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Effect of Prandtl Number on Natural Convection Heat
Transfer froma Heated Semi-Circular Cylinder
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Abstract—Natural convection heat transfer from a heatedn various orientations such as horizontal, vehtarainclined.

horizontal semi-circular cylinder (flat surface ugd) has been
investigated for the following ranges of conditip@ashof number,
and Prandtl number. The governing partial difféenequations
(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) @onstant 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 energya#qos) have
been solved numerically using a finite volume folaion. In
addition, the role of the type of the thermal baanydcondition
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 rangepofiitions spanned
here except that for and ; at these conditianseparated flow
region is observed when the condition of the canstwall
temperature is prescribed on the surface of thimast. The heat
transfer characteristics are analyzed in termé@fldcal and average
Nusselt numbers. The maximum value of the localsElisnumber
always occurs at the corner points whereas itugdao 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 trexpotation of the
present numerical results for the intermediate eslof the Prandtl or
Grashof numbers for both thermal boundary condstion

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

Thus, for instance, semi-circular cylinders areoamtered 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 prodegof food,

sub-sea vessels, flow dividers used in polymer ggsing to
form weld lines, cooling of electronics componerasmpact
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, theseno

component of the gravity along such a flat surfacel

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

insights.

In spite of its pragmatic and fundamental signifioa,
momentum and heat transfer characteristics of a-sieoular
cylinder have received only scant attention. While
voluminous literature concerning the single and tipid
circular cylinders has been thoroughly reviewedexitellent
books and review papers [3-8], the correspondimgtdid
literature for square, elliptical, triangular, secnicular
cylinders has been summarized in some recent st{@i20].
In particular, the scant results for a semi-circeiinder have
been reviewed in our previous studies [17-21].dditon, the
relevant studies are briefly summarized here. Bamedhe
laminar boundary layer approximation, [22] proposed

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 teulent
free convection regime. [24] reported an experiraeand

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

numerous researchers. The heat transfer by natomakction
always occurs whenever a temperature gradienesept 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 nahtu
convection, however, concerns the case of a cirayénder
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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 tiwermal
boundary conditions, namely, constant temperat@®&/T)
and constant heat flux (CHF) on the natural congadrom a
tilted square cylinder placed in a square enclostinere has
been only one experimental study [16] on free eation

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 seincular
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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, mation Consider the two dimensiona2-D) semi-circular
angle and orientation angle of the semi-circuldindgr to

predict the average Nusselt number for wide rangaiges of cylinder of diameter,D (infinitely long in Z—direction)

Grashof number as5x 16 < Gr < 8.5 16 and the overall heat immersed in a stagnant fluid at temperatuie, The flat
transfer was found to be minimum for the case wihenflat 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 bigeqeomplex,
gravity along this horizontal direction. It is thabundantly the two commonly used idealizations, namely corsteall
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 sufficientlgrge circular
the effects of Grashof numbefi0< Gr <16) and Prandtl domain (in order to minimize the boundary effect) o

number (0.723 Pr < 10() on the detailed flow and heatdlameter, D, t.o apprc?X|mate the unconfined flow COI‘ld.Itlon.
transfer characteristics of a semi-circular cylinolemersed in Except. the .ﬂu'd density, the other.thermo-physnnajpertles
stagnant fluids with its flat surface oriented upweare (€. viscosity, u, thermal conductivityk, heat capacityc,

reported. Furthermore, the influence of the two wamly ) of the fluid are assumed to be independent ofpteature
employed boundary conditionise,, constant wall temperature and the viscous dissipation effect in energy eguats also

(CWT) or constant heat flux (CHF), on the surfadetie  npeglected for the present range of the Grashof eun(Br
cylinder is also investigated. and Prandtl number, Pr. The standard Boussinesq

