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NUMERI CAL | NYOSNTIOGAT AMI NARNMEXKEDON IANREA SQU
CROSSECTI|I ONEDNDRYLCIAL ANNULARUERCL

Osman ¥Tur an

ABSTRACT

Steadystate laminar mixed convection of Newtonian fluids in a square-ssag®ned cylindrical annular
enclosure with rotating inner wall and heated top cover has been numesicaljysedbased on axisymmetric
incompressible flow simulations. Richardson number, Reynolds number Bviéffects on heat and momentum
transport have been investigatddr the range of Richardson number Y'Q p, Reynolds number
VT YQ ¢mmandng v i XY (at a representative value of Prandtl number {i.e. p81). A scaling
analysishasbeen also carried out in order to elucidate the possible influences of Reynolds, Richardson and Prandtl
numbers andl 7Y on the mean NIt number. It has been found that the mean Nusselt nuimbdemonstrates a
monotonically decreasing trend with increasiMd@hereasl 6 increases with increasingr'y and'Y Qwhich is
consistent with scaling estimation. It is also observetiitaflow pattern in the case pfirely forced convection (i.e.
Y'Q ™) is significantly different from those in mixed convectire. Y 'Q ). In the case off "‘Q 11 (i.e. purely
forced convection), anecell flow structure with two small vortexes on the top corners is obsdovadl'y p,
whereas a second cell appears in the flow field oY pat'Y'Q p 1 m@n the other hand, in the case of mixed
convection(i.e.”Y 'Q ), two-cell and farr-cell flow structures occur in the flow field depending™6réndi ¥'Y for
the range ol ®Reandi TY considered here @ti p8t Based these observations, a flow regime diagram has been
proposed here for mixed convectifre.’Y "Q ) for the range ofY ;¥ ‘@ndi TYanalysed in this study.
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also influences the mixing rate for | ow Reynolds numbe
characteristics and fl ow tSheurcatue® o0 hmilhxbiansg dcpoeaningiiseearda & n
However, heat transfer and mixing rates in this config
androhasperd| of the wall. Two speci al cases ofingotatin
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| i t er althuecedor e von Kar man pioneered the analysis of f1 ¢
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anBler tamlda Gor i [ 5] analysed fluid fl ewd ,waalnldy Itihned rfiicnadli
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thexg@eri mental studies, s-t22fprahahymedi tlati dnvesws gianhi o
a rotating end wall. The fl ow produced in a conical <col
by Eseudd®rwho reported that vortex breakdown is suppr
sidewall for both convergent (increasing radius toward:
the rotating end wall) geometries.

Themad ysis of heat transfer characteristics in cyli|
l i mited d4ttfentlieen aja®h aHybhaed ¢ 1f0dcts of Prandt| number ¢
configuration amdtirevembed hasata®ri mportant influence

advective transport has been found to strengthen with
of Reynol ds and mirc hlar dise no iMeReD&EIGOBORIO dn the flow pat
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and heat transfer rate for swirling fl oWRHR+ dyl i rmdardi c
a heated rotating top wal/l based wahswmufméd] caleveamadat
(di ffusive) transport strengthens (weakens) and accor
Ri chardson number . Existing analyses on flow ilnduced
enclosure have beaeepcaehsopapmmdi@gscs®ddamg to t hda hkeoundar
gover nddngenagm on adntdher amde¢ tueres of the investigation (i.e.

Maj orid yi mfestthi gati ons in the existing |literature r
been carried out for rectangular enclosure with rotati
rotating inner waal éesgmoeeriremd expplti ¢ d@tirons than rect
bottom cover (especially in mixing processes), there i
in cylindrical annul ar enicnl oesxuirsetsi nhga sl ibteeerna taurrael.y sTehdi si n
been addressed here by numerically analysi mgecmixaecddco
cylindrical annul ar enclosure withngetafti Rigchamesomwadrn
number sYQ panwdnmnm YQ ¢nnmmespectm@vuel Y @®@atr a representativ
Prandt | munb)r Km.this respect, the main obj e mtciese of |
of Richardson andiReynmidednoecmbeest and induced by a ro
annul ar enclosure with an aspect ratio of wunity.

The rest of oboheamasséadl eowsl | The necessary mat hemat
i mpl ementation will be discussed in the next section,
these sections, resul ts wild.l be mpains e isaudnnmeegaEinsdadé s e q
conclusions are drawn in the final section.

