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ABSTRACT 
The present numerical simulation investigates the effects of 
partial heating on confined stratified swirling flow in a 
cylindrical cavity with a top rotating lid. The flow patterns and 
the heat transfer characteristics are numerically investigated 
under the Boussinesq assumptions. The inner region of the 
surface of top rotating lid of cylindrical cavity, with radius less 
than or equal to radius of the lid, is kept at a higher temperature 
as compared to the bottom stationary wall. The remaining outer 
region of the top rotating lid and the side wall are perfectly 
insulated. A systematic study has been carried out by varying 
radius of the hotter region of the top rotating lid. Steady state 
axisymmetric solutions are obtained in cylindrical regime with a 
fixed values of the governing parameters, the Reynolds number 
1500, Richardson number 0.05 and Prandtl number 1.0 for a 
cavity of aspect ratio 1.8. The vortex breakdown size, numbers 
and position are found to be changing with increase in partial 
heating. Variation in magnitude of  local as well as average 
Nusselt number in vicinity to top rotating lid are significantly 
influenced by increase in partial heating radius of top rotating 
lid. Also variations in coefficient of torque are studied.  

 
 

 

INTRODUCTION 
 The confined  swirling or rotating flows in a 
cylindrical cavity , developed by constantly rotating one of the 
top or bottom discs, are invetigated by the pioneering works of 
Vogel[1],Pao[2], Bertela and Gori[3] and Lugt and 
Haussling[4]. The same study has been systematically carried 
out experimentally by Escuder[5] by means of fluorescent dye 
visualisation technique. He  has developed  from experiment   
zones of of single,double,and tripple axisymmetic vortex 
breakdown in  AR-Re(aspect ratio and Reynold number) plane 
within the axis of rotation in steady state flow region.The vortex 
breakdown behaviors have been verified by Lugt, &Abboud[6] 
in their study of Axisymmetric vortex breakdown with and 
without temperature effects in a container with arotating lid. 
They have investigated the effects of Prandtl number, 
Richardson number, Reynolds number and Eckert Number on 
the behavior of swirling flow and vortex breakdown under the 
natural, forced and mixed convection conditions. The thermal 
effects on vortex breakdown has been studied in a confined  
rotating concentric spherical annulus by Arkadyev et al.[7]. The  
flow field show various types of flow patterns and vortex 
breakdown: bubble type vortex breakdown, a vortex ring, or 
development of recirculation zone.Such changes in  flow 
phenomenas are related with the geometry of spherical gap of 
container and  on the relative strength of the imposed 
temperature difference and rate of rotation.  
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 The behavior of vortex breakdown for very low and 
high Prandtl number ,under the influence of gravitationally 
stable and unstable situation, in the cylindrical geometry is 
studied by Lee and Hyun[8].Kim and Hyun[9] have discussed 
the intensification of internal flow within the cylindrical cavity 
and resulting increase in convectively controlled heat transfer in 
the fluid with the help of axial temperature gradient. The 
interest of their study is the behaviours of vortex breakdown 
bubble ,and the attendant heat transfer under the influence of 
stable stratification.The computed local Nusselt number ,at top 
and bottom discs, invetigates its augmention which is  controled 
by convective  heat transfer is discussed in their computation 
for cylinder with  aspect ratio of 2.0. 
 R. Iwatsu[10] has investigated confined swirling flow 
where the temperature of the top disc is maintained higher than 
that of the bottom disc.However, his computation obiective has 
been to obtaining the behavior of the flow at moderated value of 
Richardson number  and  gatther information on its effects on 
calculated average Nusslet number and average coefficient of 
torque.  R. Iwatsu[10] has also discovered that meridional 
secondary flow reveals flow separation on the lower boundary 
as well as on the  axis depending on the values of Ri and Re.His 
conclusion is that the  average Nusselt number Nuav_______  and the 
torque coefficient CTorq  are computaed as function of Re and 
Ri.Chen[11] first time investigated  entropy generation inside 
lid  driven rotating convensional flow.In his flow model he uses  
a rotating lid having radius less than the radius of cylindrical 
cavity. This small rotaing lid is kept at higher temprature  with 
respect to the lower fixed wall. He discussed, the effects of 
rotating of this disk, described by the Reynolds number and the 
buoancy force described by Grashof number, on entropy 
generation considering  systematically the situtation of the 
forced convection,natural convection and mixed convection. 
 The present work involves study of the behavior of 
vortex breakdown in  thecase of partial heating of top rotating 
lid  for stratified fluid or Boussinesq fluid in presence of axial 
heat flux. The inner region of the surface of top rotating lid of 
cylindrical cavity, with radius less than or equal to radius of the 
lid, is kept at a higher temperature as compared to the bottom 
stationary wall. The remaining outer region of the top rotating 
lid and the side wall are perfectly insulated. 
  A systematic study has been carried out by varying 
radius of the hotter region of the top rotating lid. Steady state 
axisymmetric solutions are obtained in cylindrical regime with 
fixed values of the governing parameters, the Reynolds number 
1500, Richardson number 0.05 and Prandtl number 1.0 for a 
cavity of aspect ratio 1.8. 
 
