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Effect of Prandtl Number

on Natural Convection Heat

Transfer froma Heated Semi-Circular Cylinder

Avinash Chandra and R. P. Chhal

Abstract—Natural convection heat transfer from a heatedn various orientations such as horizontal, vehltarainclined.

horizontal semi-circular cylinder (flat surface wpd) has been
investigated for the following ranges of conditip@rashof number,
and Prandtl number. The governing partial diffe@nequations
(continuity, Navier-Stokes and energy equations)ehbeen solved
numerically using a finite volume formulation. Iddition, the role of
the type of the thermal boundary condition imposedcylinder
surface, namely, constant wall temperature (CWT) @mstant heat
flux (CHF) are explored. Natural convection heansfer from a
heated horizontal semi-circular cylinder (flat swé upward) has
been investigated for the following ranges of ctinds; Grashof
number, and Prandtl number, . The governingigladifferential
equations (continuity, Navier-Stokes and energyatqos) have
been solved numerically using a finite volume folation. In
addition, the role of the type of the thermal boanydcondition
imposed at cylinder surface, namely, constant wethperature
(CWT) and constant heat flux (CHF) are explorece Tésulting flow
and temperature fields are visualized in termshef gtreamline and
isotherm patterns in the proximity of the cylind&€he flow remains
attached to the cylinder surface over the rangeooflitions spanned
here except that for and ; at these conditianseparated flow
region is observed when the condition of the conistavall
temperature is prescribed on the surface of thindst. The heat
transfer characteristics are analyzed in termé@fdcal and average
Nusselt numbers. The maximum value of the localsEiisnumber
always occurs at the corner points whereas ituadato be minimum
at the rear stagnation point on the flat surfaceer@ll, the average
Nusselt number increases with Grashof number amdPrandtl
number in accordance with the scaling considerati®he numerical
results are used to develop simple correlationsfuastions of
Grashof and Prandtl number thereby enabling threxpotation of the
present numerical results for the intermediate eslof the Prandtl or
Grashof numbers for both thermal boundary condition

Owing to the space constraints and improved heatster/
pressure drop characteristics, new and novel desifrheat
exchangers employ tubes of non-circular cross-aestl, 2].

Thus, for instance, semi-circular cylinders areoemtered in
the design of novel heat exchangers for the prougss heat
sensitive materials such as pharmaceutical, persoaie

products, etc. Additional examples of heat trandfem a

semi-circular cylinder are found in thermal progegf food,

sub-sea vessels, flow dividers used in polymer gssing to
form weld lines, cooling of electronics componersmpact
heat exchangers, etc. In addition, natural coneectieat
transfer is strongly influenced by the shape anentation of
the bluff body. For instance, for a bluff body with flat

surface oriented transverse to the gravity, thesenod

component of the gravity along such a flat surfaoel

therefore, heat transfer can only occur by conduacfrhe case
of a semi-circular cylinder can thus provide usgfblsical

insights.

In spite of its pragmatic and fundamental significe,
momentum and heat transfer characteristics of a-ciecular
cylinder have received only scant attention. White
voluminous literature concerning the single and tipid
circular cylinders has been thoroughly reviewedextellent
books and review papers [3-8], the correspondimgjteid
literature for square, elliptical, triangular, seciicular
cylinders has been summarized in some recent st{@i20].
In particular, the scant results for a semi-circeldinder have
been reviewed in our previous studies [17-21].ddition, the
relevant studies are briefly summarized here. Basedhe
laminar boundary layer approximation, [22] proposad

Keywords—Constant heat flux, Constant surface temperaturggrrelation for the natural convection heat trandfem a

Grashof number, natural convection, Prandtl numBemi-circular
cylinder

. INTRODUCTION

heated horizontal circular cylinder under the CHindition.
Subsequently, they [23] extended this work to thebulent
free convection regime. [24] reported an experimle@ind

