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Abstract

Unsteadymixed convection boundatyer flow of an electrically conductingnicropolar fluid past a
circular cylinderis investigated takingnto account the effeaf thermal radiation and heat generation or
absorption.The reduced nogimilar boundaryjlayer equations are solved using the finite difference
method. It is found that the magnitude of the friction factor and the couple strei§icaigiy increases
due to the increase of the mixed convection paramiterconductionradiation parameter, the surface
temperature parametethe heat absorption parametand the frequency parameter. However the
magnitude of the heat transfemte deaeases with these parameters. Tomverse characteriss are
observed for the Prandtumber.The magnitude of the couple stress and the heat tranraséds seen to
decrease whereas the magnitude of the skin factor increases with increasing thesarsity parameter.
The magnetic field parameter reduces the skin factor, couple stress and heatran3iee amplitude of
oscillation ofthe transientlgn factor and couple stress gradually increases owing to an increasBubf
the transient ha transferateis found to be oscillatingvith almost the same amplitufier any value of:
The amplitude of oscillation of the transient skin factor and couple stress irsongtisan increase ofS
andawhile the amplitude of the transient heat tf@nsateincreases witlincreasingPr andS.

Keywords: Mixed convection, Micropolar fluid, Circular cylinder, Thermal radiation, Magnetic.field

1 Introduction

Unsteady laminar boundatgtyer characteristics have attracted much attention of many resesrc
owing to their practical applications such ascelerating and decelerating phases of missile flight, the
intermittent flow in an engine during unstable combusfitin unsteadyheat transfeprocessin liquid
rocket and turbget engineq?2], and themal failure of the resonance tube heating in which the effect of
heat generation appears to be significi8jt From 1950 to 1980several works [4.3] have been
published on unsteady laminar boundatstyer characteristics. Due ta lack of the developmenof
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numeri cal simul ati on u asmanly investigatedthebrgtically9As @ Gesulf, a t h i ¢
simplified model was used to comprehenthe actual technological problems and the complexity in
obtaining the solutiongasthus circumventetly imposing restrictions othe amplitudeof oscillationor a
frequency [3 A comprehensivinvestigationabout the problemsemains to be done and this necessitates
furtherstudyon this importantsubject.

Lighthill [4] studied theboundarylayer respoge to fluctuations of the external velocity about a steady
mean.Later, Glauert [3 used this concept to examine the laminar bountiamgr characteristicgor the
oscillations ofplates and cylinders. A comprehensive descripsioows that by making theansverse or
rotational oscillationshe resultobtainedfor a flat platemay be usedo describethe boundary layenear

the stagnation point on a cylinder.

Ishigakifocused orthe time dependemharacteristics of thescillatingboundary layem thevicinity of a
two-dimensional stagnation point][6Later, Ishigaki [7] extendedthis approach tostudy the laminar
thermalboundary layer near a tadimensional stagnation pointhe variations ofhte skin friction and
surface temperatuffer an insulatedlat platekept at zero incidence inreoscillating free streamhave been
studied by Ishigaki [8] In the sibsequent studylshigaki [2] studied the oscillating heat transfer
mechanisnin the case of an isothermal plate.

Hori [9] numericallyexamired theunsteadylaminarboundary layersn an incompressible fluid about a
two-dimensional bodyMori and Tokuda 0] presented an analysis and performed an experiment to study
the heat transfeccharacteristics owing tan oscillating cylinderBoth of these studs [P, 1Q utilized
approximations ofsmall amplitude oscillatiorso thatthe amplitude of the periodiwelocity is small
relative tothe oncoming stream velocitithe influence of finite-amplitude oscillation orthe boundary
layerflow wasinvestigateddy Lin [11].