MATHEMATICALLY FORMULATION  
 The swirling flow is generated by rotating disk or lid at 
the top of the cylindrical cavity, filled with viscous stratified 
fluid, with constant angular velocity. The inner region of the 
surface of top rotating lid of cylindrical cavity is kept at a 
higher temperature as compared to the bottom stationary wall as 

shown in red color in Fig.1. A stable temperature gradient is 
maintained, between the partial top rotating lid and the bottom 
fixed wall, in axial direction in order to investigate the effects of 
heat transfer upon the swirling flow pattern and vortex 
breakdown as shown in Fig 1.  
 

  
Fig. 1 Schematic illustration of cylindrical domain   with 

parameters in case of partial heating 
 

Governing Equations  
 In the cylindrical coordinate systems [ yr uuu ,,  ] are 
the velocity components in [ yr ,, ] directions respectively. 
For two dimensional axis-symmetric flows, the dimensionless 
governing equations in conservative form can be written in 
cylindrical coordinate system as: Continuity Equation: 
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Momentum equation in axial direction 
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Momentum Equation in azimuthal direction:  
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Energy Equation:                 
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where the reference scale for length, time, velocity and pressure 
are 1, R , R and 22R respectively. The temperature 
T Ta is non-dimensionalized as

Ch
C

TT
TTT 

 . 
where hT & CT are temperatures at known lower cooler & upper 
hotter disk (partial)  respectively. The remaining outer region of 
the top rotating lid and the side wall are perfectly 
insulatedthermally. The parameters which govern the fluid 
motion and temperature distribution and are used in the present 
study are defined: 
Reynolds number: 

2Re R   where   is the kinematic 
viscosity. 
Richardson Number: R

TTgRi Ch
2

)(


  where  g- 
acceleration due to gravity,   - thermal expansion coefficient 
of fluid.The magnitude of Ri Richardson number decides the 
type of convection during the flow process. Prandtl 
number: 

Pr , where  is the thermal diffusivity 
 
 
 

Hydrodynamic boundary conditions 
0,0,0,0,0 

 r
uuuhyr y

r 
0,0,0,0,1  yr uuuhyr 

0,0,0,10,0  yr uuury 
0,,0,10,  yr uruurhy  (6) 

 
Thermal boundary condition 
 

0,,0 
 r
Thyr

, 0,0,0.1 
 r
Thyr  

0,10,0  Try 1,0,  Trrhy h

0,1, 
 r
Trrhy h (7) 

 
 The convective terms in the momentum equations are 
discretized by central/upwind differencing whereas the viscous 
terms are always approximated by second order central 
differencing. Pressure terms are also discretized using central 
differencing. In case of energy equation both the convection as 
well as the heat conduction terms are approximated using 
central differencing. 
 
NUMERİCAL METHOD OF SOLUTION  
 In the staggered grid arrangement various physical 
quantities are stored at different location in a cell as shown in 
Fig.1.2.  In the cylindrical coordinate systems yr uuu ,,   are 
the velocities in yr ,, directions respectively. The governing 
equations are solved by finite difference method. In the present 
scheme the scalar quantities (p; T) are stored at the centre of the 
cell, whereas the velocity components of the velocity 
vector yr uu ,  are stored on the cell faces. However, for 
axisymmetrc case velocity component u  is also stored at the 
cell centre. 
 
