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ABSTRACT 
we observed the Hal l  e f fec ts  on MHD osci l la tory f low o f  a  micro po lar f lu id  through a porous 
medium over a  ver t ical  porous p late .  The expressions for the ve loc ity  f ie ld ,  angular veloc ity  
and temperature  f ie ld  are  obta ined  analy t ically .  I t  is  examined  that  the ax ial  ve loc i ty  
𝑢𝑢increases wi th  increasing 𝑚𝑚,𝐺𝐺𝐺𝐺 𝑎𝑎𝑎𝑎𝑎𝑎 β  wh ile  i t  decreases wi th  an increase  in  𝑀𝑀,𝑃𝑃𝐺𝐺 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎 .  A lso,  
i t  i s  observed that ,  the  micro-rota t ion vec torωdecreases with  increasing 𝑚𝑚,𝐺𝐺𝐺𝐺 𝑎𝑎𝑎𝑎𝑎𝑎 β,  whi le  i t  
increases wi th  increasing 𝑀𝑀,𝑃𝑃𝐺𝐺 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎 
 

 
1 . 1 .  I N T R O D U C T I O N  
 
The theory o f micro po lar  flu id  can be used to  exp la in the f low behavior  o f non-Newtonian 
f luids,  such as  col loidal  f luids,  po lymer ic  f luids ,  animal b lood and real  f luids wi th  suspensions .  
This theory,  f i r st  formulated by Eringen [33]  could dea l  wi th viscous f luids where the micro 
const i tuents are  r igid  and spher ica l  or  randomly or iented.  I t  has got  much at tention in recent  
years.  An excellent  review about micro po lar  f luids was provided by Ar iman e t  a l .  [7 ,  8] .  
 
The problem of f luid  f low and hea t  t ransfer  pas t  a  porous p la te  has a t trac ted the interest  o f 
many inves t igators  in view of i t s  appl ica t ions in many engineer ing problems such as  oi l  
exp lora t ion,  geothermal  energy extrac t ions and the boundary layer  cont rol  in aerodynamics 
(Soundalgekar  [87] ;  Kim [51] ;  Kim [52] ;  Rapt i  [76]) .  Spec i fical ly,  Soundalgekar[87]  obtained  
approximate  so lut ions for  the  two d imensional  f low of an incompress ible ,  viscous  fluid  f low 
pas t  an inf ini te  porous ver t ica l  p late .  He found  tha t  the di fference between the temperature of  
the plate  and the free stream is  s igni f icant  to  cause the free convect ion currents.  Gorla  and 
Tornabene[38]  have inves t iga ted the e ffec ts  o f thermal  radiat ion on mixed convec tion flo w over  
a  ver t ica l  p la te  wi th non-uni form hea t  flux boundary condit ions.  Rapt is [76]stud ied numerical ly 
the case o f  a  s teady two-d imensional  flo w of a  micro po lar  f luid  past  a  continuously moving 
plate  wi th a  constant  ve loc ity in the presence of thermal radia t ion.  Kim [52]  stud ied the 
unsteady free convec tion f low of a  micro polar  f luid  through a porous  medium bounded by an 
inf ini te  ver t ical  p la te .  
 
The e ffect  o f the magnetic  fie ld  on free convect ion flo ws is  important  in l iquid meta ls ,  
e lec tro lytes and ionized  gases .  Soundalgekar  and Takher[88]  have s tudied the e ffec t  o f MHD 
force and free convect ive f low past  a  semi- inf ini te  plate .  Rapt is  and Kafousias [75]  stud ied the 
inf luence o f a  magnetic  fie ld  upon the steady free convec tion f low through a porous medium 
bounded by an infini te  ver t ical  p late  wi th a  constant  suc tion ve loc i ty and when the pla te  
temperature  i s  a lso  constant .  The problem of MHD mixed convec tion f low of Newtonian fluids 
over  a  hor izonta l  p late  has been ana lyzed by Ib rahim and Hady [49] .  Hassanien and Hady [43]  
have invest igated the e ffects  o f  Hydro magnet ic  free convec tion and mass transfer  flo w of  a  
non-Newtonian fluid  through a porous medium bounded by an inf ini te  ver t ica l  l imi t ing sur face  
wi th constant  suc tion.  Kim and Lee [53]  have  discussed the MHD oscil la tory f low of a  micro 
polar  f luid  over  a  ver t ical  porous  pla te .  Singh [86]  has stud ied  MHD free convec tion and mass  
transfer  f low wi th Hal l  current ,  viscous diss ipat ion,  joule heat ing and thermal di f fus ion.  
Makinde and Mhone [55]  have s tudied  hea t  t ransfer  to  MHD osc il la tory f low in a  cha nnel  fi l led 
wi th  porous  medium.MHD flow and heat  t ransfer  in a  viscoelas t ic  l iquid over  a  stretching shee t  
in  the p resence o f rad ia t ion was invest iga ted by Siddheshwar and Mahab aleshwar [85] .  Mostafa 
[59]  has stud ied thermal  radia t ion e ffec t  on unsteady MHD free convect ion f low pas t  a  ver t ical  
p late  wi th tempera ture dependent  viscosi ty.  Reddappa e t  al .  [66]  have studied the MHD  
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osc i l la tory f low of a  micro polar  f luid  through a porous medium over  a  ver t ical  porous p la te .  
The ana lyt ical  s tudy of  MHD rad ia t ion-convection wi th sur face temperature osci l l a t ion and  
secondary f low effec ts  was  stud ied by Beg and Gosh [14] .  
 