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

Fluid medium

T density variation with temperature and this effeist
incorporated in the body force term in th¢—  compaoren
B“%ﬂ'cy """""""""""""""""" Gravity the Navier-Stokes equations. The governing equstion
consisting of the continuity, Navier-Stokes andha energy
equations are written in their dimensionless fomficiows:
yd Continuity equation:
T
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s | Based on the information available for a circulgfirdler
Semi-circular

o

cylinder | [5], the flow is assumed to be laminar, steady, -two

. : dimensional and symmetric about the—axis for the ranges
i

|

|

of conditions employed hereji.e, Grashof number,

. 10< Gr < 10 and Prandtl number).72< Pr < 10C. Hence, the

____________ Lenee numerical solution of the governing equations iagéd 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 Hine:
dependent equations have been solved to confirnittbdlow
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is indeed steady over the range of conditions epessed U =+/DasaT 9
here. ¢ 9h ®)

The physically realistic (non-dimensional) boundar)?nd the characteristic temperat.u_re difference igergias
conditions for this flow configuration are writtes 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 Newitofiiaids
The lower half of the computational doma(rys 0) is is governed by the two dimensionless groups, Grashof
designated as the inlet. The “pressure inlet’ bamd number and Prandtl number, which are defined devisl for

condition is imposed at the inlet boundary withozénput the CWT and CHF conditions.

value of the total gauge pressure and the temperauset TABLE |

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

Churchill and Martynenko and

_ The usual no-slip boundary condition is imposedflow, Gr.Pr Chu [23] Khramtsov [5] Present
© U, =0; U =0 5 14x10 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 conditiol 4.2x16 3.612 3.386 3.429
90 _ 1 for CHE condition (6) 5.6x10 3.855 3.586 3.598
on, 7x10 4.056 3.750 3.735
Where I is the outward unit vector normal to the surfate o~ 7x10' 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(yz 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 tero input E. Grashof Number
value of the static gauge pressure and the temypera set
equal to the faraway fluid temperaturee., @=0. The
influence of the other types of outer boundary comas at
the outer boundary has been discussed elsewhdre [25

The Grashof number represents the relative impoetanf
the buoyancy force to viscous force. The role &f @rashof
number in natural convection is similar to thathe Reynolds
number in forced convection. Thus, the increasialye 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

2
following boundary conditions are used &+ 0 plane: (ﬁ) D’gAAT for CWT conditiol
U 20 A
U, =0; 3 =0 anda— = ) Gr oY q (10)
X X ~ 4 Mw P
The variables appearing in the preceding equatimmes [ﬂ) D g,B( kj for CHF conditior

rendered dimensionless usin®, U _, D/U and gU? as
¢ ¢ ¢ F. Prandtl Number

scaling variables for length, velocity, time andegsure The Prandtl number is the ratio of the momentum

respectively. Whereas the non-dimensional temperais diffusivity to thermal diffusivity and is definedsdollows:
defined here as follows for the CWT and CHF coodii s yc p Usivty ! ! WS
—_ P

(T _Tm) . Pr (11)
—-_— for CWT conditior k

_ (Tw _Tw) @) The product of Grashof number and Prandtl number
(T-1.) N (Rayleigh numbeRa=Gr.Pr) is also used as another
(q,D/K) for CHF condition governing parameter, but only two out of the thi&e , Pr

. . . . i 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 transfeficieef
in non-dimensional form. Naturally, it varies frane point to
another on the surface of the cylinder. The locais$élt
number is defined as:

on,

for CWT condition
(12)

for CHF conditiol

S
The average value of Nusselt numbdu, is calculated

simply as:
1
Nu,, = —j Nu ds (13)
S

Thus, for a given shape and orientation, the aeeradue
of Nusselt numberNuavg is solely a function of the Grashof

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

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

Pr=25

Pr=0.72

Pr=7 Pr=50 Pr=10

?%\/
il
)