ATURAL convection from a heated cylindrical bodynumerical investigation of natural convection frentircular
immersed in quiescent fluids has been studied Wylinder for the Rayleigh number range @# < Ra < 340C

numerous researchers. The heat transfer by natomnakction
always occurs whenever a temperature gradienteisept in a
field. In industrial practice, natural convectioedh transfer
occurs in natural draft cooling towers, heat exgeas, solar
water heaters, etc. Much of the literature on natu
convection, however, concerns the case of a ciraylénder
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under the CWT boundary condition. Their experimeatad
numerical values were found to be within 20% error band
and the possible reasons for such large discreparttave
been advanced. [9] illustrated the role of the tikermal
boundary conditions, namely, constant temperat@e/T)
and constant heat flux (CHF) on the natural congadrom a
tilted square cylinder placed in a square encloslinere has
been only one experimental study [16] on free ection

from a semi-circular cylinder to a(rPr = 0.7) . [16] imposed

the constant heat flux condition on the surfacehef semi-
circular cylinder for three orientations of the seaincular
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cylinder, the flat base facing downward, upward alwhg the Il. PROBLEM STATEMENT AND MATHEMATICAL
direction of gravity. Predictive correlations haveeen FORMULATION

proposed by them in terms of Rayleigh number, iatlon
angle and orientation angle of the semi-circulalincyer to
predict the average Nusselt number for wide rangaiges of cylinder of diameter,D (infinitely long in z—direction)

Grashof number as5x 10 < Gr < 8.5« 10 and the overall heat IMmersed in a stagnant fluid at temperatufe, The flat

transfer was found to be minimum for the case wienflat surface of the cylinder is oriented upward in tlosifive y—
surface of the semi-circular cylinder was orientietvnward.  direction, as shown in Fig. 1. While the actual mdary

This is obviously due to the fact that there iscomponent of  conditions on the surface of the cylinder can bigeqromplex,

gravity along this horizontal direction. It is thabundantly the two commonly used idealizations, namely consteall

clear that little is known about the free convettibeat temperature (CWT) and constant heat flux (CHF), are

transfer from a semi-circular cylinder. employed in this work. The semi-circular cylindes i
In this work, new extensive numerical results elating concentrically placed in an artificial sufficientigrge circular

the effects of Grashof numbefi0<Gr<16) and Prandtl domain (in order to minimize the boundary effect) o
number (0 79< Pr < 10() on the detailed flow and heatdiameter, D_ to approximate the unconfined flow condition.
transfer characteristics of a semi-circular cylintemersed in Except. the .ﬂu'd density, the other.thermo-physnnajpemes
stagnant fluids with its flat surface oriented upsveaare (€.9. Viscosity, x, thermal conductivityk, heat capacityc,

reported. Furthermore, the influence of the two wmmly ) of the fluid are assumed to be independent ofptFature
employed boundary conditionise., constant wall temperature and the viscous dissipation effect in energy eguats also
(CWT) or constant heat flux (CHF), on the surfadeti® peglected for the present range of the Grashof ean(Br

cylinder is also investigated. and Prandtl number, Pr. The standard Boussinesq

approximation [p = p,(1- B(T -T,)] is used to model the

Consider the two dimensiona(2-D) semi-circular

Fluid medium

T density variation with temperature and this -effeist
incorporated in the body force term in thg¢—  compaormn
Buf%!'(::cy """"""""""""""""""" Gravity the Navier-Stokes equations. The governing equsition
consisting of the continuity, Navier-Stokes andtha& energy
equations are written in their dimensionless fostficllows:
pd Continuity equation:
% or Tw Semi-circular cylinder U, . oy, —0 0
ox oy
Pressure outlet Navier-Stokes equations:
___________ T X — component
,x"" " Axis of ~ bu, o, 1
: y —component
:"T y Gravity oY, %, ¢ 0u, +6 ®)
it A i bt oy or
| i( . i Thermal energy equation:
: N .’ DO 1 @)
1 QorT, 7 D, ; Dt Pr/Gr
5 . . | Based on the information available for a circulghirder
. Semi-circular / . .
cylinder | [5], the flow is assumed to be laminar, steady, -two
: dimensional and symmetric about thye—axis for the ranges
\ ’ of conditions employed here,.e, Grashof number,
: 10< Gr < 10 and Prandtl number).72< Pr < 10C. Hence, the
___________ Lwneee™™ numerical solution of the governing equations iagd only
Pressure inlet for x>0 thereby economizing on the computational effort.
Fig. 1 Schematic representation of the physicalehadd However, in a few cases, particularly at the maximealues
computational domain of Grashof number and Prandtl number employed higne-

dependent equations have been solved to confirtittbdlow
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is indeed steady over the range of conditions epessed U =/DasAT 9
here. N 9/ ©)

