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ABSTRACT

This study investigates the effect of rotatihgrizontal single or multi cylinders on mixed
convection heat transfer in an equilateral triaageinclosure filled with air. The governing equasio
for the steady, laminar, two dimensional, incomsitds flows with Boussinseq approximation and
constant fluid properties are solved numericallingghe finite element method with FlexPDE soft
package. Three cases are performed: single rgtagiinder, three rotating cylinders at the same
direction and three rotating cylinders at differafitections. The main parameters are: Rayleigh

number (Ra =107 -10°), Prandtl number Pr= 0.7 ), the dimensionless angular veloci€y=0-

1000) (for both directions clockwise CW and courdleckwise CCW)  and dimensionless radius of
rotating cylinder (R=0.1-0.25). It was found thhetaverage Nusselt number for the single or multi
rotating cylinder is increased with increasing RaandQ for all cases. Also the average Nusselt
number of single rotating cylinder is greater thia@ multi rotating cylinders for the same ratiotloé
solid cylinder or cylinders volume to total encloswolume. The results are compared with other
authors in the literature and a good agreementsees.

KEYWORDS: Mixed convection, Rotating cylinder, Triangular enclosures, Finite elements
method
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Base of triangular enclosure m

Non-dimensional radius of the centers eiaflthree cylinders, e/H

Acceleration due to gravity /s
Height of equilateral triangular enclosuore
Thermal conductivity W/nK

Dimensionless pressure, gg@y)HYpa?

Prandtl numbev/ o

Dimensionless radius of the rotating aj#in r/H

Rayleigh number Bk(Th-Tc) H¥vo
Temperature of the fluid in the enclosite

U,V Non-dimensional velocity components , uH/vH/ a
X, Y Non-dimensional coordinates, X=x/H, Y=y/H

GREEK SYMBOLS
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v
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Q
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av
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h
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Thermal diffusivity of fluid rfis

Thermal expansion coefficient 'K
Dimensionless temperatube(T-Tc)/( Th-Tc)
Kinematics viscosity

Density kg/rh

Angular rotational velocity of solid cylinderad/s
dimensionless angular rotational veloaiiyH%/a

BSCRIPTS

Average
Cold

Hot
center

INTRODUCTION

Mixed convection (forced and natural conveat}tim an enclosure is found in many industrial and
environmental applications such as electronic systesolar energy systems, heat sinks, saving of
materials and cooling equipments, etc. To improwth ltonductive and convective heat transfer and
heat exchange with fluids, the rotating solid bed{e.g. rotating solid cylinder) are used which
represent one of methods to produce mixed convedtiothe enclosures. Therefore a method of
employing rotating circular cylinders in the enadloss is proposed to enhance the minute natural
convection heat transfer of the enclosures. Theségurations are important with several applicatio
in engineering, science and environmental analy$eat exchangers, cylindrical cooling devices in
plastics and glass industries, grain storage, faod chemical processing and furnaces and drying
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technologies are just some these applications.eTaer many geometric configurations of enclosures
filled with convective fluids such as rectangulaigngular, elliptical and circular enclosures.

(Shu et al., 2001) studied numerically the natural convective headfer in a horizontal eccentric
annulus between a square outer cylinder and a cheateular inner cylinder using the differential

quadrature (DQ) method. They analyzed the natwabection systematically foRa=3x10> and
aspect ratio equal to 2.6 including the effectouater cylinder location on average Nusselt number,
flow and thermal fields.Kim et al., 2008) carried out numerical calculations for naturahwection
induced by a temperature difference between a cotdr square enclosure and a hot inner circular
cylinder. They investigated the effect of the innglinder location on the heat transfer and fluaf

for the range of Rayleigh numba® < Ra<10°. Also, they found that the presence of the seagnda
and tertiary vortices near the upper surfaces@frther cylinder according to the variation of theer
cylinder position and Rayleigh number has a lamfiuénce on the distribution of the local and
surface-averaged Nusselt numberRai{man et al., 2009) analyzed the mixed convection in
rectangular cavity with a heat conducting horizbotecular cylinder. They developed mathematical
model to solve continuity, momentum and energy ggqaga employing Galerkin weighted residual
finite element method. The results show that thetgarientation and the cylinder diameter have a
great influence on the streamlines and isothersisilolition. {fu et al., 2010) performed a numerical
study of laminar convection from a horizontal tgatar cylinder to its concentric cylindrical enalws