 Knowing the solution at nth time level yr uuu ,,  , p, T 
the aim is to obtain the solution at next time level. The 
procedure of solving radial and axial momentum equations is 
based on pressure correction technique and subsequently finite 
difference solution of angular momentum equation is obtained. 
While advancing solution from nth time to (n+1)th level 
explicitly one get velocity field which may or may not satisfy 
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the continuity equation.  This problem is resolved by using 
pressure correction technique where the pressure and velocity 
components for each cell are corrected iteratively in such a way 
that for the final pressure field the velocity divergence in each 
cell vanishes. The iterative process is continued till the velocity 
divergence for each cell is less than the prescribed upper limit, 
for the present study it has been taken as 0.000001. Finally the 
velocity boundary conditions are also corrected and one gets a 
divergence free converged velocity field, at (n+1)th time level, 
in all the cells, including the cells at the boundary. 
The typical features of pressure correction technique, also 
referred as modified MAC method, are available in detail in a 
paper by Chorin [12] and Peyter and Taylor [13] for the 
solution of incompressible Navier-Stoke equation in rectangular 

Cartesian co-ordinate system.  
 
 After obtaining the corrected radial and axial velocity 
field using the above pressure correction technique, these 
velocity components are used to solve the azimuthal momentum 
equation explicitly to get the 1

,
n

jiu  at (n + 1)th time level . The 
axial momentum equation Eq. 3 involves the temperature T on 
the right hand side which is known from the nth time level. Once 
the velocity field is known at (n+1)th time level, the energy 
equation , Eq`5, is distcritized and solved explicitly.The 
computation continues till the time one gets steady state 
solution, if available, or for prescribed number of time steps for 
unsteady flows. The detail of numerical technique for solution 
of incompressible Navier-Stoke equation in cylindrical co-
ordinate is given in Chapter-3 PhD thesis of Dash [14]. 
 
The Solution Procedure 
 1. The momentum equations along radial and axial directions 
are solved following the pressure correction technique. 
 

2. After the corrected radial and axialvelocities components are 
known, momentumequation for azimuthal direction is solved to 
obtain u . 
 
3. Subsequently the explicit finite difference solution of energy 
equation, Eq 5, is obtained for temperature field T. 
 
4. Step (1) to step (3) are repeated until convergence for the 
case where the steady state exits or for a required time for 
unsteadyflow calculations. 
 
Code Validation 
          Result for 1.0 Aspect ratio cavity at Reynolds number Re 
=300, Prandtl number Pr =1.0 and Richardson number Ri =0 
show good comparison with the simulated results due to  R. 
Iwatsu(2004) as shown in Fig 3. The axial profiles of present 
results of radial and azimuthal velocity components at radius r = 
0.8 match well with those due to R.Iwatsu (2004). Table 2 
shows the results of R.Iwatsu(2004) with three different unequal 
spacing grids indicating the variation in magnitude of max  , 

min and  coefficient of torque. Table -3 shows the present 
solution with three different equal spacing grids. These 
tabulated values only reflect the overall similarity of the trends 
and does not intend to show any comparison because of 
drastically different grids used in the two studies.   
 
Table 2 R. Iwatsu (2004) at Re=1000,Ri =0.0,Pr=1.0,AR =1.0) 
 
Un-equal 
spacing 
grid 

R.IWATSU 
[2004]

max  
R.IWATSU 
[2004]

min  
Co-efficient 
torque 

41X41 9.96X10-3 2.51X10-7 11.2 
81X81 9.71X10-3 1.59X10-7 11.9 
161X 161 9.64X10-3 1.29X10-7 12.8 

 
Table 3 Present result at Re=1000, Ri =0.0, Pr=1.0, AR =1.0) 
 
Present 
study 

Present-
max  Present - min  Coefficient 

torque 

101X101 9.384X10-3 1.683X10-7 10.060 
121X121 9.395X10-3 1.652X10-7 10.297 
151X151 9.411X10-3 1.643X10-7 10.587 
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          The present result also validated with that due to R. 
Iwatsu [2015]. The axial profile of radial component of velocity 
at radius r =0.8, Re =300, Pr =1.0, Ri =0, AR =1.0 is well 
matched with R. Iwatsu [2015] as shown in Fig 3. 

 

  
Fig. 3 Axial component of (a) Radial velocity at radius r =0.8, 

Re =300, Pr =1.0, Ri =0, AR =1.0 
 
RESULTS AND DISCUSSIONS 
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investigate the heat convection and conduction property. The 
coefficient of torque vicinity to top rotating lid 

drry
uCTtop

hy
221  


  is calculated to study the 

effects of increases in partial heating radius (area) on the 
primary flow in azimuthal direction i.e. on Ekman boundary 
layer zone. 
 