Gorla and his grouppublished a series of paperk2{15] on the subject ofunsteadycharacteristicof
boundarylayer stagnatiorpoint flow pasta circular cylinderAlso the time dependent friction factor and
heat transfer for theombinedeffect of forced and freeonvection from a horizontal circular cylindeere
investigated by Gorlalp]. He mentioned that this type of problem can be found in the gas turbine blade
heat transfer, helicopter blade aerodynamics, cross flow tubular heat gacchagicGorla [17] examined
the steadystate characteristiosf heat transfer process far micropolar boundary layer floa@rounda
circular cylindrical surfaceonsidering thavall temperaturexs a function of the distance measured from
the stagnatiopoint

Katagiri [18] studied the unsteadyehavior of boundary layer flowast asuddenly acceleratedrcular
cylinder. Katagiri and PoplP] investigated the heat transfenaracteristics due toombined convection
from an isothermalcircular cylinder placedin an unsteady stream of viscous incompressible fluid.
Numerical solutions for the develmgnt of the boundary layer flow and the variationghef skin friction
andthe heat transferatesat the front stagnation poimtere presented. Katagir2()] re-investigated the
sameproblemutilizing multi-equation model and tabulated quite improved solutions.

In this study, we investigatihe unsteadyoundary layer characteristics fonixed convection flow of a
micropolar fluidpasta horizontal circular cyhderin cross flow.The effects of the magnetic field, heat
generation or absorption and thermal radiation have been considdredfree stream velocity and
temperature are assumed to be oscillating. The transformedimdar governing equationsave teen
solvedemploying the finite difference method. Numerical solutiamfsthe variation othe magnitude of
the skin factor, couple stress and heat transfieras well asthe transientskin factor, couple stress and
heat transferate are examined The nmagnetic field parameter, mixed convection parameter, vortex
viscosity parameter, Prandtl numbeonductionradiation parametesurface temperature parameteeat
generation or absorption parameter and micropolar heat conduction parameegerconsideredas
prescribable parameters.
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2 Formulation of the model

We consider awo-dimensional, unsteady, laminanixed convectiorflow past a circular cylinden the
presence oheat generatioor absorption The flow configurationand coordinate systesuitable for the
present problenareshown in Figure 1The arc lengthx is the distance along the surface of the cylinder
andy is the distanc@ormal tothe surface of the cylindetUnder the Boussinesq approximations and the
incompressible flow with constaproperties and negligibleiscousdissipation, the governing equatfon
within the framework of the boundary layer may be written as

$+_l; ) (2.1)
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u=U,(xt),v 0, N 6T T= asy - (2.6)
HereUg(x, t) is the freestream velocity and is agsed to be of the form
U, (x,1) =Uy (x)(1 ), 2.7)
ax

whereU (X) =2U, Sinaq:—{ , U<< 1 is aconstantaind~ is the frequency of oscillation
¢

In the above equationg andv are the velocity components in theandy-directions, respectively, is the
viscosity of the fluiglj is the density of the fluidy is the acceleration due to gravifyis the coefficient of
volumetric expansionj is the micreinertia density,k is the coefficient of gyreviscosity (or vortex
viscosity),N is the component of the microtation vector normal to they-plane,ais the spin gradient
viscosity,Uis the thermal diffusivityg, is the heat capacity of the fluidl,is the temperature dfie fluid in
the boundary layef. is the electrical conductiviyN" is thecoefficient ofmicropolar heat conducticand
By is the strength of magnetic field which is assumed to be applied in the pggitreetion, normal to the

surface. MoreovelQo representshe heat generation (> 0) or absorption (< 0) coefficient@@(ﬂ- T, )

is the voumetric rate of heat generationalrsorption from a source or sink of heat within the fluid.
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Figure 1: Physical configuration and coordeaystem

Thetermg, appeared in Eq2.4)is the radiative hedlux term which is presumed to be acted on normal

to the y-direction.We also consider that the fluid is gray and optically thick so that it can only absorb and
emit radiation. In this regds the radiative hedalux term can be written in @implified form. Using the
Rosseland diffusion approximatiprthe radiative hedtux term, as set out by Raptis [21linay be
presented in the form

4s uT*

3k™ py
wherek’ is the mean absorption coefficieanid (i representshe StefanBoltzman constantt is noted that
this is valid only for an optically thickboundary layer Furthermore the spingradient viscosity 9,
introduced in Eg. (2.3)epresents eelationshipamong the viscositpf thefluid, the micreinertia density
andthe coefficient of gyreviscosityandis defined as

(2.8)

r

& Kk o

g=x M § (2.9)
c 2 =

According to the continuity equatio@.1), we can define the stream fuoct y by

u= v =¥ (2.10)
Hy M

When U<< 1, the functionsy, Nand T may be expressed in the following forms
y (xy.)=x(xy) +epxy &,