to investigate the Prandtl number effect on flovd &eat transfer characteristics. The finite volume
approach was used to solve the governing equatiomghich buoyancy is modeled via the Boussinesq
approximation. They found that the flow and heansfer characteristics for a low Prandtl number
fluid (Pr=0.03) are unique and they are almost pathelent of Prandtl number wher=Br7.

A multi circular and square rods in cavities widminar natural convection was studied by
(Braga and Lemos, 2005). Governing equation (momentum and energy equsittbat resemble a
conjugate heat transfer problem for in both thedsahd the void space) were solved using finite
volume method. They found that the average Nussghber for cylindrical rods is slightly lower
than those for square rods considering the saméfigtb&®ayleigh number.

(Ashjaee et al., 2008) studied the convective heat transfer from theiiraylinder of an annular
gap of eccentric cylinders with air enclosed. Theer and the outer cylinder have low and high
constant temperature, respectively. The rotati®®inolds number considered based on the inner and
outer cylinders diameters is in the range 0-120@eyTobserved when the cylinders are rotated a
decrease in the heat transfer from the inner cglind three different phases; a slight decrease, a
dramatic decrease and becoming constant, whileatia¢ion of the outer cylinder increases the heat
transfer in comparison with the case with rotatimer cylinder when rotating with the same rotagion
Reynolds number, and decreases it when rotatinly thié same rotational speed. The mixed and
forced convection heat transfer from an unsteadymform stream shear flow past a rotating
isothermal cylinder was studied b&l{della and M agpantay, 2007).

(Fu et al., 1994) investigated numerically enhancement of natuealt iransfer in enclosure by a
rotating cylinder using a penalty finite elementtinoel with Newton-Raphson iteration algorithm.
They found that the contribution of the rotatindimger to natural heat transfer depends on the
direction of rotation of the cylinder, also for caer clockwise rotation cylinder situation, the

contribution was found to be substantial when taleie of Gr/Ré€?is greater than 100, however the
maximum enhancement of the heat transfer rate poapnately equal to 60%. Cpsta and
Raimundo, 2010) studied numerically mixed convection in a squarelesure with a rotating
concentric cylinder. It is explored the influencketloe cylinder through its radius, rotating velggit
thermal conductivity and thermal capacity on thsuleng mixed convection. The overall thermal
performance of the enclosure was analyzed througloverall Nusselt number. They observed that the
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size of the cylinder has strong influence on treilteng flow and heat transfer process, as it Bntiite
space for fluid flow between the cylinder and tinelesure walls, giving rise to higher or lower lbca
fluid velocities close to solid boundaries, alseytltoncluded for high values of the cylinder radthe
overall Nusselt number is small if the rotatingloeity is low, and it considerably increase ineany
linear way, with the rotating velocity absolute wal for both the situations of possible combinatbn
the natural and forced convection effects.

The aim of the present study is to investighae effect of a single or multi rotating horizontal
cylinders in an equilateral triangular enclosuretbe mixed heat transfer. And to solve governing
equations (continuity, momentum and energy) usiagafly finite element method. And to show the
influence of rotating cylinders velocity, the diten of rotating velocity, radius of cylinder and
Rayleigh number on velocities and temperature idigion and then on the average Nusselt number.
Also to illustrate the difference between singlérmer and multi-cylinders having constant cylinder
(cylinders) to total enclosure volume ratio.

