thermal diffusivity and kinematic viscosity of the fluid, respectively.

DenotingW=w/H, the dimensionless form of the boundary conditions are:

Attheinlet(X=0, Y= (1-W)tol); U=1,v=0and d = 0.

Onthe four solid walls: U=V=0, andd = 1 .

At the outlet port$ = s/H = §- 0.5Wto § + 0.5W), the outflow boundary condition was used fbe
velodty and temperature fields. Based on the abfmrenulation, it is clear that the dimensionless

parameters governing this problem are Re, Pr, &rand W. In this study, the Prandtl number of the



fluid is fixed to 5 andte Reynolds nmbers coridered are 10, 40, 100 and 500, and the Richardson
numbers considered areDand 10.

In order to evaluate the heat transfer enhancement along theitalisecessary to observe the variations
of the localNusselt numbeon the valls which isdefined as follow:

knf Lq
k; pun

Nu =- (15)

‘wall

Also the dimensionless pressure drop which is related to the difference between the average pressures of
the inlet and outlet ports is defined the following equation:
szi';’/'"z /’Fl),l?{t. (17)
Where the average pressure is calculated by integrating the pressure over the inlet and outlet ports.
2.2. Computational details The govening equ#ions were solved iteratively by the finitevolume
method using Patankar's SIMPLE algorith®][ A two-dimensional uniformly spaced staggered grid
system was usedlhe QUICK scheme was utilized for discretizirige convective terms, whereas the
central difference scheme was used for the diffusive tefins. underrelaxation factors for the velocity

components, pressure correction andrital energy wer all sé to 0.2 Tolerance of the normatz

residuals upon convergence was sefl@®’ for all casesThe validation of the present computational
code has beeperformedin forced convection flow with Re=500 and the outlet port located at the bottom
of the right wallfor the local Nusselt humbatistribution with those obtained bgaeidi and Khodadadi

[20] which is shown in fig. 2It is clear that the computed results obtained from two different cod@s are
excellent agreement.

In order to get a detailed understanding of the flow field and heat transfer characteristics atbibi®,pr

a total of 180 cases were considered. For a fluid with no particle additives, this involved studying the

effect of placing an outlet port at nine different positions for a fixed position of the inlet port. Numerical
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Figure 2. Comparison of the lacal Nusselt number predicted by the present code those of Saeidi
and Khodadadi[20Q].



3. Results and Dscussion

Solutionswere obtained foRe= 10, 40, 100 anB800 am Ri = 0, 1and 10(108 cases)Then theeffect of

the presence dhe nanoparticle was investigatedor the volume fractionrange of 0 td% (remaining 72

cases) The cases with no suspended patrticles are presented first followed by the cases corresponding to
nanofluids.

The streamties corresponding to eight positions of the outlet wiht Re =500andRi = 0, 1and10 are

shown in fg. 3. It is seen(speciallyfor $=3.125 and 2.875hat when lhe buoyancy force exists (Ri = 1),

the small CCW rotating vortex which is locatatdthe right bottom corner will gain in size and the other
vortex at the left bottom corner will disappear. This is because when the buoyancy force exists, the
presence of a hott¢hanfluid right wall promotes lifting of the colder neighboring CCW vortex fluid that

was already traveling upward in the vertical difen. Thus, the forced and buoyaringuced convective

modes combine to form a noticeable larger G@&\éting vortex next to the right bottom corner. But the
effect of the buoyancy force on the CCW vortex on the left bottom corner is opposite, thug keaiti

loss of strength and eventual disappearadosvever with further increase of the Richardson number (Ri

= 10), the buoyance force is strong enough to plsHluid molecules near the left wall upwaf®b it is

seen thah small CW vortex (Mt CCW) is created at the bottom left corr@rthe cavity.lt can be seen

from the other positions of the outlet ptinat as the Richardson number increaies CW \ortex at the

left side of the mainstream and the CCW vortex of its right side are augmertitesl tlnyoyancy force and

cover a larger portion of the cavityt is also seen that the width of timeainstream fluidbecomes
narrower wherRi increases because the two strengthened CW and CCW rotating vortices squeeze the
incoming fluid fromtwo sides Bas& on the results presented fig. 3, an important conclusion is
obtained to the effect that the buoyancy force augments the CCW rotating vortices that are on the right
side of the cavity because of the extra assistance offered by the buoyancy forcexistimg forced
convection. On the contrary, the CCW rotating vortex on the left side is degraded and might even
disappearThe contours of the dimensionless temperatu
numbers are showninfig. The v alnu et hoef fdo uor solid walls is 1, w
entering the cavity is zero and the temperature contour levels are incremented byif.0Bsdtved that

the fluid temperature gradients are steep next tavitils andat the interfacdaweenthe mairstream and