N(xyt)=N(x) eN(xy¥, (211
Txv)=T(xy) €eT(xy ¥,
whereys Ns and Ts represents the steadyate andy:, Ni and T; represents the tim#éependent
components of the stream function, microrotaion and temperature
Substituting the expressiorig.10) and (2.11)nto the governing equatior(®.1)i (2.4) and equating the
coefficients ofJ, we have the following equatiofisr ys Ns and Ts:

2 3
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The boundary conditions are
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To find the solutions of the equatiof®.12) (2.14) we introduce the following group of dimensionless
variables
2 a2Ju, ]/6
y.=(2u, R)?sin &( , ¥, M, =2 g—= osm a( x)
¢R ,
1 - 1/2 (2.17
X
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wherea= GI/R€ is themixed convection parameteédr = g BTw T Tp)D?¥/ 2ds the Grashof numbeRe=
UsD / ds the Reynolds numbeD = 2R is the diameter of the cylindeM =s BJR/( A, )is the

magnetic field parametePr =3 / idJthe Prandtl numbieK = 8 / is the vortex viscosity parameté, =

jRER? is the microinertia parameter,R, =4sT &/(k K') is the conductiomadiation parameter,

D =T, /T, Zisthe surface temperature paramgteis the micropolar heat condimn parametea n d

= QoR/(} o) is the heat generation (> 0) or absorption (< 0) parameter.
The associated boundary conditions are

f=fi O, ¢ :%-f g 1 =at h C (2.21

fi=1, g ©,g 68 ash - (2.22
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Using the expression.10) (2.11) into (2.1)i (2.4) and equating the coefficients &f we obtain the
equations fol 1, N1 and Ty as
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In order to solve the equatiof 23} (2.25) we introducehe following group of dimensionless variables
2 a2u, 1/5 T
yi=(2u, R ?sin ®( , ¥, M, =2, = ¢ Sin G(x).x@.) ?—,\Af (2.28
cn w "

Therefore, the equatiorf2.23) (2.25)take the form
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The corresponding boundary conditions are

F=Fi 9, G %-F,ii Qath (2.32

Fi=1l, G =0, Q& ash - (2.33
In the above equationS,= ¥ R /p 4 the frequency parameter that depends on the frequency of oscillation
Y.

3 Solution Methodologies

The system of equation®.18) (2.20) is reduced to a system of second order differential equations
taking U = fjandV =f and then theyre discretized using central difference approximation atbng

direction while forward difference is used sxdirection. However the equation.29)(2.31) are first

rewritten for real(F,, G;, ) @nd imaginary(Fi, Gi, ;) Partsof theF, G a n d fundions and thenthe

resulting equations are descretizeda similar way.Thus we have a system of-tliagonal algebraic
equations of the form:

AW.L; + BW, W, (3.34

In the above equations, the subscript (= 1, 2, é ) 9epresents the functienU, g, d,
FiiG,R .F,Gi, Q respectivelyj ( = 1, Byand3 ( = é1, Rl), corr@spondéte the grid
points ind and 3 directions respectivelyThe Ay, Bk, C«k and Dk can be obtained easily utilizing the
discretization techniques mentioned aboles worthy of mentionthat for fixed values of, the tri
diagonal equationg.34)fori ( = 1, M),are Solved é@sing theell-known Thomas Algorithm [Z2

The computation is then performedjidirection. The convergence criteria for the steatlte solutions

are chosen in such a way that the difference between the values of the fli{gst)rin two consecutive
iteratiors is less than 16. The computational domai;(d) is discretized taking the step sizgsandqgy
respectively After doing the grid independency test t he f i nal me s h 3s0.0025ad ar e
ga] = 0.001sothat the solutions are grid independent.

4 Results and discussion

4.1. Effects of the physical parameters on the magnitude of the skin factor, the couple stress and the
heat transfer

From technological point of view, the magnitude of the friction fadtor,couple stress and the Nusselt
number are importantin this study, the friction factor, the couple stress and the heat transfer are
determined usinghe following relations:
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Here (Fi,R), (Gi,G) and(Q, Q) are the corresponding real and imagynparts of the gradients

of theaxial velocity, angular velocity and temperature at the surface.