THEORETICAL ANALYSIS

The schematic diagram of the problem of mixashvection heat transfer inside equilateral
triangular enclosure with height H and base B fogle and multi rotating solid horizontal cylindat
angular velocityw, is shown inFigurel (a) and (b) respectively. The ratio of solid rotating cylinder
volume to total triangle enclosure volume for sengk multi cylinder is constant and equal to 0.25.
The viscous dissipation term in the energy equa#ind radiation are neglected. The governing
equations for the steady, laminar, two dimensionaompressible flow with Boussinseq
approximation Kreith and Bohn, 1997) and constant fluid properties can be written ion-n
dimensional form as follows:
-continuity equation

a_U+a_V:O (1)
oX odYy

-the momentum equations

2 2
Ua_U+Va_U:—a_P+P 0_U2+6_U2 (2)
oX oY oX oxX< aYy
and
2 2
Ua—V+V0—V:—a—P+P oV +0_V +RaPré 3)
oX oY  aY X2 aY?
-energy equation
2 2
U%+V69_68+68 @)

X  aY oax? ay?

Where the dimensionless variables are defined as:

x=X vy=Y Rzl y=W W, Tk
H H H a a T, - T,

98



Al-Qadisiya Journal For Engineering Sciences Vol.5 No. 1 Year 2012

+ 2 _ 3
P:(p Iocgzy)H ’ PI’:K, Ra:gﬁ(Th TC)H and Q:a‘_l
pa a va a
With boundary conditions
1- U=V=0 andb=1 at the base of triangular enclosure

2- U=V=0 and6=0 at the left wall of triangular enclosure

3- U=VvV=0 and % =0 at the right wall of triangular enclosure

4- U=Q(Y-Y,), V=-Q(X-X,) and % =0 at the wall of rotating solid cylinder

5- a—P =0 at all the walls
on

Where (X,,Y, ) : the center of cylinder.

Hence: (1)The center of rotating solid cylinderc@astant, at the origin point X, =0,Y, = for
single rotating cylinder, and (0,E), (Esin°60,—Ecos’60) and (—Esin°60,—Ecos’60) for three
rotating cylinders respectively, (2)The three cgbrs are distributed on the centers circle which ha
the radius E and equally distributed on it(b3(C), (3)The sign of U and V at the wall of cylinder is
varied with direction of rotating solid cylindema (4)Two directions of rotating are used: cloclevis

CW (positive direction) and counter-clockwise CCheédative direction).
The average Nusselt number at the heated wallasleged by

1/2
060
Nu, = | | — dX
" '[ (anYz—HKB ©

-1/2

And the bulk average temperature is defined as
6 dv
6. = J =7 (6)

WhereV : the volume of occupying fluid in triangular enslme.

NUMERICAL SOLUTION
In the present study, a finite element soféemaackage FlexpddBéckstrom, 2005) is applied in
the solution of the nonlinear system of equatid)stq (4). Hence, the continuity equation (1) iedis
to check the error of the solution throughout thegyof domain. The penalty finite element method
are applied to overcome the linkage between velaoid pressure in the momentum equations using
continuity equation
0°P =

(7)

W, ov
oxX oY

Where;y is a setting parameter. The continuity equatioaumatically satisfied for large value of
penalty parameter. Typical values of that yield consistent solutions af . The relative error limit
which is employed in this study is less tAar .
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VALIDATION AND COMPARISON OF THE STUDY

To check the validation of software, thetawuity equation (g—;"( +g—¥ =0) is used.Figure 2(a)

shows the validity of continuity equation of singlating cylinder withQ=500CCW, Figure 2(b)
illustrates the validity of continuity equation fdiree rotating cylinders witkk=500CCW, it can be

: e \Y, .
seen exactly validated of the velocity distributioihthe values (a—U ™ =0) over the domain.

+
oxX aYy
Also, the present model is compared with result&€Cotta and Raimundo, 2010) as shown irFigure
3, for R=0.2. The comparison represent the variatwinthe average Nusselt number with

dimensionless angular velocity at constant the ropiaeametersRa =10° ,Pr= 0.7 and the ratio of
thermal conductivity of solid to fluid and the he&apacity of solid to fluid equal to one. The fé&su
show a good agreement and from this comparisemite decided that the current code can be used to
predict the flow field for the present problem.