In this  chapter  we inves t iga te  the Hall  e ffects  on MHD osc il la tory f lo w of  a  micro po lar  flu id  
through a porous medium over  a  ver t ica l  porous pla te .  The expressions for  the veloc ity f ie ld ,  
angular  ve loc ity and temperature fie ld  are  ob ta ined ana lyt ica l ly.  The e ffects  o f t ime 𝑡𝑡,  Hartmann 
number  𝑀𝑀,  Darcy number  𝐷𝐷𝑎𝑎,Grashof  number𝐺𝐺𝐺𝐺, viscos i ty rat io  𝛽𝛽 and micro-gyra t ion vec tor  non 
the ve loc ity f ie ld ,  angular  veloci ty and tempera ture  fi led a re stud ied in deta i l .  
 
1 . 2 .  M A T H E M A T I C A L  F O R M U L A T I O N  
 
We cons ider  the unsteady laminar  two-d imensiona l  convec tion f low of an incompressib le  micro 
polar  flu id  over  a  semi- infini te  ver t ica l  porous moving p la te  in the presence o f a  magnetic  
f ie ld .  I t  i s  assumed that  the transverse ly appl ied magnetic  fie ld  and magnetic  Reynolds  number  
are  very smal l  and hence the induced magnet ic  f ie ld  i s  negligible  when  compar ing wi th appl ied 
magnet ic  f ie ld .  The Hall  Effec t  i s  taken into  account.  I t  i s  a l so  assumed here that  the Hole s ize  
of the porous pla te  i s  s igni f icantly larger  than a  characte r i st ic  microscopic length scale  o f a  
micro po lar  f lu id .  The x*-axis i s  taken along the  planar  sur face in  the  upward d irec t ion and the  
v*  -axis i s  taken to  be normal to  i t .  Due to  the semi - infini te  p lane sur face assumption,  the f low 
var iab les are  funct ions of y*  and the t ime t*  only.  F ig.  1 .2 .1  sho ws the  physical  model  o f the  
problem.  
 
Under  these condi t ions,  the mass ,  l inear  momentum, micro -ro ta t ion and energy conserva tion 
equat ions  can be wr it ten as fol lows:  

𝜕𝜕𝑣𝑣∗

𝜕𝜕𝑦𝑦∗
= 0                                                    (1 .2 .1)  

𝜕𝜕𝑢𝑢∗

𝜕𝜕𝑡𝑡∗
+ 𝑣𝑣 ∗ 𝜕𝜕𝑢𝑢

∗

𝜕𝜕𝑦𝑦∗
= (𝑣𝑣 + 𝑣𝑣𝐺𝐺) 𝜕𝜕2𝑢𝑢∗

𝑎𝑎𝑦𝑦∗2 + 𝑔𝑔β𝑓𝑓(𝑇𝑇 − 𝑇𝑇∞) − σ

ρ

𝐵𝐵2
0

(1+𝑚𝑚2)
𝑢𝑢∗ + 2𝑣𝑣𝐺𝐺

𝜕𝜕𝑤𝑤∗

𝜕𝜕𝑦𝑦∗
                                    (1 .2 .2)  

𝜌𝜌𝑗𝑗∗ �𝜕𝜕𝑤𝑤
∗

𝜕𝜕𝑡𝑡∗
+ 𝑣𝑣 ∗ 𝜕𝜕𝑤𝑤∗

𝜕𝜕𝑦𝑦∗
� = 𝐺𝐺 𝜕𝜕

2𝑤𝑤∗

𝑎𝑎𝑦𝑦∗2                                                  (1 .2 .3)  
𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡∗

+ 𝑣𝑣 ∗ 𝜕𝜕𝑇𝑇
𝜕𝜕𝑦𝑦∗

=∝1
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦∗2                                                           (1 .2 .4)  

 
Fig.1.2. 1: The Physical  model  

 
where  𝑢𝑢 ∗, 𝑣𝑣 ∗ are  the  components o f  dimensional  veloc it ies  along𝑥𝑥 ∗ 𝑎𝑎𝑎𝑎𝑎𝑎𝑦𝑦 ∗ d irec t ions,  
respect ive ly,  𝜌𝜌i s  the f luid  densi ty,  𝑣𝑣 -  the kinematic  viscos i ty,  𝑣𝑣𝐺𝐺  -  the kinematic  ro tat iona l  
viscos i ty,  𝑔𝑔- the accelerat ion o f gravi ty,  B f - the coeff ic ient  o f vo lumetr ic  thermal expansion of  
the f luid ,  m  -  the Hal l  parameter ,  σ  -  the e lec t r ica l  conduct ivi ty o f the fluid ,  B0-  the magnetic  
induct ion,  j*  -  the micro-iner t ia  densi ty,  ω*-the co mponent  o f the angular  veloci ty vec tor  
normal to  the x* y* -plane,  γ  -  the sp in gradient  viscosi ty,  T  -  the temperature and 𝛼𝛼2- the  
effec t ive  fluid  thermal d i f fus ivi ty.  
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The second  term of the RHS of the momentum Eq.  (1 .2 .2)  deno tes buoyancy effec ts .  The heat  
due  to  viscous dissipat ion is  omi tted for  small  ve loc it ies in  energy equation.  I t  i s  assumed tha t  
the porous  plate  moves  wi th  constant  ve loci ty  𝑢𝑢∗𝑝𝑝  in the  longitud ina l  d i rect ion,  and the  plat  
temperature (T)  var ies exponential ly wi th t ime.  
 
Under  these assumptions,  the appropriate  boundary condit ions  for  the veloc ity and temperature 
f ie lds are .  

𝑢𝑢∗ = 𝑢𝑢∗𝑝𝑝 ,𝑇𝑇 = 𝑇𝑇𝑤𝑤 + 𝜀𝜀(𝑇𝑇𝑤𝑤 − 𝑇𝑇∞)𝑒𝑒𝑖𝑖𝜉𝜉∗𝑡𝑡∗,𝜔𝜔∗ = −𝑎𝑎
𝜕𝜕𝑢𝑢∗

𝜕𝜕𝑦𝑦∗
𝑎𝑎𝑡𝑡𝑦𝑦∗ = 0 

𝑢𝑢∗ → 0,𝑇𝑇 → 𝑇𝑇∞,𝜔𝜔∗ → 0 𝑎𝑎𝑎𝑎𝑦𝑦∗ → ∞                                                 ( 1 .2 .5)  
 
In the boundary condit ion for  micro -rotat ion var iable  ω ∗that  descr ibes  i ts  rela t ionship  wi th the 
sur face s tress,  the parameter  𝑎𝑎 is  a  number  between 0 and  1 thatrelates the micro – gyration vector to 
the shear stress. The value 0n = corresponds to the case where the particle density is sufficiently large so that 
microelements close to the wall are unable to rotate. The value 0.5n =  is indicative of weak concentrations, and when

1n = flows are believed to represent turbulent boundary layers (Rees and Bassom[78]). 
 
Integrating the continuity Eq. (5.2.1) for constant suction, we get 

0*v V= −                                                           (1.2.6) 
Where 

0V is a scale of suction velocity which has non- zero positive constant. 
 
We now introduce the following dimensionless variables: 

* 2
0 0

2 2
0 0 0 0 0 0

* * * *, , , , *, , *p
p

uu v V y Vu u y u j j
U V U U V V

ν ξ νω ω ξ
ν ν

= = = = = = =  

2 2
0 0

2
0

* , ,Pr ,p

w

pCt V T T Bt M
T T k V

ν ν σ νθ
ν α ρ

∞

∞

−
= = = = −

−
(magnetic field parameter),  

( )
2

0 0

f wg T T
Gr

U V
νβ ∞−

=
 

(Grashoff number),                                                                                     (1.2.7) 
Where 

0U  is a scale of free stream velocity. Further more, the spin-gradient viscosity γ   which gives some relationship 
between the coefficient of viscosity and micro-inertia, is defined as 

1* * 1 ,
2 2

j jγ µ µ β β
µ

Λ Λ   = + = + =                                                (1.2.8) 