CW and CCW rotating vorticeShe cores of the vortices are generally isothermal because the rotating
fluid away from the core of the vortex exchanges the major part of the thermal energy. Therefore, heat
transfer at the core is dinated by conduction. It is also seen tthag temperature gradient atiterefore

heat transfeis raised with the increasing tife Reynoldsand Richardson numbers

The total Nusselt number and pressure drop of the cavity as a function of the pdditeroatlet port

for different Reynolds and Richardson numbers are presented in fig. 5. It is seen that by placing the outlet
port with one end at three corners, maximum overall Nusselt nhumber of the cavity can be achieved
whereas its minimum is seen whire outlet port is located at the middle of the walls. Moreover when

the Richardson number increases, the total Nusselt number is generally entiasedsb abserved that
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the pressure drop is strongly dependent on thiigo®f the outlet porand when itis positioned at the

middle of the walls, the pressure drop in the cavity attains its minimum value, whereas it gains the
minimum value with the outt port at the end of the wall#t is observed that when the Richamds
number increases, the values of dimensionless pressure drop for the cases correspondiig ©.875

to 2.5 increae, whereas itlecrease$or two cases corresponding $ = 3.125 and 3.5 (outlet on the top

wall). To choose the best position of thgtlet port in order to realize the highest heat exchange, one must
consider both of the average Nusselt number and system pressure drop in the cavity simulténssmusly

be concluded that by placing the outlet port on the right side of the top wapgonding t&Go = 3.125

the best operating condition considering greater overall Nusselt number and lower pressure drop
coefficient can be achieved.

The influence of th@resence ohanoparticledn the base fluidon the heat exchange rate and pressure
dropin the cavity is shown in fig. 6 for the best position of the outlet port. The diagram has been plotted
for various Reynolds, Richardson numbers and volume fractions of the solid nanoparticles. In these
figures, the enhancement of heat transfer in daeity is clearly observeavith the presence of the
nanoparticles in the base fluidr all the Reynolds and Richardson numbeks the volume fraction
increases, the heat transfer rate is enhanced due to promotion of the thermadlvitynoluthe nanoluid

and therefore augmentation of conduction and convection mechanism in heat .tfemsfestance he
presence of the nanoparticles in the base fluid enhances the average Nusselt number by about 18.45% for
Re=10, Ri=0and 15.48% forRe=40, Ri=1for a wlume fraction of 0.05Also the increase of the

Richardson number augments the heat transfer rate and hence the average Nusselt number, as discussed

Ri=0

Ri=1

Ri=10

Figure 4. Temperature field in the cavity for various Reynolds and Richardson numbers.
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Figure 5. Variations of the total Nusselt number and dimensionless pressure drop of the cavity for

different positions of the outlet port and various Reynolds and Richardson numbers.

before. Another important matter which can be discussed is that the percentage of enhancement of heat
transfer at higher Richardson number (Ri = 10), is less than that of lower Raharasibers. For
exampleit is seen that aRe=5®, Ri=10 the enhancement of the avgeaNusselt number is about %5

and atRe=500, Ri=0is about 12.% for avolume fraction 0.05. This ibecause at higher Richardson
numbes, the convectiormechanismis the dominanimechanism for heat transfer caanpd to conduction
mechanism, hencwith adding the nanoparticle to thmasefluid, the raising ofthe viscosity of the
resulting fluid,led to decreasing the rotd the convection term in heat transféherefae less noticeable
enhancementsire observed As mentioned before, through addimgnoparticle to the base fluid, the
viscosity of theresultingnanofluid becomes greaterhereforeit is expected that the pressure drop in the
cavity will be raised by adilg the nanoparticle to the fluidhe pertinenpredictions of the pressure drop

are givenin fig. 6. It is seenhatwhen the solid volume fraction increastige pressure dp in the cavity

is also raisedjue to increasingf the viscosity of the nanloiid.

4. Conclusions

1. As the Richardson number increases, the CCW rotating vortices on the right side of the cavity are
augmented due to favorable heating of the vortex. Similarly, the CW rotating vortices on the left side of
the cavity become strongeklso, the width of the throughflow becomes narroweRaimcreases.

2. By placing the outlet port with one end at three corners, maximum overall Nusselt number of the cavity
can be achieved. Minimum overall heat transfer of the cavity is observed wiartléteport is located at

the middle of the walls. Also as the Richardson number increases, the overall Nusselt number generally

rises. It can be concluded that by placing the outlet port on the right side of the top wall corresponding
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Figure 6. Effects of the nanoparticle on the average Nusselt number and pressure drop coefficient
of the cavity for Re = 500, 100, 40, 10 and Ri =0, 1 and 10.

to , the bst operating condition considering greater overall Nusselt number and lower pressure

drop coefficient can be achieved.

3. The present resultshow that an enhancement of heat transfer can be achieved due to presence of
nanoparticleslt is shownthat the aerage Nusselt number increases by about 18.45%del 0, Ri=0

and 15.48% foiRe=40, Ri=1for a volume fraction of 0.05. It is also seen that the enhanceohdr@at

transfer at low Richardsonumbes is marked compared to tihégh Richardsomumbes. Furthermore
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