RESULTSAND DISCUSSION

The results are represented for three cases: (psingle rotating horizontal cylinder at cargt
position with two direction of rotating CW or CCWase (Il) three rotating horizontal cylinders at
constant positions with the same direction of intpCW or CCW, case (lll) three rotating horizontal
cylinders at constant positions with the differeltections of rotating (the upper and right lower
cylinders at the same direction while the left lowglinder is inversed them). The fluid in enclosis

air, Pr=0.7. The values of Rayleigh number varyawgr the range dfo’ -10°. The dimensionless
rotating velocities of cylindef2 are varied from 0 to 1000 with two directions CWHaCCW. The
ratio of rotating cylinder volume to total volumé toiangular enclosure in single cylinder or three
cylinders is constant and equal to 0.25, and tHriseof centers circle of each cylinder from thatee

of triangular for the multi cylinders is E=0.25.

A-Flow and I sotherms Fields
I- Single Rotating Cylinder
Fig.4 shows the counters of U-velocity (left), V-velgcigmiddle) and isotherm lines (right) for

Ra:103,Pr: 0.7 andR=0.214. It shows that wheif2=0, the both velocities U and V have the

minimum values comparison with te&=500CW orQ=500CCW, and for U-velocity distribution a
cellular motion is formed near the upper and botwurfaces of the cylinder as shown Rigure
4a(left). Figure 4a (middle) shows that the cellular motion of the ®lacity distribution. It is occurred
near the upper surface of the cylinder, this isabee of the effect of the secondary flow. For the
rotating cylinder, the maximum values of V-velocitse occurred near the both left and right sides of
the cylinder as shown iRigure 4 (middle) b and c, this can be understood fromdégnition of U
and V respect to dimensionless angular velo@tyrigure 4a (right) represents the isotherm lines for
non-rotating cylinder. It can be seen a curvatumesl are concentrated in the left corner of the
enclosure, also the isotherm lines are symmettiwdzn the cold and hot surfaces due to the dominant
of the natural convection. The effect of the ratgtflow by the cylinder increases the density & th
isotherm lines which covers most of the enclosyacss, also the effect of the rotation in both
direction are predicted ifrigure 4b (right) andFigure 4c (right). The rotating velocity tends to
transfer the heat transfer toward the rotationctiioa.

Figure 5 shows the counters of U-velocity (left), V-velgc({imiddle) and isotherms (right) for high

Rayleigh number Ra=10° andR = 0.214. It can be seen the curves behavior of the U-itgland
V-velocity are the same as thatkigure 4, a deformation of velocity distributions is ocadrin same
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regions near the cylinder surface due to the stedfegt of secondary flow. For non-rotating cylinde
shown inFigure 5a (right) the isotherms lines are covered most thatg space while for the rotating
cylinder as inFigure 5 b and c the density of the lines is higher thaat tin Figure 4b and c
respectively. This is because of the increasinghefvortices flow with increasing of Ra (effect of
natural convection) and with the increasing thating velocity (effect of forced convection).

[1-Multi Rotating Cylindersin the Same Direction
This case is for three rotating cylinders witbnstant ratio of the volume of cylinders to total
volume of equilateral triangle which equal to 0.Btgure 6 illustrates the contours of U-velocity, V-

velocity and isotherms forRa=10% andR = 0.124. Figure 6a indicates a multi cellular motion of U
and V velocity distributions while the isothermssha uniform curvature lines from the left cornér o
the enclosure toward the cold waligure 6 b and c, show the velocity fields and isotherms fo
rotating multi cylinder in both directions. The laefor of the curves is the same for single cylinder
shown inFigure 4 b and c. It shows that the maximum values of U ¥rade smaller than the values
of single cylinder at constant angular velodiybecause the radius of three cylinders is less than
radius of single cylinder. The isotherms lines eeanore interacted than the case of single cylinder
also the isotherms lines become more symmetrindarrotating cylinders.