  

Effects of Partial Heating 
 
To investigate the effects of partial heating a lid driven swirling 
flow in a 1.8 Aspect ratio cavity is considered under the 
influence of axial temperature gradient. Partial heating is 
achieved by considering only the inner region of the surface of 
top rotating lid of cylindrical cavity, with radius less than or 
equal to radius of the lid, is kept at a higher temperature as 
compared to the bottom stationary wall. The remaining outer 
region of the top rotating lid and the side wall are perfectly 
insulated. This study is carried over with Re =1500, Ri = 0.05 
and Prandtl number Pr =1.0. 
 To understand the effects of partial heating rh has been 
varied from 0.0 to 1. The case with rh=0.0 corresponds to 
situation where there is no heat transfer and hence a non-
stratified fluid motion due to rotation of the top lid. It produces 
a radial outward flow in the immediate vicinity of the top disk. 
The fluid then turns downwards near the inner vertical surface 
of cylinder which again at intermediate radii directed toward the 
top disk. This produces a clockwise circulation cell in much of 
interior region of the cylinder and also vortex break down 
bubble is formed along the axis at around y=0.65 as seen in Fig 
4(a). Even with very small partial heating radius rh =0.2, the 
convection heat flow starts which slightly influences the size of 
the vortex breakdown, Fig 4(b). .  
               The influence of partial heating on vortex break 
bubble is shown, for different values of radius rh i.e.is with 
varying hotter region of top rotating lid, in Fig 4 and Fig 
5.When the heating surface area increases the bouncy effect 
also increases and hence with increase in heat transfer the 
thermal diffusivity pre-dominates the momentum diffusivity. 
When rh is changed from 0.0 to rh =0.2, both the energy 
equation (Heat flow) and momentum equation (flow velocity) 
starts affecting each other. As the flow stratified the thermal 
diffusivity and momentum diffusivity starts affecting the vortex 
breakdown shown in Fig: 4 (b). However, the flow has not 
changed its path significantly. As the   partial heating radius 
(heated area) is further increased from rh =0.2 to rh =0.3 and 
then 0.35 drastic changes have been observed in vortex 
breakdown separation which can be seen from Fig 4 (c) to Fig 4 
(d).    

At partial surface heating radius 35.0hr two vortex 
breakdowns starts appearing, one along the axis and another 
near the axis and vicinity to the bottom fixed wall. At 

37.0hr  vortex breakdowns starts moving downward as 
shown in Fig 4(e). With further increase in partial heating radius 
(heated area) the effects of buoyancy effects become more 
predominant in nature and the vortex in vicinity to the axis 
starts diffusing .At the same time the lower vortex breakdown 
i.e. in vicinity to the bottom wall starts enlarging as shown in 
Fig 4(f) at 4.0hr . Further increase in heating radius 
beyond 4.0hr , a recirculating   zone appears in vicinity to 
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the colder bottom fixed wall along with the circulating zone 
centered near the top rotating wall. Such phenomena are 
developed because of increase in convective heat transfer from 
the top rotating lid and overall temperature gradient increases 
between the top and bottom wall. The re-circulating zone area 
near bottom wall increases with increase in partial heating 

surface beyond 4.0hr  whereas the upper circulating zone 
area decreases shown in Fig 5. 

 
 

Fig. 4 Contours of steam function at Re= 1500, AR =1.8, Ri =0.05, Pr =1.0.(a) rh= 0 (b) rh= 0.2(c) rh= 0.3(d ) rh= 0.35(e)rh= 0.37(f) 
r=0.4 
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 Fig. 5 Contours of steam functionat Re= 1500, AR =1.8,Ri =0.05, Pr =1.0. (a) rh= 0.5 (b) rh= 0.6(c) rh= 0.7(d)rh= 0.8(e)rh= 0.9(f)rh= 
1.0 

 
The qualitative change in the meridional flow 
appears as partial heating radius (area) increases. The 
relative impact of this stabilizing buoyancy effects is 
characterized by Richardson number.  As shown in 
Fig 5 the principal changes brought forth by  

 
imposing more heating surface area and main 
circulation is reduced. Under the prevailing stable 
stratification, the vortex breakdown phenomena’s are 
suppressed. 
 



Research Article – JTEN – 2015 - 135 
 

889 
 

 

Fig. 6 Contours of angular velocity at Re= 1500, AR =1.8, Pr =1.0.(a) Ri =0.05, rh= 0  and at Ri =0.05 (b) rh= 0.2(c) rh= 0.3(d ) rh= 
0.35 (e) rh= 0.37(f) rh= 0.

