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Abstract. The effects of pressure work with radiation heat loss onnahitonvection
flow on a sphere have been investigated in this paper. Thergjogeboundary layer

equations are first transformed into a non-dimensional fanah the resulting nonlinear
partial differential equations are then solved numenjcalling finite-difference method

with Keller-box scheme. We have focused our attention oneweduation of shear

stress in terms of local skin friction and rate of heat trangfi terms of local Nusselt
number, velocity as well as temperature profiles. Numerieallts have been shown
graphically and tabular form for some selected values o&paters set consisting of
radiation parameteRd, pressure work parametéfe, surface temperature paramefier

and the Prandtl numbé?r.

Keywords: thermal radiation, Prandtl number, natural convectioaspuare work.

Nomenclature

radius of the sphere [m] Rd
skin-friction coefficient r
specific heat at constant pressure
[Jkg 'K T
dimensionless stream function
acceleration due to gravity [nT8] T,
pressure work parameter Ty
Grashof number U
thermal conductivity [w m*K ~1]
Nusselt number Vv
Prandtl number

radiative heat flux [Wm?] u

conduction heat flux [WWm?]
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radiation parameter
distance from the symmetric axis
to the surface [m]
temperature of the fluid
in the boundary layer [K]
temperature of the ambient fluid [K]
temperature at the surface [K]
velocity component along the surface
[ms™]
velocity component normal to
the surface [mY
dimensionless velocity along
the surface
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v dimensionless velocity normal X coordinate along the surface [m]
to the surface Y coordinate normal to the surface [m]

Greek symbols

Q. Rosseland mean absorption v kinematic viscosityfn?/s]
coefficient [cn? /s] 13 dimensionles coordinates

I} volumetric coefficient of thermal p density of the fluid [kg m3]
expansion [K!] o Stephan—Boltzmann constant

n dimensionless coordinates [Jlen—2K 4]

0 dimensionless temperature Os scattering coefficient [m!]
dynamic viscosity of the fluid 7o  wall-shear-stress\/m?]
[kgm~—1s1] 1 stream function [rAs™!]

1 Introduction

Radiative energy passes perfectly through a vacuum thieti@dis significant mode of
heat transfer when no medium is present. Radiation comésbsubstantially to energy
transfer in furnaces, combustion chambers, fires, and teetigegy emission from a
nuclear explosion. Radiation must be considered in cdioglahermal effects in rocket
nozzles, power plants, engines, and high temperature kehtegers. Radiation can
sometimes be important even though the temperature levet elevated and other modes
of heat transfer are present. Radiation has a great eff@beienergy equation which
leads to a highly non-linear partial differential equatidfree convection flow is often
encountered in cooling of nuclear reactors or in the studthefstructure of stars and
planets. The study of temperature and heat transfer hasigngartance in practical fields
because of its almost universal occurrence in many brarafteegence and engineering.
Again heat transfer analysis is most important for the prejzng of fuel elements in the
nuclear reactors cores to prevent burnout. The pressure effact plays an important
role in natural convection in various devices which are scitgid to large deceleration or
which operate at high rotational speeds and also in straagtgtional field processes on
large scales (on large planets) and in geological procedsesdiscussion and analysis
of natural convection flows, pressure work and radiatioactff are generally ignored but
here we have considered both these effects around a sptisrestablished that pressure
work effects are generally rather more important both fasegaand liquids. Also the
problems of various types of shapes over or on a free comrebibundary layer flow
have been studied by many researchers.

Amongst them Nazar et al. [1], Huang and Chen [2] considédrediree convection
boundary layer on an isothermal sphere and on an isothewnabimtal circular cylinder
both in a micropolar fluid. Molla et al. [3] have studied thelplem of natural convection
flow along a vertical wavy surface with uniform surface tengpere in presence of heat
generation or absorption. Again Alim et al. [4, 5] considktke pressure work effect
along a circular cone and stress work effects on MHD natuwalection flow along a
sphere. Alam et al. [6—8] considered the pressure worktsffec flow along vertical per-
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meable circular cone, vertical flat plate and along a sptguéthey were not concerned
about the radiation effects. They considered only viscassightion and pressure work
effects.

Soundalgekar et al. [9] have studied radiation effects em fronvection flow of
a gas past a semi-infinite flat plate using the Cogley—Vine@&iles equilibrium model
Cogley et al. [10], later Hossain and Takhar [11] have aralythe effects of radiation
using the Rosseland diffusion approximation which leadwsto-similar solutions for free
convection flow past a heated vertical plate. Akhter and Alif] studied the effects of
radiation on natural convection flow around a sphere witlfiouni surface heat flux.