[11-Multi Rotating Cylindersin the Deferent Directions
Figure 7 represents the behavior of three rotating cyliader a different directions for

Ra=10°, Pr=0.7 andR = 0.124. The volumetric ratio is 0.25 and the radius raficenters circle of
cylinders is 0.25. Three configurations are studamhfiguration (1): the three cylinders wil=0 as
shown inFigure 7a, configuration (2): the upper cylinder and théhtitpwer cylinder are rotated with
Q=500 CCW, while the left lower cylinder is rotatedth Q=500 CW as shown inFigure 7b.
Configuration (3): the upper cylinder and the rigghwer cylinder are rotated wit@=500 CW while
the left lower cylinder is rotated with=500 CCW as shown iRigure 7c. It can be show from this
figure; the locations of maximum U-velocity and ¥locity near the rotating cylinders are dependent
on the direction of the rotation. For isotherfagur e 7 (right) illustrates a curvature of isotherms lines
are cover all the enclosure space in both direstiddso it can be seen the growth of the thermal
boundary layer near the heated bottom wall of #aatg for configuration (3) is higher than that of
configuration(2) due to the strongly effect of tisation (forced convection).

B- Heat TransfersField
[-Single Rotating Cylinder

Figure 8a illustrates the variation of the average Nussethber with Rayleigh number for single
rotating cylinder for R=0.214and Q=500CCW, whileFigure 8b shows the variation of the bulk
mean temperature with Rayleigh number for the sabwme parameters. It indicates that the bulk air
temperature is increased with increasing of Raay be attributed to increase bouncy effectinghab t
the growth of the thermal boundary layer is incegbsear the heated surface leading to increase the
average Nusselt number and enhancement the hestetrgprocess with increasing Rayleigh number
as shown irFigure 8a. The effect of dimensionless angular velogyof rotating single cylinder on

the average Nusselt number and on the mean bulketerture forRa=10°and R=0.214 is shown

in Figure 9a and Figure 9b respectively. Increment a2 in both directions CW and CCW gives

enhancement in the average Nusselt number duereaise the force convection effect and mixing of
fluid i.e. increasing the heat transfer. For thetherms the behavior is deferent with direction of
rotating, which it inversed on the boundary comudlis off, therefore the direction of rotating make the
effect one surface more than the otHégure 10a illustrates the variation of the average Nusselt
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number with dimensionless radius of cylinder dfidure 10.b shows the variation of mean bulk

temperature with dimensionless radius of cylinderth variations forRa =10*and Q=500CCW. It
can be seerNu,, and &, are increased with increasing R, due to decreasevéifume of fluid

compared to the volume of cylinder and increasimguelocity to satisfy the continuity equation.

[1- Multi Rotating Cylindersin the Same Direction
Figure 11 represents the effect of Rayleigh numberhu,, and &,, at R=0.124 an@=500CCW.

Also, as the single rotating cylinder the Ra effemfises an increasing of bdiu,,and &,,, it may be

attributed to increase the temperature differemzk ouncy effecting with increasing Régure 12
shows variation of the average Nusselt number dittensionless angular velocity and the variation
of the average dimensionless temperature with msmealess angular velocity for three rotating

cylinders, at Pr=0.7 , R=0.124 and Ra=1C. Increment ofQ in both directions CW and CCW
gives increasing in the heat transfer then avendgsselt number. The average dimensionless
temperature is varied with varying the directionrofating (increment or decrement), because the
changing the direction of rotation makes the efééatold or hot wall greater than the other.

[11-Multi Rotating Cylindersin the Deferent Directions

Figure 13a illustrates the variation of the average Nussefhber with Rayleigh number for multi
rotating cylinders when the upper cylinder andrilght lower cylinder are rotated wif2=500 CCW
while the left lower cylinder is rotated with=500 CW, atR = 0.124 while Figure 13(b) shows the
variation of the bulk mean temperature with Raydeimmber for the same above configuration. It
shows that the bulk air temperature is increased increases of Ra; it may be attributed to inczeas
bouncy effecting so that the average Nusselt nurisbiacreased.

Comparison among the Three Cases
TheTable 1 shows the comparison ®u,, and &,, among the three cases @ =10° Pr= 07

and R = 0.214for single cylinder andR = 0.124 for multi cylinders. It illustrates that the vang the
direction of rotation of any one of three rotatioginder gives increment in the average Nusselt
number due to increase the mixing of the fluidipkes and then heat transfer between surfaces.