 These features are investigative of the meridional 
flows, particularly the vertical velocity in the core by stabilizing 
the influence of buoyancy 0T However, in negative 
buoyancy ( 0T ) the bubbles becomes larger as stated by  

Lugt and Abboud(1987) and with increase in absolute value of 
(Ri). 
 The contours of azimuthal component of velocity 
shown in Fig 6(b) to Fig 6(f) and in Fig7 (a) to Fig7 (e) for 
different partial heating radius at Re =1500, Ri =0.05, Pr =1.0 
at aspect ratio AR =1.8.In absence of heating the contours of 
azimuthal velocity shown in Fig 6(a). 
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Fig. 7 Contours of angular velocity at Re= 1500, AR =1.8, Pr =1.0,Ri =0.05 (a) rh= 0.5 (b)rh =0.6 (c) rh =0.8 (d) rh= 0.9 (e)rh= 1.0 

 
 Consequently the azimuthal component of velocity 
contours lines become straight and vertical in the core with 
increases in partial heating radius. The gradient of azimuthal 
velocity in vertical direction reduced in the core region of 
cavity as shown in Fig 7(a) to Fig7(c) for partial heating 

radius 37.0hr , 4.0hr , 5.0hr .The isotherms contours 
as shown in Fig 8(b) at Ri =0.05 at small   partial heating radius 
(surface) conduction dominates and isotherms in the core region 
mostly horizontal. Outside of the core convection heat is 
dominating and isotherms tend to vertical.  
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Fig. 8 Contours of isotherms at Re= 1500, AR =1.8, Ri =0.05, Pr =1.0.(a) rh= 0 (b) rh= 0.2(c) rh= 0.3(d ) rh= 0.35. 
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Fig. 9 Contours of isotherms at Re= 1500, AR =1.8,Ri =0.05, Pr =1.0. (a) rh= 0.5 (b) rh= 0.6(c) rh= 0.7(d)rh= 0.8(e)rh= 
0.9(f)rh= 1.0 

 
As partial heating radius (surface) increases Convection 
dominates in most part of the core except vicinity to top and 
bottom wall as shown in Fig 8(c) to Fig8 (f) .However, with 
further increase in partial heating surface ( 37.0hr ) of top 
rotating lid vertical temperature gradient  zones increases  near 

to bottom stationary cold wall. Isotherms become horizontal 
near to it as shown in Fig 9(a) to Fig 9(e). This proves that the 
conduction increases near bottom wall with increase in partial 
heating surface (radius rh) of top rotating lid. The temperature 
field also creates a thermal boundary layer near top and bottom 
wall.  
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 Also vicinity to the top rotating lid, at the segment of 
partial heating radius (surface) the horizontal isotherms 
indicates dominating nature of conductive heat transfer over 
convection for very small thickness. However, below to that 
vertical isotherms line and horizontal temperature gradient 
induced .A zone of convective heat flow induced. Fig 10 (a) 
shows the behavior of Nusselt number at bottom fixed 

wall cNu , increases by increasing the partial heating radius 
(surface) of top lid. The Nusselt number cNu  increases in 
radial direction and it is maximum at maximum radius.  
 

 
 

a) b)
 

Fig. 10 Nusselt at Re= 1500, AR =1.8,Ri=0.05, Pr =1.0.(a) rh= 0.4 (b) rh= 0.45(c) rh= 0.5 
 
 Hence convective heat flow dominants the conductive 
part of heat transfer.However, the radial profile of Nusselt 
number hNu at top rotating lid decreases with increase in 
partial heating radius (surface) shown in Fig 10(b).This 
phenomenon shows that with increase in partial heating surface 
area, when heating at constant temperature gradient, constant 
Reynolds number, constant Prandtl number and constant 
Richardson number convective heat transfer vicinity to the hot 
rotating lid surface decreases and conductive heat transfer 
increases.The partial heating effects on average Nusselt number 
are shown in Fig 11.  
 The magnitude of average Nusselt numbers, vicinity to 
top rotating lid and bottom stationary lid, are shown in Table4. 
It increases with increase in partial heating surface area hr . This 
indicates the increase in overall convective heat flow in axial 
direction.  The changes in axial profile of radial, azimuthal and 
axial velocity components at radius r =0.2 for different surface 
heating radius ( 2.05.0  hr ) shown in Fig 12, Fig13, and 
Fig 14 respectively. Remarkable changes are visible only in 
azimuthal and axial component of velocity. The axial profiles of 
azimuthal component velocity near bottom stationary lid and 
top rotating lid do not show any variations with increase in 
partial heating surface.    Within the core of cavity it changes in 
radial direction. 