In the present work, the effects of pressure work with réaligeat loss on natural
convection flow around a sphere have been investigated. dhdts are obtained for
different values of relevant physical parameters. Themattonvection boundary layer
flow on a sphere of viscous incompressible fluid has been deresi. The govern-
ing partial differential equations are reduced to localbnssimilar partial differential
forms by adopting appropriate transformations. The t@mséd boundary layer equa-
tions are solved numerically using implicit finite diffe@method together with Keller
box scheme describe by Keller [13] and later by Cebeci andraw [14].

Numerical results have been shown in terms of local skitidnc rate of heat trans-
fer, velocity profiles as well as temperature profiles for lect@n of relevant physical
parameters consisting of heat radiation parameteiPrandtl numbePr and the pressure
work parameterGe are shown graphically. Some results for skin friction caaft
and the rate of heat transfer for different values of radiafyarameter, pressure work
parameter and the Prandtl number has been presented iartédoah as well.

2 Formulation of the problem

Itis assumed that the surface temperature of the sphéig iwhereT’, > T,.. HereT,

is the ambient temperature of the fluid, T is the temperattitkeofluid in the boundary
layer, g is the acceleration due to gravityz) is the radial distance from the symmetrical
axis to the surface of the sphere gndv) are velocity components along the, y) axis.

Fig. 1. Physical model and coordinate system.
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Under the usual Bousinesq approximation, the equatiorsethovern the flow are

0 0
20U + (V) = (1)
6‘U 6‘U 5‘2 (X
oT oT kE 0°T 1 9q, TpH._ Op
Uox Vv e v po, 0y el ax ®)

We know for hydrostatic pressui@p/0X = pg.
The boundary conditions of equation (1) to (3) are

U=V=0, T=T, atY =0,

(4)
U—0, T—-Tsw asyY — oo,

where p is the density,k is the thermal conductivity3 is the coefficient of thermal
expansiony is the viscosity of the fluid(), is the specific heat due to constant pressure
andg. is the radiative heat flux in thg direction. In order to reduce the complexity of
the problem and to provide a means of comparison with futiwdies that will employ

a more detail representation for the radiative heat flux; vilkagnsider the optically
dense radiation limit. Thus the Rosseland diffusion apipnaxion proposed by Siegel
and Howell [15] and is given by simplified radiation heat flexrh as:

do or*
3(a +0y) oy ©®)

We now introduce the following non-dimensional variables:

X (Y
5_(],, 77—G7” (a)a

qr = —

u= gGr_l/QU7 v = gCr'7"_1/4V, (6)
v v
T - Ty ad

=T =9I -Te)m

wherev (= 1/p) is the reference kinematic viscosity agt is the Grashof numbef,is
the non-dimensional temperature function.

Substituting variable (6) into equations (1)—(3) leadshte following non-dimen-
sional equations

0 0
— 7
S )+ 5 r0) =0, ™)
ou au 0%u
u8_§+ o~ an - +0sing, (8)
00 9 1.0 00 T
u8—€ +v on = pr 677 |:{1+ Rd(1+A9) }8_’17:| + Ge <9+m>u, (9)
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whereA = =1 with the boundary conditions (4) as

u=v=0, #=1 atn=0,
(10)
u — 0, 0 —0 asn— oo,

whereRd is the radiation-conduction parameteér; is the Prandtl number an@e is the
pressure work parameter defined respectively as

40T uC gﬂa
d=—""°>°  pr=5"P d 11
Rd= ooy Tr= and Ge=70 (11)

To solve equations (8)—(9), subject to the boundary camutti{10), we assume the fol-
lowing variables

wherey is the non-dimensional stream function defined in the usagl as
10y 1oy
ran and v = e (13)

Substituting (13) into equations (8)—(9), after some atgehe transformed equations
take the following form

& f ¢ 9%f  [Of\® sin¢
o+ (1 e ) 1~ (5) + 760

(5 of s
~<( e~ ot o) to

10 00 13 06
Bron HlJr Rd(1+ A9)? }677} <1Jrﬁcos§>fa—77

T af 00 00 0f
O &

Along with boundary conditions

of
an
ﬂﬂo, 0 —0 asn— oo.

an

It can be seen that near the lower stagnation point of thersphe., at{ = 0, equa-
tions (14) and (15) reduce to the following ordinary diffetial equations:

f====0, 6=1 atn=0,

(16)

flll + 2ff” _ le + 9 — 0, (17)
3 /
Plr [{1 + -Rd (1 + A9> }9’] L2f0' =0. (18)
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Subject to the boundary conditions

f(0) =f(0) =0, 6(0)=1,

(19)
f—0, 0 —0 asn— oo.