MATHEMATI CAL BWANIKGRO
Governing equations and boundary conditions

In this study, the flow is assumed to be laminar, incompressible, steady and axisymmetric {i.e. two
dimensimal). The conservation equations in the cylindrical coordinate system take the following form forssitady
incompressible axisymmetric swirling flows:

Mass conservation equation
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Nofmi mensi onal number s

The ratio between inertial and viscous forces represents the strength of the forced convection component in
this analysis. This ratio can be quantified by the Reynolds nuR#shich is defined as:

o VY
YQ —|/—— (4

The natural convection component of mixed convection caibeacterisethy the Grashof number, which
represents the ratio of buoyancy to viscous forces, in the following manner:

o QYO (5

Another important nomdimensional number is Rayleigh numbeg, which demonstrates that the ratio of the
strengths of thermal transports due to buoyancy to thermal diffusion, which is defined here in the following manner:

" QP YO .
vo 2P0 gy (6
Q
wherePr is the Prandtl number, which is defined as:
ORI "W 7
01— (

Prandtl number shows the ratio of momentum diffusion to thermal diffusion. The Prandtl number also
represents the ratio of thg/drodynamicboundary layer to thermal boundary layer thicknesses. In addition to this,
Richardson number is a wédhown nondimensional parameter for mixed convection, which is used to evaluate the
relative importance of the natural to forced convection:
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The rate of convective heat transfer is generally characterised by the heat transfer coeffigheat is
expressed in aon-dimensionaform in terms of the Nusselt numbigu, as:

006 == (9

and the heat transfer coefficidmis defined as:

Q r};Y P 10
A v (

where subscript o6wfé refers to t Hgiischewa ferhperatare adicks t he f |
is the appropriate reference temperature, which can be takem¢dhe for the hot (cold) wall respectively. For this

configuration the mean heat transfer coefficiétand 0 6 are given by:"Q | "@“ 1 @i i and
0 6 "YFQrespectively.
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In this study, the conservation equations of mass,
of a-vfoil mimee met hod wusing a computati onRRUUENTyYIi dwhd ycnha mva
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cont hplhebbsE]jcconAder centr al di f f edies creedasfic statnde odii sf f wssd dv ef ar
secomduewi mkctheme is used for the convective ter ms. Cour
t he -kwnedwn S| MPILMEp | (iSceimi Metth odk é€dr ERuastsbanes) al gorithm
criihmbeen takeénort oalble tlhOe r el ative (scaled) residual s.
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mini mum grYi ¢ Brpadiggi d expmespoavidedo The numerical u
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been conduct ednms imn gf onme sthh iM2 c(onf i gur at i onpsr,ovwhdiicnhg ihsi df
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compared to the study by lwatsu [11], in which mixed ¢
hedteotating top cover, for differbeng8t RAshahdw2ni ané&i E
the present simulations results remain in excellent a

|l watsu [11].
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SCALI NG ANALYSI S

A scalinhgasaeal gairsi ed out in order to elucidate t hi
and Prandt i Yowmhl éhres mermdh Nusselt number. The wall heat
R AN
rr(%—XEYY (1:
Using Eq. (11), bDbesblabesedl asnumber <can
Y Y Y o
0 6 ~—Q>< T_X 7—"Q'Y‘ﬁYlﬁi (1:

whefies a f uReRi i eePmdowhi ch accounts for the ratio of hyd

thicknelgiseY@vi@e). In order to determine tihe ttyedroadyeman
magni tudes of inerti aldiarnedc tviiosnc oaussn floer ceegguatned:he radi a
2o, 1 (1:
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The shear stressYicandbéehssaEgd &€43) can be rewritt
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Her™anware the characteristic velocity scales in ra

can be rewritten bdg WgiilfyanMe Welid¥i tdy O wadYa 3Y as
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The variation of nordimensional stream functions [ A are shown irfFigure9 for differentY "@ndi 1Y
values atY'Q p mmandd i p. It is apparent fronfFigure9 that the flow pattern in the casemfrely forced
convection (i.elY 'Q ) is significantly different from those in mixed convection. In the casg @ 11 (i.e. purely
forced convection), anecell flow structure with two small vortexes on the top corners is obsdovadf'y p,
whereas a second cell appears in the flow field Y pat’YQ p 1 m@n the other hand, in the case of mixed
convection(i.e.”Y "Q ), two-cell and faur-cell flow structures occur in the flow field depending6itandi ¥ for
the range ofY "@Gndi TY considered here & 'Q p T mltis also worth noting that similar behaviour has also been
observed for different Reynolds number values Re= 500 and 2000). Based these observations, a flow regime
diagram has been proposed here for mixed conve@t®iY "Q ) for the range ofy ‘@ndi ¥Yanalysed in this study.
According to this diagram, the flow patterns in the mixed convedtionhis configuration are classified into two
different zones in terms of Richardson numbérGand i 7Y as shown inFigure 10. The region, where
YQp pgLiTY 8 (YQp p® m 7Y 8 )for'YQ p mn(®'Q p miximtermed as the Regime 1, which
exhibitstwo-cell flow pattern. The Regime 2 is characteriset/d@ p p& LI FY 8 (Y'Qp p® mi TY &)
for'YQ p mm(vt'Q p m fxwhere dour-cell flow pattern occurdt needs to be hlighted that the boundaries which
distinguish one regime from anotherrigure10 are based on the observations made from simulation results. As such
these boundaries should not be treated rigidly but need to be considered only in an order of nsegisitude

10
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