Here β  denotes the dimensionless viscosity ratio in which Λ is the coefficient of gyro- viscosity (or vortex viscosity). 
with the help of Equations (5.2.6)-(5.2.8), the governing Equations (1.2.2)-(5.2.4) reduce to the following 
dimensionless form 

( )
2

21 2u u u Gr Nu
t y y y

ω
β θ β

∂ ∂ ∂ ∂
− = + − +

∂ ∂ ∂ ∂
                                         (1.2.9) 

2

2

1
t y y
ω ω ω

η
∂ ∂ ∂

− =
∂ ∂ ∂                                                        

(1.2.10) 

2

2

1
Prt y y

θ θ θ∂ ∂ ∂
− =

∂ ∂ ∂
                                                       (1.2.11) 

where 

( )2* 2 / 1
2

j and N M mµη
γ β

= = = +
+

. 

 
The boundary conditions Eq. (5.2.5) are written as follows: 

, 1 , 0i t
p

uu u e n at y
y

ξθ ε ω ∂
= = + = − =

∂
 

0, 0, 0u as yθ ω→ → → →∞                                                      (1.2.12) 
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1.3. SOLUTION 
 
In order to reduce the partial differential equations (1.2.9) - (1.2.11) to a system of ordinary differential equations in 
dimensionless form, we may represent the linear velocity, micro-rotation and temperature as  

( )2
0 1

i tu u e u Oξε ε= + +  

( )2
0 1

i te Oξω ω ε ω ε= + +                                            (1.3.1) 

( )2
0 1

i te Oξθ θ ε θ ε= + +  

 
Substituting Eq. (5.2.13) into Equations (5.2.9) - (5.2.11) and taking only the real parts from the physical point of view, 

we get the following system of equations for ( ) ( )0 0 0 1 1 1, , , ,u and uω θ ω θ  

( )
2

0 0 0
0 021 2d u du dNu Gr

dy dy dy
ω

β θ β+ + − = −                                          (1.3.2) 

( ) ( )
2

1 1 1
1 121 tan 2d u du dt N u Gr

dy dy dy
ωβ ξ ξ θ β+ + − = −                                                                    (1.3.3) 

2
0 0

2 0d d
dy dy
ω ωη+ =                                                                                                                                    (1.3.4) 

2
1 1

12 tan 0d d n t
dy dy
ω ωη ξ ξ ω+ + =                                                                                                            (1.3.5) 

2
0 0

2 0d d
dy dy
θ θη+ =                                                                                                                                      (1.3.6) 

2
1 1

12 tan 0d d n t
dy dy
θ θη ξ ξ θ+ + =                                                                                                              (1.3.7) 

 
However, this expansion of the solution is important only if the reduced equations are ordinary differential equations of 
independent variable y. In fact, the solutions to𝑢𝑢1, ω 1𝜃𝜃1 are time dependent and are not consistent with the assumption. 
Therefore, we have only considered constant values of tξ . 
 
The corresponding boundary conditions can be written as 

' '
0 1 0 0 1 1 0 1, 0, , , 1, 1 0u Up u nu nu at yω ω θ θ= = = − = − = = =  

0 1 0 1 0 10, 0, 0, 0, 0, 0u u as yω ω θ θ= = = = = = →∞                                         (1.3.8) 
 

Solving equations (5.3.2) – (5.3.7) under the boundary condition Eq. (5.3.8) and substituting the solutions into Eq. 
(5.3.1), we obtain 

( )32 1 4
1 2 3 1 2

h yh y h y h ypry y i t
eu a e a e a e b e b e b e eη ξε −− − −− −= + + + + +                                        (1.3.9) 

( )1
1 2

h yy i tc e c e eη ξω ε −−= +
   

                                                                 (1.3.10) 

( )4Pr h yy i te e e ξθ ε −−= +                                                       (1.3.11) 

where 

( ) ( )1 2
4 tan 11 1 , 1 1 4 1

2 2 1
th h Nη ξ ξ β

η β
   = + − = + + +   + 

 

( ) ( ) ( )3 4
1 Pr 1 4 tan1 1 4 tan 1 , 1

2 1 2 Pr
th N t N h ξ ξξ ξ β

β
 − = + − − + = +  +  

 

1 2 3,pa U a a= − −
 ( )2 2 ,

1 Pr Pr
Gra

Nβ
= −

+ − −  ( ) 2

2 ,
1 N

βη
β η η

Φ =
+ − − 3 1,a c= Φ  
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( ) ( )
1