In the above equations primes denote the differentiati¢h veispect to;.

In practical applications, the physical quantities of pijife interest are the wall-
shear-stress, the heat transfer rate in terms of the skiiofr coefficientsC; and Nusselt
numberNu, respectively, which can be written as

Gr—3/44? aGr— /4
Cf == TTM and Nu = mqw, (20)
where
Tw = u<@> and g, = k<a—T> : (21)
ay y=0 ay y=0

vGrt/®

Here we have used a reference velo€ity=
Using the variables (6) and (13) and the boundary conditi®) {nto (20)—(21),
we get

Cy =£1"(€,0), (22)
Nu = — (1 + ngeg)e'(g, 0), (23)

wheref,, = T, /T
The values of the velocity and temperature distributioncaleulated respectively
from the following relations:

_9of _
w= g 0 =0(¢,n). (24)

3 Results and discussion

The present problem has been solved numerically for diftara@lues of relevant physical
parameters and for a fixed value&f= 0.1. Results have been obtained in terms of local
skin friction and the rate of heat transfer in terms of locabkbkelt number, velocity as well
as temperature profiles.
Velocity and temperature profiles are shown in Figs. 2(&))}-&)r different values
of radiation parameteRd while Prandtl numbePr = 7.0 and pressure work parameter
Ge = 1.5. From Fig. 2(a) it is observed that for higher values of radiathe velocity
becomes higher and there is no significant change found indhedary layer thickness.
Fig. 2(b) shows that the temperature becomes higher fromvaliezalue of temper-
ature along direction and reaches at maximum values which occur betweern.5 to
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1.5, then all the profiles gradually decrease, cross each o#@arthe point) = 1.4 and
finally approach to zero, the asymptotic value.

Effects of the variation of pressure work on velocity and pemature profiles are
shown in the Figs. 3(a) and 3(b). Significant changes hava mend in maximum
velocity and temperature due to the changé&'ef In Fig. 3(a) forGe = 0.1 the maximum
velocity is0.19532 which occurs at) = 0.88811 and forGe = 2.5 the maximum velocity
is 0.77141 which occurs at) = 0.78384. Thus we observe that due to the changé&ef
from 0.1 to 2.5 the velocity rises uR94.95 %. Again in Fig. 3(b) small value otie
(= 0.1) gives the typical temperature profile which is maximum tenapure at wall then
it gradually decrease alongdirection and finally approaches to the asymptotic value
(zero). But larger values af'e do not show the typical temperature profiles. In this case
alongn direction temperature gradually increased from the wdllevdo the peak and
then decrease and approach to the asymptotic value.

Moreover, in the Fig. 4(a) it is observed that the velocitgréase with increas-
ing Pr. Fig. 4(b) shows that the temperature increase alaffigection up to the maximum
value and then gradually decreases to zero. All the temyrerptofiles cross each other
nearn = 1.1. Also for higher values oPr temperature goes up near the wall but it cause
the thermal boundary layer thickness to reduce and thusethedrature profiles have
a crossing point neay = 1.1. The value of = 0.3927 has been chosen to obtain all the
results in Figs. 2, 3 and 4.

Fig. 5(a) shows the skin friction agairgstor different values of radiation parameter
Rd. From this figure we observe that skin friction becomes lofeethigher values of
radiation. From Fig. 5(b) we see that the rate of heat tranmsteease, betweep = 0.0
to 0.1 intersect at = 0.1 and then decrease for higher valuestaf within the region
& > 0.1. In this figure we found both positive and negative Nussefhbers. This is
due to the variation of fluid temperature near the wall. The od heat transfer changes
its sign in case of fluid temperature near the wall becomesenigr lower than the wall
temperature which may occur due to the imposed conditiotk@problem.

Fig. 6(a) shows the skin friction coefficie@ for different values of pressure work
parameteiGe. Itis observed from the figure that the pressure work havatgnéuence
on skin friction as well as on the rate of heat transfer. kel force at the wall becomes
much higher towards the downstream for higher valueS©&nd the rate of heat transfer
as shown in Fig. 6(b) gradually decreased for higher valfipsessure work parameter.

Again from Figs. 7(a) and 7(b) it is observed that tRe have similar type of
influences on skin friction and on the rate of heat transfértihose are not as much as
that of Ge, also rate of heat transfer increase betwgen0.0 to 0.7 intersect at = 0.7
and then decrease for increasifgwhile £ > 0.7.