 

   
Fig. 11 Average Nusselt Number hNu and CNu  vicinity to top 

rotating lid and bottom stationary wall 
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Fig. 12 Axial profile of radial component velocity at radius r 

=0.2 at different partial heating surface (radius = hr =0.2, 0.3, 
0.35, 0.4, 0.5) 

 

  
Fig. 13 Axial profile of Azimuthal component velocity at radius 
r =0.2 at different partial heating surface (radius = hr =0.2, 0.3, 

0.35, 0.4, 0.5) 

  
Fig. 14 Axial profile of axial component velocity at radius r 

=0.2 at different partial heating surface (within the plot, partial 
heating radius = hr =0.2, 0.3, 0.35, 0.4, 0.5) 

 

  
Fig. 15 Axial profile of isotherms at radius r =0.2 for different 
partial heating surface (within the plot, partial heating radius = 

hr =0.2, 0.3, 0.35, 0.4, 0.5) 
 
 In Fig. 15 the axial profile of isotherms shows drastic 
variation in along the cylindrical cavity at radius r =0.2 with 
increase in partial heating length ( 2.05.0  hr ). Also with 
increase in partial heating radius the variation in temperature 
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gradient in vertical direction vicinity to top rotating lid 
decreases. For 2.0Cr at radius 0.2 the axial profile of 
isotherm in vertical direction remains almost constant. 
When 2.0Cr , the axial profile of isotherms in vertical 
direction produces temperature gradient at radius 0.2. This 
gradient magnifies with increase in partial heating radius as 
buoyancy effects enhance. 
 
 

  
Fig. 16 Nusselt at Re= 1500, AR =1.8,Ri =0.05, Pr =1.0.(a) rh=  

0.4 (b) rh= 0.45(c) rh= 0.5 
 
 The coefficient of torque decreases with increase in 
partial heating radius vicinity to top rotating lid shown in Fig 
16.  At the condition rrC  (radius of partial heating = radius 
of top rotating lid= radius of cylindrical cavity) the coefficient 
of torque increases to its pick value. 
The magnitude of average Nusselt numbers, vicinity to top 
rotating lid and bottom stationary lid, are shown in Table 4. It 
increases with increase in partial heating surface area hr . This 
indicates the increase in overall convective heat flow in axial 
direction.     
CONCLUSION 
 The study concluded that the Partial heating effects 
can be used as a function of vortex breakdown. It also develops 
different flow patterns. The increase in partial heat transfer 
radius changes the types of heat transfer i.e. conduction or 
convection .When length (area) of partial heating radius of top 
rotating lid increases, conductive heat transfer zone expands 
near to bottom cold wall. Only a small thickness of thermal 
boundary layer appears vicinity to partial heating surface 

(length).Below to that convective heat transfer prevails to most 
part of the cavity.  The thermodynamic effects on vortex 
breakdown during swirling flow can be further studied for 
different fluid. 
NOMENCLATURE 

 
Non-dimensional numbers 
Re                  Reynolds number 

2R  
 
Ri                   Richardson Number 2

)(



R
TTg Ch  

 
0yNy             Local Nusselt number

0


yy
T  

hyNy              Local Nusselt number
hyy

T


  

hNu          Average Nusselt Number at top rotating hot lid 
CNu           Average Nusselt Number at  bottom cold wall 

Pr                 Prandtl Number 
  

 
Symbols 
 
AR                   aspect ratio = H/R 
 
CTtop

          
Co-efficient of torque drry

u
hy

221  


  

H                   Height of cylinder [m] R                    Radius of the cylinder[m] 
r, h                  Non-dimensional radius and height of cylinder 
 p                    Non-dimensional pressure 
r                    Non-dimensional radius of rotating lid,  
                      cylindrical cavity and bottom stationary wall. 
 

hr                   Non-dimensionless radius of partial heating   
                       surface of top rotating lid 
 yr ,                 Non-dimensional meridional coordinate  
T                     Non-dimensionless Temperature 

hT                    Non-dimensional temperature at top lid  
CT                    Non-dimensional temperature at bottom wall  
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t                       Non-dimensional time . 
 

yr uuu ,,         Non-dimensional velocity components in the  
                radial azimuthally and axial directions respectively. 
 
Greek Symbol 
                      Constant angular speed of top rotating disc                      Non-dimensional stream function 

max                Maximum value of  stream function 
min                 Minimum value of  stream function 
t                   Discrete time interval 
x                  length of each grid element  
y                   height of each grid element  

 
Subscripts: 
 c  Cold h  Hot yr ,,  Radial, Axial and Azimuthal directions, respectively 
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