2
1 1

2 ,
1 tanh h t N

βη
β ξ ξ

Ψ =
+ − + −    

1 2 ,b c= Ψ ( )2 1 3b b b= − + , 

( ) ( )3 2
4 4

,
1 tan

Grb
h h t Nβ ξ ξ

=
+ − + −  
( )

( )
2 1 2 2 2

1
2

Pr
1

n h U h a a
c

n h η
− +

=
+ Φ −

 

( )
( )

3 4 3
2

3 11
nb h h

c
n h hψ

−
=

+ −
 

 
The rate of heat transfer coefficient in terms of Nusselt number Nu at the wall of the plate is given by 

4
0

Pr i t

y

Nu h e
y

ξθ ε
=

∂
= − = +

∂
 

when 0m → , our results coincide with those results obtained by Kim and Lee. [53]. 
 
1.4. DISCUSSION OF THE RESULTS 

 
Fig.1 .4 .2:  Unsteady ve locity p rofi le  𝑢𝑢 for  𝑚𝑚 =  0.2,𝑃𝑃𝐺𝐺 =  1, 
β =  1,𝑀𝑀 = 2  𝐺𝐺𝐺𝐺 = 2, ε =  0.1,𝑢𝑢𝑝𝑝  =  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎  ξ =  0.1 

 
Fig.5.4.2 illustrates the unsteady velocity profiles in the boundary layer for 0.1, 0.1, 0.5,nξ ε= = = 1, 2,Mβ = =

2,Pr 1Gr = = and 0.2m = .  It is observed that the peak values of velocity are located near the wall of the porous 
plate.  Also, it is found that the behavior of velocity distribution is completely oscillatory. 
 
The var iat ion o f the velocity 𝑢𝑢with Har tmann number  𝑀𝑀  for  𝑚𝑚 =  0.2,𝑃𝑃𝐺𝐺 = 𝑙𝑙, β = 1, 𝑡𝑡 =  0.1,𝐺𝐺𝐺𝐺 = 2,   
 ε =  0.01,𝑢𝑢𝑝𝑝 = 0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1 is  sho wn in  
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Fig. 1.4.3: Effects of Hartmann number  𝑀𝑀 on velocity profile  𝑢𝑢 for 𝑚𝑚 =  0.2,  𝑃𝑃𝐺𝐺 =  1, 

β =  1, 𝑡𝑡 =  0.1, 𝐺𝐺𝐺𝐺 =  2, ε =  1, 𝑡𝑡 =  0.1, 𝑢𝑢𝑝𝑝 =  0.5, 𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1. 
 
From Fig.1 .4 .3  i t  i s  observed that  wi th increasing Har tmann number  𝑀𝑀  resul t s  in a  decreas ing 
ve loc ity d istr ibut ion across the boundary layer .  Fur ther ,  i t  i s  found that ,  the ve loc ity i s  more  
for  non-conducting (magnetic)  ( i .e .  𝑀𝑀 → 0) micro  polar  f luid  than tha t  o f conducting micro polar  
f luid .  

 
Fig. 1.4.4: Effect of Hall parameter 𝑚𝑚 on velocity profile 𝑢𝑢 for 𝑡𝑡 =  0.1, Pr = 1, β =  1,     

𝑀𝑀 =  2,𝐺𝐺𝐺𝐺 =  2, ε =  0.01, up =  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎  ξ =  0.1. 
 

Fig .  1 .4 .4  depicts  the e f fect  o f   Hal l  parameter  𝑚𝑚  on the ve loc ity 𝑢𝑢   for  𝑡𝑡 =  0.1,𝑃𝑃𝐺𝐺 = 1, β = 𝟏𝟏, 
𝑀𝑀 = 2,𝐺𝐺𝐺𝐺 =  2, ε = 0.01, u p = 0.5,𝑎𝑎 = 0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1. I t  is  found that ,  the ve loc ity d istr ibut ion 
increases  wi th increasing 𝑚𝑚  across  the  boundary layer .  

 
The e ffect  o f Grashof number  𝐺𝐺𝐺𝐺 on the ve loc ity 𝑢𝑢  is  shown in  
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Fig. 1.4.5: Effect of Grash of number 𝐺𝐺𝐺𝐺 on velocity profile 𝑢𝑢 for 𝑡𝑡 =  0.1, Pr = 1 , β =  1,  
𝑀𝑀 =  2,𝑚𝑚 =  0.2, ε =  0.01, up =  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎  ξ =  0.1. 