Table 1 shows the numerical values of skin friction coeffiti€; and rate of heat
transferNu at the surface of the sphere frgm= 0.0 (lower stagnation point) t§ = /2
for different values of7e. As in Figs. 6(a) and 6(b) the numerical data also shows lieat t
frictional force at the wall becomes higher at the downstread the rate of heat transfer
gradually decreases for higher valuegHf.
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Fig. 2. Velocity (a) and temperature (b) profiles for differealues ofRd while Pr = 7.0

andGe = 1.5.
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Fig. 3. Velocity (a) and temperature (b) profiles for diffierealues ofGe while Rd = 1.0

andPr = 7.0.
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Fig. 4. Velocity (a) and temperature (b) profiles for diffierealues ofPr while Ge = 1.5
andRd = 1.0.
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Fig. 5. Skin friction (a) and heat transfer (b) coefficierusdifferent values ofRd while
Pr=7.0andGe = 1.5.
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Fig. 6. Skin friction (a) and heat transfer (b) coefficierdsdifferent values ofze while
Rd =1.0andPr = 7.0.
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Fig. 7. Skin friction (a) and heat transfer (b) coefficierdsdifferent values ofPr while
Rd =1.0andGe = 1.5.
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Table 1. Skin friction coefficient and rate of heat transfgaiast¢ for different values
of Ge against fixed radiation numbef&! = 1.0 and Pr = 0.72.

Ge=1.0 Ge=0.8
3 Cy Nu Cy Nu
0.00000 0.00000 0.723900 0.00000 0.723900
0.10472 0.07890 0.283260 0.07746 0.380840
0.20944 0.17176 —0.248780 0.16556 —0.018690
0.31416 0.27965 —0.886880 0.26493 —0.487330
0.40143 0.38118 —1.498300 0.35638 —0.929900
0.50615 0.51657 —2.327260 0.47612 —1.522890
0.61087 0.66594 —3.261580 0.60607 —2.183580
0.71558 0.82812 —4.304680 0.74523 —2.913080
0.80285 0.97200 —5.260890 0.86732 —3.575030
0.90757 1.15368 —6.519030 1.01995 —4.436790
1.01229 1.34342 —7.906760 1.17772 —5.375830
1.50098 2.26681 —16.51492 1.92379 —10.95695
1.57080 2.39328 —18.10731 2.02284 —11.94642
Ge =04 Ge =0.1
3 Cy Nu Cy Nu
0.00000 0.00000 0.72390 0.00000 0.72390
0.10472 0.07470 0.56152 0.07277 0.64416
0.20944 0.15396 0.38736 0.14612 0.68446
0.31416 0.23755 0.19464 0.21947 0.60139
0.40143 0.31025 0.01984 0.28018 0.56370
0.50615 0.40074 —0.20692 0.35200 0.51620
0.61087 0.49417 —0.45213 0.42215 0.46614
0.71558 0.58984 —0.71575 0.49002 0.41351
0.80285 0.67067 —0.94951 0.54439 0.36768
0.90757 0.76820 —1.24698 0.60649 0.31033
1.01229 0.86535 —1.56305 0.66460 0.25042
1.50098 1.27877 —3.28790 0.86512 —0.06165
1.57080 1.32730 —3.56784 0.88200 —0.11017

4 Conclusion

Natural convection flow around a sphere has been studiedthatteffects of pressure
work and radiation heat loss. From the present investigdtie following conclusions
may be drawn:

Significant effects of pressure work on velocity and tempeeaprofiles as well
as on skin friction and the rate of heat transfer have beemdf@uthis study. Due to the
change ofGGe the velocity rises upg94.95 %. For larger values ofre the temperature pro-
files change its typical nature, such as algngdjrection temperature gradually increased
from the wall value to the peak and then decrease and apptodice asymptotic value.
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Also the frictional force at the wall becomes much higheraois the downstream for
higher values of7e and the rate of heat transfer gradually decreased for higiiees of
pressure work parameter.

The velocity becomes higher for higher values of radiatiod there is no signi-
ficant change found in the boundary layer thickness. Fordrighlues of radiation the
maximum temperature decreases. Alonghdirection temperature goes up from the
wall value and reaches at maximum then gradually decreasgraatly approach to zero.
Maximum temperature occurs away from the wall which is ndy ¢ine radiation effect
but also the influence of pressure work as well. Also the skatién becomes lower for
higher values of radiation and rate of heat transfer inereasr the wall and then decrease
for higher values ofRd.

Prandtl number rise leads to decrease the velocity and t&tupe and increase the
skin friction and reduce the rate of heat transfer.
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