Numerical solutioniave beemerformedfor various values of theixed convection parametes: Prandtl

number, Pr, vortex viscosity parametdf, conductionradiation parameterRy, surface temperature
parametergp magnetic field parametelk), heat gener ati on andmiardpslar heptt i 0 n
conduction parameteld .

Table 1. Canparison of the friction factorf (O) and the heat transfe, qi(O) for differentawhile Pr = 0.7,

3=0.0,7 =0.0,S=0,U=0,Ry=0. 05008d= 0.0 and q = 0.0
> fi(0) qi(0)
Katagiri and Pop [19] Present results Katagiri and Pop [19] Present results
110 0.422545 0.422545 0.829642 0.829643
15.0 0.857659 0.857659 0.924220 0.924220
0.0 1.232587 1.232588 0.991730 0.991731
5.0 1.574016 1.574019 1.045748 1.045749
10.0 1.892879 1.892883 1.091404 1.091406
25.0 2.762325 2.762340 1.199150 1.199150
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Figure 2:Magnitudeof (a)thefriction factor(b) thecouple stress and (t)eheat transfer for different values ef
while Pr=0.77 =50,5S=0.5,U =05,R4=0.5,N;=9.0,(p0=05M= 0.5 and q = 0.5

The validity of the presentumerical solutiongs examined by providing comparisorn Table 1 and 2or
thefriction factor andthe heat transfer wittiKatagiri and Pop19]. It should be notethatthe steadystate
solutions ofthe dimensionless momentum and eneegpuationg2.18) and (2.20) will correspondto the
solutionsof Katagiri and Pop9 whentY B,K= 050,M=0,Rs=0,S=0,U=0and qltis 0.
evident from Table 1 andthat the present solutions give a good agreement with those of Katagiri and Pop
[19).
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Table 2. Comparison of the friction factof,i (0) and the heat transfef,qi(O) for differenta-while Pr = 0.7,

2=5.0,7=0.0,S=0,U=0,Ry=0. 05000d= 0.0 and ¢q = 0.0
3 fi (@) q i(O)
Katagiri and Pop [19] Present results Katagiri and Pop [19] Present results

10° 1.5671 1.567136 1.0414 1.041718
20° 1.5465 1.546548 1.0296 1.029727
30° 1.5122 1.512254 1.0096 1.009686
40° 1.4644 1.464473 0.9818 0.981855
50° 1.4033 1.403341 0.9464 0.946389
60° 1.3290 1.329029 0.9034 0.903496

The variation of the magnitudeof the friction factor, couple stress and heat tséer rate with the mixed
convection parameter; is shown in Figures 2(&)c). The results suggeshat the magnitudeof the
friction factor, the couple stress anithe heat transferateincreases with thenixed convection parameter
a; at a fixeds: Also it is seen that the magnitude of the frictfantor andthe couple stress increases wih
for a givens; attairs a maximum value and thenateasesvith 3: The location of hte maximum value of
the friction factor and the couple stram®vesaway from the front stagnation poing-E 0) due to an
increase ob:- The magnitude of thkeat transferategradually dereases witts: Asthe mixed convection
parameteray increasesthe buoyancy force becomssongerresulting inaugmentingheat transfeand
microrotation of the fluidChe magnitude of theittion factor and the couple stress increases svftir a
givena: However,whenthefluid enters the boundary layat3-= 0the temperature gradient to the surface
of the cylinder idargeandthendecreases with an increasesofor this reason thmagnitude of the heat
transferrateis found to be decreasing wigh

Figures 3(a)(c) demonstrate the effects of the Prandtl number, Pth@magnitudeof thefriction factor,
thecouple stress aritie heat transferate Due to the increase tfie Pradtl number, thenagnitudeof the
friction factorandthe couple stresslecreass howeverthe magnitudeof the heat transferate increase.
Prandtl numbers the ratio of momentum diffusivity and thermal diffusiviw/ith an increase of Pr the
location ofthe maximum value of the friction factor and the couple stresgescloserto the front
stagnation pointThe magnitudeof thefriction factorandthe couple stresdecreases owing to an increase
of Pr whereagheheat transferateis found to be higheior higher Pr.