 
Fig .  1 .4 .5  for𝑡𝑡 =  0.1,𝑃𝑃𝐺𝐺 = 𝑙𝑙, β = 𝟏𝟏,𝑀𝑀 = 2,𝑚𝑚 =  0.2, ε =  0.01,𝑢𝑢𝑝𝑝  =  0.5,𝑎𝑎 = 0.5 𝑎𝑎𝑎𝑎𝑎𝑎  ξ =  0.1.  I t  i s  found  
that ,  an increase in 𝐺𝐺𝐺𝐺  leads to  an increase in ve loci ty due  to  the  enhancement in  buoyancy 
force.  

 
Fig. 1.4.6: Effect of micro polar parameter βon velocity profile 𝑢𝑢  for 𝑡𝑡 =  0.1, 

𝑃𝑃𝐺𝐺 =  1,𝐺𝐺𝐺𝐺 =  2,𝑚𝑚 =  0.2,𝑀𝑀 =  2, ε =  0.01, up =  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎  ξ =  0.1. 
 

Fig .  1 .4 .6  i l lustra tes the velocity𝑢𝑢  agains t  spanwise coordina te  𝑦𝑦  for  di f ferent  va lues o f 
ve loc ity ra t io  βwith 𝑡𝑡 =  0.1,𝑃𝑃𝐺𝐺 =  𝑙𝑙,𝐺𝐺𝐺𝐺 =  2,𝑀𝑀 = 2,𝑚𝑚 =  0.2, ε =  0.01,𝑢𝑢𝑝𝑝 = 0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1.  
The resul t s  show tha t  the veloci ty grad ient  near  the porous p la te  increases as  βincreases.  Also  
the veloc ity dist r ibution across the boundary layer  i s  Higher  for  Newtonian f luid (β = 0) for  the 
same flo w condi t ions and f luid  proper t ies,  as compared wi th a  micro polar  flu id ,  excep t  for  near  
the wal l  o f the porous p late .  
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Effec t  o f  Prandt l  number  𝑃𝑃𝐺𝐺 on veloci ty prof i le  𝑢𝑢  fo r  𝑡𝑡 =  0.1, β = 1,𝐺𝐺𝐺𝐺 =  2,𝑚𝑚 = 0.2, ε =  0.01,𝑢𝑢𝑝𝑝  =
 0.5,𝑎𝑎 = 0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1is  sho wn in   

 
Fig. 1.4.7: Effect of Prandtl number 𝑃𝑃𝐺𝐺 on velocity profile 𝑢𝑢 for 𝑡𝑡 =  0.1, β =  1,  
𝐺𝐺𝐺𝐺 =  2,𝑚𝑚 =  0.2, 𝑀𝑀 =  2, ε =  0.01, 𝑢𝑢𝑝𝑝 =  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎  ξ =  0.1. 

 
Fig.1 .4 .7  i t  i s  found that ,  the veloc ity 𝑢𝑢  decreases wi th  increasing 𝑃𝑃𝐺𝐺.  

 
                                                              

Fig. 1.4.8: Effect of micro-gyration parameter 𝑎𝑎 on velocity profile 𝑢𝑢 for 𝑡𝑡 =  0.1, Pr =  1,  
𝐺𝐺𝐺𝐺 =  2, 𝑚𝑚 =  0.2, ε =  0.01,𝑢𝑢𝑝𝑝  =  0.5, 𝑎𝑎 =  0.5 𝑀𝑀 =  2 𝑎𝑎𝑎𝑎𝑎𝑎  ξ = 0.1. 

 
Fig.5 .4 .8  shows the e ffect  o f micro -gyrat ion parameter  𝑎𝑎  on the ve loc ity for𝑡𝑡 = 0.1,𝑃𝑃𝐺𝐺 =  1, 
𝐺𝐺𝐺𝐺 =  2,𝑚𝑚 =  0.2, ε =  0.01 ,𝑢𝑢𝑝𝑝 = 0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1.   I t  i s  observed tha t  increasing the va lues 
of 𝑎𝑎  result s  in a  decreasing ve loc ity wi thin the boundary layer ,  which eventual ly approaches to  
the re levant  free st ream ve loc ity at  the edge of boundary layer .  
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The var iat ion o f micro -rotat iona l  ve loci ty ω wi th 𝑀𝑀for  𝑚𝑚 =  0.2,𝑃𝑃𝐺𝐺 =  1, β = 1, 𝑡𝑡 =  0.1,𝐺𝐺𝐺𝐺 =  2, 
ε =  0.01, u p = 0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1 i s  dep icted in  

 
Fig. 1.4.9: Effect of Hartmann number 𝑀𝑀 on micro-rotational velocity for 𝑚𝑚 =  0.2,𝑃𝑃𝐺𝐺 =  2, β =  1, 

𝑡𝑡 =  0.1,𝐺𝐺𝐺𝐺 =  2,𝑀𝑀 =  2, ε =  0.01,𝑢𝑢𝑝𝑝  =  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎  ξ =  0.1. 
 