The physically realistic (non-dimensional) boundarﬁmd the characteristic temperat.u.re difference igergias
conditions for this flow configuration are writtess follows: AT =(T,-T,) for the CWT condition and AT =(q,D/k)
for the CHF condition.
A At the Inlet Boundary Thus, the free convection heat transfer in Newtoffiiaids
The lower half of the computational doma(ryso) is is governed by the two dimensionless groups, Grashof
designated as the inlet. The “pressure inlet” bamnd number and Prandtl number, which are defined dsvisl for

condition is imposed at the inlet boundary withazémput the CWT and CHF conditions.
value of the total gauge pressure and the temperasuset TABLE |

equal to the faraway fluid temperature,, €=0. COMPARISONOF THE AVERAGE NUSSELTNUMBER WITH LITERATURE
. VALUES UNDER CHF CONDITION FORA CIRCULAR CYLINDER
B. At the Surface of the Cylinder

The usual no-slip boundary condition is imposedffow, Gr.Pr C}gjl,:ﬁh[lg;}nd |\|/I<ar11rrt;/nm(irs1lg\c; Fg]‘d Present
i.e
U,=0; U =0 5 L4 10 2.831 2.718 2.867
and the CWT or CHF condition is implemented for 2.1x10 3.095 2.948 3.062
temperature as follows: 3.15x 10 3.387 3.196 3.269
¢=1  for CWT conditio 4.2x10 3.612 3.386 3.429
06 6
99 _ 1 tor CHF condition (6) 5.6x10 3.855 3.586 3.598
on, 7x10 4.056 3.750 3.735
Where Iy is the outward unit vector normal to the surfate o~ 7x 10 6.932 6.517 6.216
the semi-circular cylinder. 5x10 11.10 10.45 9.975
C. At the Outer Boundary 2.5x10 16.43 14.02 14.57
The upper half(y>0) of the computational domain is  1x10 23.08 19.55 20.54

designated as the outlet. The “pressure outletindary
condition is applied at the exit boundary with thexo input E. Grashof Number
value of the static gauge pressure and the temypera set
equal to the faraway fluid temperaturee, 6=0. The
influence of the other types of outer boundary ¢omas at
the outer boundary has been discussed elsewhdre [25

The Grashof number represents the relative impoetanf
the buoyancy force to viscous force. The role & @Grashof
number in natural convection is similar to thathe Reynolds
number in forced convection. Thus, the increasiatye of
D. At the Plane of Symmetry (x - 0) Grashof number implies the increasing strengtthefflow. It

is defined here for the CWT and CHF conditions as:
Owing to the symmetry of the flow about the—axis, the

following boundary conditions are used &0 plane: (ﬁj D’gBAT for CWT conditiot
U 20 A
U,=0; —r=0 and—= 7) Gr AN ; (10)
X X 4 " "
The variables appearing in the preceding equatianes (,Uj D 9’8( k) for CHF conditior

rendered dimensionless usingd, U _, D/U and pU’ as
¢ ¢ ‘ F. Prandtl Number

The Prandtl number is the ratio of the momentum
diffusivity to thermal diffusivity and is definedgdollows:

= SH

scaling variables for length, velocity, time andegsure
respectively. Whereas the non-dimensional temperats
defined here as follows for the CWT and CHF coodi:

M for CWT conditior Pr Kk (11)

6= (Tw ‘Tw) @) The product of Grashof number and Prandtl number
(T-T.) N (Rayleigh numbelRa=Gr.Pr) is also used as another
(q,D/k) for CHF condition governing parameter, but only two out of the thf€e, Pr

. X . i ) . andRa ) are independent.
Using simple dimensional considerations, the refese

velocity, U_ for the natural convection heat transfer is define
as:
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G. Nusselt Number

The Nusselt number expresses the heat transfeficioef
in non-dimensional form. Naturally, it varies frane point to
another on the surface of the cylinder. The locaisdélt
number is defined as:

04 .
—-—— for CWT condition

hD on,
Nu=—-= (12)

1
— for CHF conditiol

S
The average value of Nusselt numbieu, is calculated
simply as:

1
Nu,, = —I Nu ds (13)
S

Thus, for a given shape and orientation, the awekadue

o:1, 2012

solve the governing equations along with the pibedr
boundary conditions. As noted earlier, to ascerthenature
of the flow regime and to circumvent the convergenc
problems, the solution is initiated using the uadtesolver,
the value of drag is monitored until it is stakeli; then we
switch to the steady solver. The absolute convexgenterion

of 10" for continuity, X —momentum, Y —momentum and
that of 10™ for energy equations have been this work. More
detailed discussions regarding the domain and ggldction

can be found elsewhere [20], suffice it to say hibiat the
results reported herein are based on the follovdptimum

choices: DN/D =600 and a grid with

/D =0005N = 258N = 5134. Furthermore, for the time

integration, an adaptive time step procedure igtatbhere,
akin to that employed elsewhere [20].

of Nusselt numberNu_ is solely a function of the Grashof Pr=072  Pr=7 Pr=25 Pr=50 Pr=100

number(Gr), Prandtl numbef Pr) and the imposed thermal

boundary conditions (CWT or CHF) at the cylinderface.
This work endeavors to establish this relationship.

Fig. 2 Typical isotherm (right half) and streamlifheft half) profiles
for the CWT condition

I1l.  NUMERICAL METHODOLOGY AND CHOICE OF
COMPUTATIONAL PARAMETERS

The numerical solution of the continuity, Navieckgs and

o

.\y \.,\
; . \\ A; v \\\Q/

A\ ST

L

Fig. 3 Typical isotherm (right half) and streamlitheft half) profiles
for the CHF condition

IV. RESULTSAND DISCUSSION

The methodology used in this study has been extelysi
validated for forced convection [17, 18], mixed eeation
[19] and free convection heat transfer [20] froimeated semi-
circular cylinder with constant wall temperature. dddition,
for a circular cylinder, the present values of theerage

Nusselt numbemMu, are compared with the literature values

[5, 23] in Table | for the CHF condition. The praseesults
are seen to differ by up to 5% from that of Martyke and

thermal energy equations (Eq. (1)-(4)) along withe t Khramtsov [5]. While the match with the approximate

prescribed boundary conditions is obtained using fihite
volume based solver FLUENT (version 12.1). The pdats

treatment of of Churchill and Chu [23] is less gdmat the
deviation increases with Rayleigh numbgs .

problem is meshed using a large number of unstredtu Based on our past experience and on the validaéparted

quadrilateral cells and the grid is made suffidierfine

adjacent to the semi-circular cylinder, in orderctpture the
steep velocity and temperature gradients in thggore The
two-dimensional, laminar, steady, coupled solveused to

International Scholarly and Scientific Research & Innovation 6(1) 2012

elsewhere [20] together with the results shown abl& |
here, the new results on natural convection heatster from
a heated semi-circular cylinder are believed toréleable
within +5%.
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B. Local Nusselt number
Fig. 4 shows representative results highlightinge th
visualized in terms of the streamline and isotheantours. influence of both Grashof and Prandtl numbers &edGWT

Representative streamline (left half) and isothéright halfy and CHF conditions on the spatial variation of tbeal
contours are shown in Figs. 2 and 3 for a rangeabfes of Nusselt number(Nu) on the surface of the semi-circular

Gr and Pr, and for the CWT and CHF conditions yjinder. In both cases, qualitatively similar terare over the

respectively. A steady upward current is set um@lthe present range of conditions. The maximum and minimu
curved surface of the semi-circular cylinder du¢h® density

A. Sreamlines and isotherm profiles
Usually, the structure of the flow and temperatiietds is

gradient present in the vicinity of the cylinder. flume
formation is seen causing the fluid motion in theward
direction. Irrespective of the type of the boundeoyndition,
the plume size reduces with the increasing valueshe
Grashof and /or Prandtl number. A separation buisbkeen
only in one case corresponding to that of CWT ctimliat