ISPACS

International Scientific Publications a@bnsulting Services



Communications in Numerical Analysis 2Dillo. 1 (2016) 118-143 128

http://www.ispacsom/journals/cna/2016/er00259

0.6 0.15
0.5F
04 ////,///—\\\\ NG 0.10 /{/" \i\\\\
—_— 7y e : oo N\
S 7 N3 (78NN
5, 03T o e O
( - vy \
= /v Pr=0.1 /"
02r T oo Pr=1.0 0.05 1 7 Pr=0.1
/ e Pr=2.0 R Pr=1.0
0.1F / ————————— Pr=5.0 /,/' T T Pr=2.0
—em—e— Pr=5.0
0.0 . ! ! ' 0.00 : : ' '
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
(a) 3 (b) g
Lor Pr=0.1
—————— Pr=1.0
08F ———— Pr=2.0
T — i Pr=5.0
= 06F s
NZ S
R 04F T o
02t
0.0 ' : : '
00 04 08 12 16
© £

Figure 3:Magnitudeof (a)thefriction factor (b) the couple stress and (t)eheat transfer for different values of Pr
while = 4.0, =5.0,S=0.5,U =0.5,R4=0.5,Nj=9.0,(p0=05M= 0.5 and q = 0.
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Figure 4:Magnitudeof (a)thefriction factor (b) thecouple stress and (t)eheat transfer for different values kf
while =4.0, Pr=0.7,S=0.5,U0 =0.5R;=0.5,N;,=9.0,p=05M= 0.5 and q = 0.5.

The effects of the vortex viscogiparameterK, on themagnitudeof the friction factor, the couple stress
and the heat transferate are shown in Figures 4(ajc). The results indicate thahe magnitudeof the
friction factor, thecouple stresandthe heat transferatedecreasg withan increase df.
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Figure 5:Magnitudeof (a)thefriction factor (b) the couple stress and (t)eheat transfer for different valuesRf

while @=4.0,K=5.0, Pr=0.7,S=0.5,U = 0.5 N;=9.0,(0=0.5M =

0.5 and

q

Figures 5(a)(c) illustrate the effects of the conductienadiation parameteRq, on the magnitude of the
friction factor, the couple stress and the heat transfer The magnitudeof the friction factor and the
couple stresg found toincreaseasRy increasedut the magnitudeof the heat transferatedecrease with
increasingRy. This is due to the fact that the increase in the radiative heat tracsierags the fluid
flow and the microrotation of the fluidOn the contrary, Wwen Ry is large radiatim dominates heat
transportresultingin a small temperature gradient at the surfaoe hence a small heat trangtate
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Figure 6:Magnitudeof (a) thefriction factor (b) thecouple stressand (t)eh eat tr ansf er for di
while =50,K=5.0,Pr=0.7,S=05U =05R;=0.5N=90M= 0.5 and q = 0.5.

In Figures 6(d)(c), we haveshown the effects of the stafc e t emper at ur e mpgaitudemet er
of thefriction factor, the couple stress anthe heat transferate The results suggest thidte magnitudeof

thefriction factorandthe couple stresicrease due to an increase in the surface tempergiarameter.
However, the converse characteristic is seen for thenttag of the heat transferate A higher surface
temper at ur e givesariseatmmeinceaseof the fluid temperature. Consequentllge flow and
microrotation of the fluid areound to increase withigher surface temperature parameter. For this reason,
the magnitude of the friction factor and the cou
magnitude of the heat transfated e cr eases wi th increasing o.
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Figure 7:Magnitudeof (a)thefriction factor (b) the couple stress and (t)eheat transfer for different values f
while =4.0,K=5.0, Pr=0.7,=0.5,Rs=0.5,N;=9.0,U=05M= 0.5 and q = 0.5.

The effects of thérequency parameters, on themagnitudeof thefriction factor, the couple stress arithe
heat transferateare illustrated in Figures 7{dXx). It is found that he magnitudeof thefriction factor, the
couple ¢ress andhe heat transferate increase with an increase o8. As Sincreasesthe frequency of
oscillation of the free stream velocity atiek surface temperature is increasAdcordingly, the fluid flow,
microrotation of the fluid and heat transteeacceleratedThe results also indicate théiet magnitude of
the friction factorandthe couple stress strongly dependssdor a given value o&. This is due to the fact
that the free stream velocity is assumed to be changea-with
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Figure 8:Magnitudeof (a)thefriction factor (b) thecouple stressand (leheat tr ansf er for dif

while = 4.0,K=5.0, Pr=0.7,S=0.5,U = 0.5 g=0.5,N; = 9.0,Ry = 0.5 andVl = 0.5.