From Fig.  1 .4 .9  i t  i s  observe that  the micro -rota t ional  veloci ty 𝜔𝜔  increases wi th  increasing 𝑀𝑀. 

 
Fig. 1.4.10: Effects of Hall parameter 𝑚𝑚 on micro-rotational velocity for 𝑡𝑡 = 0.1, Pr =  1, β =  1,  

𝑀𝑀 =  2,𝐺𝐺𝐺𝐺 =  2, ε =  0.01, up=  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1 
 

Fig.  1 .4 .10 dep ic ts  the  var ia t ion o f  micro -rotat iona l  ve loc ity ω wi th 𝑚𝑚𝑓𝑓𝑓𝑓𝐺𝐺 𝑡𝑡 =  0.1,𝑃𝑃𝐺𝐺 = 𝑙𝑙, β = 1, 
𝑀𝑀 = 2,𝐺𝐺𝐺𝐺 =  2, ε =  0.01,𝑢𝑢𝑝𝑝 = 0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1.  I t  i s  found that ,  an increase in 𝑚𝑚  result s  in a  
decreas ing micro -ro tat iona l  ve loc ity ωacross the boundary layer .  

 
The micro-ro ta t iona l  ve loci ty 𝜔𝜔agains t  span wise  co-ordinate  𝑦𝑦 for  di f ferent  va lues o f  Grashof  
number  𝐺𝐺𝐺𝐺for  𝑡𝑡 =  0.1,𝑃𝑃𝐺𝐺 =  𝑙𝑙, β =  1,𝑚𝑚 =  0.2,𝑀𝑀 = 2, ε =  0.01,𝑢𝑢𝑝𝑝 = 0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1 i s  sho wn 
in   
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y 

Fig. 1.4.11: Effects of Grashof number 𝐺𝐺𝐺𝐺 on micro-rotational velocity for  
𝑡𝑡 =  0.1,𝑃𝑃𝐺𝐺 =  1, β =  1,𝑀𝑀 =  0.2, ε =  0.01,𝑢𝑢𝑝𝑝  =  0,𝑎𝑎 =  0.5 𝑀𝑀 =  2 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1 

 
From Fig 1 .4 .11  i t  i s  observe that ,  micro -rotat ional  ve loc ity  𝜔𝜔  decreases  wi th an increase in 𝐺𝐺𝐺𝐺 .  

 
Fig. 1.4.12: Effects of micropolar parameter β on micro-rotational velocityfor 𝑡𝑡 =  0.1, Pr =  1, β =  1,  

𝑀𝑀 =  0.2,𝐺𝐺𝐺𝐺 =  2,𝑚𝑚 =  0.2, ε =  0.01,𝑢𝑢𝑝𝑝  =  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1 
 

Fig.  5 .4 .12 shows the e ffect  o f  viscosi ty βon the micro-ro ta t iona l  ve loc ity ωfor  𝑡𝑡 =  0.1,𝑃𝑃𝐺𝐺 =  𝑙𝑙, 
𝐺𝐺𝐺𝐺 =  2,𝑀𝑀 = 2, ε =  0.01,𝑢𝑢𝑝𝑝 = 0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1. I t  is  observed tha t ,  near  the porous plate  
micro-ro ta t iona l  ve loc ity ωdecreases  as the viscosi ty ra t io  βincreases.  
 
The e ffect  o f Prandt l  number  𝑃𝑃𝐺𝐺 on micro -ro ta t ional  ve loc ity for  𝑡𝑡 =  0.1, β =  1,𝐺𝐺𝐺𝐺 = 2,𝑚𝑚 =  0.2,  
ε =  0.01,𝑢𝑢𝑝𝑝 = 0.5,𝑎𝑎 = 0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1isdepic ted in  
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Fig. 1.4.13: Effects of Prandttl number 𝑃𝑃𝐺𝐺 on micro-rotational velocity for  

𝑡𝑡 =  0.1, β =  1,𝐺𝐺𝐺𝐺 =  2,𝑀𝑀 =  2,𝑚𝑚 =  0.2, ε =  0.01, up=  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1 
 

𝐹𝐹𝐺𝐺𝑓𝑓𝑚𝑚 Fig.  1 .4 .13 i t  is  found that  the micro -ro ta t iona l  veloc ity ωincreases wi th  increasing 𝑃𝑃𝐺𝐺.  