\ﬂé

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, Navieoigs and
thermal energy equations (Eq. (1)-(4)) along withe t
prescribed boundary conditions is obtained using fihite
volume based solver FLUENT (version 12.1). The pials
problem is meshed using a large number of unstredtu
quadrilateral cells and the grid is made suffidierfine
adjacent to the semi-circular cylinder, in ordercapture the
steep velocity and temperature gradients in thigore The
two-dimensional, laminar, steady, coupled solveused to

2517-9950
No:1, 2012

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

of 10" for continuity, Xx—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 hibat the
results reported herein are based on the follovapimum

choices: DN/D = 600 and a grid with

J/D:O.oos, N = 258N = 5134, Furthermore, for the time

integration, an adaptive time step procedure isptatbhere,

akin to that employed elsewhere [20].
Pr=0.72 Pr=7 Pr=25

Ny

/ \

N

Fig. 3 Typical isotherm (right half) and streamlifheft 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 eation
[19] and free convection heat transfer [20] frofmeated semi-
circular cylinder with constant wall temperatura. 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 preseesults
are seen to differ by up to 5% from that of Martyke and
Khramtsov [5]. While the match with the approximate
treatment of of Churchill and Chu [23] is less gdmat the
deviation increases with Rayleigh numbBg .

Based on our past experience and on the validatiparted
elsewhere [20] together with the results shown abl& |
here, the new results on natural convection heatter from

a heated semi-circular cylinder are believed torélable
within +5%.
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B. Local Nusselt number
Fig. 4 shows representative results highlightinge th
visualized in terms of the streamline and isotheontours. influence of both Grashof and Prandtl numbers aedGWT

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

Gr and Pr, and for the CWT and CHF conditionscyjinder. In both cases, qualitatively similar srare 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¢hi® density

. : I . values of the local Nusselt numbgNu) occur at the corner
gradient present in the vicinity of the cylinder. plume . . g .
formation is seen causing the fluid motion in theward Point B and at the rear stagnation point C respegtifor all

A. Sreamlines and isotherm profiles
Usually, the structure of the flow and temperatiie&ls is

direction. Irrespective of the type of the boundaopndition,
the plume size reduces with the increasing valueshe
Grashof and /or Prandtl number. A separation bulsbkeen
only in one case corresponding to that of CWT ctiowliat

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

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

cases irrespective of the type of the thermal baond
condition (CWT or CHF) at the cylinder surface. g due

to the sudden bending of the streamlines and isoihat the

corner point B, the thermal boundary layer becothés and

facilitates heat transfer at the corner point B rehs at the
rear stagnation point C, the fluid is almost stagrimecause of
the fact that there is no component of gravity hie tx —

direction. The local Nusselt numb§Nu) increases with the

separation at the rear flat surface, which is segged by the Grasnof numbey{Gr ) and Prandtl numbe{Pr ) at each point
increasing Prandtl numbe(rPr) due to the gradual thinning g the surface of the cylinder. This is simply seedo the

of the boundary layer. This can also be interprategrms of
the inverse dependence of the Grashof and Pramcithers on
the momentum diffusivity. The clustering of strearas and
isotherms at the cylinder surface is more intenseife CHF
condition than that for the CWT condition. All eldeeing
equal, the plume is seen to be larger under the CWvillition
than that for the CHF condition.

CHF

Local Nusselt number, Nu

Distance along the surface of the semi-circular cylinder

Fig. 4 Effect of Grashof numbeBr and Prandtl numberr on
local Nusselt numberNu on the surface of the semi-circular
cylinder

progressive thinning of the thermal boundary layaurther
examination of Fig. 4 suggests that the NusseltbaimNu
for the CWT condition is more than the correspogdmlues
for the CHF condition and this difference increaseth
Rayleigh numbefRa) . This is qualitatively in line with the
trend observed by De and Dalal [9] for the casé¢heftilted
square cylinder. At the front stagnation point (pob), the
functional dependence of the Nusselt number onGiashof
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= andB =
0.78 for CHF 0.46 for CHF

Eq. (14) correlates the present numerical valughefocal
Nusselt numberNU, at the front stagnation point A with the

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

C. Average Nusselt number

The average value of the heat transfer coefficgndften
needed in process engineering and design applisatidthe
influence of the Grashof number and Prandtl nundsethe

average Nusselt numbdmu_) is shown in Fig. 6 for the
CWT and CHF conditions. The average value of thesHli
number (Nuw) 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-circalgdinder,
as well as for bluff bodies of other shapes [10, Ebllowing
the approach employed in our recent studies [17208 the
present numerical results are correlated reasomedilyby the
following relationship.