Figures 8(d)(c) showthe variation of the magnitudeof the friction factor, the couplestress andhe heat
transferratewi t h t he heat gener at iThemagnituded thefrictiorpfaciorand par a
the couplestresse | at i ng t o h e &foundte bedowerthandgl ot q h®2a®) absor pt
0). Howeverthe magnitude othe heat transfeatef o r>0 g higher than thtf o r<0.q

4.2. Effects of the physical parameters on the transient skin factor, couple stress and heat transfer

In this study, we also examine the variation of the transient skin factople stress and heat transfer
terms of the physical parametersshtould bementiored that the unsteady characteristics of the flow and
heat transfer processre often regarded as a technological problem. The reason ithéhainsteady
characteriscs of a procesould be uncontrolled and unpredictaldé any time and might cause
significant damage to a systeithe transient skin factor, couple stress and heat transfer are calculated by
the following relations:

C, (x. ¥=8(1 «K)sin gfi(i . {F € iQicos F{ £.0 i § (4.41,

o

a

m, (X, ;:48,3_ % Ssm g .Qx{G(e.Qcos G( 1P sifx (4.42
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Ny (x, = ilg.Ox+{ @ ,Qcoes - (@0 sink (4.43
WhereU= ¥ tandCq(3; (), mv(3; J andNu(3; U are respectivelythe real pagof

2 h ot o xg B8 sk . Ta

oz &y O e L. ) Vg

(4.44,

20 — pr=0.1

m,(&,7)

N = == S e |
6 0 1 1 1 J 0.0 | | 1 J
0.0 5.0 10.0 15.0 20.0 0.0 5.0 10.0 15.0 20.0
@ T (b) T
0.30
Pr=0.1
o2sk T ° Pr=1.0
7N RN N
\ VRN /RN ~\N T
\ \ 1/ N\
~ 020 _\:\ /7/—- \\\\ 7 , \\t\ /’//, NI
e NN, AR A \\III
o A ~ Y ‘1 7/ \ \ /// N
%015_\\\"/ \\\-—// N ‘v
23 \_’/ \\ ,/ \\ ,/ I
" \W
0.00 | | | J
0.0 5.0 10.0 15.0 20.0
(©) T

Figure 10: Transient (a) friction factob)(couple stress and (c) heat transfer for different valueswhiitr (1) 3=
0.26, (1) 3=0.52, (II) 3=0.78and(IV) 3= 1.04

The effects of the Prandtl number, Pr, on the transient skin factor, couple stress and heatataeasfer
shown in kgures 10(&)(c). It is found from the Figures 10(4g) that the transient skin factor and couple
stress decrease with an increase of Pr whereas the transient heat raésisfereases with Pr. Moreover,
the amplitude of oscillatn of the transient &k factor andcouple stresss found to increase due to the
increase oB: On the contrary, the amplitude of oscillation of the transient heat traasééncreases with
Pr.
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Figure 11: Transient (a) friction factor (b) couple stress and (c) heat transfer for different vatubdefl) 3-=
0.26, (I)3=052, (lll) 3=0.78, (IV)3= 1.04.

Figures 11(d)(c) exhibit the variation of the transient skin factor, couple stress and heat tratesfath

the mixed convection parametex,it is seen that the transient skin factor, couple stress and heatrnransfe
rateincrease owing to an increasesoWhen the value odis increased he rate of change of the transient
skin factor and couple stress increases wittut it is almost constant for the transient heat transfier

Also we observe thathe amplitule of oscillation of the transient skin factor and couple stress increases
with awhile the transient heat transfer oscillates with the same amplitude for different

In Figures 12(&)(c), we have shown the effects of the conductaxtiation parameteRy, on the transient
skin factor, couple stress and heat transge Resultsindicate that the transient skin factor and couple
stress increase due to the increasBisoHowever the transient heat transfatedecreases with increasing
Rq. The ampliude of oscillation othe transient skin factor and couple str@ssreases witts-for a given
value ofRy but that ofthetransient heat transfeateremains unchangeth addition, the rate of change of
the transient skin factor, couple stress and traasferrateis smallwith 3whenRy is increased from 0.2
to 1.0.
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