Gr =10 andPr = 0.72 (Fig. 2). It is presumably so due to

the fact that at high Grashof numbers, a fluid @entwill not
be able to negotiate the sudden change in thetidinedue to
the loss of curvature at the corner thereby leadndlow

values of the local Nusselt numbgNu) occur at the corner

point B and at the rear stagnation point C respelgtifor all
cases irrespective of the type of the thermal baond
condition (CWT or CHF) at the cylinder surface. g8 due
to the sudden bending of the streamlines and isothat the
corner point B, the thermal boundary layer becothes and
facilitates heat transfer at the corner point B rghe at the
rear stagnation point C, the fluid is almost stagrisecause of
the fact that there is no component of gravity le tx —

direction. The local Nusselt numbgNu) increases with the

separation at the rear flat surface, which is segg®d by the Grashof numbe(Gr ) and Prandtl numbefPr ) at each point
increasing Prandtl numbe(rPr) due to the gradual thinning 5 the surface of the cylinder. This is simply s@edo the

of the boundary layer. This can also be interprategrms of
the inverse dependence of the Grashof and Pramaitbars on
the momentum diffusivity. The clustering of strearat and
isotherms at the cylinder surface is more intersetfe CHF
condition than that for the CWT condition. All eld®ing
equal, the plume is seen to be larger under the Cwviblition
than that for the CHF condition.

CWT
16 T T T T

CHF

Pr=0.72

10F ————— Pr=100

Local Nusselt number, Nu

1 1 L 1 L
0 02 04 06 08 1
A B

112 ¢ OA 012 0:4 016 0:58 ‘; 112 c
Distance along the surface of the semi-circular cylinder
Fig. 4 Effect of Grashof numbesr and Prandtl numbe®r on
local Nusselt numberNu on the surface of the semi-circular
cylinder
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progressive thinning of the thermal boundary layeurther

examination of Fig. 4 suggests that the NusseltbarmNu
for the CWT condition is more than the correspogdialues
for the CHF condition and this difference increaseith

Rayleigh numbe{Ra) . This is qualitatively in line with the

trend observed by De and Dalal [9] for the case¢heftilted
square cylinder. At the front stagnation point (poh), the
functional dependence of the Nusselt number onGtashof

number (Gr) and Prandtl numbe(Pr) is best represented
by the following correlation:

Nu, = A+ B(Pr’“Gr %) (14)
0.43 for CWT 0.77 for CWT
Where, A= and B =
0.78 for CHF 0.46 for CHF

Eqg. (14) correlates the present numerical valugbefocal
Nusselt numberNu0 at the front stagnation point A with the

average and maximum error of 3.4% and 8.7% resgebgti
for the CWT condition whereas for the CHF conditidine
average and maximum deviations are 5.2% and 14%
respectively. The parity plot between the actuamerical
values and the predictions of Eq. (14) is showhign 5.

C. Average Nusselt number

The average value of the heat transfer coefficigriften
needed in process engineering and design appheatibhe
influence of the Grashof number and Prandtl nundrethe

average Nusselt numbdmu_) is shown in Fig. 6 for the
CWT and CHF conditions. The average value of thessli
number (Num) increases with Grashof and Prandtl numbers
in both cases. Broadly, as the value of the Ralyleigmber
(Ra) increases, advection becomes stronger and thus hea
transfer increases. This trend is qualitatively sistent with
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that seen in the forced convection [17], mixed emtion [19]
and free convection [20] regimes for a semi-circaldinder,
as well as for bluff bodies of other shapes [1Q, EBllowing
the approach employed in our recent studies [1720Q8 the
present numerical results are correlated reasomneddlyby the
following relationship.

Nu, =0.78PrGr’ (15)
0.27 for CWT 0.2 for CWT
Where,a = andb =
0.21 for CHF 0.18 for CHF

Eq. (15) correlates the numerical values of therape
Nusselt numbel( Nuavg) with an average error of 5.4% and

3.7% for the CWT and CHF conditions respectivelyick

reaches the maximum value of 17% for both cases. Fi
shows the parity plot between the actual numeriahles and
the predictions of Eq. (15).