2517-9950
No:1, 2012

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

values of average Nusselt number are seen to béegiie the
case of CWT condition than that for the CHF cowoditi
Simple predictive correlations have been develoged
estimating the value of the Nusselt number at trentf
stagnation point and of the overall mean Nussefhler for

Nu,, =0.78Pr°Gr’ (15)  given values of the Grashof and Prandtl numbera imew
0.27 for CWT 0.2 forcwt application.
Where,a = andb =
0.21 for CHF 0.18 for CHF 30 —
Eq. (15) correlates the numerical values of therage - (a) CWT ]
Nusselt number( Nuavg) with an average error of 5.4% and 25} .
3.7% for the CWT and CHF conditions respectivelyich i o ]
reaches the maximum value of 17% for both casesg. Fi 20 —y— Pr=25 4
shows the parity plot between the actual numeriahles and - —<— Pr=s0 ]
the predictions of Eq. (15). o [ ®— Pr=tn0 ]
15} =
102 T T | T T =M : :
i Eq. 14 (CWT) ] < L ]
5 n q. R - 3 E
[ i Eq. 15 (CWT) 1 'd-, 10F .
° Eq. 14 (CHF) ] - ]
I 0 Eq. 15 (CHF) i £ - ]
- 1 3 s .
c - ]
g T i = ]
E’ 3 ol o i e g )
o i #® 0 10 10 100 et 10t 1ot
_'3 5 1 £ 20——mmmm——T—"""T—"""TT—"""""T—"""™
2| ] @ [ (yCHF ]
e[ ] I i
I ] LA & :
g I
i i < 15 -
0 (&) RN | Ll B
10500 10’ 10° 10} -
Numerical value I
Fig. 5 Parity plot between the present resultstargredicted values - 1
using Eq. (14) and Eq. (151 for CWT andO for CHF 5 | ]
V. CONCLUSIONS i 1
Extensive numerical results for the laminar natural - .
ConveCtion heat tranSfer from a heated Semi-CirOf.Wnder 0 | cold ol 1l umi\
are obtained for the range of conditions as: Grashmber, 10° 10" 102 10° 10* 10° 10°

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. Thev fland
temperature fields are depicted in terms of stremmband
isotherm patterns. Overall, the flow remains atéacho the

cylinder surface except in the case@f =10’ and Pr = 0.72
for the CWT condition. Irrespective of the type thiermal
boundary condition, the maximum and minimum valokthe
local Nusselt number are occur at points B and
respectively. The surface averaged Nusselt numhews a

positive dependence on both Grashof numH@r)and

Grashof number, Gr
Fig. 6 Influence of Grashof numb&y and Prandtl numberPr on

average Nusselt numbeli\luavg (a) CWT condition (b) CHF
condition

NOMENCLATURE

c, specific heat of fluid J / kg.K)

p

D diameter of cylinde{m)

C . .
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)
. 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 a the front stagnation point A
(dimensionless)

Nu,, average Nusselt number (dimensionless)

P pressure (dimensionless)

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

[ coefficient of volumetric therma  expansion
2]

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

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

M viscosity of fluid (Pas)

P density of fluid (kg / m’)

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

Subscripts

i,],Xy Cartesian coordinates

Abbreviations

CWT constant wall temperature
CHF constant heat flux

(8l

(9]

[10]

[11]

[12]

[13]

[14]

[19]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
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