CONCLUSIONS

The governing equations (mass, momentumeaedyy) for the steady , laminar, two dimensional,
incompressible flow with Boussinseq approximatiod aonstant fluid properties for rotating single or
multi cylinder in equilateral triangular enclosuiee solved numerically using finite element method
with FlexPDE soft package. The main conclusions:
1-The average Nusselt number is increased witle@sing Ra, R an@ for both direction of rotating.
2- The average Nusselt number of single rotatinondgr is greater than the multi rotating cylinders
for the same the ratio of the volume of the sojiihder or cylinders to total enclosure volume.
4-Muti rotating cylinders with deferent rotatingelition give increment in the mixing effect andrthe
the average Nusselt number becomes greater.
5-When the angular rotating velocity equal to zéebehavior becomes of natural convection only.
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Tablel The comparison oNu,, and 8,,among the three cases.

No. of case Rotating velocity Nu,, 6.,
Case | 500CCW 7.7612 0.5584
500CW 7.7576 0.4422
Case Il 500CCW 7.0212 0.5843
500CW 7.0113 0.4166
Casel lll i-500CCW the upper cylinder & right lower — 7.5317 0.4824
cylinder,
500CW left lower cylinder
ii-500CW the upper cylinder & right lower
cylinder, 7.5304 0.5184
500CCW left lower cylinder
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(a) (b)
Figure 1 Sketch of the physical model (a) single rotatigiincler (b) three rotating cylinders.
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Figure 2 Verfication of numerical approach(countours oftaaunty equation) forRa =10°* Pr=07
andQ=500CCW. (a) single rotating cylinder, (b) multtabng cylinders
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Figure 3 Comparison between the present study and resul@osfa and Raimundo, 2010) for
Ra=10",Pr= 0.7 and R=0.2.
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Figure 4 U-velocity (left), V-velocity (middle) and isothas (right) for single cylinder,
Ra =10 and R=0.214 and (a)2=0 (b) Q=500CCW (c)2=500CW.
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Figure5 U-velocity (left), V-velocity (middle) and isothas (right) for single cylinder,
Ra=10> and R=0.214. (a)Q=0 (b)Q=500CCW (c)2=500CW.
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Figure 6 U-velocity (left), V-velocity (middle) and isothas (right) for multi cylinders rotating at the

same directionRa =10% andR = 0.124. (a)Q=0 (b) 2=500CCW (c)2=500CW.
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Figure 7 U-velocity (left), V-velocity (middle) and isothas (right) for multi cylinders,
Ra=10° andR = 0.124. (a)the three cylinders hag=0 (b) the upper and the right lower cylinders

are rotated with 500CCW and the left lower cylinderotated by 500CW, (c)the upper and the right
lower cylinders are rotated 500CW and the leftdowylinder is rotated by 500CCW.
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Figure 8 (a) Variation of the average Nusselt number widtlylRigh number (b) Variation of the
average dimensionless temperature with Rayleighbew, for single rotating cylinder, & = 0.214
andQ=500CCW.
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Figure 9 (a) Variation of the average Nusselt number witheshsionless angular velocity (b) variation
of the average dimensionless temperature with msinaless angular velocity, for single cylinder at

Ra=10° and R=0.214.
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Figure 10 (a) Variation of the average Nusselt number withehsionless radius of cylinder (b)
Variation of the average dimensionless temperatita dimensionless radius of cylinder, for single

cylinder, at Ra =10° andQ=500CCW.
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Figure 11 (a) Variation of the average Nusselt number widlylBigh number (b)Variation of the
average dimensionless temperature with Rayleighbeu for three cylinders rotating at the same

direction, andR = 0.124 andQ=500CCW.
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Figure 12 (a) Variation of the average Nusselt number withehsionless angular velocity
(b)Vvariation of the average dimensionless tempeegatwith dimensionless angular velocity, for three

cylinders rotating at the same directionRat=10> and R=0.124.
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Figure 13 (a) Variation of the average Nusselt number widlylBigh number (b)Variation of the
average dimensionless temperature with Rayleighbew, for three cylinders rotating at deferent
directions, andR = 0.124.
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