 
Fig. 1.4.14: Effects of micro-gyration parameter 𝑎𝑎 on micro-rotational velocity for 𝐺𝐺𝐺𝐺 =  2, 𝑡𝑡 =  0.1,𝑀𝑀 =  2,  

𝑃𝑃𝐺𝐺 =  1, ε =  0.01,𝑢𝑢𝑝𝑝  =  0.5,𝑎𝑎 =  0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1 
 

Fig.  1 .4 .14  dep ic ts  the  effec ts  o f micro gyra t ion parameter  𝑎𝑎on micro- rotat iona l  ve loci ty for  
𝑡𝑡 =  0.1,𝑃𝑃𝐺𝐺 =  𝑙𝑙,𝐺𝐺𝐺𝐺 =  2,𝑚𝑚 =  0.2,𝑀𝑀 = 2, ε =  0.01,𝑢𝑢𝑝𝑝 = 0.5,𝑎𝑎 = 0.5 𝑎𝑎𝑎𝑎𝑎𝑎 ξ =  0.1.  I t  i s  found that ,  the  
micro-ro ta t iona l  ve loc ity 𝜔𝜔  increases wi th increas ing 𝑎𝑎. 
 
The var iat ion o f temperature θwith Prand tl  number  𝑃𝑃𝐺𝐺  for  ε = 0.01, ξ =  0.1, 𝑡𝑡 =  0.1 is  sho wn in  
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Fig. 1.4.15: Temperature distribution with different values of Prandtl number 𝑃𝑃𝐺𝐺 for ξ =  0.1, ε =  0.01 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 =  0.1 
From Fig.  1 .4 .15 .  I t  i s  found that ,  an increase in thePrandt l  number  𝑃𝑃𝐺𝐺 resul t s  in a  decreas ing in  
the thermal boundary layer  th ickness and more uni form tempera ture dis tr ibution across the  
boundary layer .  The reason i s  that  smal ler  values o f 𝑃𝑃𝐺𝐺 are  equiva lent  to  increas ing the thermal  
conduct ivi t ies,  and therefore heat  is  able  to  spread away from the hea ted sur face more rapid ly 
than for  higher  values o f 𝑃𝑃𝐺𝐺.  Hence the boundary layer  i s  th icker  and the rate  o f hea t  t ransfer  i s  
reduced.  The gradients have been reduced.  

 
Table – 1.4.1: Effect of 𝑃𝑃𝐺𝐺 on Nusselt number 𝑁𝑁𝑢𝑢 with ξ =  0.1, ε = 0.01 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 =  0.1. 

P Nu 
0.7 0.7077 
1 1.0100 
5 5.0362 
10 10.0658 

 
Table-5 .4 .1  shows the e ffect  o f 𝑃𝑃𝐺𝐺 on Nussel t  number  𝑁𝑁𝑢𝑢  with ξ =  0.1, ε =  0.01 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 =   0.1.  I t  i s  
found tha t ,  the 𝑁𝑁𝑢𝑢increases  wi th increas ing 𝑃𝑃𝐺𝐺 .  
 

Table –1.4. 2: Effect ofεon Nusselt number 𝑁𝑁𝑢𝑢 with  ξ =  0.1,𝑃𝑃𝐺𝐺 =  1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 =  0.1. 
ε Nu 
0 1 
0.01 1.0100 
0.1 1.0999 

 
Table-1 .4 .2  depicts  the  e ffect  o f  εon Nusselt  number  𝑁𝑁𝑢𝑢  with ξ =  0.1,𝑃𝑃𝐺𝐺 =  1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 =  0.1. I t  is  
observed that ,  𝑁𝑁𝑢𝑢  increases wi th  increasing ε.  

 
Table – 1.4.3: Effect of  𝑡𝑡 on Nusselt number 𝑁𝑁𝑢𝑢 with  ξ =  0.1,𝑃𝑃𝐺𝐺 =  1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 =  0.01. 

T Nu 
0 1.0100 
1 1.0098 
2 1.0096 
3 1.0092 
4 1.0088 
5 1.0083 
6 1.0076 
7 1.0069 
8 1.0062 
9 1.0053 
10 1.0044 
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Table-1 .4 .3  i l lus tra tes the e ffect  o f 𝑡𝑡on Nussel t  number  𝑁𝑁𝑢𝑢 with ξ =  0.1,𝑃𝑃𝐺𝐺 =  1 𝑎𝑎𝑎𝑎𝑎𝑎 ε =  0.01.  I t  
is  no ted tha t ,  the 𝑁𝑁𝑢𝑢  decreases wi th increas ing 𝑡𝑡.  
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