10° - —
L n Eq. 14 (CWT) ]
i 0 Eq. 15 (CWT) i
| ° Eq. 14 (CHF) ]
o) Eq. 15 (CHF)
[ | i
=
g
%101 - -
S B i
2 - .
a | i
0 &) [ | [
10,07 10 10?

Numerical value

Fig. 5 Parity plot between the present resultsthagredicted values
using Eq. (14) and Eq. (151 for CWT andO for CHF

V. CONCLUSIONS

Extensive numerical results for the laminar
convection heat transfer from a heated semi-circeydinder
are obtained for the range of conditions as: Grlashmber,

10< Gr < 10 and Prandtl numbef.72< Pr < 10C. The role
of the thermal boundary conditions, namely, cortstaall
temperature (CWT) and constant heat flux (CHF) ba t
cylinder surface has also been illustrated. Thew fland
temperature fields are depicted in terms of stremmbnd
isotherm patterns. Overall, the flow remains attacho the

cylinder surface except in the caseG@f=10" and Pr =0.72
for the CWT condition. Irrespective of the type thiermal
boundary condition, the maximum and minimum valokthe
local
respectively. The surface averaged Nusselt numbews a

positive dependence on both Grashof numH@r)and

International Scholarly and Scientific Research & Innovation 6(1) 2012

Nusselt number are occur at points B and C

151

Prandtl number( Pr). Furthermore, all else being equal, the

values of average Nusselt number are seen to lategiia the
case of CWT condition than that for the CHF coroditi
Simple predictive correlations have been develoged
estimating the value of the Nusselt number at thantf
stagnation point and of the overall mean Nussethber for
given values of the Grashof and Prandtl numbera imew
application.

30 ——— T ———
[ (a) CWT i
sk -
[ —m— Pr=072 i
i —A— Pr=7 ]
20 —w— Pr=25 -
i —&— Pr=50 ]
- — @ Pr=100 .
s 15 .
= i i
Z | 1
[y R ]
o 10 .
L0 | i
€ | ]
c °r ]
- | i
O i i
3 0 NIRRT ERNIRRTT EERIREITY NIRRT ESENARETTT RN
5 10 10° 10° 10° 10* 10° 10°
£ 20 ——m"mT """ —
@ | (b)CHF i
g . ’
< 15 -
10F -
5 - -
natural : :
I RN BRI ARTIT B NNTT] B RRAT EEERRETT] B \HH\T
10° 10 10? 10° 10* 10° 10°

Grashof number, Gr
Fig. 6 Influence of Grashof numb&r and Prandtl numberr on

average Nusselt numbeNuaw (a) CWT condition (b) CHF
condition
NOMENCLATURE
c, specific heat of fluidJ / kg.K)
D diameter of cylinde{m)

D, diameter of computational doma(m)
Gr Grashof number (dimensionless)
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h  heat transfer coefficient (W/ mz.K)

k  thermal conductivity of fluid (W / m.K)

N, unit vector normal to the surface of the cylinder

N total number of cellsin the computational domain

N, number of points on the surface of the semi-circular
cylinder

Nu local Nusselt number (dimensionless)

Nu,local Nusselt number at the front stagnation point A
(dimensionless)

Nu,, average Nusselt number (dimensionless)

P pressure (dimensonless)

Pr Prandtl number [= cp,u/ k] (dimensionless)

Ra Rayleigh number [: Gr.Pr] (dimensionless)

g, heat flux on the surface of the cylinder (W/mz)

S surfacearea (mz)

T fluid temperature (K)

T, temperature at the surface of the semi-circular cylinder
(K)

T, fluid temperature far away from the cylinder (K)

U, reference velocity induced by buoyancy effect (m/ s)

U, X-component of the velocity (dimensionless)

U, Y -component of the velocity (dimensionless)

Greek symbols

B coefficient of  volumetric  thermal  expansion
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)

0 grid spacing in the vicinity of the cylinder (m)

6  fluid temperature[= (T -T,)/(T, -T.)] (dimensionless)

U viscosity of fluid (Pas)

P density of fluid (kg / ')

p, density of fluid at the reference temperature T
( kg / m3)

Subscripts

i,j,%,y Cartesian coordinates

Abbreviations

CWT constant wall temperature
CHF  constant heat flux
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